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Dimeric iodine(l) and silver(i) cages from tripodal
N-donor ligands via the [N—Ag—N]* to [N—1-N]*
cation exchange reactiont
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The directionality of the [N—=I-NI* halogen bond makes iodine() ions impeccable tools in the design and
construction of [N=I-N]* halogen-bonded assemblies. The synthesis of dimeric iodine() cages with imid-
azole-derived N-donor tripodal ligands is described, as well as their corresponding silver() precursors. The
addition of elemental iodine to the parent two-coordinate Ag() complexes produces iodine() complexes
with three-center four-electron (3c—4e) [N-I-NI* bonds. Complex formation via this cation exchange was
confirmed by *H and *H-"N HMBC NMR studies in solution, and additionally by electrospray ionisation and
ion mobility mass spectrometry analysis (MS) in the gas phase. The structural analysis of the single crystal
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X-ray structures of 11 silver(l) cages and the computationally modelled iodine(l) cages, along with MS ana-
lysis, revealed structural similarities between the two different capsular assemblies. In addition to strong
electrostatic interactions, C—H---F hydrogen bonds were determined to have a directing effect on the
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Introduction

The term clathrate was first devised by H. M. Powell in 1948
when the first definition of a solid-state cage-like supramolecu-
lar structure came to life. According to Powell, a clathrate was
a kind of a solid-state inclusion compound “in which two or
more components are associated without an ordinary chemical
union, but through the complete enclosure of one set of molecules
in a suitable structure formed by another”." These structures are
generally further divided into two categories: the first are clath-
rates, viz lattice inclusion compounds, in which guests are
trapped into a host matrix, generally speaking, a crystal lattice;
the second are molecular host-guest inclusion compounds, in
which the guest is trapped inside a larger, often macro- or mul-
timacrocyclic, host molecule or a self-assembled concave entity
comprising multiple components, e.g., molecular capsules and
cages.'

Molecular hosts and capsular assemblies have attracted
much interest since Rebek’s first hydrogen-bonded supramole-
cular capsule in 1993.” The possibility of encapsulating various
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silver(i) cage formation and binding of suitably sized anions into the cavities in the solid state.

guests in these cages has yielded a plethora of applications,’
ranging from biomedical applications and selective
encapsulation,™” to stabilisation of reactive compounds using
supramolecular capsular entities and catalysis in confined
spaces.®” To date, various host-guest capsular assemblies have
been reported using molecules such as resorcin[4]arenes,® "
calix[4]-arenes,">™* and pyridine[4]arenes.”>'® The self-
assembled capsular assemblies comprise two or more suitable
preorganised molecules spontaneously forming capsular entities
with either metal coordination,'” " or hydrogen bonding.***

Ever since the 1990s, halogen bonding has developed into a
true competitor for hydrogen bonding and other non-covalent
interactions to the point that, to date, it is one of the most
studied interactions in supramolecular chemistry.”*>” Halogen
bonding was only recently defined by IUPAC as a net attractive
interaction between the positive regions of the electrostatic
potential associated with a halogen atom and a Lewis base.”®
Perhaps the controversial nature of the halogen bond led to its
late definition, however, halogen bonding has been deftly uti-
lised in the formation of supramolecular assemblies, amongst
other non-covalent interactions, for its strength, tunability, and
directionality, which provides the necessary tools for sufficient
control of the self-assembly processes. Despite its utility, the
use of halogen bonding in the formation of discrete molecular
capsules is rare, with only a few examples previously reported
using the classical halogen bond.>*™*

More recently, halogen bonding has also received interest
in the form of halogen(i), especially iodine(r), cations.**** The
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halogen() cations, also known as halenium ions (X'), can be
considered as extremely polarised halogen atoms which are
capable of forming symmetric three-center four-electron (3c-
4e) [L-X-L]" bonds and constructing a halogen(i) complex by
simultaneously interacting with two Lewis bases (L; commonly
aromatic amines).>>*® The [N-X-N]" 3e-4e bonds are found to
be among the strongest halogen bonds, which in addition to
their high directionality and robust nature, has made them an
interesting supramolecular synthon in modern-day crystal
engineering.

Iodine(r) ions are commonly used in organic chemistry as
halogenating agents®® > and their inherent reactivity makes
them harder to isolate and structurally characterise. Recently,
a number of heteroleptic or unconventional iodine(i) com-
plexes have been prepared and characterised, mainly in the
solid state.>”*®%37*8 go far, only a few supramolecular capsular
or macrocyclic’® assemblies incorporating [N-I-N]* halogen
bonds have been reported,’®>? which are obtained using the
analogous silver(1) metallocages as the starting point for the
iodine(1) cages, obtained via the [N-Ag-N]" to [N-I-N]" cation
exchange reaction.>”

Herein, we report the solid-state structures of 11 parent
silver(1) tripodal metallocages, and a comprehensive theore-
tical, gas, and solution-state study confirming the formation of
iodine(1) [N-I-N]" cages. This report serves as further proof of
the indisputable importance of halogen(i) ions as supramole-
cular synthons, and not just in simple monodentate ligand-
complexes, but also in more sophisticated capsular
assemblies.

Results and discussion
Synthesis of the silver(1) and iodine(1) cages

The imidazole- and benzoimidazole-based N-donor tripodal
ligands 1-6 with a trialkylbenzene backbone were chosen for
the capsular assembly (Scheme 1).

Ligands 1-6 were straightforwardly synthesised, with only 6
not being previously described in the literature. Imidazole,
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Scheme 1 The structures of N-donor tripodal ligands 1-6 used in the
formation of the iodine()) cages.
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benzoimidazole, or dimethyl-benzoimidazole moieties are
attached to the core benzene ring via methylene-linkers,
making the ligands flexible and large enough to accommodate
guests inside. The ligands must be able to first bind silver(),
and then iodine(i), cations leading to two distinct complexes,
which in many cases prefer slightly different conformations
with dissimilar bond lengths and angles. The syntheses of the
ligands are straightforward and mostly follow literature pro-
cedures, with a few adaptions stated in the ESL.1>°

The most common route for iodine(r) complex formation is
through the [N-Ag-N]" — [N-I-N]* cation exchange reaction.>*
All cage reactions were performed in either acetonitrile or
DMSO dictated by the lower solubility of some of the com-
plexes. In the first step, presented in Scheme 2, two equiva-
lents of ligand are mixed with three equivalents of a silver(i)
salt (here AgPFs, AgBF,, or AgSbFs). Many different weakly
coordinating anions can be used, as it has been shown that
the counteranions do not influence the linear centrosymmetric
geometry of the [N-I-N]" halogen bond neither in solution nor
in solid state.’® In the second step, elemental iodine (L) is
added to the parent silver(i) cage solution and stirred for an
hour. Due to the more complex structure of the cages, the reac-
tion requires more time for completion than for the previously
reported small-ligand iodine(r) complexes.”> Upon completion
of the reaction, the silver iodide (AgI) precipitates from the
solution leaving the cationic tris-iodine(r) cage with the three
anions in the solution.

Crystallography of the silver(i) cages

The X-ray structures of ligands 1-5 have been previously
reported,”*”"% as well as the [X-C1-Ag-1][X], cages with
various counter-anions.'”?*®"%* For 1 and 2, other topologies
including polymeric structures have been reported,'””°" which
is not the case for the larger ligands 3-6. Very likely, the
additional benzene rings point away from the capsule surface
(Fig. 1) and thus do not hamper capsule formation, while they
likely interfere with polymerization. Consequently, encounter-
ing polymeric structures was expected and one [1-Ag-],[OTf],
structure was successfully characterized with X-ray crystallogra-
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Scheme 2 The synthesis of the iodine() cage of tripodal ligand 4
through its analogous silver() metallocage.
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Fig. 1 The thermal ellipsoid (top) and spacefill (bottom) representations
of the X-ray crystal structure of [SbF6-c6-Ag-6][SbFgl,. Solvents and
anions omitted for clarity except for the encapsulated SbPFg™ anion in
the bottom image. Thermal displacement ellipsoids are drawn at the
50% probability level. The N—Ag—N bond lengths and angles were deter-
mined to be between 2.091(4)-2.095(4) A and 172.3(2)-173.0(2)°.

phy (Fig. S31). In addition, cages [BF,-C3-Ag-3][BF,],'® and
[BF4-C4-Ag-4][BF,], >* have been X-ray structurally character-
ised. In total, 11 single crystal X-ray structures of the analogous
silver(1) cages were determined (Fig. S1-S13%), two of them
polymorphs to previously reported structures.'”*° Unlike the
halogen(i) 3c-4e bonds, the [N-Ag-N]" environment is easily
distorted by the solvent or anion coordination to the silver()
cations and angles of as small as 149° have previously been
reported.** Further demonstrating this, the silver(i) cages were
determined to have varying N-Ag bond lengths from 2.068(12)
A to 2.170(7) A and N-Ag-N angles ranging from 163.1(2)° to
180.0(5)°. These bond lengths are similar to previously
observed ones with smaller monodentate versions of these
ligands.*® However, in the silver(i) cage formation the N-Ag-N
angles are more linear when compared to the simple mono-
nuclear complexes where the anion to silver(i) cation inter-
actions can cause distortion from linearity.*>

The cages were designed to encapsulate small guests inside
the cavites of the cages. In nine out of 11 cases, the electron

This journal is © the Partner Organisations 2022
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density map of the X-ray crystallographic analysis indicated
that one of the counterions was positioned inside the cages.
However in the case of [SbFe-C1-Ag-1][SbFs], and [SbFs-C3-Ag-
3][SbFg], the electron density inside the cavity was diffuse,
indicating a heavily disordered SbFs~ anion, and due to this
they could not be modelled adequately, and were accounted
for using SQUEEZE in the final model.®* Fig. 1 depicts, as an
example, the encapsulation of a hexafluoroantimonate(v)
anion in [SbFs-C6-Ag-6][SbFs], as a result of the CH---anion
and cation---anion interactions between the ligand, the Ag(i)
cations and the SbF,~ anion.

Moreover, the complexes observed in the solid state gener-
ally encapsulate one anion leaving the two remaining anions
outside the cage. In addition, tandem MS experiments support
the anion also to be present inside the cages in solution and
the gas phase. When PF6- is encapsulated, the collision ener-
gies, at which 50% of the cage ions are still intact is signifi-
cantly higher as compared to the same cage ions carrying a tri-
flate anion attached to the outside (Fig. S45-S477).

The anion interactions inside the cage were estimated by
determining the shortest distances between the anionic and
cationic species for structures [BF,-C3-Ag-3][BF,], and [PF¢-C3-
Ag-3][PFs),, [BF,-C5-Ag-5][BF,], and [PFe-C5-Ag-5][PFs),, and
also for [PFsC6-Ag-6][PFgl, and [SbFs-C6-Ag-6][SbFe],, in
which the anion resides inside the cage cavity. Many factors
are to be taken into account when discussing interactions
strengths, and the short distances alone do not always indicate
strong interactions. Furthermore, the interaction lengths can
be affected by packing in the crystal structure. However, the
interaction lengths and other analyses on the crystal structures
are here discussed to shed light on the type of interactions
involved in the anion encapsulation.

The shortest silver(1) to fluorine (Ag---F) constact distances
were found to be between 2.66(1) A-2.802(9) A, which is signifi-
cantly shorter than the sum of the van der Waals radii for
these atoms (vdW(Ag-—-F) = 3.19 A). Similarly, the C-H---F
hydrogen bonds were found to be shorter than the sum of the
van der Waals radii of the respective atoms (vdW(F---H) =
2.67 A) varying between 2.33 A-2.66 A. However, for cages with
the shortest Ag---F contacts, the hydrogen-bond distances
(C-H:--F) were found to be the longest, indicating that these
distances rely heavily on the orientation of the anion inside
the cage cavity.

The anion-to-cage interactions were further studied with
Hirshfeld surface analysis  (Fig. S14-S19f) using
CrystalExplorer.®®® In each case, large bright red spots can be
observed on the Hirshfeld surface of the anions in the regions
where the fluorines are in close contact with the silver(r)
cations confirming the interactions to be shorter than the van
der Waals radii. Slightly smaller, though still fairly bright red
spots can also be seen for the C-H---F interactions. The 2D fin-
gerprint plots of the Hirshfeld surface analysis provide infor-
mation on the unique crystal packing in each case, at the same
time easily revealing similarities between the structures. The
fingerprint plot depicts the relationship of the distance to the
nearest atom center interior to the surface (d;) and to the
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exterior to the surface (d.).** The fingerprint plots (Fig. S14-
S197) display the Ag---F and C-H---F interactions as a pair of
spikes at the bottom-left part of the plot. The percentage con-
tributions to the close intermolecular contacts can also be
determined from the 2D plots. For all cages, the contribution
of the Ag---F contacts was determined to be between 9-17%
(largest for [BF,-C5-Ag-5][BF,],), whereas the C-H---F hydrogen
bonds contributed 82-91% to the overall interactions. The
electrostatic interactions are generally stronger than hydrogen
bonding, and in here, they act in unison. Therefore, even
though the Hirshfeld surface depicts Ag---F contacts to be the
closest, the hydrogen bonds most certainly play a role in the
stabilisation of the anion. In some cases, a small percentage
(<4%) of other interactions (F---N and F---C) were observed to
affect the anion binding. The results from the Hirshfeld
surface analysis indicate a multitude of stabilising interactions
directed toward the anion. For example, Fig. 2 depicts the
X-ray crystal structure of [SbFs-C6-Ag-6][SbFg], with the calcu-
lated Hirshfeld surface for the SbFs~ anion inside the cage,
where the punctures in the surface display strong cation-anion
(Ag"--F¢Sb™) interactions. Additionally, the strong interactions
are supported by the non-disordered nature of the SbFs~ anion
with well-defined thermal movement inside the cage due to
the supramolecular interactions.®®®”

Characterisation of the iodine(r) cages

Despite numerous silver(1) cages, to date, only the solid-state
structure of dimeric [N-I-N]" halogen-bonded cage made from
1 has been reported.> The nucleophilic nature of the iodine(1)*®
cation renders the interactions with anions very weak, and
the inability to get diffraction quality single crystals of the
iodine(1) cages in this study highlights the challenge in obtain-
ing solid-state crystal structures of larger [N-I-N]' halogen(i)
assemblies with multiple 3c-4e bonds.”™*" Unfortunately, also
in this study, the crystallisation of the [N-I-N]" cages proved to
be unsuccessful. During the crystallisation, conceivably the
inherent anisotropic nature of the 3c-4e [N-I-N]" bond results
in conflicting anion interactions, with the repulsive nature of
the I"---F interactions and the attractive endohedral cavity,>?
making the anion encapsulation and the -crystallisation
process of the iodine(i) cages more problematic. Therefore, the
iodine(1) cages were modelled with fixed N-I bond lengths of
2.25 A and 180° angles for the most accurate description based
on the known coordination geometry of the [N-I-N]" halogen
bond (Fig. 3 and Fig. $20-525%).>%%%% The resulting calculated
iodine(r) cage structures are very similar to the analogous
silver() crystal structures (see below discussion and Fig. S127),
apart from the slight distortion of the silver(i) cages in the
solid state due to packing effects.

The cage composition was further confirmed in the gas
phase with electrospray ionisation mass spectrometry (ESI-MS)
and ion mobility mass spectrometry (IM-MS) analysis®"”°
(Fig. S26-S49%). For ligand 4, the formation of the cages was
verified by the detection of the ions [PFs-C4-Ag-4]*" and
[PFe—C4-1-4]*" at m/z values of 787 and 815, respectively.
Additionally, the cages were observed with other anions in the

2234 | Inorg. Chem. Front., 2022, 9, 2231-2239

View Article Online

Inorganic Chemistry Frontiers

de

24

Sb-F---Ag anion-
cation interaction

2.0 (10.9%)
1.8 \

22

1.6 P,

1.4 !

1.2

1.0

08 C-H---F
interaction (87.4%)

0.6

di
18 20 2272 24

06 08 TO0 T2 T4 1%

Fig. 2 Full fingerprint regions of the hexafluoroantimonate anion in the
complex [SbFg-c6-Ag-6][SbFgl, and two views of the intermolecular
contacts to the Hirshfeld surface of the anion. Other interactions contri-
buting to the anion binding: Sb—F-.-C (1.7%). In the fingerprint plot, d|
represents the closest internal distance from a given point on the
Hirshfeld surface, and d. is the closest external contact (in A).
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Fig. 3 The spacefill representation of the calculated structure of [PFg-
C6-1-6][PF¢], iodine(l) cage.

gas phase, such as I" and PF,0, . In ion mobility mass spec-
trometric experiments, the silver(i) and iodine(i) cages appear
with very similar, narrow-width arrival time distributions con-
firming that the overall cage structures have not changed
during the Ag(1)-to-I(1) ion exchange reactions. The IM-MS pro-
vided evidence of the cages being close in their sizes, though
the iodine(1) cages are slightly bigger than the corresponding
silver(n) cages. All silver(i) and iodine(r) cages depicted a
narrow peak width in the arrival time distribution indicating a
discrete, well-defined structure (Fig. 4). Also, the iodine(r) and
silver(1) cages show closely related fragmentation patterns in
collision-induced dissociation (CID) experiments (Fig. S45-
S497). The dissociation of the mass-selected doubly charged
[PFe-CL-Ag-L]*" and [PF¢-CL-I-L]*" ions leads to a singly
charged [LAg]" and [LI]" ions, respectively. The corresponding
singly charged [LAg,PF¢]" and [LI,PFs]" fragments are,
however, not observed, which indicates a subsequent, rapid
loss of AgPF, or IPF, ion pairs leading again to a second [LAg]"
and [LI]" fragment, respectively. The fact that these ion pair

[PFg-c3-Ag-3]**

[PFs-c3-1-3]%

800 1000 1200 1400 16.00 18.00

drift time (ms)

400  6.00

Fig. 4 ATDs of [PF6—c3-Ag-3]?* (top) and [PF6—c3-1-3]1?* (bottom).
The arrival time of both are similar and the distributions narrow.
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losses do not occur similarly from the parent ions directly is in
agreement with an encapsulated PFs~ counterion, which can
only escape in the form of the ion pairs when the cage has
already fragmented. This assumption is also in line with the
observation of 2+, but no 1+ or 3+ charge states for the intact
cages. The fragmentation was studied at different collision vol-
tages to obtain a survivor yield curve for both the silver(1) and
the iodine(1) cages (Fig. S491). The 50% survivor yields are
obtained at collision energies of 17 V for [PFs-CL-I-L]** and of
26 V for [PFs-CL-Ag-L]*". Thus, the iodine(1) cage is somewhat
less stable in the gas phase than its silver(1) analogue. In con-
clusion, not only the sizes of the two cages are in the same
range, but also the ionisation behavior (only +2 charge states)
and the fragmentation patterns. This is straightforward evi-
dence that both cages have analogous capsular structures.

The formation of the silver(r) and iodine(i) cages in solution
was studied with '"H NMR and 'H-'">N HMBC measurements
(Fig. 5 and Fig. S50-S59%). Ligand 1 was not included in the
NMR study since similar experiments have been previously
reported.> Earlier studies have shown that the formation of
the silver(i) cage results in a downfield change in the "H NMR
chemical shifts of the ligand,****® most prominently
observed for the imidazole C(2) proton (H,, singlet, Fig. 1,
top). Changes in the 'H NMR chemical shift range were
between Ad 0.16 and Ad 0.48 ppm when going from the
uncomplexed ligands to the silver(r) complexes. The cation
exchange reaction from Ag' to I' results in a further downfield
shift, which for these ligands, ranges from A§ 0.16 to Ad
1.21 ppm, resulting in notable shift differences between the
free ligands and the iodine(i) cages of up to almost 1.7 ppm. It
has been previously observed that the solubility of the complex
is often lower for the I' complex than for the Ag" complex, and
greatly reduced compared to the respective free ligand.”> A
complete set of measurements in CD3CN could be performed
only for two ligands (4 and 5) out of the five systems, as the
solubility of some of the silver(r) and iodine(r) cages required
the use of DMSO-ds, and the poor solubility of the silver(i)
complexes, as well as interactions with the competing DMSO,
results in an incomplete conversion of the silver(r) cage to the
iodine(1) cage, as confirmed by "H NMR spectroscopy. This is
most clearly observed for ligand 2, while being much less pro-
nounced for 3 and 6. However, the majority of the silver(i)
cages fully convert to the iodine(i) cages. The conversion from
the ligands to the silver(i) complexes were further studied with
'H-">N HMBC measurements (Fig. S51, S53, S55, S57, and
$597). Even though the "H NMR spectra could be obtained for
all the silver(1) and iodine(i) cages, in most cases the decreased
solubility of the iodine(r) cages would cause them to precipi-
tate out of solution during the time required for satisfactory
quality HMBC acquisitions to be collected, and therefore, a
full set of >N  NMR resonances were obtained for only one
iodine(1) cage, [PFs-C2-I1-2][PF¢], (Fig. S51t). However, as
demonstrated before,” upon coordination to silver(i), or
iodine(1), the resonance of the coordinating nitrogen (N1) is
found to change markedly downfield due to the deshielding
effect upon complexation. In contrast, the non-coordinating
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Fig. 5 The 'H (top) and *H-"N HMBC* (bottom) NMR spectra of the
uncomplexed ligand 4 (black), the [PF¢-c4-Ag-41[PFgl, silver() complex
(blue), and the [PFg-c4-1-4][PFgl, iodine() complex (red), where H, is
the proton between the coordinating (N1) and non-coordinating (N2)
nitrogens. All values are in ppm and referenced to CD3zCN (*H) and
CDsNO, (**N) (500 MHz, 303 K). *Due to poor solibility, the *H-'°N
HMBC NMR spectra of the iodine()) complex could not be obtained.

nitrogen (N2) is shielded and experiences only minor changes
in the opposite direction. Due to low solubility, the signal of
the coordinating nitrogen (N1) is in some cases undetectable,
making the N2 value ever more important, and giving valuable
information about the complexation. The silver(i) complexa-
tion induces a coordination shift around —50 ppm in the °N
NMR resonance of N1 for all ligands, whereas the resonance of
N2 only changes by around +5 ppm.

Conclusions

In summary, we have presented comprehensive evidence of
dimeric imidazole-based iodine(1) cage formation in the solu-
tion and gas phase. The formation of the iodine(1) cages
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occurs via the Ag' to I" cation exchange reaction from the ana-
logous silver(i) cages. In addition to NMR and MS experiments,
the silver(i) cages were also crystallised and further studied in
the solid state using X-ray crystallography. The resulting endo-
hedral cavity of the self-assembled dimeric cages yields an
anion encapsulation with strong supramolecular interactions.
The silver() crystal structure of [PFe-C6-Ag-6][PFs], and the cal-
culated structure of [PF4-C6-I-6][PF], along with the ion mobi-
lity-MS analysis, clearly display structural similarities amongst
the two well-defined structures with the silver(i) cage having
slightly shorter Ag-N bond lengths (2.068(12)-2.170(7) A) and
less linear N-Ag-N angles (163.1(2)°-180.0(5)°) than expected
for the iodine(i) cage. This is strongly reflected in the almost
identical arrival time distributions determined in ion mobility
mass spectrometric experiments, which reveal only a very
slight size increase when the silver ions are replaced by
iodine(1). The flexibility of the cages enabled them to host
anions of varying sizes, forming complexes with strong supra-
molecular interactions in each case. In addition to anion-
cation interactions, a surprisingly large contribution to the
anion stabilisation was made by the C-H---F hydrogen bonds.

For all the complexes, [PFs-CL-Ag-L]*" ions were observed in
the mass spectra, which indicates a stonger interaction of one
anion compared to the remaining two. This would suggest that
the anion encapsulation occurs for each complex in the gas
phase. Furthermore, this would also support the occurrence of
the anion encapsulation in solution. Even though the de-
stabilizing interactions in the [N-I-N]" cages rendered the crys-
tallization attempts ineffective, the directionality of the [N-I-N]"
halogen bond makes iodine(x) ions excellent tools in supramole-
cular cage design and crystal engineering. The work presented
here serves as further proof of the indisputable importance of
halogen(i) ions as supramolecular synthons, aiding the design
of more complex supramolecular capsular assemblies.
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