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This thesis describes the design, synthesis and characterization of
supramolecular halogen-bonded capsules and cages from multivalent ligands.
In the first part of the thesis, an overview to halogen bonding is provided. After
discussing the general features of the halogen bonding, the most frequently
used halogen bond donors are introduced and examples of their utilization in
halogen-bonded systems are discussed. The chapter also presents recent
advances made in the field of halogen-bonded supramolecular capsules. The
first part of the thesis also includes a review of halogen-bonded complexes
involving halonium ions, and a brief introduction to [N--X*--N] halogen
bonds is provided along with a few examples of other three-center four-electron
complexes.

The second part of the thesis outlines the design, synthesis and
characterization of halogen-bonded assemblies, capsules and cages based on
tetravalent resorcinarene cavitands and tripodal N-donor ligands. The results
obtained are described in detail in the five publications.

Both halogen bond donors and acceptors were studied. Halogen bond
donors functionalized with four haloacetylene moieties were used as tetravalent
donors and their halogen bonding ability towards neutral and anionic halogen
bond acceptors were studied in the solid state by single-crystal X-ray
crystallography.

[N--I*--N] halogen bonds were utilized in the formation of capsular
assemblies from pyridine-functionalized cavitands. Based on the ligand design,
dimeric and hexameric capsules were prepared through their structurally
analogous metal-ligand coordination complexes. The formed complexes were
characterized in solution and in the gas phase. [N --I* --N] halogen bonds were
further applied to the construction of halonium cages from tripodal N-donor
ligands. For the first time, crystal structures of supramolecular cages
constructed via multiple [N --I* --'N] halogen bonds were obtained.

Keywords: halogen bond, halonium ions, supramolecular chemistry, self-
assembly, halogen-bonded capsules, cavitands, X-ray crystallography, cation
exchange
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1 INTRODUCTION

1.1 Halogen bonding

Halogen atoms in organic compounds are generally considered negative in
their character due to their high electronegativity. However, in compounds
where a halogen atom forms covalent bond(s), the electron density is
anisotropically distributed and an area of lower electron density is created
along the extension of the covalent bond.! If the electron deficiency is sufficient,
this can lead to the formation of a region where the electrostatic potential is
positive. This region (called a c-hole) can now interact with negative sites of
molecules. This somewhat counterintuitive way of halogen atoms to interact
with nucleophilic species is nowadays called halogen bonding (XB).

The tendency of halogens to interact with atoms containing lone electron
pairs was recognized already in the 19t century, when the ability of I» to
interact with NH3 was discovered.? Nevertheless, it took another century before
the pioneering work on charge-transfer interactions by R. S. Mulliken? (Nobel
Prize in chemistry in 1966) and O. Hassel* (Nobel Prize in chemistry in 1969)
gave some insight in to the nature of such donor-acceptor complexes.
Particularly, the extensive X-ray crystallographic studies by Hassel provided
valuable information of the interaction between dihalogens or halocarbons with
electron donor molecules.>? In 1954 one of the first solid state cases of halogen
bonding was revealed, when X-ray quality crystals were obtained from a 1:1
mixture of bromine and 1,4-dioxane (figure 1).5> The crystal structure found was
an infinite linear chain of alternate bromine and 1,4-dioxane molecules, where
the Br--- O distances were shorter than the sum of their respective van der
Waals radii and the bond angle of Br—Br --- O was close to 180°.
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FIGURE 1 Crystal structure of the polymeric 1:1 XB complex of 1,4-dioxane and bromine
(CSD ref. code: DOXABR).5

In the following years, more research on such intermolecular interactions
involving halogen atoms was conducted.!%!1 The real turning point for halogen
bonding was during the millennium, when A. Legon started a systematic
analysis of geometries and charge distributions of various types of halogen-
bonded adducts formed in the gas phase.’213 At about the same time Resnati,
Metrangolo and co-workers took a closer look at the interactions of perfluori-
nated haloalkanes and -benzenes with atoms possessing lone pairs.14-1¢ Their
pioneering work highlighted the impact of halogen bonding as a recognition
motif in self-assembly processes and started the “rediscovery” of halogen
bonding.

From the beginning of the 21t century, more researchers started to notice
the potential of halogen bonding as a new recognition motif. Since XB can form
predictable and highly directional interactions in the solid state, in solution and
in the gas phase, it has found place in a wide variety of contemporary chemical
research fields including crystal engineering, material science and medicinal
chemistry.

The term “halogen bond” was probably first introduced by Zingaro and
Hedges in 1961 to describe complexes formed in solution by halogens or
interhalogens with phosphine oxides and sulfides.!” Then the term began to be
used for other related systems.18-20 Nevertheless, it took more than five decades
before the actual definition for halogen bonding was given in 2013. In the
recommendation of the International Union of Pure and Applied Chemistry
(IUPAC) states “A halogen bond occurs when there is evidence of a net attractive
interaction between an electrophilic region associated with a halogen atom in a molecu-
lar entity and a nucleophilic region in another, or the same, molecular entity.”?!
According to this definition, a halogen bond can generally be denoted as R-X:--Y,
where R-X is the XB donor and Y is the XB acceptor. X is any covalently-bonded
halogen atom with an electrophilic region. Halonium ions (X*) can also behave
as XB donors and form three-center four-electron XBs. In an R-X:-Y system, the
XY distance is shorter than the sum of the van der Waals radii of the
interacting atoms and a concomitant lengthening of the covalent R-X bond is
typically observed. The bond angles in R-X-Y are generally close to 180°.
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1.1.1 Nature of halogen bonding

While halogen bonding has become a widely applied interaction in a variety of
chemistry fields, understanding of the origin and characteristics of this
interaction has become more important. Over the last decade, the chemical
nature of the halogen bond has been the focus of many theoretical studies.
However, an analysis that could satisfactorily explain all the characteristics of
XB has not yet been achieved, and therefore, the chemical nature of this bond is
still a matter of debate.

The nature of the halogen bond was first rationalized by the o-hole
concept introduced by Politzer and co-workers.?? Computational studies on
CFs;X molecules (X = F, Cl, Br, I) revealed the formation of a region of positive
electrostatic potential (the o-hole) on the outermost portion of the halogen’s (Cl,
Br, I) surface due to the anisotropical distribution of electrons of covalently-
bonded halogen atoms. The three unshared electron pairs produce a belt of
negative electrostatic potential around the central part of X.22 Halogen bonding
could then be seen as an electrostatically driven interaction between the o-hole
of a covalently-bonded halogen atom X and a negative site of Y, resulting in the
formation of a linear complex R-X.-Y.22 The o-hole concept explained
empirically observed features of halogen bonding: how halogen atoms can be-
have as electrophiles and why they form close to linear structures with nucleo-

philes (figure 2).
90° to 120°
@\electrophile

V'
R | 8*<—nucleophile

~N_

~180°

FIGURE 2 Schematic presentation of the anisotropic distribution of the electron density
around covalently bound halogen atoms.??

Accordingly, the XB ability of a molecule would depend on the
polarizability and electronegativity of the halogen atom and the electron with-
drawing power of the R-group.?? The strength of the halogen bond would de-
pend on the positive character of the corresponding c-hole; the XB donor ability
of RX could thus be increased with a more electronegative R-group. However,
an unexpected trend was discovered in the strengths of halogen-bonded
adducts of CYsl (Y = F, Cl, Br, I) with chloride and trimethylamine.?* Computa-
tional studies showed that the donor strength of a compound R-X does not
necessarily increase with higher electronegativity of the (carbon-based) R-group.
This phenomenon could not be fully explained by the electrostatic effects of the
c-hole and therefore, the quantum chemical effects, e.g. charge-transfer
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interactions and the Pauli repulsion, were suggested to have an impact.?* Fur-
thermore, the directionality of the XB was observed to result from increased
charge-transfer stabilization and reduced lone-pair repulsion in linear
adducts.?> Along with electrostatic and quantum chemical effects, dispersion
and polarization are also suggested to have an impact on XB interactions.1126

Even though the exact nature of the XB is not yet fully understood, it has
become gradually clearer that several effects can influence in the formation of
halogen bonds and these bonding characteristics are highly dependent on the
interacting species.

1.1.2 General features of halogen bonding

Due to similarities in the interactions, e.g. geometric and energetic parallels,
halogen bonding R-X:-Y is generally compared to hydrogen bonding (HB)
R-H--Y. Both interactions are directional and hence, the geometries of the
formed complexes can be well predicted. However, there are also significant
differences between XB and HB. For example, XB is typically more hydrophobic
than HB leading to different solvent dependencies.?” Halogen atoms are also
larger than hydrogen atoms, which makes XB donors more sensitive to steric
effects.

All four halogens are able to form XBs, yet fluorine differs from others.
The ability of the halogens to act as XB donors generally follows the order
F << CI < Br <1, which can be generally explained by the polarizability of the
halogen atoms. In covalently-bonded halogen atoms the electrostatic potential
remains mostly negative for F atoms, whereas Cl, Br and I atoms have also an
area of positive charge (c-hole).?2 The ability of fluorine to behave as an XB
donor has been questioned, but there is theoretical and experimental evidence
that under specific conditions fluorine can also form halogen bonds.?82°

The strength of the XB interactions varies roughly from 10 kJ/mol to 180
kJ/mol depending on the donor and acceptor used.’® For example, Cl--- Cl
interactions between chlorocarbons are among the weakest observed; the
strongest known so far is the interaction between I---- I in I5-.30 The strength of
the XB can be tuned by changing the halogen atom and electron withdrawing
ability of the R-group covalently-bonded to the halogen atom. This means that a
moiety that can enhance the anisotropy of the electron distribution of the X, is
expected to form stronger XB donor molecules leading to strong XBs. Even
though the correlation of the strength to the bond length is not fully accepted in
terms of shorter bond distances meaning stronger XB interactions, it was ob-
served that NI distances were decreased in cocrystals of 4-(N,N-
dimethylamino)pyridine with fluorinated iodobenzenes by increasing the
number of fluorine atoms in the benzene core3' In halocarbons the donor
strength of the covalently-bonded halogen atom increases in the order
C(sp?) < C(sp?) < C(sp) when there are no other structural differences present.3

XB is a highly directional interaction and it prefers linearity in the formed
complexes. In R-X:--Y systems, the bond angle between the covalent and non-
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covalent bonds is generally close to 180° due to the localization of the 5-hole on
the elongation of the R-X covalent bond.?

In XB complexes, the directionality of the interaction and the geometry of
the formed adducts are not only controlled by the donor and the c-hole, but
also the acceptor plays a role. Generally, anions, molecules containing lone
electron pairs or systems containing m-electrons can behave as XB acceptors and
all acceptors have different geometric preferences. Acceptors involving
heteroatoms Y with a lone electron pair generally form the XB along the axis of
the donated electron pair on Y. If the acceptors are 1 electrons of an unsaturated
system, the donor is perpendicular to the m system. Due to their spherical
nature, halide anions are able to adapt a variety of coordination numbers and
hence, several R-X:-X---X-R angles have been observed.3? Examples of
geometric features of diiodoperfluorobenzene with different lone-pair acceptor
moieties are presented in figure 3.

FIGURE3 Crystal structures of XB  complexes formed  between  1,4-
diiodotetrafluorobenzene and a) 1,2-bis(4-pyridyl)ethane, b) 1,4-dioxane and c)
thiamazole showing the geometric features of XB (CSD ref. codes: DIVDAO,
EDAGIZ, MEKWOO).153334

The interaction ratio Rxg = dxs/(Xvdw*Bvdw), where the distance dxs
between the donor (X) and acceptor (B) is divided by the sum of their van der
Waals radii can be used to compare XB distances of different XB systems.11.3536
Rxp has also been used to give rough estimates of the strength of the
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interactions in the solid state. However, as mentioned above, the interaction
distance does not unambiguously correlate with the real strength of the XB.

1.1.3 XB donors

Since the first examples of halogen-bonded complexes, dihalogens and
interhalogens have been widely applied in the formation of halogen-bonded
adducts with halides and molecules containing lone pairs. As XB has become a
more applied interaction, also the need for developing more sophisticated and
tunable donor and acceptor systems has arisen.

The frequently used XB donors and their utilization in halogen-bonded
systems are discussed in the following sections.

1.1.3.1 Perfluorohalocarbons
Among the group of XB donors, perfluorohalocarbons (PFHCs) are by far the
most studied and applied. The PFHCs have advantages compared to the
corresponding hydrocarbon analogues.l® While fluorine atoms are strongly
electronegative, the electron accepting ability of other halogen atoms (Cl, Br, I)
in PFHCs is generally higher than that of the corresponding hydrocarbon
analogues. In the seminal work of Resnati, Metrangolo and co-workers, PFHCs
were used as ditopic XB donors and different halogen-bonded architectures
were constructed with neutral, ditopic acceptors possessing lone pairs, typically
nitrogen-containing compounds.141537.38 The use of ditopic donor and acceptor
moieties was a simple, yet effective strategy for building halogen-bonded
networks, and desired crystals were generally obtained from equimolar
mixtures of XB donor and acceptor. Aliphatic and aromatic PFHCs have been
subsequently applied in crystal engineering; halogen-bonded architectures
based on neutral molecules connected through N--X35-%, O--X42 and S--X3
interactions or through anionic acceptors*3 have been reported.
a,o-Diiodoperfluoroalkanes (DIPFAs) are key intermediates in the
synthesis of various fluorochemicals and -polymers, but their production in
high yield and purity is difficult.*4 In 2009, it was discovered that DIPFAs could
be selectively and reversibly encapsulated by means of halogen bonding.* By
mixing bis(trimethylammonium) alkane diiodides and DIPFAs, cocrystals
through I----I(CF2)ml---I- XBs were obtained (figure 4). The process was found to
be highly selective, as the formation of the cocrystals was found to depend on
the length of both components: the length of the formed I----I(CF2)ml---I-had to
match the length of the bis(trimethylammonium) alkane cation (figure 4).
Therefore, DIPFAs 2 to 12 carbons long could be isolated from mixtures by
crystallizing them together with size-matching bis(trimethylammonium) alkane
diiodides. Furthermore, a microcrystalline powder of the iodide salt was found
to selectively capture the DIPFAs from the gas phase.
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FIGURE 4 a) Schematic presentation of the formation of cocrystals (m = 2, 4, 6, 8, 10, 12)
and b) crystal structure of bis(trimethylammonium) alkane diiodides encapsu-
lating 1,6-diiodoperfluorohexane (CSD ref. code: XOVBOV).4

Perfluorohaloarenes have been utilized as XB donors as themselves or as
structural parts of the donor molecules. In general, by changing the number and
relative positions of the fluoro and, in most cases, iodo or bromo substituents at
the benzene core, mono-, di-, tri- or multivalent donors can be achieved and a
variety of halogen-bonded architectures can be obtained.#>-48 However,
increasing the number of XB donor moieties in a single aromatic system does
not always result in multivalent halogen bond systems, as observed by van der
Boom and co-workers.#? The 1,3,5-trifluoro-2,4,6-triiodobenzene 3 was expected
to behave as a tridentate XB donor and form (6,3) networks with bipyridyl
derivatives. However, the N -1 interactions were observed to weaken with
more nitrogens coordinated to 3, resulting in formation of infinite chains where
3 behaved as divalent donor.

By changing the neutral bipyridyl derivative acceptors to stronger anionic
ones, Metrangolo, Resnati and co-workers were able to crystallize 3 with iodide
salts as desired honeycomb-like (6,3) networks (figure 5).50 The formation of the
networks was strongly influenced by the size of the counterions: the smallest
counterions were able to stabilize the planar honeycomb networks, whereas
more and more corrugated networks were obtained by increasing the cation
size.



18

I
‘:\-/:‘I
o ..
—I/’, F \\!_ @ "’ - «;,'_.=
i i I
F F F F " U
)
),
| R - ! ‘
F ) Nk . F c
a) b)

FIGURE 5 a) Schematic presentation of the (6,3) network formed between 3 and iodide
salts (Y = MesS*, EtsN*, PryN*, EtsP*) and b) crystal structure of tetrae-
thylphosphonium iodide network (CSD ref. code: CIZSAG).>0

Pentaerythritol tetrakis(4-iodo-2,3,5,6-tetrafluorophenyl) ether 4 is a tetra-
dentate XB donor, which has been used in the construction of highly
interpenetrated networks based on N ‘- I interactions.! Crystallization of tetra-
dentate donor and acceptor, 4 and tetrakis(4-pyridyl)pentaerythritol 5, in a 1:1
ratio led to the formation of a remarkable tenfold diamondoid network. The
same strategy to create 3D architectures was used earlier by Desiraju and co-
workers: the self-assembly of 4,4’-diiodo-4",4""-dinitrotetraphenylmethane 6
resulted in a formation of diamondoid network based on I--- O2N interactions.5?
More detailed studies of the solid-state structure revealed the formation of an
interpenetrated system constructed of 5-fold diamondoid and 3-fold square
grid networks.

NMR spectroscopy has become the most powerful tool to study XBs in
solution, as tiny electron density alterations can be detected. First research of XB
in solution was done by mixing the PFHC donor molecules in the solvent,
which behaved simultaneously as an XB acceptor.5® More sophisticated systems
were developed for anion sensing through halogen bonding (figure 6).54%
Multivalent para-substituted iodotetrafluorobenzene derivative 7 was utilized
in anion sensing by exploiting Nal ion-pair recognition.>* Solution studies
revealed a modest but measurable affinity of the receptor towards sodium
iodide. As the affinity was found to be 20-fold higher than the affinity of the
analogous non-halogenated perfluoro-receptor, the stronger binding was
expected to result from halogen bonding. Also, the crystal structure of the
complex between the receptor 7 and Nal confirmed the C-I--- I interaction.
Competition experiments by tandem ESI-MS/MS revealed a higher affinity of I-
in the presence of Cl- and Br—-anions.

Because the use of receptor 7 resulted in divergent arrays instead of
orienting the donor in a more convergent way, as generally required for a high-
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affinity host, Taylor and co-workers designed monodentate, bidentate and
tridentate ligands based on ortho-substituted iodoperfluoroarenes for anion
sensing solely by halogen bonding.5>-%7 The designed hosts oriented the PFHC
substituents appropriately for the formation of multiple XBs with halide anions.
The highest binding affinity in acetone-ds was achieved with tripodal ligand 8
(figure 6), which was found to selectively bound CI-.

FIGURE 6 Structures of the anion receptors 7 and 8 based on PFHCs.5455

The halogen bonding ability of PFHCs was also utilized by Huber and co-
workers, who designed and synthesized ligands 9, 10 and 11 (figure 7) and used
them as neutral multidentate PFHC XB donors in organocatalysis.?®® The
catalytic activity of ligands 9, 10 and 11 was tested in a reaction of
1-chloroisochroman with ketene silyl acetals and the results supported the
ability of XBs to catalyze reactions. A strong dependence on the number and the
relative orientation of the iodine substituents was also found, because the
ligands 9 and 11 were found to catalyze the reaction, while ligand 10 did not.>

Huber and coworkers continued their work with ligand 11 and with a
topolocigally simpler ligand 12, and studied their three-point XB formation in
the solid state with triamine 13.5° As expected, in the X-ray structures of the
complexes of 11 or 12 and 13, each of the iodines of the ligands 11 and 12 are
halogen-bonded to the nitrogens of 13 (figure 7). Three-point XBs were studied
further in solution with ligand 12. %F NMR titration experiments revealed that
the binding of 12 to 13 was significantly higher than that of the comparable
monodentate amine. Followed-up studies of multivalent PFHC based donors 9,
10 and 11 revealed different binding behaviour of chloride, bromide and iodide
anions in solution, in the solid state and in (calculated) gas phase.®0
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FIGURE 7 Structures of perfluoroarene ligands 9, 10, 11 and 12 and crystal structure of
XB complex of 11 and 13 (CSD ref. code: LORQUG).>

PFHCs have also been utilized in material science to add new features, for
example, to liquid crystals®l-63, polymers®4% and gels®. It was discovered by
Bruce and co-workers that XB can be used to induce mesomorphism in non-
mesomorphic components.®! Liquid-crystalline complexes were prepared by
exploiting N -1 interaction between iodopentafluorobenzene and different
nonmesomorphic 4-alkoxystilbazoles. The formation of the XB complexes was
proven by colour change of the product and more directly by X-ray diffraction
(figure 8a). In the extension of the work, acceptors were changed to ditopic
aliphatic PFHCs; the formed trimeric complexes showed liquid-crystallinity
(figure 8b).62 PFHCs were also utilized by Xu and co-workers in designing high
molecular weight supramolecular liquid crystals.63
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FIGURE 8 Crystal structures of halogen-bonded liquid crystals utilizing a) aromatic
PFHCs (CSD ref. code: IQEWIK)®! and b) aliphatic PFHCs (CSD ref. code:
DENMIT).62

The formation of polymers controlled by XB interactions has been report-
ed. XB interactions between poly(4-vinylpyridine) 14 and diiodoperfluoroal-
kanes resulted in the formation of comb-shaped polymers.®* Aliphatic PFHCs
have also been used to control and direct the self-assembly of polymers.®>

Using PFHCs, either as structural parts in a gelator molecule or as a gel-
forming partner, Steed and co-workers were able to form halogen-bonded
supramolecular gels in polar organic solvent-water mixtures.®® The crystal
structure of a 1:1 complex of 1,4-diiodotetrafluorobenzene 15 and bis[(1-methyl-
1-(3-pyridylureido)ethyl]benzene 16 confirmed that the gel formation was
driven by XB interactions between iodine of the PFHCs and pyridyl nitrogen,
which simultaneously hindered the competing gel-inhibiting pyridyl-urea
interactions.

1.1.3.2 Haloacetylenes
Haloacetylenes are generally used in organic synthesis, but their role as XB
donors has received less attention. The ability of haloacetylenes to interact with
nucleophiles was discovered already in the early 20t century, when
diiodoacetylenes were found to interact with nitrogen-containing bases.®” Solid
state evidence of such interactions was provided in 1960’s, when the crystal
structures of iodo-, bromo-, and chlorocyanoacetylenes were reported.86°
Haloacetylenes can form halogen bonds with a variety of acceptors in the
solid state’0-72 and in solution”. Furthermore, haloacetylenes were found to
form as strong interactions as pentafluoroiodobenzenes, as evidenced by a
combination of structural chemistry, IR spectroscopy and calculations.”*
Diiodopolyynes I-(C=C)x-I are linear ditopic XB donors that have drawn
attention mainly due to their potential to be precursors to conjugated polymers.
Goroff and co-workers speculated that diiodopolyalkyne monomers could be
correctly aligned for topochemical polymerization by forming XB adducts with
Lewis bases.”> The assumption was proven correct: the alignment of
diiodobuta-1,3-diyne 17 with bis(nitrile)oxalamide 18 resulted in spontaneous
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formation of poly(diiododiacetylene) 19 under crystallization conditions (figure
9).76

FIGURE 9 Structures of the 17 and 18 and the crystal structure of the spontaneously
formed poly(diiododiacetylene) 19 (CSD ref. code: CEKFOO).76

Yamamoto and co-workers developed a series of halogen-bonded net-
works to create conducting nanowires based on organic radical cations.””-8 In
these structures, nanowires are formed when tetrathiafulvalene-based radical
cations are arranged in layers by halogen-bonded networks consisting of
ditopic acetylene- or tetratopic tetraiodoethylene XB donors and halide anions,
the counter anions of radical cations.””-”? During the preparation of more
insulating materials, tetratopic XB donor 20 was developed (figure 10).80
Iodoacetylenes of 20 form XBs either with chloride anions or with the ethynyl
carbons of the neighbouring donor molecule (figure 10). In order to further
develop insulating materials, pseudotetrahedral donor 21 was synthesized.8!
Increasing the size of the tetratopic donor led to the formation of PtS-type
structures with 8-fold interpenetration. Each of the acetylenic iodines form XBs
with chloride or bromide, and each halide anion behaves as a tetradentate XB
acceptor towards four iodines of different donor molecules resulting in the
formation of square planar motifs (figure 10).



23

FIGURE 10 Schematic presentation of ligands 20 and 21 and crystal structures of insulating
materials formed are presented in space filling mode (CSD ref. code: SIVYEC,
DAKVAQ).8081

Crystallization of 1,3,5-tris(iodoethynyl)-2,4,6-trifluorobenzene 22 with
halide salts with different size cations resulted in the formation of a variety of
supramolecular anion organic frameworks (figure 11).82 Similar to tritopic
donor 3%, the anticipated (6,3) honeycomb-like networks were formed in
cocrystallization of 22 with a 1:1 ratio of several halide salts. Large cavities
formed within (6,3) networks were filled with cations and solvent and/or by up
to 4-fold interpenetration. The most striking example of the formed
architectures is the cocrystallization of 22 with Ets3BuN*Br- in a 2:1 ratio. Un-
precedented octahedral geometry around the bromide anion resulted in a halo-
gen-bonded cubic structure, where the bromide anion behaves as a hexadentate
XB acceptor towards six different molecules of 22.
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FIGURE 11 Structure of 22 and crystal structures of XB complex of 22 and a) BusS* I pre-
sented in space filling mode, b) PPN* Br- and c) EtsBuN* Br- (CSD ref. code:
IFOJAQ, IFIGAH, IFANAG).82

1.1.3.3 N-X donors

N-Halosuccinimides are commonly used halogenating agents in synthetic
organic chemistry. Even though halosuccinimides are known to interact with
halides®3-%> and N-donors%¢, it was only recently that the potential of the
polarized N-X moieties to behave as XB donors was recognized.?”88 One of the
most interesting examples of N-iodosuccinimide (NIS) acting as a XB donor is a
tetrahedral complex of NIS and hexamethylenetetramine (HMTA) (figure 12).87
Interestingly, [NIS]s - [HMTA] complexes were stacked as columns that further
formed cylindrical channels. The channels were stabilized by multiple weak
C-H -+ O=C hydrogen bonds between HMTA or NIS and amide oxygen atoms
of neighboring [NIS]s -- [HMTA] complexes. Furthermore, changes in the shape
and volume of the channels were observed depending on the solvent guest
used.88
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FIGURE 12 Crystal structure of the [NIS]s - [HMTA] complex (CSD ref. code: IBIZAW)87

Dolenc and Modec reported a series of complexes of N-halosaccharins
with nitrogen and oxygen electron-pair donors.?? Recently, N-iodosaccharin
(NISac) was described as a strong XB donor by Fourmigué and co-workers.”
The degree of the ionicity of the NIS and NISac XB complexes was estimated by
measuring the position of the iodine atom in A-I--- B s [A]~ - [I-B]* systems.
The XB complexes of NIS with pyridine, 4-methylpyridine, and 4-
dimethylaminopyridine were described as close-to-neutral co-crystals, while in
NISac - Py-NMez complex the I--- N bond was found to be shorter than the N-I
bond of NISac, hence suggesting a “close-to-ionic” salt structure.®® Similarly,
very strong "“N-X*--- -O-N* halogen bonds were found between NISac and N-
oxides in solution and in the solid state.”!

Fourmigué and co-workers used a ditopic N-I donor, N,N'-diiodo-
dimethylhydantoin 23, to study the effect of sequential XB formation.”? Co-
crystallization of 23 with electron-rich pyridines yielded XB bis-adducts,
whereas mono-adducts were favored with electron-poor pyridines (figure 13).
Crystallization studies of 2:1 adducts revealed some general trends in XB ability
of 23: i) shortest XB was found at the imidic iodine and slightly longer, yet still
very short, XB at amidic iodine, ii) halogen bond strenghtening was observed
by increasing the Lewis basicity of the pyridine (R = H, Me, NMez, NC4Hs). In
1:1 adducts, the formation of XB between imidic iodine and pyridine lead to
the deactivation of the amidic iodine. Thus, other XB acceptors were able to
compete favorably with pyridine and chain-like structures were formed rather
than 2:1 adducts.
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FIGURE 13 Schematic presentation of mono- and bis-adducts formed between 23 and pyr-
idine derivatives.??

1.1.34 Imidazole- and triazole-based XB donors

Interactions between halogenated imidazole- and triazole-based moieties with
halide anions have been especially exploited in studying halogen-bonded
systems in solution. For this purpose, Beer and co-workers synthesized
macrocyclic bidentate imidazoliophane receptors and studied their halide-anion
recognition through halogen bonding.”3% Compared to hydrogen-bonding
analogues, significantly enhanced halide-binding affinities of the XB receptors
were observed in a competitive aqueous methanolic solvent.

Schubert and co-workers utilized halotriazole-based moieties in the
synthesis of bidentate XB anion receptors and characterized their binding
affinities in solution and in the solid state.?>° Compared to receptor 24, receptor
25 is rigidified due to the intramolecular HBs, which results in significantly
higher binding affinity towards ClI- and Br- (figure 14).%¢ Also, isothermal
titration calorimetry experiments in THF revealed that receptor 25 forms 1:1
and 2:1 complexes simultaneously with both halide anions.
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FIGURE 14 Structures of anion receptors 24 and 25.95%

Beer and co-workers utilized halogen bonding further as a directing
interaction in the assemblies of interpenetrated molecular systems.®’-1% Halo-
gen bonding was found to enhance the strength of anion-templated formation
of pseudorotaxanes®” and rotaxanes®, even in water!®. The crystal structure of
anion-templated rotaxane 26 confirmed that the bromide is encapsulated within
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the rotaxane’s interlocked binding cavity by two complementary hydrogen and
one halogen bonding interaction (figure 15).%

FIGURE 15 Crystal structure of the XB rotaxane 26 (CSD ref. code: TACPUK).8
1.1.4 Halogen-bonded capsular assemblies

One of the intriguing subclasses of multivalent halogen-bonded architectures
are the capsular assemblies. To obtain capsules that are solely based on halogen
bonds is a challenging task. As XBs are highly directional, correct design of
donor and acceptor moieties is the key step in the construction of discrete
capsular assemblies. Resorcinarenes and its derivatives have been shown to be
useful building blocks in the construction of capsular assemblies through weak
interactions.101102 Subsequently, resorcinarene frameworks have also been
utilized in halogen-bonded capsules.

First pursuits towards halogen-bonded capsules were reported in 2012.103
Self-assembly of a rigid methylene-bridged tetrakis(4-pyridyl)cavitand 27 with
1,4-diiodotetrafluorobenzene 15 in an acetonitrile/ethanol mixture yielded a
halogen-bonded network where cavitand 27 behaved as a tetradentate XB-
acceptor and 15 as a bidentate XB donor (figure 16a). When XBs are formed
between nitrogen atoms of 27 and four molecules of 15, an extended concave
assembly is formed. Due to the linearity of the XB-acceptor molecules, the
iodine atoms are too far apart to match the orientation of four nitrogen atoms of
a single cavitand 27. Thus, desired capsule formation is hindered. Capsular
design was pursued further and taking advantage of supramolecular
“chelating”” effect, the self-assembly of a rigid methylene-bridged tetrakis(3-
pyridyl)cavitand 28 and a flexible tetrakis(4-iodotetrafluorophenyl)calix[4]arene
29 resulted in the formation of pseudo-capsular XB complex 28--- 29 (figure
16b).103
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FIGURE 16 Crystal structures of a) cavitand-based XB network and b) XB pseudo-capsular
dimer 28 --- 29 presented in space filling mode (CSD ref. code: DEGWET).103

The halogen-bonded dimeric capsule 31 with a single cavity (V= 551 A3),
large enough to encapsulate three 1,4-dioxane molecules, was achieved in the
solid state by using N-alkyl ammonium resorcinarene salt 30 as XB acceptor and
molecular iodine as bidentate XB donor (figure 17).1%4 The capsule was
composed of two molecules of 30 connected by two iodine molecules. Even
though TH NMR spectroscopic studies confirmed the existence of iodine-to-
resorcinarene salt halogen bonding, the dimeric capsule was not observed in
solution due to the weakness of the second I--- Cl- halogen bond. Resorcinarene
salts were further used in the preparation of dimeric and capsular halogen-
bonded assemblies with 1,4-diiodooctafluorobutane.10>

31

FIGURE 17 Formation and crystal structure of dimeric XB capsule 31 (CSD ref. code:
CALJUX). Encapsulated dioxane molecules are presented in space filling
mode.104
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Diederich and co-workers reported halogen-bonded molecular capsules
along with their host-guest binding properties in solution.1% The XB capsules
were obtained by using tetrafunctionalized cavitands with 2,3,5,6-tetrafluoro-4-
halophenyl and pyridyl moieties. The capsule formation was followed by 1°F
NMR spectroscopy in deuterated benzene/acetone/methanol (70:30:1) mixture.
This solvent mixture was needed to fully solubilize all the compounds and
furthermore, a minimum amount of methanol was found to be crucial for
preventing the flapping of the benzimidazole walls. Capsule formation was
realized for donors containing I and Br, but not for F and Cl derivatives.
Subsequently, X-ray crystal structure of the neutral XB capsule 32 was reported
(figure 18).17 The reported assembly consisted of 12 components with two
cavitands, geometrically rigidified by hydrogen bonding to eight methanol
molecules, forming a halogen-bonded capsule that encapsulated two benzene
molecules.

FIGURE 18 Crystal structure of XB capsule 32 (CSD ref. code: IBUZEN). Encapsulated ben-
zene molecules are presented in space filling mode.1”

To investigate the influence of different XB donor and acceptor moieties
on capsule formation, iodoethynyl(tetrafluorophenyl) and quinuclidyl residues
were attached to the benzimidazole walls.107 The structural modifications were
anticipated to enhance the capsular association strength. However, all
experiments resulted in precipitation or degradation of the compounds. Also, as
evidenced by crystal structure, the quinuclidyl cavitand was found to form
hydrogen bonds with methanol, thus hindering the desired capsule formation.
Finally, iodoethynyl(tetrafluorophenyl) cavitand 33 was found to strongly bind
with lutidyl cavitand 34 resulting in the formation of dimeric XB capsule
33 - 34 with the highest affinity among the molecules investigated.10”
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1.2 Halonium ions

In the last section of this literature review, halogen-bonded complexes
involving halonium ions are discussed. Halonium ions are RoX*-formed cations
that consist of a halogen atom (X = F, Cl, Br, I) bound to two organic residues.
The halogen atom bears a formal charge of +1 and it is therefore a highly
reactive electrophilic species that readily reacts with nucleophiles. Halonium
ions have gained considerable attention due to their behavior as intermediates
in organic syntheses, e.g. in electrophilic addition to alkenes, but their role in
halogen bonding has received less attention.

The fundamental problem of systems containing halonium ions is the
nature of the chemical bond of these complexes. The definition of the XB
includes systems with X* cations where interactions are mainly electrostatic.
However, problems arise when the interaction of the system has considerable
covalent nature and terms coordinative halogen bond or halogen bond with
coordinative nature have been suggested.1® From this perspective RoX* systems
could be seen as special cases of XB. Accordingly, halonium ions are the
strongest halogen bond donors known so far.

Throughout this thesis the term ‘[N --X*--N] halogen bond’ is used to
describe a supramolecular synthon where the halonium ion (the halogen bond
donor) forms two simultaneous X*:-N halogen bonds to two nitrogen-
containing XB acceptors.

1.21 [N --X*--N] halogen bond

The existence of Pysl* cations was confirmed by single-crystal X-ray diffraction
studies in 1961.10° The crystal structure revealed a centrosymmetric
arrangement of Py>I* with Is- as a counteranion. Subsequently, several X-ray
structures involving nitrogen moieties and iodonium or bromonium ions have
been reported, but they were mainly studied as charge-transfer complexes or
reactive intermediates in organic synthesis.10-116 In general, [N--X*--N]
systems were found to be fully or close to symmetric with the bond angle near
180°. Pyridine and pyridine derivatives are commonly used in the formation of
linear [N ---X*--N] bonds, and crystal structures containing I* and Br* but no
Cl* or F* ions have been reported.!11116117 [N ---X* --N] bonds containing other
than aromatic sp? nitrogen atoms are also known.110. 113118 As a representative
example  of  three-center  four-electron  [N--X*:-N] complexes,
bis(pyridine)iodonium tetrafluoroborate 35, also known as Barluenga’s reagent,
has found applications as a mild iodinating and oxidizing reagent (figure 19).11°
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FIGURE 19 Crystal structure of bis(pyridine)iodonium tetrafluoroborate 35. The coun-
teranion BFs has been omitted for clarity (CSD ref. code: HUMMAD).120

Halonium ions were first studied from the perspective of halogen bonding
by Erdélyi and co-workers.’21-126 In these three-center four-electron (3c4e)
[N --X*--N] systems, a halonium ion (X*) is simultaneously stabilized by two
identical nitrogen electron donors, pyridine or pyridine derivatives (figure 20).
In such systems the halonium ion can either be centered between nitrogen
atoms or be closer to one nitrogen atom making the system asymmetric. In a
symmetric arrangement X* is centered between two donors with equally strong
and long N -- X bonds. Generally, the formation of symmetric 3c4e bond systems
results in a significant stabilization due to the comparable orbital and
electrostatic contributions and a large extent of charge delocalization. In an
asymmetric system there is one shorter and stronger covalent N-X bond and
one longer and weaker N -- X halogen bond.?”

The [N ---X*--N] halogen bond and the [N ---‘Ag*--N] coordination bond
are structurally analogous. Both systems result in bis-coordinated 3c4e
complexes with linear geometry and are generally compared with each other.108

FIGURE 20 Structures of [bis(pyridine)iodine]* complexes used to investigate 3c4e systems
in solution and in solid state.12!

Detailed studies of the geometry of the [N --X*--N] systems in solution
were carried out by NMR spectroscopic and computational methods.121.122
Comprehensive results on [bis(pyridine)halonium]* and geometrically
restrained [1,2-bis(pyridine-2-ylethynyl)benzenehalonium]* complexes showed
that bromine(I) and iodine(I) preferred static symmetric arrangements in
solution (figure 20).121122 The existence of analogous Cl* and F*-complexes was
also proven by NMR and computational methods.?* The [N --- CI* -- N] systems
were found to be weaker than the analogous Br* and I* complexes and they
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similarly preferred a symmetric arrangement, whereas [N ‘- F*--N] was found
to prefer an asymmetric arrangement.

The stability of the symmetric 3c4e bonds was systematically studied by
altering the environment and electronic properties of the system.123125126
Solvent effects to model systems, bis(pyridine)halonium triflates, were studied
in dichloromethane (CH2Cl2) and acetonitrile (CH3CN).122 CH2Cl> should not
interact with [N --X*--N] systems, whereas CH3CN is a Lewis base competing
with pyridine for coordination to X*. It was shown that polar, aprotic CH3CN is
unlikely to interact with the halonium ion and hence unable to destabilize the
3c4e bond. However, due to its polarity, CH3CN was found to slightly modu-
late the energy of the interactions as well as the solubility of the counterion.

The influence of the counterions on the symmetries of [N --I*--'N] XB sys-
tems and [N --‘Ag* -+ N] coordination complexes was studied in solution and the
solid state.l? Anions of varying size, charge distribution and coordination
strength were investigated. Results showed the coordination strength of the
counterions does not influence the geometry of [N --1* - N] halogen bond either
in solution or in the solid state. However, the coordination strength of the coun-
teranion was found to influence the linearity and occasionally the symmetry of
the [N --*Ag* --'N] coordination bond (figure 21).

FIGURE 21 Crystal structures of bispyridine complexes with a) silver tosylate and b) I*
showing the counterion influence on the [N --"Ag*--N] and [N --I* - N] bonds
(CSD ref. codes: LULBEB, LULBIF).125

The influence of electron density alteration on the strength and geometry
of [N---I*--:N] halogen bond was systematically studied by spectroscopic and
computational methods.?¢ [Bis(pyridine)iodine]* and [1,2-bis((pyridine-2-
ylethynyl)benzene)iodine]* BFs~ complexes were substituted with electron
withdrawing and donating groups (NO2, CFs;, H, F, Me, OMe, NMey) in the
para-position of their pyridine N-atoms. It was expected that the decreased
electron-donating ability of the nitrogens would destabilize the symmetric
[N--- I*--:N] halogen bond and increase the reactivity of the complex. On the
other hand, by increasing the electron density, the stabilization of the symmet-
ric [N--I*--N] geometry by strengthening the two N:-1 halogen bonds and
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thus, decreasing the reactivity of the complex was expected. It was observed
that an increased electron density of the pyridyl moieties stabilizes the halogen
bond, whereas decreasing the electron density reduces the stability of the com-
plexes. Interestingly, changes in electron density did not significantly affect the
symmetric geometry or the bond lengths of the [N--I*--N] halogen bond in
solution or in the solid state.

1.2.2 3c4e bonds with sulphur and selenium

Sulphur and selenium are also able to form 3c4e bonds with halonium ions.
However, they are less studied and only structures with iodine(I) are known so
far.108128-137 Crystals grown from a 2:1 mixture of thiourea and iodine revealed
the formation of bis(thiourea)iodine(I) cations 36, which is the first example of
[S--1*---S] systems in the solid state (figure 22).128

p—
36

FIGURE 22 Crystal structure of bis(thiourea)iodine(I) complex 36. Counterions are omitted
for clarity (CSD ref. code: ISUREA10).128

Recently, unexpectedly strong I*--- S halogen bonds were observed when
2-imidazolidinethione and I were mixed in CH2Cl.1%® The formation of a
charge-transfer complex 2-imidazolidinethione-2(Iz) 37 was followed by a
heterolytic cleaveage of a diiodine, which resulted in the formation of I* along
with the counterions I and [I3]~. The [S--T* -+ S] halogen bond in the iodonium
complex [I(2-imidazolidinethione)z]*1/21~1/2[Is]- 38 was observed not to be
only an electrostatic contact but it had a dual nature with considerable
coordinative nature.1%

[Se - I*---Se] complexes also show structural features similar to other 3c4e
bond analogues.134-137 The bond angles in [Se--1* ‘- Se|] systems are generally
close to 180° and the bond distances are shorter than the respective van der
Waals radii. The first example of such a system was achieved by adding a slight
excess of iodine to a 1:1 mixture of tBusPSe and I, which caused a transition
from tBusPSel: to the cationic (‘BusPSel)* complex 39 (figure 23).13
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FIGURE 23 Crystal structure of (RsPSe).l* complex 39. Counterions are omitted for clarity
(CSD ref. code: DIJYUQ).13
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2 RESULTS AND DISCUSSION

2.1 Aim of the Work

The aim of the work was to synthesize multivalent halogen bond donor and
acceptor molecules and study their utilization in halogen-bonded
supramolecular assemblies, capsules and cages. Upper rim tetrafunctionalized
resorcinarene cavitands were chosen as core frameworks due to their concave
and preorganized structures. Rigid methylene- or more flexible ethylene-
bridged cavitands were used as platforms for haloacetylene donors. The
behaviour of the preorganized tetravalent donor molecules towards neutral and
anionic XBs was studied mainly in the solid state by single-crystal X-ray
crystallography.LV

The [N--Ag*.--N] — [N--I*---N] cation exchange reaction was applied in
the construction of [N---I*---N] halogen-bonded capsules and cages.V Ethylene-
bridged tetrakis(pyridyl)cavitands were used in the formation of [N--1*--N]
halogen-bonded capsular assemblies through their analogous silver(I)
coordination complexes.!' Depending on the position of the pyridine N-atoms,
either dimeric or hexameric capsules were achieved. Utilization of [N --1*--N]
halogen bonds to construct supramolecular architectures was further studied
with tripodal N-donors.IV The [N--1*--N] halogen-bonded assemblies were
studied in solution with nuclear magnetic resonance spectroscopy (NMR), in
the solid state with single-crystal X-ray crystallography and in the gas phase
with mass spectrometry.



36

2.2 Syntheses

2.21 Synthesis of cavitand frameworkLILILV

Cavitand frameworks with different lower rim alkyl chains and methylene or
ethylene bridging groups were synthesized in three steps from resorcinol
according to the reported procedures (scheme 1).138-141 In the first step
resorcinarene was formed in an acid-catalysed condensation reaction between
resorcinol 40 and aldehyde 41. Hexyl and isobutyl chains were introduced to
the lower rim due to their different solubilities and crystallization behaviour.
Resorcinarene syntheses were followed by halogenation reactions, where
resorcinarene 42 was stirred at room temperature from 3h to overnight either
with N-bromosuccinimide (NBS) in 2-butanone or with elementary iodine in a
1:1 mixture of water and diethyl ether in the presence of KoCOs. In halogenation
reactions the products 43-46 precipitated out as white solids. In the next step
halogenated resorcinarenes 43-46 were stirred with either bromochloromethane
or 1-bromo-2-chloroethane and K>COjs in dry dimethylformamide (DMF) under
argon for 24h at 40°C and then for 48h at 80°C. Subsequent work up and col-
umn chromatography afforded the methylene- and ethylene-bridged cavitands
47-51 as white solids in yields of 46-63%.

I, NaHCO3 X

HO OH , ? cone. Hol  HO OH H,O/ diethyl ether ~ HO OH
kR H,O /EtOH or NBS, 2-butanone
4 4

40 41 42 R R

43: X = Br, R = CH,CH(CHa)2
44: X = |, R = CH,CH(CH,),
45: X =Br,R= CHQ(CH2)4CH3

X X
46: X = |, R = CH,(CH,),CH
HO OH 2 2/4 3
BrCH,Cl, K,CO, © ©
4 DMF
4
R R

BrCH,CH,ClI, 47: X =1, R = CHy(CH,)4CH;
K2CO3,DMF
X
(o) O 48: X = Br,R= CHZCH(CH3)2

49: X =1, R = CH,CH(CH;),
50: X = BI’, R = CHQ(CH2)4CH3
51: X = |, R = CH,(CH,),CH,

SCHEME 1 General synthesis route of the cavitand frameworks.
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2.2.2 Syntheses of XB donors!V

Haloethynyl groups were introduced to the methylene- or ethylene-bridged
cavitand framework in two steps by following modified reported procedures
(scheme 2).82142-144 Tetraiodocavitand 47 or 51, [Pd(PPhs)4], copper(l) iodide and
ethynyltrimethylsilane in dry triethylamine were refluxed at 100°C for 18 h.
Work up and column  chromatography  afforded the  tet-
ra[(trimethylsilyl)ethynyl] cavitands 52 and 53 as white precipitates in yields of
47-84%. Sonogashira cross-coupling reactions were followed by the final
halogenation steps. Cavitands 52 and 53 were treated with N-iodosuccinimide
(NIS) in the presence of silver fluoride in acetonitrile to give the
tetraiodoethynyl cavitands 54 and 56 as white solids in yields of 44-96%.
Analogous tetrabromoethynyl cavitand 55 was prepared by following the same
procedure with N-bromosuccinimide (NBS).

— TMS H
X
0 otk [Pd(PPh3),Cl;] 0 ot NBS or NIS
Cul, TEA AgF acetonitrile
=
4
R

I, R = CH,(CH, )4CH3 n=1 52:R= CHy(C 4CH3 n=1 54: X=1,R= CH3(CH5) 4CH3 n=1
I, R = CHy(CH3)4CHs n= 2 53: R = CH(CH )4CH3 n=2 55: X = Br, R = CH,(CHp)4CHy n = 1
56: X = I, R = CH,(CH,),CHy n = 2

SCHEME 2 General synthesis route of the haloethynyl cavitands.

2.2.3 Designing XB acceptors for [N ‘- I* -- N] halogen-bonded capsular
assemblies!L I

In the construction of [N --I*--'N] halogen-bonded supramolecular dimeric and
hexameric capsules, the correct design of the nitrogen-containing acceptors
plays important role as the [N --I*--N] bond angle is close to 180° limiting the
structural flexibility of the system. Therefore, utilization of multiple linear
[N--I*--N] halogen bonds in the formation of such assemblies would be
feasible by using spatially preorganized acceptor ligands.

The [N--I*--N] halogen-bonded dimeric and hexameric capsules can be
synthesized from the structurally analogous [N--Ag*---N]-bridged metallo-
supramolecular capsules by applying the [N---Ag*--N] — [N--1*--N] cation
exchange reaction.!’® Therefore, the monomer has to be sufficiently rigid and
possess suitable curvature and directionality of multiple binding sites to pro-
duce selectively the silver-coordinated dimeric and octahedral hexameric
capsules. However, to be able to form multiple linear [N---Ag*---NJ or [N---I*---N]
bonds, the monomer should also be flexible enough to tolerate small differences
from the ideal geometry. This is not possible with the methylene-bridged
resorcinarene cavitand because, based on molecular modelling, the short
methylene-bridges rigidify the four resorcinolic benzene rings so that the angle
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between the opposing rings is 64° (figure 24, A). This angle is too small for the
formation of dimeric or octahedral hexameric capsules through pyridine N-
atoms in meta- or para-position.

Instead, the corresponding ethylene-bridged cavitands satisfy much better
the structural requirements for the formation of [N---Ag*.-N] and [N---I*---N]-
bridged dimeric and octahedral hexameric capsules. Therefore, ethylene-
bridged tetrakis(3-pyridyl)cavitand can be used in the construction of the
dimeric capsules, as the pyridine N-atoms are in positions that enable, with a
slight helical twisting, connecting two cavitands with a linear linker.

Based on molecular modelling, in the ethylene-bridged tetrakis(4-
pyridyl)cavitand, the angle between the opposing rings is very close to 90°
(figure 24, B). Therefore, connecting the ethylene-bridged tetrakis(4-
pyridyl)cavitands through linear [N--Ag*--N] and [N--I*--N] binding motifs
should result in the formation of octahedral hexameric capsules.

ethylene-bridged cavitand

X: Q or -EQN B\“

FIGURE 24 Schematic presentation of the design of the pyridine-based donors to produce
the required geometry.
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2.2.4 Syntheses of XB acceptors!L1ILIV

Pyridine-based acceptor molecules were synthesized by fourfold Suzuki
coupling of 3- or 4-pyridylboronic acid to ethylene-bridged tetraiodo- or tetra-
bromocavitands 48-51 (scheme 3).1161 In general, halogenated ethylene-bridged
cavitand 48-51, pyridyl-3/4-boronic acid, [Pd(PPhs)s] and Cs2COs (2.0 g, 6.3
mmol) in degassed 1,4-dioxane and water mixture were refluxed at 110 °C for 2

d. Subsequent work up and column chromatography afforded the products
57a,b and 58 as white solids in yields of 38-50%.

N
(O-som:

[Pd(PPh 3)4]
082C03
dioxane/H,0
O 57a: R = CH,CH(CHa),
\/ 57b: R = CH,(CH,),CH;
R R R R
48: X = Br, R = CH,CH(CHs), N\
49: X =1, R= CH,CH(CH;), NQB(OH)z
50: X = Br, R = CH»(CH,)4CHj5
51:X= |, R= CHz(CH2)4CH3 [Pd(PPh3)4]
Cs5C0O5
dioxane/H,0

58: R = CHy(CH,)4CHs

SCHEME 3 Synthesis route for the ethylene-bridged tetrakis(pyridyl)cavitands.

Tripodal acceptor ligands 60 and 61 were synthesized according to
reported procedures (scheme 4).146147 Ligand 60 is formed in a reaction between
DABCO and 2,4,6-tris(bromomethyl)mesitylene 59 in acetonitrile followed by
an anion exchange reaction where the bromide counterions are replaced by less
coordinating hexafluorophosphate (PF¢ ) anions. A reaction of imidazole and 59
under basic conditions in dry DMF resulted in the formation of ligand 61.
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1) DABCO N </©:/N 3 PFg
Br 2) anion exchange
60
N
Br ~ [ \>
\—/ ‘-
59 <\/ﬁ s (_/7

NaH, dry DMF N\/KZ@N

SCHEME 4 Synthesis route for the ligands 60 and 61.146147
2.2,5 Syntheses of [N -1+ --N] halogen-bonded complexes LIV

The commonly used procedure to prepare [N --I*--N] halogen-bonded species
is to first synthesize the structurally analogous [N--‘Ag*--N] coordination
complex.1’> Subsequent [N---Ag*--:N] — [N--1*--N] cation exchange reaction
should result in the formation of [N--1*--N] halogen-bonded species. Bis-
coordinated three-center four-electron pyridine-based complexes of Ag* and I*
exhibit linear geometry.108125

In general, ethylene-bridged tetrakis(pyridyl)cavitands 57 and 58 or
ligands 60 and 61 were stirred with silver(I)salts in either dichloromethane,
chloroform or acetonitrile at room temperature for 10 min. The formation of
Ag*-coordination complexes was confirmed in solution by NMR measurements
('H NMR, H DOSY), in gas phase by ESI-MS and when X-ray quality crystals
were obtained, in solid state by single-crystal X-ray crystallography.

The addition of molecular iodine to the solution of Ag*-complexes led to
the immediate precipitation of Agl and in situ formation of I* followed by the
formation of [N--I*.--N]-bridged complexes. The complexes were confirmed in
solution by TH NMR, 'H DOSY and 'H, 1>N-HMBC measurements. The formed
complexes were further characterized in the gas phase by ESI-MS. Single-crystal
X-ray crystallography was used to determine the solid-state structures of

No specific conditions were needed during the complexation experiments,
thus highlighting the robustness of the [N --1* --N] halogen-bonded assemblies.
The [N--"Ag*--N] — [N--I*--N] cation exchange procedure was found to be
very selective; in all cases only the desired [N--I*--N] halogen-bonded
assembly was obtained.
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2.3 Solid-state studies of haloethynyl cavitandsV

Haloacetylenes have been used in solution and in solid state to create halogen-
bonded architectures (section 1.1.3.2), but their utilization in the preparation of
3D architectures is less common. By attaching four haloacetylene groups to
methylene-bridged cavitand a spatially preorganized multivalent XB donor
with Csy symmetry can be achieved. As haloethynyl cavitands are very rigid
building blocks, various architectures can be prepared by using different XB
acceptor molecules.

The halogen bonding ability of the haloethynyl cavitands was studied in
the solid state by single-crystal X-ray crystallography. X-ray quality crystals,
generally obtained by slowly evaporating a mixture of iodoethynyl cavitand 54
or 56 with neutral or anionic acceptors, confirmed the formation of XB
complexes where cavitands behaved as multivalent XB donors.

Interestingly, the crystal structure of methylene-bridged cavitand 54 with
1,4-dioxane showed strong self-inclusion behaviour of the cavitands (figure 25).
Slow evaporation of the 1,4-dioxane solution of the cavitand 54 resulted in the
formation of a self-included dimeric assembly where one of the iodoethynyl-
groups is located in the cavity of the second cavitand (figure 25b). The other
three iodoethynyl-groups behave as XB donors and are halogen-bonded to the
oxygen atom of the 1,4-dioxane. Two 1,4-dioxane molecules act as ditopic
acceptors connecting two different cavitands, while the third 1,4-dioxane acts as
a monotopic halogen bond acceptor.

A closer look at the crystal structure of the self-inclusion dimer revealed a
pair of C-H--C=C triple bond interactions; hence, the strong self-inclusion
behaviour is probably due to the combined results of electrostatic forces and
space compensation.

Similar dimerization behaviour was observed when cavitands 54 and 55
were crystallized as halogen-bonded solvates from acetone, chloroform,
acetonitrile and DMF.
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FIGURE 25 Crystal structure of a) 54 - 1,4-dioxane without self-inclusion and b) the self-
inclusion complex.

To prevent the strong self-inclusion behaviour of the XB donor molecules,
the methylene bridge of the cavitand was changed to ethylene. Structural
modifications were anticipated to hinder the formation of C-H---C=C interac-
tions and thus, free all four haloethynyl groups to form XBs. Also, an ethylene
bridge would provide a slightly wider and more flexible framework compared
to the methylene analogue.

Slow evaporation of the cavitand 56 from a pyridine solution resulted in
the formation of an XB complex where all four iodine atoms were halogen-
bonded to nitrogens of pyridine molecules (figure 26a,b). Similarly, an XB
complex was obtained by slowly evaporating an acetone/CHCIs-solution of
cavitand 56 and an anionic acceptor, tetrapropylammonium bromide (TPA Br)
(figure 26¢). A halogen-bonded network structure was formed; in it all iodines
behaved as XB donors and were halogen-bonded to bromide anions, which
acted as bidentate acceptors.
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c)

FIGURE 26 Crystal structures of a) 56 - pyridine in ball-and-stick mode, b) 56 - pyridine in
space-filling mode and c) 56 - TPA Br. Counteranions and solvent molecules are
omitted for clarity.

24 Cavitand-based metal-ligand coordinated and [N ---I* ‘- N]
halogen-bonded dimeric capsules!

The utilisation of multiple halonium ions in the formation of halogen-bonded
assemblies was tested with ethylene-bridged tetrakis(3-pyridyl)cavitands 57a
and 57b, which were expected to result in the formation of dimeric capsules
(scheme 5).
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57a: R = CH,CH(CH,),
57b: R = CH(CH2)4CH3

62a: R = CH,CH(CHy), 63a: R = CH,CH(CHa),
62b: R = CH,(CHy)sCHa 63b: R = CH,(CH,)4CHs

SCHEME 5 Synthesis of the [N---I*..-N]J-bridged dimeric capsule 63 through structurally
analogous Ag*-coordination complex 62.

Somewhat surprisingly, 'TH NMR and 'H DOSY measurements of the in-
termediate Ag*-bonded dimeric capsules 62a and 62b resulted in complex
spectra suggesting the formation of a mixture of species (figure 28b). For-
mations of more than one intact [N--*Ag*--N]-bridged capsules was further
supported by the crystal structure obtained for Ag*-capsule 62a (figure 27).
Single crystals of capsule 62a were obtained by slow evaporation of
DCM/ACN-solution of a 1:2 mixture of 57a and AgOTs. Interestingly, the
crystal lattice contains two structurally different centrosymmetric dimeric
capsules. The difference between the capsules is due to the different Ag-
coordination and the amount of coordinated water molecules, which results in
slightly different cavity structures. Both capsules tightly entrap two dichloro-
methane molecules, but the volumes of the cavities were found to deviate from
each other being 207 and 223 A3,

The ESI-MS spectra of capsules 62a and 62b showed dimeric complexes as
the [57a2 ‘Ags - OTs2]?* and [57b2"Aga - OTs:]?* ions at m/z 1512 and my/z 1624.

FIGURE 27 Crystal structures of the Ag*-capsules 62a_a and 62a_b. Encapsulated CH>Cl»
molecules are presented in space-filling mode.
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To obtain the [N--- I*--N] halogen-bonded dimeric capsules, molecular
iodine was added to the 1:2 mixture of the cavitand 57a or 57b and AgOTs.
After filtration of the precipitated Agl, TH NMR spectra were measured for I*-
capsules 63a and 63b. Even though a mixture of species was obtained for the
Ag*-capsules, the 1TH NMR spectra showed only one set of well-resolved signals
indicating the formation of symmetrical [N---I*.--N]-bridged capsules 63a and
63b (figure 28). All the pyridine proton signals were shifted downfield
compared to the signals of the respective free cavitand supporting the
formation of [N---I*---N] halogen bonds.

b N
H |
@) Hq € c~Fd
H, 0
H. H,
H ” e 4
_J
(b) ’|
HM
() T . tosylate
.
9.0 8.5 8.0 7.5 7.0 ppm

FIGURE 28 Aromatic region of the TH NMR spectra (CD>Clz, 500 MHz, 298 K) of a) 57a, b)
62a and c) 63a.

1H DOSY measurements were made to obtain more information of the
structures of the formed assemblies in solution. Measurements in dichloro-
methane at 298 K revealed one set of signals for both capsules 63a and 63b with
diffusion coefficient D of 4.8 x 10 m?s! and 4.6 x 101 m?s, respectively
(figure 29). According to the Stokes-Einstein equation these values correspond
to objects with diameters of 2.2 and 2.3 nm. These values are in good agreement
with the expected size of the dimeric capsules. Furthermore, ESI-MS measure-
ments provided clear evidence of the formation of the [N.--I*--N] halogen-
bonded dimeric capsules 63a and 63b. The capsules were observed as
[57a2° Is- OTs2]?* and [57b21s OTs2]?* ions at m/z 1549 and m/z 1662,
respectively.
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FIGURE 29 'H DOSY NMR spectrum of [N---I*---N] halogen-bonded capsule 63a (CD>Cl,
400 MHz, 298 K).

Even though X-ray quality crystals were not obtained for [N:.I*---N]
halogen-bonded dimeric capsules, the solution and gas-phase studies
unambiguously supported the formation of the desired dimeric capsules. As
results showed that [N--Ag*...N] — [N---I*---N] cation exchange can effectively
be used in the construction of supramolecular capsules, it is likely that larger
assemblies could be achieved by utilizing the same [N ---Ag*--N] — [N --I*--N]
cation exchange procedure with spatially complementary monomers.

2.5 Cavitand-based metal-ligand coordinated and [N ---I* - N]
halogen-bonded hexameric capsules!!

Based on the geometric features of the ethylene-bridged tetrakis(4-
pyridyl)cavitand 58, we speculated that utilizing multiple [N --- I* --:N] halogen
bonds an octahedral hexameric capsule could be obtained by applying the
[N--Ag*--N] — [N - I* --'N] cation exchange procedure (scheme 6).
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58

SCHEME 6 Synthesis of the [N
Ag*-coordination complex. For clarity, the hexyl side chains have been reduced
to methyl groups and counterions are omitted.

The Ag*-coordinated hexameric capsule 64 was synthesized by mixing
ethylene-bridged tetrakis(4-pyridyl)cavitand 58 with AgOTs in a 1:2 ratio in
CDCls. The TH NMR spectrum of 64 showed one set of signals with the
expected complexation-induced shifts. TH DOSY NMR measurements further
confirmed the formation of a single species with D of 2.2 x 1019 m2s-! at 298 K in
CDCl; (figure 30). Signals for smaller species were not observed. According to
the Stokes-Einstein equation, the measured D corresponds to an object with
diameter of 4.0 nm.
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FIGURE 30 'H DOSY NMR spectrum of Ag*-coordinated hexamer 64 (CDCls, 400 MHz,
298 K).

Furthermore, ESI-MS measurements supported the formation of the
[N--Ag*--N]-bridged hexamer 64 (figure 31). The gas-phase studies showed
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mainly the desired metal-ligand coordinated hexamers in a charge state of 4+.
The number of coordinated Ag*-atoms varied from 8 to 12; the base peak was
assigned to [58¢ - Agy - OTss]4* species at m/z 2313.
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FIGURE 31 ESI-MS spectrum of [N--Ag*---N]-bridged hexamer 64.

Addition of molecular iodine into the CDCls solution of Ag*-hexamer 64
resulted in the formation of the [N---I*---N] halogen-bonded assembly 65. The 1H
NMR spectrum of 65 showed one set of well-resolved shifted signals indicating
the formation of a discrete species. Selective formation of the [N.-.I*.-NJ]-
bridged species was further confirmed by ™H DOSY measurements. The H
DOSY spectrum showed single species with D of 2.3 x 101 m?s at 298 K in
CDCl; (figure 32). Again, signals for smaller species were not observed. The
calculated size corresponds to an object with diameter of 4.0 nm. The size is in a
good agreement with the observed size of the Ag*-coordinated hexamer 64.
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FIGURE 32 'H DOSY NMR spectrum of [N---I*-N] halogen-bonded hexamer 65 (CDCls,
400 MHz, 298 K).
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1H,5N - heteronuclear multiple-bond correlation (HMBC) experiments
have been used to study the formation of the [N---I*--N] halogen bonds; the
bond formation typically causes a shift of more than 100 ppm compared to the
corresponding non-coordinated nitrogen.!?!. 123125 For the hexamer 65, a single
15N NMR signal at -176 ppm was observed. As the 15N NMR signal for non-
coordinated cavitand 58 was at -71 ppm, the formation of [N---I*.--N] halogen
bonds was highly supported.

A 100 uM solution of hexamer 65 in CHCl3/ ACN 9:1 was prepared for the
ESI-MS measurements. The spectrum showed the selective formation of
[*-hexamers in charge states 7+ to 5+ (figure 33). All observed high abundant
complexes have a [58¢ 112]12*- core, the [58¢ T12 OTss]o* species at m/z 1662 being
the base peak.
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FIGURE 33 ESI-MS spectrum of [N---I*---N] halogen-bonded hexamer 65.

Unfortunately, crystallographic studies on hexameric capsules 64 and 65
could not be performed as suitable crystals were not obtained. However, this is
not very surprising, as growing single crystals is not trivial for large molecular
systems. Therefore, the structures of capsules 64 and 65 were modelled at the
MM-level (SPARTAN16'48). The modelling resulted in octahedral hexameric
capsules 64 and 65 with a 4.3 - 4.5 nm diameter supporting the results obtained
in solution and in the gas phase.

2.6 Metal-ligand coordinated and [N - I* --'N] halogen-bonded
MsL4 and M;L: cages from tripodal N-donor ligands!V

The applicability of multiple [N--I*---N] halogen bonds in the formation of
supramolecular assemblies was further investigated with tripodal ligands
functionalized with two structurally different N-donor moieties (scheme 7).
Both ligands, 60 and 61, are known building blocks for coordination cages;
therefore the formation of Ag*-coordination cages 66 and 68 should be feasible
(scheme 7). Furthermore, halogen-bonded cages 67 and 69 should be obtained
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by applying the [N--Ag*-N] — [N--I*:-N] cation exchange procedure
(section 2.2.5).

f‘yi ﬁ,i
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SCHEME 7 Syntheses of coordination cages 66 and 68 and [N
es 67 and 69. Counterions are omitted for clarity.

The self-assembly of 60 is highly affected by the intra- and intermolecular
steric interactions of the bulky DABCO groups and the formation of tetrahedral
MsL4 species is expected.4® Generally used solvents such as DCM and CHCl3
could not be used due to the poor solubility of the ligands and acetonitrile was
chosen as the solvent. Even though acetonitrile is competing for the
coordination to the I*, as reported by Erdelyi and coworkers!'?3, the change of
solvent was not expected to greatly hinder the formation of the [N--I*.-N]
halogen bonds.

The formation of cage 66 was investigated in solution by H NMR.
Surprisingly, the addition of AgPFe into the CD3CN solution of ligand 60 did
not result in noticeable shifts of the ligand proton signals in a 'H NMR
spectrum. Also, no evidence for the formation of 66 was found in ESI-MS
measurements.

As neither TH NMR nor ESI-MS measurements supported the formation of
cage 66, crystallization of the desired tetramer was attempted. Unfortunately,
suitable crystals were not obtained from the corresponding acetonitrile solution.
However, crystals of the coordination cage 66 were obtained from a methanol
solution of AgPFs and 60 upon slow diffusion with ethyl acetate (figure 34). The
structure exhibits two-fold disorder of the tetrahedral cage framework, as has
been previously observed with the corresponding Cus604 cage.4?
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a) b)

FIGURE 34 a) Crystal structure of 66 and b) disorder obtained in the crystal structure of 66.
Solvent molecules and counter anions are omitted for clarity.

Even though 60 did not form complexes with AgPF¢ in acetonitrile,
addition of molecular iodine into a CD3CN solution of 60 and AgPFe led to
immediate precipitation of Agl and a color change of the initially colorless
solution to yellow. The TH NMR spectrum showed a new set of downfield-
shifted signals together with minor peaks of non-coordinated 60. Also, 1H
DOSY measurements confirmed the formation of a new considerably larger
assembly with D of 6.09 x 1019 m?2-s'1 in acetonitrile at 298 K. According to the
Stokes -Einstein equation, the value of D corresponds to on object with
diameter of 2.1 nm, which is in agreement with the size of the M¢604 species.

Unfortunately, the investigation of 67 in the gas phase was unsuccessful.
The stabilizing solvent and anion interaction are absent in the gas phase and
due to the high charge density of 67 the complex was not stable enough to be
analysed in gas phase.

Slow evaporation of the NMR sample of 67 over several weeks resulted in
the formation of crystals suitable for X-ray diffraction. Crystal structure
revealed the formation of the speculated tetrahedral [N---I*---N] halogen-bonded
cage 67 (figure 35). The N--I* bonds of 67 were slightly asymmetric with
distances of 2.296 - 2.346 A and the bond angles of [N--I*--N] were close to
linear, 175.3(1)°. The diameter of the 67 is roughly 2.1 nm according to the
largest intramolecular H---H separation, which is in good agreement with the
calculated size from the DOSY measurement.
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FIGURE 35 Crystal structure of 67. Solvent molecules and counter anions are omitted for
clarity.

Next, the focus was turned to imidazole-based ligand 61. Even though
neutral ligand 61 is capable of adapting different geometries due to the
flexibility of the imidazole arms, selective formation of [N--I*--'N] halogen-
bonded dimers was observed in solution and in solid state as well as in the gas
phase.

H NMR spectra were measured for cages 68 and 69 and a new shifted set
of signals was observed in both cases (figure 36). Furthermore, 'TH DOSY
measurements of 68 and 69 in CD3sCN solutions confirmed the formation of
single species with D of 8.46 x 101m?2-s1 and 7.86 x 10-10 m2-s-1, respectively.

The composition of 69 was further studied in the gas phase by ESI-MS. The
ESI-MS measurements confirmed the formation of M361> complexes, as ions
[[612]3* at m/z 367 and [I3612 PFs]2* at m/z 623 were observed.
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FIGURE 36 H NMR spectra (CDsCN, 400 MHz, 298 K) of a) 61, b) 68 and c) 69.

Finally, slow evaporation of an acetonitrile solution of iodonium complex
of 61 resulted in the formation of single crystals of [N --1* --'N] halogen-bonded
“sandwich”-like MsL> species (figure 36). The N---I* bonds of 69 were symmetric
with distances of 2.233(6) A and the bond angles of [N --1* N XBs were close
to linear, 176.9(4)°.

FIGURE 37 Crystal structure of 69 presented a) in ball-and-stick mode and b) in space-
filling mode. Counteranions and solvent molecules are omitted for clarity.
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3 CONCLUSIONS

In conclusion, this thesis describes the synthesis of multivalent halogen bond
donors and acceptors based on resorcinarene cavitands and studies of their
utilization in the formation of halogen-bonded architectures and assemblies.
The use of tripodal N-donor ligands in [N --1* --N] halogen-bonded complexes
was also investigated.

The attachment of four iodo- or bromoacetylene groups to methylene-
bridged cavitands resulted in the formation of rigid and symmetric multivalent
XB donor molecules. Crystallization of 54 from 1,4-dioxane resulted in the
formation of a halogen-bonded complex where 54 behaved as a trivalent XB
donor. Due to strong C-H---C=C interactions, cavitand 54 showed strong self-
inclusion behaviour, which resulted in the formation of a dimeric structure with
one of the iodoethynyl groups complexed into the cavity of the second cavitand.

To prevent the formation of the self-inclusion dimer, more flexible
ethylene-bridged cavitands were used. The strategy was successful, as the
formation of the self-inclusion dimer was not observed in the subsequent solid-
state assemblies. Cavitand 56 was then used as a tetravalent XB donor leading
to halogen-bonded architectures with mono- and divalent halogen bond accep-
tor moieties.

The [N--"Ag*--N] — [N--I*--N] cation exchange reaction was utilized in
the construction of halogen-bonded capsules and cages. The 3c4e [N --1*--N]
bond is highly directional and enabled, by carefully designed preorganized
monomers, the synthesis of several supramolecular assemblies.

In order to exploit multiple [pyridine--1*--pyridine] interactions as
structural units in the capsules, ethylene-bridged tetrakis(pyridyl)cavitands 57
and 58 were chosen as building blocks. Cavitands 57 and 58 are rigid enough,
but at the same time also flexible enough, to tolerate small changes from the
optimal geometry that might be required for the formation of multiple linear
[N --"Ag* - N] coordination bonds or [N -- I+ --:N] XBs.

NMR studies of dimeric Ag*-capsules 62a and 62b revealed a formation of
mixture of species, which was also supported by the crystal structure of 62a as
two structurally different centrosymmetric dimeric capsules.
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TH NMR spectra of capsules 63a and 63b showed selective formation of
symmetrical [N--1*--N] halogen-bonded capsules. TH DOSY and ESI-MS
measurements further provided clear evidence of the formation of [N--I*---N]
halogen-bonded dimeric capsules 63a and 63b.

By changing the position of the pyridine N-atoms from meta to para,
ethylene-bridged tetrakis(pyridyl)cavitands were used to form octahedral
hexameric capsules. Intermediate hexameric Ag*-capsule 64 was obtained in
solution and in the gas phase. Subsequent cation exchange selectively provided
the hexameric [N---I*---N] halogen-bonded capsule 65, which was characterized
in solution as well as in the gas phase.

The general applicability of the [N--Ag*:N] — [N--I*--N] cation
exchange procedure to form halogen-bonded supramolecular assemblies was
further studied with two different tripodal N-donor ligands 60 and 61. As both
ligands are known building blocks for coordination cages, the [N --I*--'N] XBs
was expected to yield halonium cages 67 and 69.

Even though no evidence of the formation of the metal-ligand coordinated
cage 66 in acetonitrile was obtained in solution or in the gas phase, 67 could be
synthesized by adding iodine to the acetonitrile solution of 60 and AgPFs. Cage
67 was also crystallized by slowly evaporating the corresponding acetonitrile
solution. Selective formation of cages 68 and 69 was confirmed in solution, in
the gas phase as well as in the solid state.

In conclusion, the results presented here show that halogen bonding can
be used as a predictable tool in the construction of well-defined supramolecular
assemblies from preorganized multivalent monomers. The use of halogen(l)
ions as connecting elements in the self-assembly processes of large
supramolecular assemblies is a rather unexplored area, but it should not be
overlooked. There is still much to be discovered in the utilization of the
[N---Ag* - N] — [N --I*--N] cation exchange reaction and generally in halogen
bonding.
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