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Abstract

Appending functional groups to the exterior of Zn4L4 self-assembled cages allows gated control of 

anion binding. While the unfunctionalized cages contain aryl groups in the ligand that can freely 

rotate, attaching inert functional groups creates a “doorstop”, preventing rotation and slowing the 

guest exchange rate, even though the interiors of the host cavities are identically structured. The 

effects on anion exchange are subtle and depend on multiple factors, including anion size, the 

nature of the leaving anion, and the electron-withdrawing ability and steric bulk of the pendant 

groups. Multiple exchange mechanisms occur, and the nature of the external groups controls 

associative and dissociative exchange processes: these bulky groups affect both anion egress and 

ingress, introducing an extra layer of selectivity to the exchange. Small changes can have large 

effects: affinities for anions as similar as PF6
− and SbF6

− can vary by as much as 400-fold between 

identically sized cavities.
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Appending functional groups to the exterior of Zn4L4 self-assembled cages allows gated control of 

anion binding. The external groups act as a “doorstop”, preventing ligand rotation and slowing the 

guest exchange rate. Bulky groups affect both anion egress and ingress, introducing an extra layer 

of selectivity to the exchange. Small changes can have large effects: affinities for anions as similar 

as PF6
− and SbF6

− can vary by as much as 400-fold between identically sized cavities.

Keywords

Supramolecular chemistry; Self-assembly; Coordination Chemistry; Anion binding; Molecular 
recognition

Introduction

Substrate molecular recognition in proteins is exquisitely controlled by a number of small 

weak forces: multiple small changes in structure maximize affinity for substrate, and 

modulate the in/out exchange rate.[1] Synthetic receptors, on the other hand, tend to be 

rigid and exploit preorganization for maximal binding affinity.[2] While there are numerous 

methods known for controlling guest entry,[3] most examples of flexible entry portals 

are seen with hydrogen-bonded capsules, where individual walls can open and close by 

breaking a subset of the H-bonds, retaining the assembled structure while allowing guest 

ingress and egress.[4] Bowl-shaped or toroidal macrocycles generally do not require flexible 

entry portals (as they are open-ended), but there are some examples of guest exchange 

moderated by wall motion in deep, self-folding cavitands.[5] Self-assembled metal-ligand 

cage complexes are held together by stronger individual interactions, however, which limits 

flexibility. Many hosts show relatively large “panel gaps” that allow easy and rapid guest 

ingress.[6] More enclosed cage hosts often require distortion of one or more ligand walls 

to allow an opening,[7] have switchable entry portals for controlled exchange,[8] or use 

reversible ligand dissociation for guest control.[9] External agents can also be added to “cap” 

the open portals.[10] The vast majority of self-assembled metal-ligand cage complexes use 

symmetrical, unfunctionalized ligands to ensure reliable assembly, so the introduction of 

pendant groups[11] to these ligands to control guest entry is quite rare. Functional groups 

have been added to the edges of cage ligands,[12] but their effects on guest binding are either 

minimal, or their effects have not been studied in detail.[13] Here we describe the effect 

of introducing flexible pendant groups into a series of M4L4 tetrahedra on the selective 

molecular recognition of suitably sized anions, and their gating effect on the binding 

kinetics.

The cage structures used are shown in Figure 1, and consist of tripodal tris-amine ligands 

that are capable of assembly into M4L4 tetrahedra[14] upon multicomponent assembly with 

Zn2+ or Fe2+ salts and 2-formylpyridine (PyCHO, Figure 1). Cages 1–3 use electron 

poor triazine cores, whereas cages 4 and 5 contains an electron rich phenyl core. The 

unfunctionalized cages are known: triazine ligand L1 has been assembled into the Fe4L4 

tetrahedron Fe-1,[15] and the unfunctionalized phenyl ligand L5 has been used to make both 

Fe4L4
[15] and Zn4L4

[16] cages Fe/Zn-5, all of which can bind suitably sized anions such as 

ClO4
− or OTf− in the cavity. These tripodal ligands form a tightly enclosed cage, with only 
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small spaces between the panels. In each case, the aryl arms can rotate about the central 

axis, acting as a “revolving door”[5a] that enables guest ingress. Our question is whether 

the anion binding selectivity and ingress/egress mechanism can be altered by attaching inert 

functional groups to the ligands, acting as a “doorstop” for the rotation. Cages 2–4 can 

therefore provide a unique insight into the effect of gating functional groups on the kinetics 

of anion recognition.

Results and Discussion

The first question is whether the functionalized cages could be cleanly formed. Ligands 

L1-L3 were synthesized in 3 steps from 1,3,5-trichlorotriazine and the corresponding 

nitrophenol in good yield, and L4 was formed via an analogous method to the known 

L5[15,16] (see Supporting Information for synthesis and characterization). The ether 

connections between the core triazine/aryl ring of ligands L2-L4 and the three aniline arm 

groups allow rapid rotation of the functionalized anilines around the C-O-C axis, and as 

such, the R groups on the pendant aryl rings of L2-L4 could theoretically adopt multiple 

different conformations after assembly. To test this, the ligands were assembled into the 

corresponding Zn4L4 cage complexes by heating with Zn2+ salts and 2-formylpyridine in 

CH3CN at 50 °C for 16 h. The structures of cages 1–4 (defined as the Zn4L4 cages of 

L1-L4) with various counterions were analyzed by 1H, 13C and 19F NMR, as well as 

ESI-MS, and compared to the known 5. COSY and NOESY NMR were used in certain 

cases for additional structural confirmation and peak assignment.

Successful assembly with ligands L1-L4 was dependent on the corresponding counterion 

(as had been observed by Kruger[15] for L1). Our “standard” method used Zn(OTf)2, 

which allowed successful formation of all cages 1–4•OTf. 19F NMR and ESI-MS analysis 

confirmed the presence of a bound OTf− anion in each case: importantly, no peaks for 

the unoccupied cages were observed in the ESI-MS spectra, suggesting that the counterion 

has a templating effect on the synthesis (see Figures S32–33). While ligand L1 could be 

assembled with a wide range of Fe2+ and Zn2+ salts, the functionalized ligands L2-L4 
were more picky. The “unoccupied” cage 1 could be formed with Zn(NTf2)2,[16] but 

using Zn(NTf2)2 with the functionalized ligands L2-L4 did not give any evidence of cage 

formation: the “empty” cages 2–4 could not be accessed. We were not able to obtain single 

crystals of the Zn cages 2–4 that diffracted well enough for publication, but we were 

able to obtain an X-ray structure of the structurally analogous Fe cage Fe-4•SbF6 (CCDC 

2213841; see Supporting Information and Figure 2a). Minimized structures of Zn-2•SbF6 

and Zn-3•SbF6 are shown in the Supporting Information, illustrating their strong structural 

similarity to Fe-4•SbF6, and the known structures of Fe-1•OTf[15] and Zn-5•SbF6.[16] The 

NMR, SCXRD and MS analysis shows that cages 2–4•OTf form tetrahedrally symmetric 

Zn4L4 complexes (Figure 1), with one OTf− anion bound in the cavity and the twelve R 

groups (Me or CO2Me respectively) all oriented externally: the cavity sizes for cages 1–5 
are all essentially identical.

The similarity in structure between cages 1–3 enables an analysis of the effects of small 

gating groups on anion binding and exchange properties. For consistency, and as only 

cage 1 could be synthesized with an “empty” cavity, we used the three Zn(OTf)2 cages 
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1–3•OTf to analyze the effect of the methyl and carboxymethyl substituents on the anion 

binding properties. Cages 1–3•OTf were treated with a variety of non-coordinating anions 

in CD3CN solution, and their exchange with bound OTf− was monitored. The anions tested 

ranged from “too large” (NTf2
− and BPh4

−), to “too small” (BF4
−), to “just right” (ClO4

−, 

PF6
−, AsF6

−, SbF6
−). The templating OTf− anions bind strongly in cages 1–3•OTf (Nitschke 

reported Ka (OTf−) = 3.1 ×104 M−1 in Zn-5•NTf2
[16]), and no displacement of OTf− could 

be observed upon treatment with NTf2
−, BPh4

− or BF4
−. Interestingly, BPh4

− did cause 

significant shifts in the pyridyl signals in cages 1–2•OTf (see Figure S-57), as it binds to the 

exterior of the cage (as has been seen for other MxLy cages).[17] However, anions such as 

ClO4
−, PF6

−, AsF6
−, SbF6

− are suitably sized for internal binding, and effected displacement 

of OTf− from the cavity of 1–3•OTf. The surprising observation was the rate of exchange, 

which was extremely slow, especially for functionalized cages 2,3•OTf: in these cases, 

exchange requires up to days of heating at 50 °C. This is in contrast to the unfunctionalized 

cages Fe-1, Fe-5 and Zn-5, which undergo anion displacement in seconds (Fe-5[15] and 

Zn-5[16]) or require moderate heating for a few hours (Fe-1[15]).

The exchange process can be monitored by changes in the 1H NMR spectra: as might be 

expected, observable changes in the shift of the imine protons He or the internal C-H arene 

proton Hf occur when the internal anion is replaced (see Figures S58–61 for NMR data). For 

example, after 8 h at 50 °C, complete exchange of AsF6
− is seen with 1•OTf, whereas only 

65 % exchange is seen with 2•OTf, and <15 % with 3•OTf. Even after 60 h heating with 

an excess of competitive anion, equilibrium is not reached with 3•OTf. This data is mirrored 

with the other anions: exchange of PF6
− and SbF6

− occurs on the same general timescale as 

AsF6
−, but the rates vary significantly between the three cages 1–3•OTf. The exchange rate 

profiles were analyzed with pseudo-first order plots under low conversion, and the initial 

rates of exchange were calculated. Figure 3b shows the exchange rate profiles upon adding 

25 mM PF6
−, AsF6

− and SbF6
− to 1 mM cages 1–3•OTf (i.e. 8 mM total OTf−, for full data, 

see Supporting Information) and heating at 50 °C. The fastest rate was seen with PF6
− and 

1•OTf, with an initial rate of exchange of 0.10 mM/h. In this case, the rate was dependent on 

anion size, with the smaller PF6
− (calculated volume[18] = 98 Å3) exchanging faster than the 

larger AsF6
− (108 Å3) or SbF6

− (118 Å3) anions. Exchange in the gated methyl cage 2•OTf 
was slower (~0.05 mM/h) and less dependent on anion size, and ester cage 3•OTf showed 

an even slower anion exchange (0.022 mM/h, almost 5-fold slower than in 1•OTf) and no 

dependence on anion size.

An important consideration in analyzing the in/out rate is the overall binding constant: if 

the affinity of the added ions is not high enough, obviously 100% expulsion of the OTf- 

ion will not be achieved. As such, the binding affinity relative to that of OTf− (Krel) for 

BF4
−, PF6

−, AsF6
− and SbF6

− in cages 1–3 was determined, and is shown in Table 1. As the 

corresponding NTf2
− cages for the functionalized ligands could not be formed, all affinities 

are quoted relative to that of OTf− (see Supporting Information for Krel calculations). As 

such, the samples were heated until full equilibrium was observed, up to 2 weeks at 50 

°C. After 3 days cage 1•OTf reached consistent equilibrium, but the exchange rate for and 

2•OTf and 3•OTf was so slow that equilibrium was not reached for up to two weeks. As the 

cage system was beginning to show signs of decomposition at this time, a “lower limit” of 
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relative affinity between anions and 2/3•OTf was established. The true Krel is likely slightly 

higher than that in Table 1, but the stated data is the best estimate possible. In each case, 

BF4
− bound significantly more weakly than OTf−, and no OTf− exchange could be seen. 

Changes in the external group caused some unusual differences in target affinity for the 

other anions, though: in unfunctionalized cage 1, PF6
−, AsF6

− and SbF6
− all bound more 

strongly than OTf−, but there was essentially no difference in the affinity of each of these 

three anions for cage 1. The affinity of SbF6
− in 1 is an estimate, as the shifts in 1H NMR 

peaks are too small to analyze, and the integration of bound SbF6
− in the 19F spectrum is 

complicated by the complex coupling pattern. In contrast, for cages 2 and 3, AsF6
− showed 

the greatest affinity, and the differences between PF6
−, AsF6

− and SbF6
− were much more 

pronounced. For example, AsF6
− is the best guest for cages 2 and 3, showing 58-fold 

stronger binding than OTf− in 2. It binds 38-fold more strongly in cage 3 than OTf−, and 

16-fold more strongly than PF6
−, despite the similarities in size.

These results illustrate that addition of “inert” functional groups to the exterior of the Zn4L4 

scaffold can have large effects on the binding affinity and exchange rate of added anions, 

despite the cavity sizes being almost identical. Differences between 1•OTf and 2/3•OTf 
are perhaps to be expected – the phenyl groups in 1 can rotate in the assembly, whereas 

the equivalents in 2/3 are locked. Importantly, there is no difference in cavity size between 

2•OTf and 3•OTf, as the groups are oriented externally, but there are marked differences 

in guest affinity. Also, the factors that govern exchange rate cannot be the same as those 

that govern affinity, as the exchange rate does not directly correlate with binding affinity. 

Looking at the PF6
−, AsF6

− and SbF6
− subset, the fastest exchange rate with cage 2•OTf is 

shown by SbF6
−, but the strongest affinity anion is AsF6

−. The in/out rate for cage 1•OTf 
correlates strongly with anion size, but this is not observed for 3•OTf, where the exchange 

rates are almost identical, yet the relative binding affinity varies 10-fold between PF6
− and 

SbF6
−.

An additional factor to consider is that the anion exchange rate is dependent on the 

presence of a bound anion in the cavity. When PF6
− anions are added to 1•NTf2 (the 

only “empty” variant that can be accessed amongst 1–3), anion binding is very rapid: 

complete incorporation of anion is observed in <3 mins at ambient temperature, in contrast 

to the hours required to expunge OTf− ions from the cavities of 1–3•OTf. This leads to 

the question of whether the nature of the “leaving group” anion is an important factor in 

the exchange rate. To test this, 2•SbF6 and 3•SbF6 were synthesized by heating 2•OTf and 

3•OTf with a large excess of NaSbF6 overnight, followed by isolation of the SbF6-bound 

cages. These complexes were then treated with NaAsF6 (which binds more strongly in both 

cages 2 and 3 than SbF6
−), and the rate of AsF6

− incorporation compared to that with the 

OTf- bound cages. As can be seen in Figure 4c, changing the leaving anion has significant 

implications to the exchange rate. The more strongly bound SbF6
− is expunged far more 

slowly in each case than OTf−: 3-fold with 2, and 6-fold with 3 (see Supporting Information 

for initial rate plots).

This behavior indicates that both the incoming and leaving guests have an effect on the 

rate, as well as the cage structure. There are two possible mechanisms, illustrated in Figure 

4. An “SN2-like” associative process is possible, with the leaving anion directly replaced 

da Camara et al. Page 5

Chemistry. Author manuscript; available in PMC 2024 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by incoming guest. Alternatively, a dissociative “SN1-like” mechanism can occur whereby 

the bound anion leaves, initially replaced by CH3CN solvent, followed by a rapid entry 

of the second anion. The rapid ingress of anions to the “empty” cage Zn-1•NTf2 and 

lack of any observable “free” 2 or 3 during the exchange suggest that OTf− egress is 

rate-determining in the dissociative mechanism. To determine whether this was the dominant 

mechanism, the concentration of incoming anion was varied (PF6
−, AsF6

− and SbF6
− were 

each tested at 8, 25 and 75 mM with 0.8 mM cages 1–3•OTf at 50 °C) and the initial 

rate analysis repeated to determine the order of the process with respect to incoming anion 

(see Figures S-70–75, Table S-3). In each case, the exchange rate was dependent on the 

concentration of incoming anion. However, the processes were not first order, but varied in 

order from 0.2 – 0.7, indicating that both processes occur and the amount of associative 

“SN2-like” displacement is dependent on the nature of the incoming anion and the cage. 

Counterintuitively, the greatest dependence on [incoming anion] was seen with the largest 

anion SbF6
−. The obvious theory would be that the smaller anion PF6

− would more easily 

fit through the small panel gaps in 2–3•OTf and would favor the associative process, but the 

observed order for PF6
− in 2•OTf was 0.2, whereas that of SbF6 was 0.7. This data, as well 

as the rate data shown in Figure 3 at a constant [anion] shows that the factors controlling 

the exchange rate in 1–3 are quite complex: multiple mechanisms are occurring, all of which 

can be affected by the external groups.

Finally, the exchange behavior of the phloroglucinol cages 4 and 5 is markedly different. 

The more electron rich phenyl walls vastly increase the anion binding exchange rate, 

compared to 1–3 (this was also noted by Kruger,[15] when comparing Fe-1 and Fe-5). 

Upon addition of either PF6
−, AsF6

− and SbF6
− ions to Zn-4•OTf, complete equilibration 

between the added and expunged anion occurred in seconds, rather than the days/weeks 

needed for Zn-(1–3)•OTf. The affinity data for phloroglucinol cage 4 was also unusual: 

whereas cage 5 showed relatively similar affinities for similarly sized anions, with identical 

affinities for OTf− and AsF6
− and only a 6-fold greater affinity for SbF6,[16] ester cage 4 

shows significant selectivity for the larger SbF6
− (Krel = 44), whereas AsF6

− and PF6
− bind 

more weakly than OTf−. In this case, the selectivity for SbF6
− over AsF6

− is greater than 

100-fold.

The NMR data and the crystal structure of Fe-4•SbF6 give some insights into the 

recognition. Both the central ring in the ligand (either electron-poor triazine or electron-rich 

arene) and the C-H groups of the pendant phenyl arms are in close proximity to the bound 

guest, and so both anion-pi and C-H anion interactions are present in the host:guest complex 

(as well as charge considerations and desolvation effects, but those are all constant between 

the different cages). While cavity sizes in Zn-1–5 are extremely similar, calculated to be 

~145 Å3,[16],[18] the cages are slightly flexible, so can adapt to the size and shape of the 

guest. As well as simple space-filling factors, the anion affinity is controlled by interactions 

with some of the 4 central ring faces (a close-up image is shown in Figure 5c), but also the 

edge C-H bonds of the pendant arenes. In 1 and 5, these rotate, whereas in 2–4, they are 

fixed: it is not clear whether the fixed orientation (and permanent introversion of the C-H 

groups on the arene ring) shrinks the effective cavity size or provides favorable C-H–anion 

interactions between host and guest. The affinities do not follow Rebek’s 55% rule:[19] 
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this is to be expected, as that “rule” was determined for neutral hydrocarbon guests in 

neutral capsules, and anion binding is driven by electrostatic interactions. For example, the 

space occupancy can be calculated for AsF6
− as 74%, using the cavity and anion volumes 

described above. The most obvious explanation is that AsF6
− provides that best size and 

shape match for the cavities, hence the higher affinity in most cases. This leaves a single 

outlier: the significantly higher affinity for SbF6
− in cage 4. The variable in this case is the 

presence of a phenyl core, as opposed to the triazine in 1–3. The selectivity for the larger 

SbF6
− must therefore be due to anion-pi interactions between the more electron rich arene, 

and the softer, more diffuse SbF6
− ion. This selectivity is also seen in 5,[16] albeit to a 

much lesser extent. The strong selectivity shown by 4 is likely a combination of interactions 

between guest and the arene, as well as enhanced CH-anion interactions in 4, due to the 

external electron-withdrawing ester group.

When considering the exchange rate, simply considering the cavity size and guest shape-

fitting is not sufficient. The first question is whether the cage remains intact during the 

exchange process. The variable effects of anion size on the exchange rate, and differences 

between 1–3 and 4–5 suggest that ligand dissociation from the Zn centers,[3],[4a],[8b],[9] 

“opening” the cage, is not prevalent. We have no evidence that the ligands dissociate from 

the complex over the time period monitored, and the fact that the cage is stable for weeks 

at 50 °C in wet CD3CN suggests that process is not occurring. The mechanism cannot 

be fully ruled out, but would not explain the large exchange rates differences between 

cages of essentially identical stability. The likely exchange mechanism is therefore that the 

ligand-metal bonds remain intact, and the walls distort to allow guest ingress/egress.[7b]

One dominant factor in the exchange rate is the central ring, as noted by Kruger:[15] anion 

exchange occurs in seconds in 4/5, as opposed to days or even weeks in 1–3. The more 

favorable anion-pi interactions with the triazine ring cause significant slowing of the in/out 

exchange rate. Among the highly similar cages 1–3, which only differ in the nature of 

the external group, the story becomes far more complex. Two mechanisms are present, 

associative and dissociative, the relative proportions determined by the nature of cage and 

incoming anion. The freely rotating groups in 1•OTf confer a faster in/out exchange rate 

on the guests. When the pendant aryl groups are “locked” by the presence of external -CH3 

or -CO2Me groups, the exchange rate drops, up to 5-fold. Increasing the size of the group 

adds a second “blocking” layer of hindrance to the cage exterior, which limits access of 

incoming anions to the cage walls: Figure 5a and 5b show CPK representations of two 

SCXRD structures of cage-SbF6 complexes, Nitschke’s structure of the unfunctionalized 

Zn-5•SbF6,[16] and our Fe-5•SbF6, which illustrates the blocking nature of the -CO2Me 

groups nicely.

The extra bulk obscures the entry portals, which affects the exit rate of the bound anion, as 

well as the entry rate of the incoming anion, hence the varying dependence of the reaction 

rate on both incoming and outgoing anion, as well as the varying order of the process. 

While the variations in order are small, some trends can (cautiously) be predicted: the 

more hindered cage 3•OTf shows a slightly increased order dependence on nucleophile 

than 2•OTf, suggesting that OTf− egress is slowed, increasing the proportion of “SN2-like” 

associative mechanism, albeit only slightly. This also explains the rate dependence of cages 
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1–3•OTf on anion type: for the unhindered cage 1•OTf, the rate depends on incoming anion 

size, as the smaller anions can fit through the portals more easily. This effect is not seen 

for “locked” cage 3•OTf (and only very slightly for 2•OTf): adding size to the anion no 

longer reduces the entry rate. But for cages 2–3•OTf, the slowed exit rate of the OTf− anion 

(due to the blocking groups) increases the proportion of SN2-like associative exchange. This 

leaves the question of why SbF6
− favors an associative exchange mechanism most (and most 

obviously in the ester cage 3), which is less clear. Perhaps the more diffuse negative charge 

in the larger anion is less repelled by the external groups upon entry (especially the electron-

rich CO2Me groups), but this is merely speculation. What is clear is that small changes in 

the structure of the exterior of self-assembled cage complexes can have unexpected, and in 

some cases large effects on the affinity and exchange rate of bound guests, despite almost 

identical interior cavity shapes and sizes.

Conclusion

In conclusion, we have shown that appending functional groups to the exterior of M4L4 

tetrahedral self-assembled cages allows gated control of anion binding (both affinity and 

exchange rate) in the cavity. The effects of the pendant external groups are subtle and 

depend on multiple different factors, including anion size, the nature of the leaving anion, 

and the electron-withdrawing ability and steric bulk of the pendant groups. Multiple 

exchange mechanisms occur, and the nature of the external groups controls the proportion 

of associative and dissociative exchange processes occurring: these bulky groups affect both 

anion egress and ingress, introducing an extra layer of selectivity to the exchange. These 

properties are reminiscent of the subtle effects that control gating and selective molecular 

recognition in enzyme active sites, not simply a shape-filling “lock and key” mechanism: 

this concept is important in the design of size- and shape selective catalytic hosts and 

biomimetic systems.

Data Availability Statement

The data that support the findings of this study are available in the supplementary material 

of this article. Deposition Number(s) 2213841 (for Fe-4•SbF6) contains the supplementary 

crystallographic data for this paper. These data are provided free of charge by the joint 

Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Self-assembled cage complexes tested for selective anion binding. b) Schematic of the 

anion exchange process.
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Figure 2. Cage characterization.
a) Molecular structure of the Fe-4•SbF6 complex, as determined by SCXRD; b) observed 

isotope patterns for M4L4 ions in the ESI-MS spectra of Zn-2•OTf and Zn-3•OTf (red dots 

= theoretical peak intensities for the calculated isotope patterns); c) 1H and d) 19F NMR 

spectra of Zn-3•OTf (CD3CN, 400 MHz, 298 K).
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Figure 3. Anion Exchange.
a) Representation of the anion exchange process for (1–3)•OTf with various PnF6

− ions; 

b) Initial rate plots of the exchange process, [1–3] = 1.0 mM; [PnF6
−] = 25 mM, CD3CN, 

323K.
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Figure 4. Exchange Mechanisms.
Illustrations of the possible a) associative “SN2-like” and b) dissociative “SN1-like” 

exchange mechanisms. c) Expansions of the 1H NMR spectra showing the difference in 

exchange rate upon addition of AsF6
− to cages 2/3•OTf and 2/3•SbF6 and heating at 50 °C 

for the noted time (400 MHz, CD3CN, acquired at 298K).
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Figure 5. Structural Analysis.
a) Molecular structures as determined by SCXRD of a) Zn-5•SbF6 (from ref 16) and b) 

Fe-4•SbF6. c) Expansion of the Fe-4•SbF6, showing estimated CH-F distances between 

internal protons Hh and bound anion.
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Table 1.

Relative affinities (Krel) of anions in cages (1–5)•OTf, determined relative to the affinity of OTf−.[a]

Guest Anion Krel (1) Krel (2) Krel (3) Krel (4) Krel (5)[c]

BF4
− n.b.[b] n.b. [b] n.b. [b] n.b. [b] n.b. [b]

PF6
− 19 20 2.4 0.1 n.d.

AsF6
− 19 58 38 0.4 1.0

SbF6
− ~25[d] 25 15 44 5.8

[a]
[1–5] = 1.0 mM; [anion] = 1.0 mM, CD3CN, samples heated for 72 h (1, 4, 5) or 14 days (2,3) to ensure full equilibration.

[b]
no binding seen.

[c]
Data reprinted from ref 16.

[d]
Estimated Krel (see text).
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