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ABSTRACT: Electrostatic interactions, hydrogen bonding, and solvation effects can alter the free energies of ionizable func-
tional groups in proteins and other enclosed porous architectures, allowing these nanostructures to tune acid-base chemistry 
as needed to support specific functions. Herein, we expand on this theme to examine how metal sites (M = H2, ZnII, CoII, CoI) 
affect the pKa of benzoic acid guests bound in discrete porphyrin nanoprisms (M3TriCage), which were chosen as model 
systems for better understanding how porous metalloporphyrin electrocatalysts might influence H+ transfer processes that 
are needed to support many important electrochemical reactions (e.g., reductions of H+, O2, or CO2). Lewis acidic CoII and ZnII 
ions increase the Brønsted acidities of the guests by 4 and 8 pKa units, respectively, while reduction of the CoII sites to anionic 
CoI sites produces an electrostatic potential that lowers acidity by ca. 4 units (8 units relative to the CoII state). Lacking func-
tional metal sites, H6TriCage increases the acidity of the guests by just 2.5 pKa units despite the 12+ charge of the host and 
contributions from other factors (hydrogen bonding, pore hydration) that might stabilize the deprotonated guests. Thus, the 
metal sites have dominant effects on acid-base chemistry in the M3TriCages, providing a larger pKa range (12.75 to ≥24.5 in 
CD3CN) for an encapsulated acid than attained via other confinement effects in proteins and artificial porous materials. 

Introduction. 

The free energies of ions can be modified significantly by 
nanoconfinement (Scheme 1A),1-7 giving rise to important 
influences on acid-base chemistry in proteins3-5 and other 
3D nanostructures.1,6,7 For example, proteins control solva-
tion,3 Coulombic effects,4 and hydrogen bonding5 to stabi-
lize or destabilize the ionized state of an acid-base pair, 
thereby tuning the pKa of acidic groups3d,4b,5c as needed to 
support functions ranging from catalysis4b,4c,5c to proton 
pumping.8 Strong control over acid-base chemistry has also 
been achieved in artificial porous structures,6,7 such as 
metal-organic nanocages,1,6 but these examples are often at-
tributed primarily to Coulombic effects6a-f rather than the 
myriad of factors that modulate acidity in proteins.3-5,9 Thus, 
in early examples from Raymond and Bergman (Scheme 
1B),6a-c anionic nanocages were found to favor the binding 
of cationic guests,6a making guests easier to protonate and 
accelerating acid-catalyzed transformations inside these 
structures.6b,c Likewise, Fujita6d and Ward6e,f have each used 
cationic cages to promote base-catalyzed reactivity.6d-f      

However, recent studies reveal more complex influences 
on acid-base chemistry in charged hosts. Hooley has re-
ported enhanced acidities for ammonium cations in a posi-
tively charged nanocage, as is expected, but non-Coulombic 
effects must also contribute to this behavior since the se-
quential protonation of 12 amines led to progressively 
lower pKa values even though charge balance was main-
tained by anion uptake.6g Gibb has also noted that the 

Coulombic influences of charged hosts can be modulated by 
hydrogen bonding, hydration, and other factors to deter-
mine the acidities of encapsulated guests.7b Given the com-
plex range of possible influences on acid-base behavior in 
confined microenvironments,3-9 there remains considerable 
room to better understand how hollow structures affect the 
free energies of protons and other charged species. 

We became interested in this question in the context of 
redox-active porphyrin nanostructures10,11 that have been 
used as electrocatalysts for reactions such as the reduction 
of CO2 or O2.12,13 A variety of metalloporphyrin nanocages12 
and framework materials13 have been examined in this re-
gard, but these studies have rarely addressed13d how the ac-
tive sites in these materials might affect charged intermedi-
ates and proton relay chains that are important for efficient 
turnover.14 These questions are especially vexing because 
redox changes will alter the distribution of charge11b at the 
active sites during catalysis,13b further complicating the con-
finement effects described above. Thus, we identified 
(tmeda)Pt-linked porphyrin nanoprisms11 (M3TriCages, M 
= H2, Co, Zn, Scheme 1C,D) as useful subjects for probing 
how protons and other ions11b are affected by confinement 
in redox-active 3D porphyrin assemblies. 

We previously reported that H6TriCage (also referred to 
herein as TriCage) binds a large cationic guest upon adding 
1 e− to each porphyrin unit (Scheme 1C),11b and we hypoth-
esized that similar electrostatic effects might be seen upon 
reduction of Co3TriCage to its zwitterionic tris-CoI state.11c   

https://doi.org/10.26434/chemrxiv-2024-4w50c-v2 ORCID: https://orcid.org/0000-0003-0035-4565 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-4w50c-v2
https://orcid.org/0000-0003-0035-4565
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 
 

To measure the impact on proton transfer equilibria, the an-
ion-binding ability of the TriCages was used to install two 4-
sulfanatobenzoic acid guests (1A

−, Scheme 1D) in each cage, 
following our observation that p-toluenesulfonate (2−) 
binds strongly in TriCage (Ka ≈ 107.5 M-1 in CD3CN).11d  Re-
markably, the resulting complexes have acidities that are 
varied across a larger pKa range (12.75 to ≥24.5 in CD3CN) 
than those achieved in proteins and other nanocages,3-9,15 
even though Coulombic effects, hydrogen bonding, and hy-
dration have only small to moderate influences on acidities 
in the TriCages. Instead, as described herein, the redox-ac-
tive and/or Lewis acidic Co and Zn sites have dominant ef-
fects on increasing or decreasing the acidities of the guests, 
revealing the unique influences of these metalloporphyrin 
nanocages on acid-base chemistry. 

 

Results and Discussion. 

Complexation of acid/base functionalized guests. 1H 
NMR spectroscopy was used to examine the encapsulation 
of 4-sulfanatobenzoic acid (1A−) and its conjugate base 4-
sulfanatobenzoate (1B2−) by the TriCages in CD3CN (Scheme 
2). For all three M3TriCage derivatives, addition of 2 equiv 
1A− (as its TBA+ salt) resulted in disappearance of the signals 
of the empty host and appearance of a new set of signals 
corresponding to a 1:2 host-guest complex (Figures 1, S27, 
and S39). ESI(+)-HRMS further confirmed the formation of 
(1A−)2@TriCage and (1A−)2@Co3TriCage (Figures S53 and 
S56). However, the latter mass spectrum indicated partial 
deprotonation of the bound guests, and attempts to observe 
(1A−)2Zn3TriCage showed only the doubly deprotonated 
complex (1B2−)2@Zn3TriCage, providing an early indica-
tion that the acidity of 1A− is enhanced in the metallated de-
rivatives of TriCage (vide infra).  

Quantitative binding of 1A− in the TriCages is consistent 
with the strong 1:2 association of 2− in TriCage. However, 
while 2− binds noncooperatively, 1A− associates with posi-
tive cooperativity.  Hence, an equimolar mixture of 1A− and 
Co3TriCage displays an NMR spectrum consistent with the 
empty host combined in equal amounts with the 1:2 com-
plex (Figure 1). Likewise, titration of TriCage and Zn3Tri-
Cage with 1A− results in direct conversion of these hosts to 
their 1:2 complexes, with only small signals potentially  

 
 

 
Figure 1. Truncated 1H NMR spectra (500 MHz, CD3CN, 25 °C) 
acquired during addition of 1A− to Co3TriCage. Note that labels 
of signals correspond to those indicated in Scheme 2, and dif-
ferent scaling is used in each region of the spectra displayed. 

 
 
corresponding to a 1:1 complex observed during the exper-
iment (Figures S28 and S40). Mass spectrometry of a 1:1 
mixture of TriCage and 1A

− (Figure S54) also supports the 
cooperativity of guest binding, showing the 1:1 complex as 
a minor component (~8 %) of the sample relative to the 
empty host and 1:2 complex. The cooperative binding of 1A− 
was initially attributed to hydrogen-bonding between the 
guests, but as discussed below, traces of water were found 
to promote this cooperativity, suggesting that more com-
plex factors underly this behavior.  

In contrast to 1A
−, the deprotonated guest 1B

2− shows con-
siderable variation in its interactions with the different 
M3TriCage derivatives. Addition of 1 equiv 1B2− to Co3Tri-
Cage resulted in complete disappearance of the 1H NMR sig-
nals of the empty host, and the appearance of several new 
signals that were shifted considerably from those of Co3Tri-
Cage (Figure 2A). Most notably, the two porphyrin  CH res-
onances are split into three similarly sized groups of broad 
signals, one group resembling those of the empty host ( 11 
– 13 ppm) while two others are shifted downfield to ranges 
of  13.8 – 15.8 and 16.6 – 19.9 ppm. These latter signals are 
reminiscent of how the  CH signals appear when simple  

Scheme 1. The effects of nanoconfinement on Brønsted acidity and other chemistry involving charged species. 
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benzoate anions coordinate to the cobalt sites of Co3Tri-
Cage,11e suggesting 1B2− engages in similar interactions in-
side this host. The approximately equal sizes of the groups 
of  CH signals indicate that the carboxylate end of 1B

2− co-
ordinates to two of the cobalt centers in the host, either sim-
ultaneously via a bridging interaction or by fast exchange 
between the two cobalt ions. 

Resonances of the pyridyl groups and tmeda ligands of 
Co3TriCage are also split to varying extents upon binding 
1B2−. The tmeda region of the spectrum, in particular, shows 
several signals, two of which are shifted downfield by > 1 
ppm from those of the empty host. The considerable desym-
metrization of the spectrum of 1B2−@Co3TriCage suggests 
that 1B2− cannot reposition itself freely in this host (aside 
from possible exchange of the carboxylate group between 
two CoII sites). These findings are consistent with rigid bind-
ing enforced by an ArCO2

−
→CoII interaction. However, the 

host does not appear to support more than one such inter-
action despite possessing three CoII sites. Thus, adding a 
second equivalent of 1B2− to 1B2−@Co3TriCage results in 
partial precipitation of the complex from solution and 
broadening of its NMR signals without changing their chem-
ical shifts (Figure S23). These observations suggest against  

  

 
strong association of the second 1B2− guest, presumably be-
cause electrostatic repulsion prevents two CO2− groups 
from binding near the center of the cage.  Consistent with 
weak binding of the second 1B2− guest, we were unable to 
observe a 1:2 complex by ESI(+)-HRMS.  

Guest 1B2− also shows negative cooperativity for associa-
tion in Zn3TriCage, but the higher Lewis acidity11e,16 of ZnII 
reinforces binding of this guest enough to enable clear iden-
tification of both a 1:1 and 1:2 complex by 1H NMR spectros-
copy (Figures S48 and S50) and ESI(+)-HRMS (Figures S59 
and S60). The 1:1 complex is formed quantitatively upon 
adding 1 equiv of 1B2− to Zn3TriCage, producing an NMR 
spectrum (Figure S48) in which most of the aromatic reso-
nances of the cage are split into two distinct signals of equal 
size, suggesting loss of mirror symmetry between the two 
triangular faces. Most of the aromatic signals are well de-
fined, but the 2-position CH resonance of the pyridyl groups 
is broadened and only one such signal is seen, correspond-
ing to just half of these CH positions. Heating the sample to 
60 °C led to the appearance of the missing 2-position signal 
and considerable sharpening of the other signals of the host 
(Figure S49), yielding a spectrum that clearly corresponds 
to a structure with time-averaged C3 symmetry. Conversely, 

Figure 2.  (A) Truncated 1H NMR spectrum (500 MHz, CD3CN) of 1B2−@Co3TriCage recorded at 25 °C. (B) Truncated 1H NMR spec-
trum (500 MHz, CD3CN) of (1A−)(1B2−)@Co3TriCage recorded at 70 °C. Labels of signals correspond to those in Schemes 2 and 3.  

 

Scheme 2. Host-guest chemistry established for association of 1A
− or 1B2− inside M3TriCage (M = Co, Zn, H2) in CD3CN. 
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cooling to −40 °C produced an NMR spectrum consistent 
with a low symmetry structure (Figure S49).  

A detailed analysis is impractical for the many broad and 
overlapping signals in the low-temperature spectrum of 
1B2−@Zn3TriCage, but insights were gained by comparison 
with the spectrum acquired at 25 °C for the 1:2 complex 
(1B2−)2@Zn3TriCage (Figures S50, S51). The latter spec-
trum is also complicated, but nearly every aromatic peak is 
sharp, allowing confident assignment of C2 symmetry based 
on minimum integrals of 2H for signals in this region. This 
symmetry implies that two of the ZnII sites are equivalent, 
and thus, both guests must coordinate to zinc centers. Nota-
bly, distinct signals near 7.25 and 9.75 ppm in the spectrum 
of the 1:2 complex match similar resonances in the low tem-
perature spectrum of the 1:1 complex (Figure S51). Like-
wise, both spectra display broad resonances for the guest 
between 6 – 6.5 ppm, suggesting 1B2− has a similar binding 
mode in both the 1:1 and 1:2 complexes. 

Interactions of 1B2− with TriCage differ significantly from 
those of this guest with the metallated hosts. The 1H NMR 
spectrum of TriCage is only slightly altered after adding 0.5 
equiv of 1B2− (Figure S37), but further additions broaden 
and shift the signals of the host until ≥1.5 equiv 1B2− have 
been added, at which point some resonance partially re-
sharpen. These observations suggest that two 1B2− guests 
bind cooperatively in TriCage and that the resulting com-
plex engages in fast exchange with the empty host on the 
NMR timescale. However, definitive interpretation of the 
mode of binding is hindered because many signals remain 
broad after 2 equiv 1B2− have been added, at which point the 
complex begins to precipitate. Furthermore, small addi-
tional signals are observed that presumably correspond to 
other modes of interaction between 1B2− and TriCage (Fig-
ure S35, S36), but the nature of these interactions could not 
be determined. Despite these limitations, it can be con-
cluded that 1B2− associates with TriCage and that these in-
teractions differ from those with the metallated hosts. A 1:2 
binding stoichiometry appears likely but is not certain since 
only a 1:1 complex 1B2−@TriCage was observable by 
ESI(+)-HRMS (Figure S55). 

Host-guest complexes containing one equivalent each of 
1A− and 1B2− (1:1:1 complexes, Scheme 3) were also charac-
terized. The complex (1A−)(1B2−)@Co3TriCage has a 1H 
NMR spectrum resembling that of (1A−)2@Co3TriCage ex-
cept that the  CH signals are so broadened for the 1:1:1 
complex as to barely be identifiable (Figure S16). Heating to 
70 °C led to the resolution of these signals into two broad 
resonances centered near 14.97 and 16.83 ppm (Figure 2B). 

 

Scheme 3. Complexes of the mixed-protonation-state 
guests 1A− and 1B2− in M3TriCage (M = Co, Zn, H2). 

 

These downfield chemical shifts suggest that 1B2− coordi-
nates to cobalt, and the observation of just two  CH signals 
indicates that the carboxylate group exchanges rapidly 
among the three CoII sites at 70 °C. Other regions of the spec-
trum also indicate high symmetry (D3h), suggesting that the 
two guests readily exchange between which is protonated 
and which is coordinated to cobalt. In addition to NMR char-
acterization, (1A−)(1B2−)@Co3TriCage was also observed 
by ESI(+)-HRMS (Figure S57). 

Formation of (1A−)(1B2−)@Zn3TriCage was investigated 
by adding an equivalent of 1A

− to 1B2−@Zn3TriCage, pro-
ducing a 1H NMR spectrum reminiscent of those of the other 
complexes, but with multiple overlapping features ob-
served for the signals of the host (Figure S46). Additionally, 
no resonance can be discerned for the pyridyl 2-position CH 
bonds that face the interior of the cage.  The missing and 
poorly defined signals suggest that multiple conformations 
of the 1:1:1 complex form and exchange slowly on the NMR 
timescale. The signals of the complex are much better de-
fined at 70 °C (Figure S47), but the spectrum remains com-
plex, suggesting that rearrangements of the two guests still 
do not occur quickly on the NMR timescale. Strong coordi-
nation of 1B2− to zinc is likely responsible for the slower dy-
namics of this complex relative to its CoII counterpart. 

Lastly, unmetallated TriCage binds 1A− and 1B2− to reveal 
an NMR spectrum (Figure S32) with features resembling 
those of its 1:2 complex with 1A−, except for two signals that 
are broadened or missing: no signal is seen for the inward-
facing pyridyl CH bonds, and significant broadening occurs 
for the resonance(s) of the porphyrin   CH positions facing 
the apertures of the cage. This latter signal is somewhat bet-
ter resolved at 70 °C (Figure S33), yielding a spectrum that 
would be consistent with D3h symmetry if not for the miss-
ing pyridyl CH resonance. Since the chemical shift of these 
pyridyl CH bonds is highly influenced by guests, and the sep-
aration between two NMR resonances affects their coales-
cence,17 it is plausible that the sulfonate groups exchange 
too slowly between binding sites to average these CH sig-
nals, while the rest of the spectrum corresponds to higher 
symmetry. It is conceivable that repositioning of guests in 
(1A−)(1B2−)@TriCage is slowed by CO2

−---HO2C interactions 
that prevent the guests from moving independently.  

The host-guest complexes described above provide use-
ful subjects for studying confinement effects on acidity. 
Thus, it is useful to highlight key observations regarding 
these complexes: (1) All three cages bind 1A

− with positive 
cooperativity to yield 1:2 host-guest complexes. The CO2H 
resonance could not be identified for these complexes, but 
upfield shifts of the CH signals of the guests (Figures S39-
S43) suggest the guests sit deep inside each host.18 (2) Guest 
1B2− binds with negative cooperativity in the Co3 and Zn3 
cages, forming 1:1 complexes in which the CO2− group coor-
dinates to a metal site. This interaction is also seen for a sec-
ond 1B2− guest binding in the Zn3 host, while the Co3 deriva-
tive supports only one such interaction. Association of 1B2− 
with TriCage shows that metal sites are not essential for 
binding this guest. (3) All three cages form 1:1:1 complexes 
with the guests in their mixed protonation states 1A− and 
1B2−. Carboxylate-metal coordination is seen for these com-
plexes in the metallated hosts, while hydrogen bonding be-
tween the guests likely occurs in (1A−)(1B2−)@TriCage. 
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Hydration of the host-guest complexes. Solvation often 
has a profound influence on acid-base chemistry,3b-e,6h,7b,19 
so it is notable that water associates readily with most of the 
complexes described in the previous section. Association of 
water is evident from differences in the 1H NMR spectra of 
(1A−)2@M3TriCage (M = Co, Zn, H2) acquired in anhydrous 
CD3CN vs. solvent that has absorbed ambient moisture (the 
latter being the conditions used in the previous section). For 
example, differences are seen in the signals of the tmeda lig-
ands of (1A

−)2@Co3TriCage in wet vs. dry conditions (Fig-
ure 3A), whereas the spectrum of empty Co3TriCage is un-
affected. Titration of an anhydrous solution of 
(1A

−)2@Co3TriCage (1 mM) with water resulted in conver-
sion between the dry and hydrated presentations of the 1H 
NMR spectrum by the time 10 equiv H2O (10 mM) had been 
added (Figure S15), suggesting fairly strong interaction of 
water with the complex. 

Complexes of 1A
− with TriCage and Zn3TriCage also 

showed the influence of water on host-guest interactions. 
Several signals of (1A−)2@TriCage were shifted and/or 
broadened in the absence of water, especially the porphyrin 
NH resonance and signals of the host arising from aromatic 
CH bonds nearest to its apertures (Figures S29, S30).  
Furthermore, signals consistent with formation of a 1:1 
complex were observed to appear and disappear up titra-
tion of 1A− into an anhydrous solution of TriCage (Figure 
S31). Similar observations were made for interactions of 1A− 
with anhydrous samples of Zn3TriCage (Figures S44 and 
S45), and thus, it appears that hydration of the pore is 
needed to promote cooperative association of 1A

− in the Tri-
Cages. This is an interesting finding since aqueous solvation 
ordinarily weakens the dimerization of carboxylic acids. Ap-
parently, the constraints of the nanocavity make it more fa-
vorable for the CO2H groups to hydrogen bond with water 
rather than directly with each other. In comparison, the p-
tolylSO3

− guests in (2−)2@TriCage11d were found to induce 
much weaker interactions with water. 

The 1H NMR spectrum of 1B2−@Co3TriCage also differs 
significantly between anhydrous and wet conditions. The 
most downfield  CH signal is shifted by approximately +2 
ppm in the absence of water (Figure 3B), and likewise, the 
most downfield signal of the tmeda ligand is found over 0.5 
ppm more downfield under anhydrous conditions. Nearly 
full conversion between the dry and hydrated states was 
achieved upon titration with 40 equiv H2O (40 mM, Figure 
S26), revealing that the confined environment in this com-
plex hydrates less readily than the protonated state.  

This observation is notable since water, being a highly polar 
solvent, usually stabilizes the ionic state of an acid-base 
pair,19c but in the confines of Co3TriCage, water appears to 
interact less strongly with the deprotonated carboxylate 
guest 1B2− than with its conjugate acid. The effects of water 
on interactions between 1B2− and TriCage were also tested, 
finding that complexation is weaker under anhydrous con-
ditions,20 leading to greater precipitation of the host when  
1B2− was added (Figure S38). Lastly, the 1H NMR signal of 
water is broadened and shifted upfield by the 1:1 complex 
between Zn3TriCage and 1B2− but not by the 1:2 complex or 
empty host (Figure S52), suggesting that only the 1:1 com-
plex is easily hydrated. 

Interestingly, moisture barely affects the 1H NMR spec-
trum of (1A−)(1B2−)@Co3TriCage at 25 °C, though slight dif-
ferences in chemical shifts are seen for the  CH signals un-
der wet vs. dry conditions at 70 °C, suggesting some degree 
of hydration of the complex (Figure S21). Because changes 
to the spectrum are so subtle at 25 °C, it was difficult to di-
rectly evaluate how readily hydration occurs. However, as 
described in the next section, acid-base titration experi-
ments revealed that water affects host-guest speciation in a 
way that indicates hydration is weaker for the 1:1:1 com-
plex than for 1B2−@Co3TriCage and (1A−)2@Co3TriCage. 
Hydrogen-bond donation from the protonated guest to its 
conjugate base19b,21 may be responsible for weakening in-
teractions of the guests with water in the 1:1:1 complex. In-
terestingly, the different interactions of these complexes 
with water yield unexpected ways that hydration affects the 
acidities of the guests (see below), but since the strength of 
these effects is ultimately rather small (pKa ≤ 0.5), a more 
detailed analysis of interactions of water with the host-
guest complexes was not pursued.  

 
Acidity of encapsulated carboxylic acids. Titration ex-

periments were performed to measure the acidities of the 
1:2 complexes of 1A− with the different TriCage derivatives 
in MeCN (Scheme 4). Each complex was titrated with a neu-
tral N-donor base19a that was approximately matched in 
strength to the acidity of the host-guest complex, allowing 
the determination of the pKa of the encapsulated guests (Ta-
ble 1, Figures S61-S70) based on the known acidities of the 
protonated titrants. Because hydrated conditions are more 
relevant to possible electrocatalytic applications,12,13 these 
studies were performed in solvent containing traces of wa-
ter sufficient to fully hydrate the host-guest complexes. 
Note that traces of water might stabilize the conjugate acids  

 

Figure 3.  1H NMR spectra (500 MHz, CD3CN, 25 °C) of the hydrated vs. anhydrous states of (A) (1A−)2@Co3TriCage showing changes 
to its tmeda resonances; and (B) 1B2−@Co3TriCage showing changes to nearly all signals of the complex. 
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Scheme 4. Deprotonations of (1A−)2@M3TriCage. 

 

 

Table 1. Acidities host-guest complexes of 1A−. 

 

Acid 
 

 

pKa1 in MeCNa 

(in dry MeCN) 
 

 

pKa2 in MeCNa 
 

 

1A− 

 

20.75 ± 0.04b 

 

N/A 

 

(1A−)2@Co3TriCage 
 

 

16.53 ± 0.06c 
(~16.2)d 

 

19.21 ± 0.04e 

 
 

1A−@Co3TriCage 
 

≤ 16.0 ± 0.15f 

(≥ 16.5)g 

 

 

N/A 

 

1A−@CoI3TriCage 
 

(≥ 24.5)h N/A 

 

(1A−)2@TriCage 
 

 

18.2 ± 0.1e 

 

20.4 ± 0.1b 

 

(1A−)2@Zn3TriCage 
 

 

12.75 ± 0.07i 

 

~14.5j 

(a) Except where noted, pKa values are the mean ± est. std. 
error of three acid-base titrations performed in CD3CN contain-
ing ambient moisture (typically 50 – 100 mM water). (b) Meas-
ured with N,N,N′,N′-tetramethyl-1,3-butanediamine. (c) Meas-
ured with Et2BnN. (d) From two titrations with Et2BnN in dry 
CD3CN. (e) Measured with Et3N. (f) Estimated from the equilib-
rium (1A−)2@Co3Tri-Cage + Co3TriCage + 2 R3N ⇄ 2 
1B2−@Co3TriCage + 2 R3NH+. (g) Estimated using pKa1 of the 
diprotic complex under anhydrous conditions as the lower 
bound of Keff for the equilibrium in caption f. (h) From cyclic 
voltammetry measured on the complex 1B2−@Co3TriCage. (i) 
Measured with 2,6-lutidine, and (j) 2,4,6-collidine. 

 
 

of the titrants by small amounts,19a,c potentially affecting the 
equilibria for deprotonating the encapsulated guests. How-
ever, this effect is of minor significance for comparing the 
host-guest complexes since large differences in pKa were 
found between the complexes, these measurements showed 
good reproducibility, and water should have similar effects 
on all the bases employed.19c    

Titration of (1A−)2@Co3TriCage with Et2BnN resulted in 
nearly complete conversion of the diprotic complex to its 
monoprotic state (1A−)(1B2−)@Co3TriCage after 4 equiv of 
the amine had been added (Figure S63). These measure-
ments revealed a pKa1 of 16.53 ± 0.06 for the diprotic com-
plex, representing more than a 10,000-fold increase in acid-
ity relative to that measured for the TBA+ salt of 1A− in MeCN 
(pKa = 20.75 ± 0.04).22,23 The increased acidity of the encap-
sulated guest can be attributed to stabilization of its conju-
gate base 1B2− by the positive charge of the host, by hydro-
gen-bonding with the remaining protonated guest, and/or 

by coordination of CO2
− to cobalt.11e This latter interaction is 

estimated to stabilize 1B2− by at least 2.25 kcal mol-1 since 
the unmetallated complex (1A−)2@TriCage was less acidic 
by 1.7 pKa units (pKa1 = 18.2 ± 0.1). Conversely, a much 
higher acidity was measured for the first deprotonation of 
(1A−)2@Zn3TriCage (pKa1 = 12.75 ± 0.07), reflecting the 
greater Lewis acidity of ZnII versus CoII.11e 

In all three hosts, the second 1A− guest was more difficult 
to deprotonate than the first, though only by moderate 
amounts, with the smallest change in acidity measured for 
(1A−)(1B2−)@Zn3TriCage (pKa2 ≈ 14.5, pKa1,2 ≈ 1.75). The 
high acidity maintained in this monoprotic complex indi-
cates that, upon deprotonation, both guests coordinate to 
the zinc sites in (1B2−)2@Zn3TriCage. This necessarily 
places both CO2

− groups near the center of the cage, so it is 
interesting that acidity is not decreased more by the elec-
trostatic repulsion4 of these groups. Apparently, the ZnII 
sites are electron withdrawing enough to prevent anion-an-
ion repulsion and CO2H---−O2C hydrogen bonding from hav-
ing very large effects on the acidity of the monoprotic state. 
In contrast, (1A−)(1B2−)@Co3TriCage has a pKa2 (19.21 ± 
0.04) that is raised by a larger amount relative to the dipro-
tic state (pKa1,2 = 2.67), consistent with the inability of the 
second 1B2− guest to coordinate to cobalt (see above).   

The unmetallated complex (1A−)(1B2−)@TriCage also has 
an acidity (pKa = 20.4 ± 0.1) that is more than two orders of 
magnitude lower than that of its diprotic state (pKa1,2 = 
2.2). This decrease can be attributed to 1B2−---1A− interac-
tions that stabilize the monoprotic state of the complex and 
which should be maximized in the absence of metal sites for 
1B2− to coordinate to. Indeed, the lower acidity of 
(1A−)(1B2−)@TriCage relative to (1A−)(1B2−)@Co3TriCage 
can be attributed to stronger guest-guest interactions in the 
former. Note, however, that these analyses ultimately sug-
gest that interactions between 1B2− and 1A− are weak even 
in the unmetallated complex, representing a stabilization of 
only ~1.5 kcal mol-1 if it is assumed that the guest-guest in-
teractions increase the acidity of the diprotic state by as 
much as the acidity of the monoprotic state is decreased. 
Even if this assumption does not hold, it can still be con-
cluded that 1B2−---1A− interactions are weaker than 
1B2−→CoII coordination, hence the lower acidities for the 
complexes of the unmetallated host.  

Additional experiments were performed to probe how 
guest-guest interactions affect the acidity of the 1:2 complex 
(1A−)2@Co3TriCage. An equimolar mixture of this complex 
and empty Co3TriCage was titrated with Et3N, resulting in 
the formation of the 1:1 complex 1B2−@Co3TriCage (Eq 1)  

 

 
 

with little of the 1:1:1 complex (1A−)(1B2−)@Co3TriCage de-
tected by 1H NMR spectroscopy during the experiment (Fig-
ure S65). This observation implies that cooperative binding 
of the two guests in (1A−)2@Co3TriCage must be more fa-
vorable than in (1A−)(1B2−)@Co3TriCage. The deprotona-
tion of the 1:2 complex in the presence of empty host was 
fitted to a simple acid-base equilibrium to give an effective 
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pKa(Eff) of 16.8 ± 0.15, and this value was deconvoluted into 
contributions from formation of the 1:1 complex 
1A−@Co3TriCage followed by the equilibrium for deproto-
nating this complex (Figure S65). A K of ≤ 0 .0075 can be 
estimated for the first of these equilibria based on HRMS 
data for a 1:1 mixture of 1A

− and TriCage (Figure S54), im-
plying a pKa ≤ 16.0 ± 0.15 for deprotonation of 1A−@Co3Tri-
Cage. Thus, even based on the upper bound of this pKa esti-
mate, the 1:1 complex of 1A− in Co3TriCage appears to be 
more acidic than the corresponding 1:2 complex.24 

Lastly, titrations of (1A−)2@Co3TriCage with Et2BnN 
were performed under anhydrous conditions, revealing a 
pKa (~16.2) that is just slightly lower than that measured in 
the hydrated complexes.25 Interestingly, titration of Et2BnN 
into an equimolar mixture of 1A− and Co3TriCage in dry 
CD3CN produced (1A−)(1B2−)@Co3TriCage as the only 
deprotonated complex formed, reversing the behavior seen 
in wet solvent. This finding indicates that water must stabi-
lize (1A−)2@Co3TriCage and 1B2−@Co3TriCage relative to 
(1A−)(1B2−)@Co3TriCage, implying that the 1:1:1 complex 
has the weakest interactions with water.  

Taken together, the above findings reveal subtle counter-
intuitive effects of hydration and guest-guest interactions 
on the acidity of 1A− bound in Co3TriCage. In particular, the 
1:2 complex (1A−)2@Co3TriCage is stabilized by coopera-
tive interactions between water and the two 1A− guests, pro-
ducing a somewhat lower acidity than that of the 1:1 com-
plex 1A−@Co3TriCage under comparable conditions. Water 
and CO2H---−O2C interactions both can increase the acidities 
of carboxylic acids in bulk MeCN,19,21 so it is interesting that 
hydration and guest-guest interactions combine to produce 
the opposite effect in (1A−)2@Co3TriCage. In the absence of 
water, however, the estimated acidity of the 1:1 complex 
(pKa ≥ 16.5) is lower than that of the 1:2 complex, consistent 
with the favorable 1B2−---1A− interactions expected upon 
deprotonation of the latter.21  

 

Effects of pore reduction on acidity. Cyclic voltamme-
try was used to measure the CoII/CoI reduction potentials of 
the complexes of 1A− and 1B2− in Co3TriCage, allowing the 
acidities of the reduced states of these complexes to be cal-
culated.26 The 1:2 complex of 1A− shows a single broadened 
3 e− CoII/I redox couple centered at −1.03 V vs Fc+/0 (Figure 
4A), which is just 50 mV negative of the corresponding re-
duction of Co3TriCage.11c The deprotonated 1:1 complex 
1B2−@Co3TriCage exhibits a similar reversible reduction 
(E1/2 = −1.00 V) but also a smaller quasireversible redox 
couple at E1/2 = −1.47 V (Figure 4B).  The more positive fea-
ture is assigned to the CoII/CoI reduction of the two free CoII 
centers while the more negative feature corresponds to the  

CoII site that coordinates 1B2− (Scheme 5). The 470 mV ca-
thodic shift of this reduction indicates that the ArCO2

− group 
is destabilized by 11 kcal mol−1, which is too large to corre-
spond to just the strength of the CO2

−
→CoII interaction (~4 

kcal mol−1).27 Thus, the extra ~7 kcal mol−1 destabilization 
can be attributed to the unfavorable electrostatic interac-
tions between the carboxylate group and the three anionic 
CoI sites in the reduced zwitterionic state of the host.   

The destabilization of 1B2− in 1B2−@CoI3TriCage corre-
sponds to an increase in the pKa of 1A−@CoI3TriCage by 8 
units relative to that of its tris-CoII state under anhydrous 
conditions. Thus, a pKa of ≥ 24.5 can be determined for 1A− 
when bound in the reduced host, providing an unprece-
dented measurement of how charging a porous structure 
with electrons affects the thermodynamics of proton trans-
fer in its interior,26 representing a key consideration for 
electrocatalysis in nanoconfined environments.14 The com-
plex (1A−)(1B2−)@Co3TriCage also shows an extra cathodic 
feature that suggests the acidity of (1A−)2@Co3TriCage is 
decreased considerably by reduction (Figure 4C). However, 
the change in acidity cannot reliably be estimated since the 
reduction feature is irreversible and changes in its exact ap-
pearance and position over multiple cycles.   

Control experiments examined the CVs of 1:2 complexes 
between Co3TriCage and either p-tolylSO3

− (2−) or 4-sul-
fanatomethylbenzoate (3−). Both complexes show a single 
reversible reduction near −1 V vs. Fc+/0 (Figures S71, S72), 
confirming that the extra redox features near −1.5 V for 

 

 

Figure 4. Cyclic voltammograms of (A) (1A−)2@Co3TriCage, (B) 
1B2−@Co3TriCage, and (C) (1A−)(1B2−)@Co3TriCage recorded 
using a GCWE in MeCN containing 0.1 M TBAPF6. 

 

Scheme 5. Reduction of the 1:1 complex 1B2−@Co3TriCage as observed by cyclic voltammetry and NMR spectroscopy. 
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complexes of 1B2− can be attributed to CO2
−
→CoII coordina-

tion. Likewise, titration of [TBA][OAc] into a 1 mM sample 
of [(N-methyl-3-pyridinium)4porphyrinCoII]4+ produced a 
gradual cathodic shift of the CoII/I redox couple, reaching a 
E1/2 of −115 mV at a 50 mM concentration of acetate (Fig-
ure S73). This finding confirms that metal-carboxylate co-
ordination alters the redox features of CoII sites, while also 
revealing that this effect is much weaker outside the nano-
confined environment of Co3TriCage.  

1H NMR spectroscopy was used to attempt to observe the 
diamagnetic tris-CoI states of the host-guest complexes, as 
accessed via reduction of the host with Cp2Co in CD3CN. Ad-
dition of 2− to CoI3TriCage leads to the appearance of NMR 
signals consistent with strong, non-cooperative 1:2 binding 
of this guest (Figure S74), similar to what we have reported 
for association of 2− with unmetallated TriCage.11d In con-
trast, reduction of 1B2−@CoI3TriCage with 3 equiv Cp2Co 
leads to a 1H NMR spectrum matching that of empty CoI3Tri-
Cage,11c with integration indicating significant precipitation 
of the host from solution (Figure S75). Thus, 1B2− appears to 
be ejected from the reduced host (Scheme 5), leading to par-
tial precipitation of the host as seen for the other TriCages 
in the presence of excess 1B2−. These findings are consistent 
with strong destabilization of the anionic CO2− group in the 
reduced state of the host.   

 

Computational optimization of host-guest structures. 
It was not possible to obtain single-crystal X-ray diffraction 
data of sufficient quality to structurally characterize the 
complexes of 1A− and/or 1B2− in any of the TriCage deriva-
tives, so computational analyses were employed to better 
understand how these guests sit inside the three hosts. Ini-
tial Hartree-Fock structural optimizations were followed by 
DFT optimizations (B3LYP functional;28 6−31++G** basis 
set for light atoms and LANL2DZ for metals29), revealing 2 – 
3 possible geometries for each complex containing two of 
the functional guests in any combination of protonation 
states (Figures 5 and S77 – S79). In all cases, the lowest en-
ergy structures agreed well with experimental results, 
providing additional insight into the origins of the host-
guest and acid-base properties of these complexes.   

For each host, the lowest energy (1A−)2@M3TriCage 
structure has the SO3

− groups of the two guests sitting along 
the edges of different porphyrin units (Figures 5A, S77E, 
S79E), whereas the experimentally determined structures 
of TriCage and related hosts tend to show two encapsulated 
anions sitting along opposite edges of the same porphyrin 
wall.11a,d Indeed, this latter anion placement was found upon 
optimizing complexes with one 1A− and one PF6− guest (Fig-
ures 5B, S77A, S79A). It is likely that the less symmetric 
placement of the anions is favored in complexes with two 
1A− guest in order to accommodate the efficient packing of 
two lengthy benzoic acid units inside the hosts. In compari-
son, significantly higher energies (by 8 – 9 kcal mol−1) were 
obtained for structures with a more symmetric placement 
of two 1A− guests, even when this allows for hydrogen bond-
ing between the guests (Figures S77C, S78C, S79C). Notably, 
since the guests do not hydrogen bond with each other in 
the lowest energy structures of (1A−)2@M3TriCage, the 
CO2H groups of both guests are exposed inside the hydro-
phobic cavity, possibly explaining why these complexes can 
be hydrated so easily. However, since water has only a small 
effect on the acidity of these complexes, we did not try to 
model specific interactions with water.  

The lowest energy structures of the 1:1:1 complexes 
(1A−)(1B2−)@M3TriCage are also similar across the three 
hosts, though in these cases the SO3− groups sit at opposite 
ends of a single porphyrin unit in order to accommodate hy-
drogen bonding between the guests19b,21 (Figures 5C, S77F, 
S79F). The resulting CO2H---−O2C interactions are character-
ized by short O---O distances of 2.46 – 2.6 Å, representing 
strong hydrogen bonding5a across the series of 1:1:1 com-
plexes even though the CO2− group also coordinates to metal 
sites in the cobalt and zinc derivatives. Interestingly, the 
CO2− group bridges between two metal sites in these deriv-
atives, while the optimized structures of the 1:1 complexes 
1B2−@M3TriCage has just a single oxygen atom coordinated 
to cobalt or zinc (Figures 5D and S79B). This difference may 
be the result of - interactions between the host and the 
additional 1A− guest in the 1:1:1 complexes, which would re-
inforce the contraction of the host that is needed to facilitate 
a second metal-oxygen interaction. Regardless of the cause,  

Figure 5. Lowest energy computationally (DFT) optimized structures of (A) (1A−)2@Co3TriCage, (B) (1A−)(PF6−)@Co3TriCage, (C) 
(1A−)(1B2−)@Co3TriCage, (D) (1B2−)(PF6−)@Co3TriCage, (E) (1B2−)2@Co3TriCage, (F) (1B2−)2@Zn3TriCage. 
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the narrowed cavity and multiple stabilizing interactions of 
the CO2

− and CO2H groups might explain why 
(1A−)(1B2−)@Co3TriCage has weaker interactions with wa-
ter than the other complexes of these guests. 

In contrast to the monoprotic and diprotic states, the fully 
deprotonated complexes (1B2−)2@M3TriCage show differ-
ent optimized structures for each host. In the cobalt version 
(Figure 5E), one of the 1B2− guests maintains similar inter-
actions with the host as seen in the 1:1:1 complex, including 
the bridging of the CO2− group between two CoII sites. How-
ever, the second 1B2− guest takes on a different binding 
mode in which its CO2− group is shifted away from the inte-
rior of the cage, interacting instead with one of the 
(tmeda)Pt2+ units at one of the apertures of the host.  Nota-
bly, this binding mode is seen for both of the 1B2− guests in 
the optimized structure of (1B2−)2@TriCage (Figure S77I), 
as expected based on the similar acidities of the 1:1:1 com-
plexes in the unmetallated and cobalt-metallated hosts (see 
above). Lastly, (1B2−)2@Zn3TriCage has both CO2

− groups 
coordinated to ZnII sites (Figure 5F) consistent with the high 
acidities measured for both (1A−)2@Zn3TriCage and 
(1A−)(1B2−)@Zn3TriCage (see above). It is notable that the 
ZnII sites are sufficiently electron withdrawing to allow the 
anionic carboxylate groups to sit only about 5.3 Å from each 
other (measured between the carbon atoms), whereas an 
analogous structure for (1B2−)2@Co3TriCage was found to 
be ~3.5 kcal mol−1 higher in energy than the geometry with 
only one CO2

− group coordinated to CoII (Figures S78I,K) 

 

Summary and Conclusions. 

In summary, we have found that three M3TriCage deriv-
atives (M = H2, Co, Zn) can bind 4-sulfanatobenzoic acid 
(1A

−) and/or its conjugate base (1B2−) to form host-guest 
complexes containing up to two of these guests in any com-
bination of protonation states. These complexes alter the 
pKa of 1A

− to a remarkable extent (pKa = 12.75 to ≥ 24.5), 
with the acidity of this guest increased by 8 orders of mag-
nitude in (1A−)2@Zn3TriCage and 4 orders of magnitude in 
(1A−)2@Co3TriCage, while its acidity is decreased 4 orders 
of magnitude in the reduced complex 1A−@CoI3TriCage. In 
comparison, unmetallated (1A−)2@TriCage increases the 
acidity of 1A− by just 2.5 pKa units despite contributions 
from Coulombic effects and other factors (e.g., hydrogen 
bonding, pore hydration) that might be expected to increase 
the acidity of the guest. Thus, the M3TriCages are distin-
guished by the dominant effects of the metal sites on alter-
ing acid-base chemistry. 

In the most obvious effect, Lewis acidic ZnII and CoII ions 
increase the Brønsted acidity of 1A

− by stabilizing its depro-
tonated state 1B2−. In a more subtle corollary, CO2−→ZnII in-
teractions withdraw enough electron density from 1B2− to 
stabilize two CO2− groups in close proximity, leading to rel-
atively small changes of acidity for sequential deprotona-
tion of two encapsulated 1A− guests. Conversely, the carbox-
ylate group is destabilized by ~7 kcal mol−1 in the reduced 
complex 1B2−@CoI3TriCage due to Coulombic interactions 
with the anionic CoI sites. This observation implies a large 
increase in the basicity of the encapsulated CO2− group, 
which is, to our knowledge, the first measurement of how a 
pore lined with redox-active metal sites11-13 can alter the 

thermodynamics of proton transfer. Similar behavior has 
been characterized in metalloproteins,4a so these results es-
tablish an interesting parallel between the redox chemistry 
of Co3TriCage and certain proteins. 

Beyond fundamental novelty, these findings shed light on 
how porous materials might affect electrocatalytic pro-
cesses. For example, the turnover frequencies of a number 
of important reactions can be influenced by the relative 
acidities of catalytic intermediates, proton relays, and the 
terminal source of H+,14a,b so it is valuable to understand 
how porous nanostructures can be used to tune these ther-
modynamic relationships. From a different perspective, the 
ArCO2− guests are reminiscent of metal-bound CO2− inter-
mediates that are often invoked in the reduction of CO2.30 
Our findings suggest that Lewis acidic metalloporphyrins 
may be especially useful for dissipating the charge of these 
intermediates in nanoconfined active sites.   

Lastly, it is worth commenting on the interactions of wa-
ter with Co3TriCage and its complexes with 1A− and 1B2−. 
Hydration of the host-guest complexes has a surprisingly 
weak influence on the acid-base equilibrium between these 
guests,3b-e but it is still notable that both guests are readily 
hydrated inside the host, while empty Co3TriCage has weak 
interactions with water even in its zwitterionic tris-CoI state 
(Figure S76). Since water is important for proton transport 
in confined environments,14c,31 these observations provide a 
mechanistic underpinning for the common observa-
tion12a,13a,e,f that hydrophobic porphyrin nanomaterials fa-
vor CO2 reduction over H+ reduction: if hydration of the ac-
tive site is inhibited until a metal-bound CO2

− intermediate 
forms, then H+ will not be able to access the reduced metal 
sites. However, we caution that more investigation is 
needed to better understand how hydration influences the 
electrochemical properties of the M3TriCage, especially 
with respect to the kinetics of H+ transport. We are cur-
rently pursuing such studies. 
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