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SUMMARY 

Water-soluble Fe4L4
4- cages can be synthesized in a multicomponent self-assembly process exploiting 

functionalized trigonal ligands, FeII salts and water-soluble sulfonated formylpyridine components. The 
cages are soluble in purely aqueous solution and display an overall 4- charge, but are capable of binding 
suitably sized non-coordinating anions in the host cavity despite their anionic nature. Anions such as PF6

- 
or AsF6

- occupy the internal cavity, whereas anions that are too small (BF4
-) or too large (NTf2-) are not 

encapsulated. The external anionic charge and sterically blocked ligand cores limit the exchange rate of 
bound anions, as no exchange is seen over a period of weeks with the anion-filled cages, and 
internalization of added PF6

- by an empty cage takes multiple weeks, despite the strong affinity of the 
cavity for PF6

- ions. In the future, this recognition mechanism could be used to control release of anions 
for environmental applications.  
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INTRODUCTION 

Molecular recognition in water is vital for the application of 
synthetic receptors in biological environments and for 
environmental remediation.1,2 Different types of substrates 
require variability in receptor design: molecular recognition 
of neutral species in water is far more effective than in 
organic solvents, as one can exploit hydrophobic driving 
forces to favor binding.3,4 Recognition of soft, lipophilic 

cations is also very well-explored, as CH-π and cation-π 
forces favor recognition.5 However, anion recognition in 
water is much more challenging, as hydrophobic 
interactions are generally minimal, and anions (unlike metal 
cations) are not receptive to interactions with properly 
oriented lone pairs. Most importantly, dehydration of anions 
is energetically unfavorable, which must be compensated 
by strong host:anion interactions, so affinities in water are 
often lower than in organic solvents.6,7 Examples of 
selective anion recognition in water can be seen with rigid 

THE BIGGER PICTURE Molecular recognition of anions in water is an important tool for catalysis, 
environmental remediation and biomedical applications. Selective recognition in aqueous solution is 
made more challenging by the need to overcome the hydration shell of anions: hydrophobic interactions 
are generally minimal, and dehydration of anions is energetically unfavorable. Self-assembled metal-
ligand cage complexes are known to bind anions by exploiting charge matching: cationic cages can bind 
anions, and this charge matching is usually necessary to allow anion recognition in water. Here we show 
that anionic water-soluble Fe4L4

4- cages can bind suitably sized non-coordinating anions in the host cavity. 
the selectivity is dependent on external function and cavity size, and the pendant anionic groups on the 
cage limit anion egress from the cavity.  

Our long-term research focus is the application of functionalized metal-ligand cage complexes for 
selective molecular recognition in water: the pendant functional groups on the cage periphery can allow 
control of target recognition. The near-term application of this system will be selective triggered release 
of anions in water, which could be achieved by cage disassembly upon addition of an internal effector, or 
by modification of the external groups to allow selective control of guest release upon cage reaction. This 
paper sets the groundwork for future catch-and-release anion binding in water, which has immediate 
applications in environmental remediation of toxic chemicals. 
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cavity-containing receptors,8,9 self-assembling 
macrocycles10-13 and hosts that exploit defined cavities with 
properly positioned hydrogen bond donors.14-20 Alternate 
strategies such as coordination to rare earth centers are 
also effective.21  
 
An alternative method to create defined binding cavities is 
to use self-assembly. Self-assembled metal-ligand cage 
complexes are highly versatile, and have myriad 
applications in molecular recognition, catalysis and cargo 
transport, among others.22-25 While many complexes are 
restricted to organic solvents, there are a number of 
examples of self-assembled cages that are soluble in, and 
stable to water.26 Assembly in water confers greater target 
scope for molecular recognition, as the hosts can take 
advantage of hydrophobic effects to bind neutral species. 
Aqueous hosts have often been used to bind neutral guests 
and soft cations such as ferrocenium or 
tetraalkylammonium salts: the affinity is driven by either 
cation-π interactions between the guest and the aromatic 
host walls, by favorable charge matching between cationic 
guests and anionic hosts, or both.5,27-29 

Strategies to confer water-solubility on hosts fall into three 
general categories: take advantage of high charge in the 
assembly, either cationic or anionic, to favor dissolution (as 
seen with Raymond’s Ga4L6

12- cages,30-32 Fujita’s MxLy
n+ 

Pd-pyridyl assemblies,33-36 Ward’s cationic Co-
pyridylpyrazole cages,37-38 as well as others39-41); 
incorporate charged or PEG groups to the periphery of 
normally organic-soluble cages;42-45 or exploit counterion 
effects to drive solubility of moderately charged cages.46-49 
These latter two strategies have been used by Nitschke to 
assemble water-soluble metal-iminopyridine cages of a 
variety of sizes and shapes, as well as performing a detailed 
analysis of the effects of cage structure and metal ion on 
the stability of the cages in water.50 Despite the presence of 
hydrolysable iminopyridine motifs coordinated to cationic 
metals, these cages can show resistance to hydrolysis for 
months, depending on coordinating metal. 
 
Cationic self-assembled cages are well-known to bind 
anions in organic solution,51 including challenging targets 
such as sulfate, 52 as well as halides53 and non-coordinating 
anions.54,55 There are also some examples that extend this 
recognition to purely aqueous solution, but they are far 
rarer,55-59 often requiring internally positioned H-bonding 
groups as well as overall cationic charge. The common 
anionic cages do not show affinity for anions, as might be 
expected.30 Here, we show that an anionic receptor can 
strongly bind non-coordinating anions in aqueous solution, 
and this external negative charge acts as a barrier to guest 
exchange. Water-soluble Fe4L4 complexes can be 
assembled by multicomponent assembly of neutral tris-
amine ligands, Fe2+ salts, and sulfonate-containing 
formylpyridines, and these overall anionic cages can bind 
non-coordinating anions strongly, in purely aqueous 
solution, with no observable guest exchange seen over 
weeks at ambient temperature.  

RESULTS  

Water-Soluble Cage Synthesis and Characterization 

The first priority for aqueous anion recognition is to create 
hosts that are soluble in water. We have previously shown 
that the two ligands L1 and L2 (Figure 1) can be easily 
converted to M4L4 tetrahedra 3 and 4 upon multicomponent 
self-assembly with Zn salts and 2-formylpyridine (E2), and 
the complexes bind anions on the cage interior in CD3CN.60 
Other work by the Kramer and Nitschke groups showed 
similar behavior for the unfunctionalized variants.61,62 
Despite the 8+ charge of the Zn4L4 complexes, they are 
insoluble in water. To convert the organic-soluble complex 
to a water-soluble system, one could change the core ligand 
to incorporate solubilizing groups,42 modify the 
formylpyridine “endcap”, 63 or exploit alternative counterions 
such as SO4

2-.46 In this system, two of these strategies were 
unsuccessful: formation of the carboxylate variant of ester 
L2 proved challenging, and while self-assembly of L1 with 
FeSO4 in CH3CN/H2O was possible, the complex proved 
quite sensitive, and the reaction was poorly repeatable. We 
therefore turned our attention to derivatizing the 
formylpyridine endcap. Aldehyde E1 has been previously 
used to form water-soluble ML3 fragments by Nitschke,63 
and was easily synthesized by combining 3-hydroxy-6-
formylpyridine with propylenesultone.  
 

Figure 1. Self-assembled Cage Synthesis 

 
Self-assembly process for the formation of water-soluble cages 1 
and 2.  

 
The organic components E1 and L1 were reacted with 
different Fe2+ salts in 1:1 CH3CN:H2O and heated for 50 ºC 
for 16 h. When Fe(NTf2)2 was used, evidence of cage 
formation was seen, but the 1H NMR spectrum showed 
multiple different products, although no unreacted 
components E1 or L1 were observed. When the process 
was repeated with ester ligand E2, there was no evidence 
of cage formation at all from the 1H NMR spectrum. 



 
 
However, when the syntheses were performed with 
Fe(NTf2)2 in the presence of AsF6

- (10 mol.-eq of NaAsF6 
with respect to Fe2+) in the reaction mixture, cage assembly 
was successful. When the components were reacted in a 
3:1 aldehyde:ligand:metal ratio, sharp peaks for Fe4L4 cage 
1 were seen in the product NMR, but a substantial amount 
of unreacted E1 was present. The water-soluble aldehyde 
E1 proved challenging to separate from the water-soluble 
cage 1, so it was used as limiting reagent. When a 
component ratio E1: Fe2+: L1 = 1.5 : 1 : 1 was used, clean 
1 was formed in high conversion. As can be seen in Figure 
2b,c, the M4L4 complex 1 formed cleanly in the optimized 
conditions, and only one anionic species can be seen in the 
19F spectrum, that of bound AsF6

- - no peaks for NTf2- are 
present (see Figures S6 – S13 for full characterization). 
This observation mirrored that seen with the partial 
formation of empty complex 1 with Fe(NTf2)2 alone – in that 
case, no signals for NTf2

- were observed in the 19F NMR 
spectrum at all. The reaction requires a mixture of 1:1 
CH3CN:H2O to minimize decomposition of Fe2+ to iron oxide 
during the reaction: the assembly can be performed in pure 
water, but the mass recovery was much lower and no 
product was observed upon reaction in CH3CN alone, as 
complex 1 is insoluble in CH3CN. 
 
Figure 2. Structure and Characterization of Anion-Bound Cage 

 
a) Minimized Structure of 1•AsF6 (SPARTAN 20); b) observed and 
calculated isotope pattern for [Fe4L4•AsF6]5- ions in the ESI-MS 
spectrum of 1•AsF6; c) 1H NMR spectrum of 1•AsF6 (D2O, 400 MHz, 
298K; NOTE – peak Hf overlaps the D2O peak, see Figure S-10 for 
COSY spectrum); d) 19F NMR spectrum of 1•AsF6 (D2O, 376 MHz, 
298K).  

 
As there are four Fe2+ cations in the cage architecture, the 
absence of the NTf2- counteranions was slightly 
unexpected, but the reason was quickly established by ESI-
MS analysis. Both the impure sample of 1 and the pure 
1•AsF6 required negative mode to observe discrete peaks, 
and only negative ions were observed. Cage 1 is overall 
anionic in water – the observed charge state is 4-, indicating 
that all 12 sulfonate groups are anionic. The added NTf2

- 

anions are evidently washed away during isolation. In the 

presence of AsF6
-, only a single peak for AsF6

- is seen in 
the 19F NMR, and only the mono-AsF6 complex 1•AsF6

5- 
can be seen in the ESI-MS, along with some empty 14-. No 
evidence for any NTf2

- or poly-AsF6
- complexes could be 

seen. Acquisition of M- peaks from the empty 1 complex 
required lower spray voltage to obtain a clean spectrum, 
and this complex was far more prone to fragmentation (see 
Figures S-4 – S-5), but the only peaks for intact cage were 
the 14- ion, with no NTf2- species present.  
 
This data suggests that suitably sized anions are bound 
inside the cavity of cages 1 and 2 in aqueous solution – the 
anionic host binds anions, which is certainly surprising. 
There are few hosts known with anionic pendant groups 
that are capable of binding anions in water, and they tend 
to be macrocycles that exploit directed H-bonds in the 
cavity, or show low binding affinities.8,64,65 We were 
unsuccessful in obtaining crystals that were suitable for 
scXRD, presumably due to the flexible arms at the 
periphery, but the minimized structure of 1•AsF6 is shown 
in Figure 2a, illustrating the tight fit of the AsF6

- anion in the 
cavity of 14-. While the binding of anions such as AsF6

- in 
organic-soluble cages such as 3 or 4 in CH3CN is known, 
those cages are cationic, and that positive charge is an 
important driving force for target binding: similarly sized 
neutral guests have a significantly lower Ka than anions.61,62 
Encapsulating anions in aqueous solution requires 
overcoming the anion hydration energy, which is substantial 
(-71 kJ mol−1 for PF6

-, -205 kJ mol−1 for ClO4
-, -400 kJ mol-1 

for SO4
2-).66-68 In addition, the overall 4- charge of cage 1 

provides a charge mismatch: while the localized 
environment of the cavity is cationic due to the Fe centers, 
the overall complex charge is anionic. Other examples of 
water-soluble cages with anionic peripheries and cationic 
metal centers do not bind anions in water, to our 
knowledge.30-32,55-59 

Anion-Binding Scope 

The scope of the assembly process was then tested, 
varying the ligand (L1 and L2) and added counterion, using 
the optimized component ratio with E1 as limiting reagent. 
Ester ligand L2 was slightly less amenable to assembly 
than L1 – the empty cage 2 did not form with Fe(NTf2)2 
alone, but the PF6-bound complex 2•PF6 was cleanly 
formed in the presence of NaPF6. Formation of cage 1 was 
successful in the presence of NaPF6, NaAsF6 and NaSbF6 
in the reaction mixture and the 1H NMR spectra of the 
1•PnF6 variants displayed identical numbers of proton 
peaks at very similar shifts (see Figure 2c and Figures S14 
and S23, PnF6 is used here as a collective label for PF6, 
AsF6 or SbF6). However, there were some noticeable 
differences in the broadness of the peaks, as well as in the 
19F spectra. 
 
The clearest spectral evidence for internalized anions was 
with the PF6 and AsF6 complexes (see Figures 2, 3, S-16 
and S-9). While the proton NMR signals varied only slightly, 
clear evidence for bound PF6 could be seen in the 19F 
spectra. Two sets of 19F doublets were seen, with the bound 
peaks 1.5 ppm upfield of the free PF6

- (Figure 3a, 



 
 
referenced to added hexafluoroisopropanol, HFIP). When 
NaPF6 was added to the sample, the free PF6

- signals were 
enhanced, with no change to the bound peaks. The signal 
for bound AsF6

- were more challenging to determine due to 
the broader signals for AsF6

- and the smaller changes in 
shift upon binding, but the As-coupled quartet for bound 
guest showed an upfield shift of 0.2 ppm. The 19F spectra 
of SbF6 were unhelpful, due to the broadness and complex 
coupling pattern of the SbF6

- anion, but the 1H NMR spectra 
of 1•SbF6 showed clear differences with the PF6/AsF6 
spectra, indicating that the SbF6

- anion is internally 
encapsulated – this is consistent with prior work, which 
indicated that SbF6

- was the most strongly bound substrate 
for cages 3 and 4.60 In addition, the ESI-MS spectrum was 
very clean, showing only peaks for 14- and 1•SbF6

5- (see 
Figure S-25): all this data suggests that SbF6

- is internalized 
in the same manner as PF6

- or AsF6
-. 

 
Figure 3. Size-Selective Anion Encapsulation 

 
a) 19F NMR spectra of templated cage 1•PF6, along with spectra for 
cage + added NaPF6; b) a) 19F NMR spectra of unoccupied cage 1 
with residual BF4

- along with spectra for cage + added NaBF4 
showing no encapsulation of anion (D2O, 298K, 376 MHz). 

 
The assembly process was also tested with Fe(BF4)2 and 
Fe(PF6)2 (see Figure S63-S66). The 1H and 19F NMRs of 
the 14- and 1•PF6 complexes formed this way showed peaks 
at identical shifts to the cages formed by reaction with 
Fe(NTf2)2 and NaBF4/PF6, although some additional line 
broadening was seen in the NMR spectra. This sheds light 
on the nature of the cations in the system – the majority of 
the cations upon isolation are Na+ salts, as the added Fe2+ 
is mainly used in the assembly, although use of excess Fe2+ 
leads to residual Fe2+ in the system, and these 
paramagnetic ions broaden the NMR. Use of 
Fe(NTf2)2/NaPnF6 minimizes this issue, favoring the sodium 
salt of the cages. There was no observed difference when 
KPnF6 was substituted for NaPnF6. 
 

Notably, PF6
-, AsF6

- and SbF6
- are all highly similar in 

structure and properties, so would be expected to behave 
similarly. The scope of the anion binding was tested with 
other related anions, SO4

2-, ClO4
- and BF4

-. These anions 
differ in size (slightly) from the successfully bound PnF6

- 
ions, but more importantly have much higher dehydration 
energies. Reaction of L1 with FeSO4 was unsuccessful, and 
no evidence for M4L4 assembly was seen in the NMR, only 
broad peaks for uncoordinated ligand. Successful formation 
of cage 1 was possible with both Fe(ClO4)2 and 
Fe(NTf2)2/NaBF4. As ClO4

- has no 19F signature, obtaining 
unambiguous evidence for internalization was difficult 
without a scXRD structure, but the ESI-MS spectrum 
showed the same peak distribution as 1•AsF6, with only 14- 

and 1•ClO4
5- peaks present, indicating that ClO4

- is likely 
bound in the cage. In contrast, while cage 1 could be formed 
in the presence of NaBF4, there was no evidence of the 
smaller BF4

- being bound on the cage interior, as can be 
seen in Figure 3b. The 1H spectrum is consistent with Fe4L4 
cage formation, but no evidence for internalized BF4

- was 
seen in the 19F spectrum. A small amount of residual free 
BF4

- is present, but no discrete peak for bound BF4
- can be 

seen. When excess NaBF4 was added, only one species is 
seen in solution, free BF4

-. In addition, the ESI-MS analysis 
indicated a strong peak for the unoccupied [M4L4]4- ion, with 
only miniscule peaks for [M4L4•BF4]4- present (Figure S-33). 
This leads to a conclusion that BF4

- is too small to bind 
effectively on the cage interior, whereas hydrated SO4

2- is 
too large to effect templation: the “cutoff” for dehydration 
energy that can be overcome in cage templation likely lies 
around that of ClO4

- (−205 kJ mol−1).66-68 

Anion Exchange 

While the anionic self-assembled cages 1 and 2 can be 
synthesized with suitably sized anions bound on the interior, 
it was unclear what the effects of the peripheral anions on 
the cage exterior would have on the kinetics of guest 
exchange in solution. The organic-soluble cages 3 and 4 
showed highly variable exchange properties, depending on 
the presence or absence of an anion on the cage interior.60 
Exchange times ranged from multiple weeks at 50 ºC (when 
one bound anion was displaced by another) to seconds at 
23 ºC when adding anion to empty cage. The pendant 
functional groups on the ligands provide a blockage to guest 
egress and ingress, slowing exchange.  
 
We therefore tested whether guest exchange was possible 
with various combinations of cages 1•X and 2•X in water 
(see Figures 4 and S-50 – S-61). As the possible exchange 
rates were highly variable, we performed two sets of 
experiments to access multiple different exchange regimes, 
both short (msec – sec) and long (hours – weeks). Cage 
1•PF6 (1 mM, D2O), synthesized from L1, E1, Fe(NTf2)2 and 
NaPF6, which contains small amounts of free PF6

- as well 
as cage-bound PF6, was subjected to a 19F-19F EXSY 
experiment (Figure 4a, mixing time = 300 ms). Zero 
evidence of anion exchange was observed during this 
short-timespan experiment, indicating that if any exchange 
occurs, it is far slower than the EXSY timescale. Therefore, 
solutions of cages 1•PF6, 1•AsF6 and 2•PF6 (1 mM, D2O) 



 
 
were treated with 10 mM anion (NaSbF6, NaAsF6, NaPF6 
and NaBF4) and the systems monitored over time by both 
1H and 19F NMR at ambient temperature. In all cases, no 
exchange was observed at all over a period of 2 weeks – 
no changes were seen in either the 1H or 19F spectra. The 
1•PF6 complex was also heated at 70 ºC for 16 h in the 
presence of 10 equivalents of NaSbF6, which did not cause 
any exchange. Some cage decomposition was observed at 
these elevated temperatures, but the intact cage retained 
the bound PF6

- ion (see Figure S-57). 
 
Figure 4. Restricted Anion Exchange in the Cage 

 
 
a) 19F – 19F EXSY spectrum of 1•PF6 + PF6

-, indicating no exchange 
on the NMR timescale (2 mM, D2O, 298K, 376 MHz, 300 ms mixing 
time); b) 19F NMR spectra of 10 mM NaAsF6 added to a solution of 
1mM 1•PF6 + PF6

- over time, indicating no exchange over a period 
of weeks (D2O, 298K, 376 MHz, see Figure S-51 for full spectra). 

 
The lack of exchange between PF6 and AsF6 is not likely to 
be due to one anion binding more strongly than the other, 
as no evidence of exchange was seen in either direction, 
i.e. adding PF6 to 1•AsF6, or AsF6 to 1•PF6. Evidently the 
egress of anion is highly restricted in this system, even more 
so than was observed in CD3CN. Other guests were also 
tested, such as cyclohexane, which has been previously 
shown to bind in related M4L4 assemblies by Nitschke,51 but 
when excess cyclohexane was added to the empty 14- 
complex in D2O, no evidence of hydrocarbon encapsulation 
was seen. The ESI-MS spectra do offer some evidence of 
differential rates of anion release: the ratio of [1]4- to 
[1•PnF6]5- varies with anion size, with [1•PnF6]5- peaks for 
the larger PnF6

- ions being more prevalent (see Figures S-
11, S-19 and S-25). This may suggest that the smaller 

anions (e.g. PF6
-) are more easily expelled upon Coulombic 

explosion in the ESI, which is somewhat consistent with the 
observation that small anions (e.g. BF4

-) are not retained in 
aqueous solution. Even so, no expulsion of larger PnF6

- 
anions was seen in solution by NMR.   
 

Figure 5. Slow Anion Exchange into Empty Cage 1 

19F NMR spectra of 10 mM NaPF6 added to a solution of 1mM 14- 
over time, indicating slow formation of 1•PF6 over a period of weeks 
(D2O, 298K, 376 MHz).   
 
The next question was whether added anions could enter 
the cavity of previously synthesized cages at all, or whether 
the affinity was solely a templation effect in the self-
assembly. The empty 14- cage (1 mM) was treated with 10 
mM NaPF6 and the 19F spectrum monitored over time. As 
can be seen in Figure 5, added PF6

- could indeed bind in 
the empty 14- cage, but very slowly – incomplete 
encapsulation was observed after 2 weeks at 23 ºC. This 
extremely slow exchange rate prevents determination of an 
accurate binding affinity, as equilibrium is not reached in a 
suitable amount of time. More forcing conditions (elevated 
temperature) lead to some cage decomposition, also 
preventing accurate analysis. However, it is clear that cage 
14- strongly restricts anion egress, as no loss of bound anion 
is seen in any of the samples tested.  
 
Finally, we attempted to release the anions by 
disassembling the cage complex: excess tren (tris-(2-
aminoethyl)amine, 10 mM) was added to a 1•PF6 solution 
(1 mM, D2O). The tren nucleophile is a well-precedented 
method of disassembling M-iminopyridine cages via 
transimination, allowing cargo release, 69 and the process 
usually occurs very rapidly. In this case, however, while 
some transimination occurred over a period of hours, ~50 
% 1•PF6 remained intact after 2 weeks reaction, indicating 
unusual stability of the anion-bound M4L4 cage in aqueous 
solution. Indeed, no solvolysis of the 1•X complexes was 
seen over a period of months at ambient temperature in 
D2O – this is in contrast with other M4L6 and M4L4 M-
iminopyridine complexes in water, which show 
decomposition over a period of minutes to days in aqueous 



 
 
solution. The anion recognition properties of 1 are 
dependent on two facets: size- and shape complementarity, 
and anion dehydration energy. Suitably sized PF6

-, AsF6
-, 

SbF6
- and ClO4

- are strongly encapsulated in the cage. If the 
anion is too big, such as NTf2

-, or too small, such as BF4
- 

the empty cage can be formed with no encapsulated anion. 
Also, the strongly solvated sulfate ion SO4

2-•6H2O is far too 
large to bind inside the cavity, despite it being of the correct 
size to fit on the interior after desolvation. The more weakly 
solvated ions can displace their waters in the assembly 
process, allowing recognition.  
 
Figure 6. Cage Disassembly and Anion Release 

19F NMR spectra of 10 mM tris-(2-aminoethyl)amine (tren) added 
to a solution of 1mM [1•PF6]5- over time, indicating incomplete 
transimination of the cage and PF6

- release after a period of weeks 
(D2O, 298K, 376 MHz).   
 

DISCUSSION 

This leads to the question of why the exchange is so slow 
with the fully formed assembly. Two possibilities present 
themselves: i) the aqueous solution could solvate the 
anions more strongly than in CD3CN, thus requiring a larger 
desolvation penalty to pass through the portals of the host; 
ii) the external anionic environment could repel the entering 
anions, or iii) both factors are important. There is evidence 
for both factors: the templating anions are resistant to 
displacement by any other guest, be they anions of better 
size matching or neutral hydrophobic species. Egress of a 

bound anion does not require desolvation, so this suggests 
a repelling effect by the anionic exterior. On the other hand, 
binding of PF6

- is possible with the empty cage 14-, albeit 
slowly, suggesting that the repulsive effect is not absolute, 
and anions can enter an empty cage, dependent on binding 
affinity. The very slow rate of this process compared to 
exchange in CD3CN60 indicates that anion desolvation is an 
additional barrier to exchange in aqueous solution. It is 
possible that anion exchange requires decomplexation of 
the ligands to the Fe2+ centers, but this exchange 
mechanism is very uncommon for Fe-iminopyridine 
complexes50 and the high stability of this complex in water 
makes it unlikely.  
 

Figure 7. Anion Binding Mechanism 

Illustration of the molecular recognition process: anions can 
template the formation of anionic cage 1, but the external anionic 
slows guest entry and severely restricts guest egress. 
 

Overall, the pendant functional groups on cages 1 and 2 
both provide blockages to guest exchange: the ligand-
centered groups act as doorstops to the revolving phenyl 
groups, slowing exchange when compared to the 
unfunctionalized variants, and the anionic groups at the 
periphery act as more of a “bouncer”, preventing entry 
except in limited circumstances. While the fully intact cages 
limit exchange, the templating effect occurs before 
assembly, so anions do not need to get past the bouncer to 
enter the cavity. 

LIMITATIONS OF STUDY  

The limitations observed in this system lie mainly in the 
fragility of the cages before complete self-assembly. 
Reaction must occur in a CH3CN:water mix for solubility, 
and the free Fe2+ ions are prone to competitive reaction with 
water, depositing as iron oxide in the reaction mixture. 
While the cages are highly stable once formed, the 
accessible yield is relatively low due to this side reaction. In 
addition, the extremely slow exchange process makes 
determining binding affinities very challenging, as the 
system does not reach equilibrium over a period of weeks. 
Finally, using fluorous anions in water is challenging, as 



 
 
small amounts of hydrolysis byproducts are often present 
and complicate NMR analysis. 

Conclusion  

In conclusion, we have shown that self-assembled water-
soluble Fe4L4 cages can be synthesized by a 
multicomponent assembly process exploiting Fe2+

 salts, 
anionic formylpyridine endcaps and trigonal functionalized 
tris-aniline ligands. Despite the overall 4- charge of the self-
assembled cages, the lack of directed H-bonds in the 
interior, and the challenges of desolvating anions in 
aqueous solution, these anionic cages strongly bind 
suitably sized anions in water. Strongly solvated anions are 
not bound, but mildly solvated ClO4

- are, as well as poorly 
solvated PnF6

- ions. The pendant anionic groups do not 
prevent anion binding, but they do add an additional layer 
of resistance to guest exchange, as no exchange can be 
seen between occupied cages and added anions over a 
period of weeks, and only very slow ingress of anions is 
seen with unoccupied cages: the anions act as a bouncer 
at the door, not letting other anions past. In addition, 
changing the ligand functional groups (from methyl groups 
in 1 to esters in 2) significantly reduces the effectiveness of 
anion binding, suggesting future possibilities with these 
hosts for triggered, selective anion release in water. 
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