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ABSTRACT: The host-guest chemistry of metal-organic nanocages is typically driven by thermodynamically favorable inter-
actions with their guests, such that uptake and release of guests can be controlled by switching affinity on/off. Herein, we 
achieve this effect by reducing porphyrin-walled cationic nanoprisms 1a12+ and 1b12+ to zwitterionic states that rapidly up-
take organometallic cations Cp*2Co+ or Cp2Co+. Cp*2Co+ binds strongly (Ka = 1.3 x 103 M−1) in the neutral state 1a0 of host 
1a12+, which has its three porphyrin walls doubly reduced and its six (bipy)Pt2+ linkers singly reduced. The less-reduced states 
of the host 1a3+ and 1a9+ also bind Cp*2Co+, though with lower affinities. The smaller Cp2Co+ cation binds strongly (Ka = 1.7 x 
103 M-1) in the 3 e− reduced state 1b9+ of (tmeda)Pt2+ linked host 1b12+. Upon reoxidation of the hosts with Ag+, the guests 
become trapped to provide unprecedented metastable cation-in-cation complexes Cp*2Co+@1a12+ and Cp2Co+@1b12+ that 
persist for >1 month. Thus, dramatic kinetic effects reveal a way to confine the guests in thermodynamically unfavorable 
environments. Experimental and DFT studies indicate that PF6− anions kinetically stabilize Cp*2Co+@1a12+ through electro-
static interactions and by influencing conformational changes of the host that open and close its apertures. However, when 
Cp*2Co+@1a12+ was prepared using ferrocenium (Fc+) instead of Ag+ to reoxidize the host, dissociation was accelerated >200-
fold even though neither Fc+ nor Fc have any competing affinity for 1a12+. This finding shows that metastable host-guest com-
plexes can respond to subtler stimuli than are required to induce guest release from thermodynamically favorable complexes. 
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The host-guest chemistry1,2 of metal-organic nanocages3 
shows considerable promise for use in molecular sensing,4 
catalysis,5 drug delivery,6 and other applications in which it 
is useful to recognize specific guests,7 modify their reactiv-
ity,8 and/or control their interactions with the bulk environ-
ment.9 These functions are usually achieved via favorable 
interactions between guests and the interior of a cage, such 
as the electrostatic attraction between oppositely charged 
hosts and guests (Scheme 1, upper left).1 This thermody-
namically driven behavior has practical implications. For 
example, cationic guests rarely bind in cationic cages unless 
other species shield electrostatic repulsion enough to per-
mit affinity between the host and guest (Scheme 1, upper 
right).10,11 Conversely, lowering the charge of a host dimin-
ishes its attraction to oppositely charged guests, which has 
been exploited to induce the rapid, reversible ejection of an-
ions upon reduction of cationic nanocages12c,g (Scheme 1, 
bottom). In general, controlling the uptake and release of 
guests requires the ability to switch on or off the thermody-
namic driving force for association, motivating many efforts 
to dynamically alter host-guest affinity using stimuli (e.g., 
redox changes,12,13 light,14 or chemical triggers15-17)18 that 
interact with or substantially alter the host or guest.  

Herein, we describe cation-in-cation complexes that add 
to and in some ways challenge the above assumptions. We 
employed M6L3 nanoprisms 1a,b12+ (M = (bipy)Pt2+ for 
1a12+, (tmeda)Pt2+ for 1b12+; L = (3-py)4porphyrin for 
both)19 as redox-active hosts that bind cationic guests deca-
methylcobaltocenium (Cp*2Co+) or cobaltocenium (Cp2Co+) 

Scheme 1. Influence of Charge on Host-Guest Affinity 

 

 

upon reduction20 of the walls of the cages (Scheme 2). These 
findings are, to our knowledge, the first examples of cation 
uptake induced by the reduction of discrete metal-organic 
nanocages,21,22 which occurs even when the cages retain a 
positive charge (up to 9+) after reduction. Remarkably, the 
cationic guests become trapped upon reoxidation of the 
cages, yielding thermodynamically unfavorable but highly 
persistent cation-in-cation complexes that take several 
weeks to fully disassemble. This kinetically controlled23 be-
havior opens new possibilities for containing guests in ther-
modynamically unfavorable environments and for tuning 
the rate of guest release with additional stimuli.24 Indeed, 
the rate of guest escape from Cp*2Co+@1a12+ was very sen-
sitive to experimental conditions. The Cp*2Co+ guest disso- 



 

Scheme 2. Cation Trapping via Redox Cycling  

 

 

ciates more rapidly in dilute solutions, and its escape was 
accelerated considerably (>200x) when the host was reoxi-
dized with ferrocenium (Fc+) cations rather than Ag+. We ex-
pect that these findings will be useful for precisely manag-
ing host-guest association in many applications of 
nanocages. 

 

 

Results and Discussion. 

Characterization of the cation-in-cation complexes 
Cp2*Co+@1a12+ and Cp2Co+@1b12+. The redox-induced 
trapping of Cp*2Co+ by 1a12+ was evident from experiments 
in which 1a12+ was reduced with Cp*2Co followed by reoxi-
dation. Electrochemical measurements19 indicate that this 
host can accept up to 12 e− (two sequential 1e− reductions 
of each wall and one 1e− reduction of each bipy ligand) at 
potentials accessible by Cp*2Co,20 so 1a12+ was treated with 
12 equiv of Cp*2Co in CD3CN followed by reoxidation with a 
slight excess of AgPF6 or AgBF4 (Eq 1). The 1H NMR spectra 

 
(Figures 1A, S1, and S4) of the reoxidized solutions showed 
new resonances accounting for ~90% of the cage, while the 
original signals of 1a12+ accounted for ~10 %. The new sig-
nals correspond to Cp*2Co+@1a12+ as evident from an up-
field resonance near −4.9 ppm that integrates as about 30 H 
for the encapsulated decamethylcobaltocenium guest.  

The 1H NMR signals of Cp*2Co+@1a12+ were better re-
solved for BF4− solutions (Figure 1A) while slightly broader 
signals were observed with PF6− (Figure S4).  In both cases, 
a more upfield signal (ca. −5.5 ppm) for the guest appears at 
low temperatures (Figures 1B, S6). The −0.6 ppm change  

  

 

 
Figure 1. (A) 1H NMR spectra of a 1.2 mM solution of 1a•12BF4 
in CD3CN before and after reduction/reoxidation with 12 equiv 
Cp*2Co/12.5 equiv AgBF4 to form Cp*2Co+@1a12+. Changes of 
the signals of 1a12+ are indicated with dotted lines, and select 
signals are assigned. (B) Upfield 1H NMR region of Cp*2Co+@-
1a12+ (BF4− anions) in CD3CN compared at 30 °C and −40 °C (see 
Figure S3 for full spectra from −40 to 80 °C). (C)  ESI(+)-MS 
spectrum of a solution of Cp*2Co+@1a12+ generated from 
1a•12PF6 with Cp*2Co and AgPF6 in CD3CN. Peaks labeled 3+ 
to 6+ refer to [M − nPF6]n+ where M = [Cp*2Co+@1a12+]•13PF6 
and n = 3 – 6. Diamonds mark signals arising from the empty 
host 1a12+. The inset compares experimental and calculated 
peaks for the [M − 4PF6]4+ signal of [Cp*2Co+@1a12+]•13PF6. 



 

indicates closer CH3--- contacts that likely result from a 
tighter conformation of the host. The new signal represents 
50% of the host-guest complex at −40 °C for the PF6− salt in 
CD3CN (Figure S6), while BF4− solutions show >80% conver-
sion to the new conformation (Figure 1B).  The influence of 
PF6− vs. BF4− on this equilibrium suggests that these anions 
interact with the host-guest complex.1 We have previously 
established association of two PF6− anions in 1a,b12+,19 
which should be strengthened by the presence of cationic 
guests in the cages. Thus, in PF6− solutions, Cp*2Co+@1a12+ 
can be regarded as a mixture of [(Cp*2Co+•2PF6−)@1a12+]11+, 
[(Cp*2Co+•PF6−)@1a12+]12+, and [Cp*2Co+@1a12+]13+, with 
the former predominating at typical NMR sample concen-
trations of 1.2 mM of the cage.25 Only a single 19F NMR signal 
was observed for the anions at all temperatures (Figure S7), 
demonstrating that rapid exchange occurs between the an-
ions in bulk solution and those in the cage. This observation 
shows that different forms of Cp*2Co+@1a12+ observed by 
1H NMR spectroscopy do not simply correspond to different 
numbers of anions associated with the host-guest complex. 
Different conformations of Cp*2Co+@1a12+ were evaluated 
by DFT calculations and are discussed below. 

The identity of Cp*2Co+@1a12+ was confirmed by ESI(+)-
MS measurements, which showed a series of signals for 
Cp*2Co+@1a12+ accompanied by 7 – 10 PF6− anions (Figure 
1C). Diffusion-ordered 1H NMR spectroscopy (DOSY, Fig-
ures S2, S5) also supported the identity of Cp*2Co+@1a12+. 
Neither the ESI-MS nor 1H NMR signals of Cp*2Co+@1a12+ 
were observed for simple mixtures of Cp*2Co+ and 1a12+ in 
CD3CN, demonstrating that cation uptake does not occur in 
the 12+ charge state of the host. It is rare for charged metal-
organic hosts to bind guests of the same charge,10,11 and 
Cp*2Co+@1a12+ is the first example to be formed by cycling 
an electroactive host to and from a more favorable redox 
state for binding the charged guest.21 The Cp*2Co+ guest 
slowly escapes the host (see below), further distinguishing 
Cp*2Co+@1a12+ as a thermodynamically unfavorable cat-
ion-in-cation complex,26 whereas in previously character-
ized examples,10,11 anions or other mediating factors pro-
vided affinity between the cationic hosts and guests. Never-
theless, Cp*2Co+@1a12+ is kinetically very stable and could 
be dried of solvent, washed with DCM to remove excess 
Cp*2Co+, and redissolved in CD3CN without degradation.  

A similar host-guest complex with the smaller Cp2Co+ cat-
ion was prepared by treating the (tmeda)Pt2+-linked host 
1b12+ with ≥3 equiv of Cp2Co in CD3CN, followed by reoxida-
tion with AgPF6. These conditions provided ~80% conver-
sion to the cation-in-cation complex Cp2Co+@1b12+ when 
carried out at the same concentration of host (1.2 mM) used 
to prepare Cp*2Co+@1a12+. The bound Cp2Co+ cation in 
Cp2Co+@1b12+ exhibited a 1H NMR chemical shift (−2.18 
ppm, Figure 2) that was considerably upfield of that of free 
Cp2Co+ (5.65 ppm). The identity of Cp2Co+@1b12+ was con-
firmed by DOSY NMR and ESI(+)-MS measurements (see 
Figures S14 and S18). Similar complexes were not observed 
upon reoxidation of samples of 1a12+ that were reduced 
with Cp2Co (up to 9 equiv) nor after 1b12+ was reduced with 
Cp*2Co (up to 6 equiv). Reported structures of closely re-
lated (bipy)Pd2+ and (tmeda)Pd2+ linked prisms show that 
the former has a wider cavity,27 which may explain the pref-
erence for the (bipy)Pt2+ linked cage 1a12+ to trap Cp*2Co+ 
while 1b12+ traps the smaller Cp2Co+ cation. 

 
Figure 2. Upfield region of the 1H NMR spectrum of a 1.2 mM 
solution of 1b•12PF6 in CD3CN after reduction/reoxidation 
with 3.5 equiv Cp2Co and 4 equiv AgPF6 to form Cp2Co+@1b12+. 
Comparison of the porphyrin NH signals of remaining of 1b12+ 
vs. Cp2Co+@1b12+ indicate 79% conversion to the host-guest 
complex.  See Figure S12 for the full spectrum. 

 

 

DFT analysis of the structure of Cp2*Co+@1b12+. Ther-
modynamic stability is imparted to many cation-in-cation 
complexes by anions that mediate interactions between the 
charged host and its cationic guests.10 A similar effect likely 
contributes to the kinetic stability of Cp*2Co+@1a12+ and 
Cp2Co+@1b12+. This possibility is supported by DFT struc-
tural optimization of the [(Cp*2Co+•2PF6−)@1a12+]11+ form 
of Cp*2Co+@1a12+ (Figures 3A–D)28 starting from the geom-
etry reported for the solid-state structure of a (bipy)Pd2+ 
linked analogue of 1a12+ that includes two PF6− anions in the 
cage.27 Even before optimization, the anions were spaced 
well to fit Cp*2Co+, resulting in minimal change of the P---P 
distance in the cation-in-cation complex (DP-P = 12.1 Å, DFT, 
Figure 3B) relative to the starting structure (DP-P = 12.3 Å, 
XRD). The shortest C---F contact between PF6− and Cp*2Co+ 
in the optimized structure equals the sum of the van der 
Waals radii of C and F (3.17 Å),29 and the four shortest C---F 
contacts average to a slightly longer distance of 3.33 Å (Fig-
ure 3B). Thus, the anions are positioned well in the cage to 
stabilize the cationic guest. 

As can be seen in Figure 3C, the anions restrict the aper-
ture of the host. Since Cp*2Co+ tightly matches the internal 
width of 1a12+, at least one anion must be displaced from 
[(Cp*2Co+•2PF6−)@1a12+]11+ to permit dissociation of the 
cationic guest. Structures of [(Cp*2Co+•PF6−)@1a12+]12+ and 
[Cp*2Co+@1a12+]13+ were optimized, in both cases finding 
that the (bipy)Pt2+ linkers are swung outwards (Figures 3E–
G and S45) relative to their placement over the openings of 
the host when two anions are bound (Figures 3A,C). This 
finding suggests that the anions not only block the aper-
tures but also influence conformational changes of the host 
that open and close its portals. In the closed form, each PF6− 
anion engages in two short (≤ 2.5 Å) CH---F interactions 
with the 3-position CH bonds of pyridyl groups that span 
across one edge of a porphyrin wall (Figure 3D). As a result, 
the CH---HC spacings of these pyridyl groups are main-
tained at < 6 Å in [(Cp*2Co+•2PF6−)@1a12+]11+ and expand by 
more than 1 Å upon loss of one anion (Figure 3G). The re-
maining anion accommodates this change by shifting to in-
teract with the pyridyl groups of two different porphyrin  



 

 

walls (Figure 3G). It is presumably the role of the CH---F in-
teractions on tuning the CH---HC spacing that influences the 
opening and closing of the apertures of Cp*2Co+@1a12+.  

The open form of the host explains how large guests can 
enter and exit 1a12+, while the closed form likely contributes 
to the kinetic stability of Cp*2Co+@1a12+.30 It is worth point-
ing out that switching from the closed to open state also 
shortens the average centroid-to-centroid distance of the 
porphyrins by >2.5 % (Figure S46), consistent with the ob-
servation by 1H NMR spectroscopy of conformational 
changes that produce a more upfield signal of the Cp*2Co+ 
guest at reduced temperatures (see Figure 1B above). Thus, 
the lower temperature conformation of Cp*2Co+@1a12+ is 
attributed to the opening of the apertures of the host.  How-
ever, the experimentally observed conformational change 
does not appear to require anion dissociation since the ratio 
of the two conformations is not influenced much by concen-
tration (Figures S6 and S8) but is influenced by the identity 
of the anions (PF6− vs. BF4−, Figures S6 and 1B, respectively).  

Examination of cation-uptake by the reduced hosts. 
Cation uptake by the reduced states of 1a12+ and 1b12+ was 
probed by quantifying the formation of the cation-in-cation 
complexes after different times in the reduced states of the 
hosts, and in the case of 1a12+, after adding varying equiva-
lents of Cp*2Co to access different reduced states.  Solutions 
of 1a•12PF6 (1.2 mM in CD3CN) reoxidized 5 min after add-
ing 12 equiv of Cp*2Co provided the same conversion to 
Cp*2Co+@1a12+ (~90 %) as samples reoxidized after 1 h, in-
dicating that Cp*2Co+ rapidly enters 1a0, reaching equilib-
rium concentrations of Cp*2Co+@1a0 within 5 minutes. 
Thus, the apertures of 1a0 do not present a major barrier to  

 

the passage of Cp*2Co+, possibly because reduction of the six 
(bipy)Pt2+ linkers of 1a12+ lowers charge repulsion between 
the cationic guest and the portals of the host.  Reoxidation 
of the host after ≤ 1 min did, however, result in lower con-
versions to Cp*2Co+@1a12+. A 65 % yield was observed af-
ter 1 s in the reduced state and slightly less than maximum 
conversion was attained after 1 min (see Figure S21). 

The cation-in-cation complex Cp*2Co+@1a12+ was also 
formed upon reoxidation of solutions of 1a12+ that were 
treated with 3 or 9 equiv of Cp*2Co to access respectively 
the 1a9+ state of the host (each porphyrin reduced by 1e−) 
or the 1a3+ state (each porphyrin and bipy ligand reduced 
by 1e−). Low yields (ca. 10 %) of Cp*2Co+@1a12+ were ob-
served after cycling through the 3 e− reduced state 1a9+ (Fig-
ure S24) with conversion to Cp*2Co+@1a12+ differing negli-
gibly for samples reoxidized after 1 h vs. 4 h. Moderate 
yields of Cp*2Co+@1a12+ (ca. 60 %) were observed after cy-
cling through the 9 e− reduced state 1a3+. Entry of Cp*2Co+ 
into 1a3+ appears to occur very rapidly, with a 40 % yield of 
Cp*2Co+@1a12+ observed for samples reoxidized after 10 s, 
and nearly maximum conversion obtained after 30 s (Figure 
S22). A low yield (ca. 10%) of Cp*2Co+@1a12+ was also ob-
tained after reduction of 1a12+ to 1a3+ using excess Cp2Co in 
the presence of 10 equiv of Cp*2Co+ (Figure S23). The re-
duced yield of Cp*2Co+@1a12+ in this experiment suggests 
that Cp2Co+ may compete with Cp*2Co+ for binding in 1a3+. 
Presumably the smaller Cp2Co+ cation escapes too quickly 
from 1a12+ upon reoxidation to observe a trapped cation-in-
cation complex involving this host and guest.  

The uptake of Cp2Co+ into 1b9+ was found to occur more 
slowly than uptake of Cp*2Co+ into 1a0 or 1a3+. The complex 

Figure 3. Computationally optimized structures of the [(Cp*2Co+•2PF6−)@1a12+]11+ (A – D) and [(Cp*2Co+•PF6−)@1a12+]12+ (E – 
G) forms of Cp*2Co+@1a12+. Space-filling representations depict the Cp*2Co+ guest in red, PF6− anions in blue, carbon atoms of 
the host in gray, N in light blue, and Pt in white. Stick representations depict carbon in gray, N in light blue, F in chartreuse, P in 
orange, Co in red, and Pt in white. Only select hydrogens are shown (in white) to illustrate specific H---F and H---H distances. (A) 
View facing a porphyrin wall of [(Cp*2Co+•2PF6−)@1a12+]11+. (B) Spacing of the PF6− and Cp*2Co+ guests with the cage omitted 
for clarity. The P---P distance and four shortest C---F distances are labeled. (C) View of a triangular face of 
[(Cp*2Co+•2PF6−)@1a12+]11+ with the opening between the van der Waals surfaces of a PF6− anion and bipy ligand labeled. (D) 
View of the same triangular face with selected CH---F and CH---HC distances illustrated. Two bipy ligands are omitted for clarity.  
(E)  View facing a porphyrin wall of [(Cp*2Co+•PF6−)@1a12+]12+. (F) View of a triangular face of [(Cp*2Co+•PF6−)@1a12+]12+ with 
the width of the aperture labeled. (G) View of the opposite triangular face with selected CH---F and CH---HC distances indicated. 



 

Cp2Co+@1b12+ was not formed when samples of 1b12+ were 
reoxidized 5 s after reduction with 3.5 equiv of Cp2Co, and 
slightly less than maximum conversion was obtained when 
samples were reoxidized after 5 min (Figure S25). Notably, 
when 1b12+ was reduced with Cp2Co in the presence of ex-
cess Cp2Co+ (18 equiv), a nearly quantitative yield of 
Cp2Co+@1b12+ was attained upon reoxidation (Figure S13). 
This result confirms that formation of the trapped cation-in-
cation complex is controlled by the equilibrium concentra-
tion of the reduced complex Cp2Co+@1b9+ present upon re-
oxidation of the host. 

Table 1 displays association constants estimated for the 
binding of Cp*2Co+ or Cp2Co+ in the reduced hosts based on 
the best yields of Cp*2Co+@1a12+ and Cp2Co+@1b12+ that 
were found in the above experiments. Strong association 
(Ka = 1.3 x 103 M-1) was found for Cp*2Co+@1a0, while lower 
association constants of 1.4 x 102 and 3.5 x 101 M-1 were de-
termined for Cp*2Co+@1a3+ and Cp*2Co+@1a9+, respec-
tively. Though these latter complexes are relatively weakly 
bound, the host-guest affinity is notable since the host re-
tains an overall positive charge. Thus, localized regions of 
negative charge (i.e., zwitterionic character) appear to be 
sufficient to drive cation uptake into 1a3+ and 1a9+ to form 
favorable cation-in-cation complexes. This feature is even 
more evident for Cp2Co+@1b9+, which exhibits stronger as-
sociation (Ka = 1.7 x 103 M-1) than Cp*2Co+@1a0 even 
though 1b9+ carries a substantial positive charge. Together, 
these complexes represent the first examples of cation up-
take induced by reduction of metal-organic nanocages,21 
marking a significant addition to the use of redox stimuli to 
alter the host-guest affinity of such structures.12,13  

 

Table 1. Association Constants for Cationic Guests in 
Different Reduced States of the Hosts 1a,bn+.  

 

Complex 
 

 

Cp*2Co+

@1a0 

 

Cp*2Co+

@1a3+ 

 

Cp*2Co+

@1a9+ 

 

Cp2Co+

@1b9+ 
 

Ka (M-1)a 

 

1.3 x 103 

 

1.4 x 102 

 

3.5 x 101 

 

1.7 x 103 

Table 1. (a) Association constants were determined from the 
yields of Cp*2Co+@1a12+ and Cp2Co+@1b12+ observed after re-
oxidation of solutions of 1a12+ and 1b12+ reduced with Cp*2Co 
or Cp2Co, respectively, to access the indicated state of the hosts. 

 
Dissociation of the cation-in-cation complexes. The 

cationic guests slowly dissociate from Cp*2Co+@1a12+ and 
Cp2Co+@1b12+, with respective half-lives of about 15 days 
and 5 weeks observed at room temperature in CD3CN. Ow-
ing to the faster dissociation of Cp*2Co+@1a12+ and the eas-
ier synthesis of the host 1a12+ vs. 1b12+,19 we chose to exam-
ine in detail the escape of Cp*2Co+ from Cp*2Co+@1a12+.  
The above experimental and computational characteriza-
tion of Cp*2Co+@1a12+ suggests two likely pathways for dis-
sociation of Cp*2Co+ (Scheme 3). One anion might dissociate 
prior to escape of the cationic guest, thus opening the aper-
tures of the host, or the cation and an anion could transit out 
of the cage together as an ion pair after the aperture opens. 
The kinetics of guest escape were probed experimentally, 
indicating that both pathways are plausible but that addi-
tional, more complex mechanisms also operate.  

Scheme 3. Possible pathways for escape of the cationic 
guest from Cp*2Co+@1a12+ 

 

 

Hexafluorophosphate and tetrafluoroborate solutions of 
Cp*2Co+@1a12+ displayed first-order decay under ordinary 
conditions (1.2 mM of the host in CD3CN reduced with 12 
equiv Cp*2Co and reoxidized with 12.1 – 12.5 equiv AgPF6 
or AgBF4). For samples monitored at 23 °C, rate constants of 
4.0 – 10.0 x 10−7 s−1 were found for PF6− solutions and 6.6 – 
15.5 x 10−7 s−1 for BF4− solutions. Though variations of the 
rate constants were observed, greater consistency was at-
tained for samples prepared at the same time (see Figures 
S26 and S27). Thus, for subsequent comparisons of specific 
variables (e.g., temperature, concentration, or different ad-
ditives), a solution of Cp*2Co+@1a12+ was prepared for each 
experiment and split into multiple samples that were then 
modified as needed. 

Eyring analyses (23 – 80 °C) provided activation parame-
ters of H‡ = 23.9 ± 2.0 kcal mol−1 and S‡ = −6.5 ± 6.2 eu for 
PF6− solutions of Cp*2Co+@1a12+ (Figure S29). BF4− solu-
tions displayed similar parameters of H‡ = 22.6 ± 2.4 kcal 
mol-1 and S‡ = −10.5 ± 7.5 eu (Figure S31). The large en-
thalpies of activation can be attributed to electrostatic re-
pulsion of Cp*2Co+ passing through the 6+ charged aper-
tures of 1a12+.31 To interpret the entropies of activation, the 
entropies associated with conformational changes of the 
host-guest complex and with anion binding were evaluated. 
An entropy of S = −13.4 ± 1.9 eu was determined for con-
version of Cp*2Co+@1a12+ to its low-temperature confor-
mation (Figure S42), which appears to be the open form of 
the host with both PF6− anions associated (see above). For 
evaluating the entropy of PF6– binding, the free host 1a12+ 
was used, rather than Cp*2Co+@1a12+, to permit measure-
ments over a wider temperature range. Changes of the 19F 
NMR signals of the anions upon dilution of 1a•12PF6 from 
3 to 0.03 mM were measured from −40 to 80 °C in CD3CN, 
allowing association constants and the entropy of anion as-
sociation (S ≈ +17 eu) to be estimated.32 Since anion disso-
ciation and the opening of the portals of Cp*2Co+@1a12+ 
without anion dissociation both exhibit unfavorable entro-
pies, neither mechanism in Scheme 3 can be ruled out by the 
negative entropy of activation for guest escape. 

Samples of Cp*2Co+@1a12+ exhibited faster dissociation 
at higher dilutions (1.2 mM to 0.075 mM, corresponding to 
28.8 mM to 1.8 mM PF6− or BF4−, Figures S38 and S40). Since 
lower concentrations should favor equilibration of 



 

[(Cp*2Co+•2X−)@1a12+]11+ to [(Cp*2Co+•X−)@1a12+]12+,  the 
increased rates support the stepwise mechanism of Scheme 
3. However, the observed rates did not show a consistent 
proportionality to the concentration. For example, dilution 
from 1.2 mM to 0.3 mM resulted in less than 2.5-fold accel-
eration for both PF6− and BF4− solutions, while the rate in-
creased to a greater extent upon further dilution (Figures 
S38 and S40). It is conceivable that ion-pair escape occurs 
at higher concentrations, while the stepwise mechanism op-
erates at lower concentrations that favor a preequilibrium 
anion dissociation step. However, additional observations 
cannot be explained solely using the mechanisms in Scheme 
3. Diluted samples sometimes failed to adhere to the well-
defined first order kinetics observed for 1.2 mM samples 
(Figure S38B). Furthermore, addition of a large excess of 
TBAPF6 (28.8 mM) to Cp*2Co+@1a12+ resulted in negligible 
inhibition of guest escape for 1.2 mM samples of the host-
guest complex (Figure S37), and more dilute samples (0.3 
mM and 0.075 mM) showed at most 2-fold inhibition (Fig-
ure S39). Together, these contradictory and inconsistent 
observations suggest that release of Cp*2Co+ must be sub-
ject to more complex influences than suggested by either 
pathway in Scheme 3. 

The sensitivity of the dissociation of Cp*2Co+@1a12+ to 
unexpected factors was most evident from substantial ac-
celeration of this process when the cation-in-cation com-
plex was generated using Fc+ as the oxidant instead of Ag+. 
Nearly complete decay could be observed after 5 h when 
samples were reoxidized with [Fc]PF6 (Figure 4). Rate con-
stants as high as 9.5 x 10−5 s-1 were quantified under these 
conditions (Figure S41), representing more than a 200-fold 
increase from the lowest rates observed using AgPF6 as the 

 

 
Figure 4. 1H NMR spectra of a solution of Cp*2Co+@1a12+ in 
CD3CN that was generated by reduction of 1a•12PF6 with 12 
equiv of Cp*2Co followed by reoxidation with 12.5 equiv of 
[Fc]PF6. The sample was monitored for 5 h after oxidation. Sig-
nals of the host-guest complex are marked with blue circles in 
the initial spectrum, and signals of 1a12+ are marked with red 
squares in the final spectrum. A green triangle marks an addi-
tional signal that showed only a slight decrease over 5 h.  

oxidant. Since Fc is formed upon reducing Fc+, it seemed 
possible that either Fc or remaining Fc+ promotes escape of 
Cp*2Co+. To distinguish which species is responsible, sam-
ples of Cp*2Co+@1a12+ prepared using AgPF6 were treated 
with 5 equiv of Fc or [Fc]PF6 relative to the host. Both addi-
tives were observed to accelerate the dissociation of the 
host-guest complex by 5 – 10x (see Figures S32), providing 
rates that remained much lower than observed for samples 
of Cp*2Co+@1a12+ generated directly with Fc+. Additionally, 
the effects of Fc and Fc+ were inconsistent. Ferrocene failed 
to accelerate dissociation in one experiment (Figure S33B), 
and an induction period of >16 h was seen in one instance 
before the influence of Fc+ was evident (see Figures S33C).  

The inconsistent effects of Fc and Fc+ on promoting disso-
ciation of the host-guest complex suggest a complex mech-
anism underlying the influence of these additives. One com-
plicating factor is that Ag0 nanoparticles, which were not re-
moved effectively by a 0.2 m filter, reduce most of the 
added Fc+, while added ferrocene is oxidized slightly by ex-
cess Ag+.33 It was considered that Ag+ or Ag0 might stabilize 
the host-guest complex such that reduction or oxidation of 
these species could be responsible for accelerating the es-
cape of Cp*2Co+. However, addition of a 24 equiv excess of 
AgPF6 to samples did not alter the rate of guest-escape from 
Cp*2Co+@1a12+ relative to samples oxidized with just a 
slight excess of AgPF6 (Figure S37). Additionally, the 1H 
NMR signals of Cp*2Co+@1a12+ were very similar between 
samples prepared using AgPF6 vs. [Fc]PF6 (Figure S11), 
which is implausible if Ag0 nanoparticles or Ag+ interact 
strongly enough with the host-guest complex to stabilize it. 
Lastly, since Fc+ and Fc have opposite effects on the Ag+/Ag0 
ratio, it does not make sense that both additives could ac-
celerate dissociation of the host-guest complex by altering 
the amount of Ag+ or Ag0 in the sample.  

A clear mechanistic picture ultimately could not be eluci-
dated for the influence of Fc+ and Fc on the dissociation of 
Cp*2Co+@1a12+. The induction periods and lack of effect ob-
served in some experiments suggest that neither species di-
rectly influences dissociation. Instead, decomposition prod-
ucts of Fc+ may be responsible.34,35 This possibility is sup-
ported by observation of a new upfield 1H NMR resonance 
at −5.64 ppm in samples with Fc+ added (Figures 4 and 
S10C) as either the sole oxidant or after generating 
Cp*2Co+@1a12+ using AgPF6. This signal does not maintain 
a consistent ratio with those of the host-guest complex, in 
some cases disappearing faster or slower, suggesting it does 
not correspond directly to an intermediate in the escape of 
Cp*2Co+. However, the new resonance clearly shows that 
new species are present in solution that do not correspond 
directly to ferrocene or ferrocenium, neither of which ap-
pear to interact strongly with 1a12+ or Cp*2Co+@1a12+.  

From the above investigations, both mechanisms of 
Scheme 3 remain plausible for the escape of Cp*2Co+ from 
Cp*2Co+@1a12+, but the inconsistent kinetics of dissociation 
make it difficult to draw specific conclusions. It is apparent 
that more complicated pathways are also available, reveal-
ing an interesting feature of the metastable cation-in-cation 
complex Cp*2Co+@1a12+—the rate of guest escape can be 
altered considerably (>200-fold) by subtle factors, includ-
ing species that do not appear to interact strongly with ei-



 

ther the host-guest complex or the free host. Such a situa-
tion is not possible for typical, thermodynamically favorable 
host-guest complexes. In ordinary systems, guest uptake or 
exchange can be slowed by species that interact strongly 
with the portals of the host,24 and guest ejection can be stim-
ulated by other guests that bind more strongly.12c-f,17b,18a It is 
only because the binding of Cp*2Co+ in 1a12+ is thermody-
namically unfavorable that ejection of the guest can be stim-
ulated by species that do not interact strongly with the 
ground state of the host or host-guest complex. Instead, it is 
only necessary to stabilize intermediates or transition 
states to accelerate guest escape. Full elucidation of this be-
havior will require considerably more investigation, which 
is beyond the scope of the present study. 

 

Summary and Conclusions. 

In summary, we report redox-driven host-guest chemis-
try that shows three notable features: (1) Reduction of hosts 
1a,b12+ induces uptake of Cp*2Co+ or Cp2Co+, representing 
the first reduction-induced uptake of cations into metal- 
organic nanocages; (2) The guests become trapped upon re-
oxidation of the hosts, leading to thermodynamically unfa-
vorably but highly persistent cation-in-cation complexes 
Cp*2Co+@1a12+ and Cp2Co+@1b12+; and (3) The rate of 
guest dissociation from Cp*2Co+@1a12+ shows considerable 
variation (>200-fold) in response to the oxidant used to pre-
pare this complex. 

The redox-induced uptake of cations by 1a,b12+ expands 
the limited range of redox-switchable host-guest chemistry 
reported for metal-organic hosts.12,13 Reduction-induced 
ejection of anions has greater precedent,12c,12g perhaps be-
cause metal-organic nanocages are often positively 
charged. The high affinity of reduced hosts 1a0 and 1b9+ for 
cations reveals that localized negative charge is sufficient to 
drive cation-uptake into neutral and cationic hosts. Redox-
induced insertion of cations into extended porous materials 
is an important process in many contexts (e.g., batteries, 
electroctalysis),36 and we envision that 1a,b12+ will be use-
ful as discrete porous structures that model this behavior. 

The trapping of the cationic guests upon reoxidation of 
the hosts is another notable finding. Cation-in-cation com-
plexes are very rare, and these new examples are the first to 
be stabilized by kinetic factors rather than via mediating ef-
fects that provide thermodynamic affinity between the cat-
ionic host and guest. These findings are relevant to several 
potential applications of metal-organic nanocages. For ex-
ample, electrostatic effects greatly influence reactivity in-
side charged hosts,5a-c,8a,9a so the ability to confine organo-
metallic complexes5f-h in electrostatically unusual environ-
ments may lead to new reactivity. Additionally, the sensitiv-
ity of the metastable cation-in-cation complexes to specific 
conditions could be useful for sensing and drug delivery, 
though a more detailed mechanistic understanding of this 
behavior must first be developed.  
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