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The ability of cationic coordination cages to act as anion receptors is reviewed, with an emphasis on the

anion encapsulation chemistry and the dynamics of cage assembly, anion exchange, and other anion-

induced structural transformations. The first part of the review describes various examples of anion-
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encapsulating coordination cages, categorized on the basis of their M,L, stoichiometry (M =

metal

cation; L = organic ligand). The second part deals with the dynamic aspects of anion encapsulation,

including the kinetics and mechanism of anion binding, release, and exchange, as well as the structural
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Key learning points

evolution of the coordination complexes involved.

e Cationic coordination cages have emerged as a promising class of anion receptors, thanks to their ability to encapsulate anions strongly and selectively.
e The encapsulated anions often serve as templates for the cage assembly, leading to binding cavities with good size and shape complementarity for the

included anions.

e Internal functionalization of the cage cavities with complementary binding groups can lead to strong and selective anion binding in competitive

environments including water.

e Many coordination cages can exchange the encapsulated anion with external anions, apparently via a mechanism involving anion ingress and egress through

the cage’s portals.

o Coordination cages can display complex anion-induced dynamics, including conformational distortions, intercatenations, and architectural rearrangements.

Introduction

Metal-coordination cages self-assembled from chelating high-
symmetry polytopic organic ligands (L) and various metal
cations (M) have emerged as a distinctive class of supramole-
cular architectures with interesting host-guest chemistry and
high aesthetic appeal. These cages may display different shapes
depending on their M,L, stoichiometry, the symmetry of the
ligand, the coordination geometry of the metal, and the relative
spatial orientation of the ligand and metal components. Recent
review articles have focused on various aspects of coordination
cages, such as structural design principles, self-assembly, and
host-guest chemistry.'™”

A large fraction of the coordination cages reported to date are
positively charged, as they are assembled from neutral ligands and
cationic metal centers. As such, they are inherently suitable for
encapsulation of anionic guests, and can potentially serve as anion
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receptors. However, in order for anion recognition to occur, there
needs to be an intimate interaction between the cage host and the
anion guest, which typically involves a size and shape match
between the two partners. Such principles of complementarity
have been recognized since the inception of anion coordination
chemistry with the report of anion encapsulation by macrobicyclic
diamine hosts called katapinands.® As clearly articulated early on
by Graf and Lehn, anion encapsulation inside rigid molecular
cages with cavities internally functionalized with complementary
binding groups can lead to exceptional binding strength and
selectivity.” One drawback associated with classical molecular cage
receptors, though, is that their synthesis is typically laborious,
involving multi-step reactions and tedious purifications. In this
respect, coordination cages have a distinct advantage, as they can
often be readily self-assembled from simple ligand and metal
components. The relatively strong metal-coordination bonds also
ensure that coordination cages are fairly robust, often persisting in
highly competitive solvents including water. As a result, coordina-
tion cages have recently emerged as a promising class of self-
assembled anion receptors.'""

The purpose of this review is to summarize the recent
developments on the topic of anion-binding coordination
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cages. While some aspects related to this topic have been
touched on in recent reviews of broader scope by Ballester'®
and Amouri,’ this review provides a systematic and focused
analysis of anion encapsulation chemistry, with a special
emphasis on structural and dynamic aspects of anion recogni-
tion and exchange in coordination cages. The focus will be on
examples where the anionic guests interact closely with the
cage hosts, as opposed to merely serving as charge-balancing
counterions. Also, this review will generally not cover those
cases where anion encapsulation was solely observed in the
crystalline state by X-ray diffraction, with no evidence of anion
encapsulation in solution.

Anion encapsulation and exchange in
coordination cages

Examples of anion encapsulation have been reported for a variety
of coordination cages, which will be categorized in this section
based on their M,L, stoichiometry. In addition to structural
aspects, the discussion will include, where appropriate, the
templating role played by the anion in the cage formation, anion
exchange in solution, and anion encapsulation selectivity.

M,L, cages

An early example of anion encapsulation in an M,L, coordina-
tion cage was reported by McMorran and Steel, who studied
PF,~ encapsulation in Pd,(L1),*" (1)."> The PF¢~ anion bridged
the two Pd centers by weak F- - -Pd coordination bonds (Fig. 1).
This cage persisted in DMSO solutions, and '’F NMR showed
two separate peaks corresponding to the PFs~ anions residing
inside and outside the cage, indicating slow exchange on the
NMR timescale.

A similar approach by Amouri et al. led to BF, encapsula-
tion in the Co,(L2),** cage 2 (Fig. 2)."* As in the previous
example, the anion was weakly coordinated to the two metal
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Fig. 1 Encapsulation of PFg™ in cage 1. The X-ray crystal structure of the
cage is depicted on the right.
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Fig. 2 Encapsulation of BF;~ in cage 2. The X-ray crystal structure of the
cage is depicted on the right.

centers via F---Co interactions. When the cage was crystallized
from acetonitrile, a solvent molecule was externally coordi-
nated to each Co center to complete the pseudooctahedral
coordination geometry of the metals. However, when a weakly
coordinating solvent like nitromethane was used, two external
BF,  anions were found to coordinate the Co centers instead.**
The encapsulated tetrafluoroborate anion appears to play a
templating role in the cage self-assembly, as in the presence of
other anions like NO;~ or Cl7, no cage was observed, and
different coordination products formed instead. 'B NMR in
CD;CN solutions at room temperature revealed two signals
corresponding to the BF, anions inside and outside of the
cage, with no evidence of exchange up to 60 °C. This puts a
lower limit of 75 kJ mol " for the free energy of activation for
BF,  exchange.

M;L, and MgL,L'; trigonal prismatic cages

Reaction of the tripodal tris-benzimidazol ligand L3 with excess
AgBF, in MeOH/MeCN led to cage 3 with the stoichiometry
Ag;(L3),(BF,)*" (Fig. 3)."> Single-crystal X-ray crystallography
confirmed that one BF,  anion was encapsulated inside the
cage and it interacted weakly with the silver cations and the
benzimidazol CH hydrogens. A similar Cu;(L3), cage encapsu-
lating the Cul;~ anion was obtained from L3 and Cul. '"H NMR
spectroscopy indicated the cages formed quantitatively in
solution. The anions do not appear to play a templating role,

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Encapsulation of BF,~ in cage 3. The X-ray crystal structure of the
cage is depicted on the right.

as a similar empty cage was obtained when the bulky BPh, ™
anion was used instead.

Reaction of tripodal ligand L4 with a bis-platinum-1,8-
anthracene molecular “clip” yielded the trigonal prismatic cage
4 that was found by X-ray crystallography to encapsulate a
nitrate anion (Fig. 4).'°® The NO;~ anion was tightly bound
inside the cavity, as indicated by the fact that it could not be
exchanged even in the presence of excess PF, . It was suggested
that the observed strong affinity for nitrate in this coordination
cage could be a result of the good size and symmetry match
between the cage host and the NO; ™~ guest.

M,L, cages

Self-assembly of the cavitand ligand L5 with MX salts (M = Pd,
Pt; X = CF5S0;7, BF,, PFy ) yielded the coordination cages
5 with M,(L5),*" stoichiometry, as determined by NMR and

oH GN { H-mr-ono;
X
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ESI-MS spectroscopies.'” Single-crystal X-ray diffraction from
one of the cages revealed the encapsulation of a highly dis-
ordered triflate anion interacting with the resorcinarene rings
in the cavity (Fig. 5). Competition experiments in CDCl;,
monitored by 'H and '°F NMR, indicated the following selec-
tivity trend at 300 K: BF, > CF3;SO3;~ >» PF¢ . The observed
selectivity does not correspond to the order expected from the
free energy of solvation of the anions in the series. Thus, the
smaller BF,  anion, which is the most strongly solvated, is
preferentially encapsulated. The proposed explanation for the
observed selectivity for BF,  was that this anion is partly
solvated by a molecule of chloroform co-encapsulated in the
cage, as evidenced by ESI-MS, and supported by molecular
modeling. On the other hand, the other two anions are too
big to allow for the inclusion of a solvent molecule. At higher
temperatures, though, encapsulation of the larger CF;SO;~ was
preferred, which was rationalized based on entropic reasons.

M,L, cages

Reaction of the tripodal ligand L6 with Eu(ClO,); led to the
formation of a face-directed tetrahedral Eu,(L6),">” cage (6),
which was found by X-ray diffraction analysis to encapsulate a
perchlorate anion (Fig. 6)."® The anion does not display any
specific interactions, but is held inside the cavity mainly by
weak electrostatic interactions. *>Cl NMR analysis revealed two
different signals in an approximately 11 : 1 ratio, corresponding
to ClO, anions outside and inside the cage that exchange
slowly relative to the NMR time scale. Anion exchange experi-
ments found that perchlorate can be exchanged for other

.

4

Fig. 4 Encapsulation of NO3z™ in cage 4. The X-ray crystal structure of the cage is depicted on the right.

Fig. 5 Encapsulation of CFzSOz~ in cage 5. The X-ray crystal structure of the cage is depicted on the right. M = Pd, Pt; X = CF3SO3~, BF4, PFg~; dppp =

diphenylpropylenephosphene.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Encapsulation of ClO4~

anions such as BF,
(Kex = 60)'

Employment of a larger triptycene-based tripodal ligand led
to an analogous EuyL,"?" cage that was also found to encapsu-
late a perchlorate anion. However, in contrast to cage 6, the
encapsulated ClO,~ was not tightly bound in the larger cavity of
this cage, but it rapidly exchanged with perchlorate or other
anions like CF;SO;™~ or BF,  outside the cage, as revealed by
*>Cl NMR spectroscopy. "’

(Kex = 0.7), imidazolate (Ke = 1.6), or I~

M,L¢ cages

Edge-directed MyLs tetrahedra represent the most common
class of anion-encapsulating coordination cages, and were
investigated by a number of research groups. An early example
was reported in 1996 by Huttner et al., who demonstrated
encapsulation of BF, by cage 7 with the Fe,(L7)*" stoichio-
metry (Fig. 7).>° The rigidity of the fumaronitrile ligand L7 was
not a prerequisite for the cage formation, as a similar cage
could be self-assembled from the more flexible analogous
succinonitrile. '’F NMR analysis suggested fast anion exchange
at room temperature, as indicated by the presence of a single
peak for the BF, . This peak, however, was split into two peaks
with a ratio of 1:7 at —30 °C, corresponding to encapsulated
and free BF,  anions, respectively.

e

Ward et al. reported a number of anion-encapsulating
M,Ls®" cages self-assembled from bis-pyrazolyl-pyridine
ligands L8-11 and various M(u) salts (M = Co, Zn, Cd).*'">°
Their prototype cage Co,(L8)s(BF4)’" (8), shown in Fig. 8a, was
templated by a BF,  anion, which was tightly encapsulated
inside the cage cavity via C-H:--F hydrogen bonds from the
methylene groups of the ligands.>"*> The encapsulated BF,~

4 | Chem. Soc. Rev, 2013, 00, 1-12
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in cage 6. The X-ray crystal structure of the cage is depicted on the right.

Fe(BF4)2

NC/\\.Q,CN
CH4C(CHzPPhy)s

L7

Fig. 7 Encapsulation of BF4~
cage is depicted on the right.

in cage 7. The X-ray crystal structure of the

exchanged slowly with BF,  anions outside the cage, as indi-
cated by "B and 'F NMR spectroscopy that showed two
distinct peaks up to 70 °C.>* Other tetrahedral anions like
ClO,  could also template the cage self-assembly, but not the
larger and differently shaped PFs , suggesting that size and
shape match between the cage host and the anion guest are
important for cage formation. Nevertheless, the encapsulation
of the octahedrally-shaped SiFs>~ was observed in the analo-

1@& “\@cf %of %

gous cage 9 (Fig. 8b).>* On the other hand, when the longer
ligand L11 was employed, the resulting cage 10 had an
expanded cavity that could accommodate different anions of
various sizes and shapes, like BF, , ClO,, PFs, I, or
NO;~.>>?° Unlike the previously studied cages, whose vertices
displayed only fac metal coordination geometry, the structure

of cage 10 and other analogues consisted of one vertex with fac,

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 X-ray crystal structures of MyLg cages 8—10 assembled from L8, L9, and L11, respectively, showing encapsulation of BF,~ (), SiFs>~ (b), and PFs~ (c).

and three vertices with mer coordination geometries. No anion
templating effect was evident for the assembly of these cages,
and the encapsulated anions were found to be displaced from
the center of the cavity towards one of the metal vertices, so
they can engage in hydrogen bonds with the methylene C-H
donors. The encapsulated anions were found at room tempera-
ture to undergo fast exchange relative to the NMR time scale.
Nevertheless, diffusion NMR spectroscopy (DOSY) experiments
at 233 K indicated that BF, anions encapsulated in 10, as well
as in analogous cages assembled from Zn>" or Cd*", are trapped
inside their hosts’ cavities and diffuse at the same rate as the
cage hosts.>®

A similar approach using the bis-2,2"-bipyridyl ligand L12
led to encapsulation of BF,~ or PFs  in Fe,(L12)s®" cages
(11, 12), as found by single crystal X-ray diffraction (Fig. 9),
ESI-MS, and NMR spectroscopy.>” A cage with no anion included
in its cavity was also isolated, suggesting that the anion does not
necessarily template the self-assembly of this cage. ''B and '°F
NMR spectroscopy indicated fast exchange of the BF,  anion, as
only one anion peak was observed up to 295 K. On the other
hand, the larger PFs~ anion exchanged slowly on the NMR time
scale, up to 350 K. Qualitative anion exchange experiments led to
the conclusion that this cage is selective for PFs~ over BF, .

The Fe,(L12),"" cage was also found to encapsulate the
Fe™Cl,” anion when its assembly was performed in the presence
of FeCl, in acetonitrile under reflux.>® The preference for the
tetrahedral FeCl,” over the PFs anion present in solution
suggests a good size and shape match between the cage host
and the tetrahedral anionic guest. Furthermore, the preferred
encapsulation of Fe'"Cl,~ against Fe'Cl,>~ indicates selectivity
for lower-charged, less solvated guests, as previously observed in
the encapsulation of cationic guests by anionic cages.*®

Nitschke et al. employed a different approach to cage self-
assembly that combined reversible metal coordination and
imine condensation reactions. Thus, self-assembly of 3,3'-
bipyridine-6,6'-dicarboxaldehyde (L13) with aniline and Fe(u)
salts led to the tetrahedral cage 13, which was found to
encapsulate various anions such as PFg~, CF;SO; ™, or BF,; .>°
However, using the Fe(NTf,), salt (NTf, = triflimide) led to the
isolation of a cage with no anion included, as found by single
crystal X-ray diffraction (Fig. 10). This result suggested that
anion templating was not necessary for the cage self-assembly.
The stability of the anion-free cage allowed for the measure-
ment of absolute binding constants for BF,™ (K, = 2.3 x 10%),
CF3S0;~ (K, =5.2 x 10%), and PFs~ (K, = 1.3 x 10°) in acetonitrile.
The observed anion selectivity could be rationalized based on the

Fig. 9 Encapsulation of BF,~ (left) and PFg™ (right) in Fe,(L12)¢®* cages 11 and 12, as determined by X-ray crystallography.

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 Self-assembly of cage 13 by reversible metal-coordination and imine condensation. The X-ray crystal structure of the anion-free cage is

depicted on the right (the solvent included in the cavity is not shown).

O Oy

R = H (L14); Bu (L15)

4 M(NO3)s
N82E04

MeOHIH0

M = Ni2* (14); Zn2* (15)
E=S, Se, Cr, Mo, W, P

Fig. 11 Self-assembly of urea-functionalized cages 14 and 15 that encapsulate tetrahedral EO4"~ (n = 2, 3) oxoanions. Reproduced with permission

from ref. 33. Copyright 2012 American Chemical Society.

anions’ packing efficiencies inside the cavity, with the PFs~ being
estimated to occupy an optimal 55% of the cavity.*!

All coordination cages described to this point have relatively
hydrophobic cavities mainly suitable for encapsulating less
hydrophilic monocharged anions (e.g.,, BF,, PFs , ClO,")
typically from organic solvents. All these anions have low
charge densities that are associated with relatively low free
energies of solvation. We had reasoned that effective encapsu-
lation of more hydrophilic, multicharged anions from water
requires a new generation of cage receptors functionalized with
strong binding groups that can effectively compensate for these
anions’ high free energy of dehydration. This led to de novo
design of the MyL cage receptors 14 and 15 based on the urea-
functionalized ligands L14 and L15 (Fig. 11), which were found
to selectively encapsulate tetrahedral EO,"~ oxoanions (E = S,
Se, Cr, Mo, W, P; n = 2, 3) from aqueous solutions.*>** Single
crystal X-ray diffraction analysis revealed that, as designed, the
encapsulated anions accept 12 hydrogen bonds from the 6
chelating urea groups lining the cage cavity (Fig. 12). As a
result, the anions are coordinatively saturated and stabilized
from the loss of the 12 water molecules from their first
hydration shell, resulting in strong binding in aqueous solu-
tions. For example, from competition experiments involving
BaSO, precipitation, the prototypical Niy(L14)s®" cage was

6 | Chem. Soc. Rev, 2013, 00, 1-12

(b)

Fig. 12 X-ray crystal structure of PO,* @14 showing the phosphate
encapsulation (a) and its binding inside the cavity via 12 urea hydrogen
bonds (b). Reproduced with permission from ref. 33. Copyright 2012
American Chemical Society.

found to bind sulfate in water with an apparent association
constant greater than 6 x 10° M~ *.*?

Further in-depth investigations established that the tetra-
hedral EO," anions (n > 2) act as templates for the cage self-
assembly. On the other hand, no cage formation was observed
with anions of different shapes or charges, including F~, Cl™,
Br, I, NO, , BF,, ClO, , ReO,”, PF,", AcO~, CH,;SO; ,
CF380;7, CO;*7, SO;>7, and SeO;> . Clearly, the cage self-

This journal is © The Royal Society of Chemistry 2013
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Fig. 13 Self-assembly of urea-functionalized cage 16 by reversible metal-coordination and imine condensation. The X-ray crystal structure of the

sulfate-encapsulating cage is depicted on the right.

assembly process is both shape- and charge-selective with
respect to the included anion. Quantitative anion exchange
experiments with cage 15, using "’Se NMR spectroscopy and
77Se04>" as the NMR-active anion, found the following selec-
tivity trend among the EO,"~ anions: PO,*~ » CrO,*~ > SO4>~
> Se0,%” > M00,>~ > WO,> . The size of the anions does not
appear to play a critical role in determining the observed
selectivity due to the relatively high flexibility of the cage, which
can distort its structure to accommodate the various sized
anions and optimize their hydrogen bonding by the urea
groups. More important factors seem to be the anions’ charge
densities and basicities; as these parameters increase, so do the
anions’ hydrogen-bond accepting abilities, thereby leading to
stronger binding by the urea groups.**

Similar urea-functionalized M,Ls cage receptors (16) were
self-assembled from MSO, (M = Ni**, Fe**) and L16, which was
condensed in situ with 2-formylpyridine to form a bis-imino-
pyridyl analogue of L14 (Fig. 13).>* As in the case of 14 and 15,
the sulfate anion acted as a template for the cage assembly, and
no cage formation was observed from other anions such as
PFs ", ClO, ™, Cl7, or PO,*". The cage could be disassembled
and the sulfate guest released by addition of a strong metal
chelator such as tris(2-ethylamino)amine, or by addition of HCI
that hydrolyzed the imine bonds and protonated the pyridine
groups of the ligand. In the latter case, the process could be
reversed by addition of NaOH.

MgLg cages

Reaction of 6 equivalents of amidinothiourea (L17) with 8
equivalents of NiCl, in methanol yielded the [Nig(L17)sCI**
coordination cage (17), which encapsulated a chloride anion via
8 NH- - -Cl hydrogen bonds and 2 Ni- - -Cl coordination bonds
(Fig. 14).>® An analogous cage that encapsulated bromide could
also be obtained from NiBr,. The halide anions served as
templates for the cage formation, and no cage was observed
when other anions such as NO;, AcO™, or ClO, were used
instead. Interestingly, the formation of the chloride cage was
accompanied by a color change from orange to green, which
could be used as the basis for the colorimetric detection of
micromolar concentrations of Cl~ in methanol.*® The cage

This journal is © The Royal Society of Chemistry 2013

Fig. 14 Encapsulation of Cl™ in cage 17. The X-ray crystal structure of the
cage is depicted on the right.

formation and the color change were exclusively observed with
chloride in this solvent. However, in a methanol-acetone mixed
solvent, a similar color change was observed with F~ or Br, but
not with I, ClO, , AcO™, or NO; . Qualitative anion exchange
experiments between Cl™ and Br~ indicated the cage preferen-
tially encapsulates the chloride anion.

Dynamics of anion encapsulation

Chemical recognition between the coordination cage hosts and
the anionic guests undoubtedly plays a critical role in deter-
mining the outcome of the cage assembly (whether a cage
forms in the first place), the structure of the resulting cages,
and the selectivity of anion encapsulation. Equally important
are the dynamics of cage self-assembly and anion encapsula-
tion, specifically the kinetics and mechanism of anion encap-
sulation, release, and exchange, as well as the structural
evolution of the coordination complexes involved. This section
will discuss these aspects in various anion-encapsulating
coordination cages.

One important question is related to the mechanism of
anion encapsulation, release, and exchange in coordination
cages. This issue has been recently discussed in the broader
context of guest exchange in supramolecular host-guest

Chem. Soc. Rev, 2013, 00, 1-12 | 7
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assemblies.”” Generally, there are two possible mechanisms of
guest encapsulation and release in metal-coordination assem-
blies: constrictive, involving expansion of the coordination
structures’ apertures to allow for guest ingress and egress, or
rupture of one or more metal-ligand bonds to create a larger
portal for guest exchange. When the whole process of guest
exchange is considered, there is also the question whether the
guest exchange occurs via a concerted, associative (Sy2-like)
mechanism, or by a dissociative (Sx1-like) mechanism invol-
ving first the guest egress resulting in an empty or solvent-filled
cage, followed by uptake of the incoming guest. These issues
have been studied in detail for cationic guest exchange in
M,L¢'>" coordination cages, which led to the conclusion that,
in this class of host-guest systems, a constrictive dissociative
mechanism typically operates.®”

A number of experimental observations provided insight
into the mechanism of anion exchange in cationic coordination
cages. For example, a lower limit for the free energy of activa-
tion for BF, exchange by cage 2 was estimated to be around 75
kJ mol *.** Relatively slow anion exchange was also observed
for cage 6, with measured rates of ClO, exchange by BF, or I
of 4 x 107* and 1.1 x 1073, respectively."® The fact that the
exchange reaction with the smaller I is 2-3 times faster is
consistent with a constrictive mechanism. A constrictive anion
exchange mechanism was also proposed for cage 10, for which
the free energy of activation for BF,  and PFs self-exchange
was determined to be 50 and 48 kJ mol ', respectively.>® The
similar activation values observed for these differently sized
anions can be rationalized based on the relatively large aper-
tures of 10, which allow the anions to move in and out with
little resistance. It was argued that the alternative mechanism
involving partial dissociation of the cage through cleavage of a
metal-ligand bond would have required a much larger activa-
tion energy.>

Molecular dynamics (MD) simulations were employed to
gain insight into the mechanism of sulfate exchange in the
urea-functionalized cage 14.>° Specifically, the question
addressed was whether sulfate egress involved partial cage
disassembly through dissociation of one or more of the

Chem Soc Rev

metal-bipyridine coordination bonds, or whether the sulfate
could be ejected through one of the face portals through
conformational distortion of the cage via a constrictive mecha-
nism. Fig. 15 depicts snapshots taken during this simulation
showing that the cage is remarkably flexible, severely distorting
its structure with the urea groups flipping inside out to assist
the sulfate expulsion. No metal-ligand bond dissociation was
observed throughout the simulation, suggesting a constrictive
mechanism for anion release.

A cage system that dynamically adapts to different anionic
guests was studied by Clegg et al*® Thus, cage 18 with the
Fe,L¢®" stoichiometry was self-assembled from 4,4’
diaminobiphenyl, 2-formylpyridine, and Fe(NTf,) in acetoni-
trile (Fig. 16). NMR analysis showed that in solution, 18 is
present as a mixture of diastereomers (18-T, 18-C;, 18-S,)
differing in the relative stereochemistry (4 or A) of the four
metal centers. Single crystal X-ray diffraction analysis revealed
that the cage crystallized as the S, diastereomer and with no
anion encapsulated in its cavity. This cage was found to
respond to the presence of different anions in solution by
changing the ratio of the three diastereomers. For example,
the ratio of 18-7:18-C;:18-S, changed from 32:49:19 in the
presence of NTf,  or triflate (TfO ™), to 64:8:28,59:26:15, and
100:0:0 in the presence of ClO, , PFs, and BF, , respectively.
NMR analysis in solution and X-ray diffraction in the solid state
confirmed that the latter three anions were encapsulated inside
the cage. An exhaustive thermodynamic analysis led to deter-
mination of anion-binding constants for all three diastereo-
mers. Generally, the T diastereomer exhibited the strongest
binding for most anions, and the highest binding constant of
1.7 x 10’ was observed for I . The X-ray analysis revealed that
the anions are stabilized inside the cage cavity by CH-- - X"
hydrogen bonding, and the cage is highly flexible, adjusting its
volume through bond rotations to optimally accommodate the
different-sized anions. Thus, this cage system demonstrated
extraordinary adaptability in response to external anionic stimuli,
responding both at the molecular level through conformational
distortions, and at the system level through diastereomeric
interconversions. Extensive kinetic measurements also provided

Fig. 15 Snapshots from the MD simulation of sulfate release from 14: (a) the initial sulfate-encapsulating cage; (b) intermediate structure with the sulfate
partly released but still bound to the cage exterior via urea hydrogen bonding; (c) final structure with sulfate completely dissociated. A movie of the

sulfate release simulation is included in the ESI.{
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Fig. 16 (a) Self-assembly of cage 18. (b) X-ray crystal structure of the anion-free 18. (c) Schematic representation of the three different diastereomers
adopted by 18. Reproduced from ref. 38 with permission from The Royal Society of Chemistry.

mechanistic insight into the cage dynamics, establishing that the
relatively slow diastereomer interconversion requires cleavage of
the metal-ligand bonds, whereas the much faster anion exchange

occurs via a constrictive mechanism.

MeO

State A

Taking advantage of the different anion affinity of cages 13 and
its larger analogue 19, Nitschke et al. devised a more complex
system, consisting of a mixture of 13 and 19, that displayed

sequential anion exchange in a chain-reaction fashion (Fig. 17).*

State B

OMe

State C

Fig. 17 Sequential anion exchange reactions by cages 13 and 19. Reproduced with permission from ref. 39. Copyright 2013 American Chemical Society.

This journal is © The Royal Society of Chemistry 2013
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In the initial state (state A), cage 19 encapsulated the NTf, ™
anion, which was too large to fit in the cavity of cage 13.
Addition of ClO,  led to encapsulation of this anion mainly
in 13, (state B). Finally, addition of PF, led to displacement of
ClO, from 13, which in turn displaced most of the NTf,” from
19 (state C). Although the anion selectivity in this chain-
reaction exchange was only moderate, demonstration of this

NHz

Fig. 19

Chem Soc Rev

concept represents an important first step towards the devel-
opment of more elaborate chemical systems with anion
dynamics approaching the complexity of biological systems.
Nitschke’s group also reported another system displaying
complex anion-induced dynamics, as depicted in Fig. 18." Self-
assembly of 6,6’-diformyl-3,3’-bipyridine with p-toluidine and
Co(NTf,), yielded a dynamic library consisting of a complex

Co
CoTrg . —{ N N=y = IO
WN @ e
Co

Dynamic coordination library

BF,@(22), (BF,)(CD),@(22),

cl@(23), (C)(Re0,),@(23),

(a) Self-assembly of cage 22, and its anion-induced dimerization into the intercatenated cage (22), that encapsulated a BF,~ and two Cl™ anions.

(b) Self-assembly of cage 23, and its anion-induced dimerization into the intercatenated cage (23), that encapsulated a Cl™ and two ReO,™ anions.
Reproduced with permission from ref. 43. Copyright 2013 American Chemical Society.
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mixture of coordination complexes. Addition of triflate (TfO™) to
this mixture templated the formation of tetrahedral cage 20 as a
single product. The same cage could also be templated by the PFs~
anion. Subsequent addition of LiClO, induced the structural rear-
rangement of 20 into the Co;L,s>*" cage 21. Single crystal X-ray
diffraction analysis of 21 revealed a barrel-shaped Ds-symmetrical
cage structure encapsulating 5ClO,  anions in peripheral binding
pockets, and one adventitious Cl™ in the central cavity (Fig. 18). The
perchlorate anions templated the cage self-assembly at two different
levels. First, they served as templates for the five peripheral binding
pockets of the cage, optimally filling their cavities. Second, they
templated the formation of the central cavity of the cage, which
tightly encapsulated ClI™ by 10CH- - -Cl hydrogen bonds. This cage
displayed very strong binding of chloride, with an estimated
association constant greater than 6 x 10° M. A similar cage with
no anion in the central cavity could also be isolated under more
stringent conditions using silver-treated glassware, suggesting that
the chloride anion is not needed as a template for the formation of
21. In addition to ClO, ", cage 21 could also be templated by PFs ",
TfO™, or mixtures of these two anions.

Clever et al. recently reported a unique class of coordination
cages with complex anion-encapsulation dynamics.*'™** Reaction of
[Pd(CH;CN),](BF,), with L18 initially yielded the Pd,(L18),*" cage 22,
which was thermodynamically unstable and rearranged quantita-
tively into the dimeric intercatenated cage (22), containing a tightly
encapsulated BF, " in its central cavity, and two loosely bound BF,™
anions in its outer pockets. The latter could be easily replaced by two
halide anions through a positively cooperative anion exchange
process in which the binding of the first halide induced a compres-
sion of the double cage and facilitated the binding of the second
halide (Fig. 19a). Chloride binding in particular was extremely
strong, with an estimated net binding constant of 10*® M™~? that
was sufficient to induce dissolution of AgCl in acetonitrile.*"**

When the bulkier ligand L19 was employed, the analogous cage
23 was self-assembled, which was stable as a monomer and did not
interpenetrate in the presence of BF, apparently as a result of
steric hinderance.” Nevertheless, addition of 0.5 equiv. of the
smaller CI™ anion induced cage dimerization through intercatena-
tion, with the chloride now encapsulated in the resulting central
cavity (Fig. 19b). Single crystal X-ray diffraction analysis revealed a

Fig. 20 Crystal structure comparison of BF,@(22), (left) and Cl@(23),
(right). Reproduced with permission from ref. 43. Copyright 2013 American
Chemical Society.

This journal is © The Royal Society of Chemistry 2013
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significantly smaller central binding cavity in the Cl@(23), cage
compared to BF,@(22), (Fig. 20). This structural compression led
in turn to an expansion of the peripheral binding pockets, which as
a result became better fitted for encapsulation of larger anionic
guests such as ClO, , PFs , or ReO, . The binding of perrhenate
was particularly favorable, with measured K; and K, association
constants in acetonitrile of 2158 and 1848 M, respectively.*’

Conclusions

Cationic coordination cages have emerged as a promising class of
anion receptors, thanks to their ease of synthesis through self-
assembly, and their three-dimensional cavities that can encapsu-
late anions strongly and selectively. The encapsulated anions
often serve as templates for the cage formation, which means
the resulting cavities tend to display good size and shape com-
plementarity for the included anions. Many coordination cage
receptors can exchange the encapsulated anion with external
anions, apparently via a constrictive mechanism involving anion
ingress and egress through the cage’s portals. However, more in-
depth mechanistic studies are needed for a complete understand-
ing of this process. For example, many coordination cages are
anion-templated and tend to rearrange into other coordination
assemblies upon removal of the encapsulated anion. As such, it
remains unclear whether the anion exchange occurs through an
Sx2-like mechanism, or through a dissociative Sy1-like path that
would also involve the rearrangement of the resulting ‘empty’
coordination cage. Recent studies have shown that coordination
cages can display complex dynamics when presented with differ-
ent anions, including conformational distortions, interpenetra-
tions, and architectural rearrangements.

While most examples of cage receptors reported to date are
limited to binding anions with low charge density (e.g,, BF,,
PFs, ClO,7) in relatively nonpolar organic solvents, it was
recently demonstrated that internal functionalization of the cage
cavities with complementary binding groups can lead to strong
and selective anion binding in more competitive environments
including water. This approach may soon drive the transition of
this class of anion receptors from the realm of basic research into
the real world with its complex and demanding problems.
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