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Cage Match: Comparing the Anion Binding Ability of
Isostructural Versus Isofunctional Pairs of Metal-Organic

Nanocages

Kaitlyn G. Dutton,” Taro J. Jones,”” Thomas J. Emge,” and Mark C. Lipke*"

Affinities of six anions (mesylate, acetate, trifluoroacetate, p-
toluenecarboxylate, p-toluenesulfonate, and perfluoroocta-
noate) for three related Pt*"-linked porphyrin nanocages were
measured to probe the influence of different noncovalent
recognition motifs (e.g., hydrogen bonding, electrostatics, ©
bonding) on anion binding. Two new hosts of M¢L;** (1b) and
M,L,2" (2) composition (M = (en)Pt**, L= (3-py).porphyrin) were
prepared in a one-pot synthesis and allowed comparison of
hosts that differ in structure while maintaining similar N—H
hydrogen-bond donor ability. Comparisons of isostructural
hosts that differ in hydrogen-bonding ability were made
between 1b and a related MgL;">" nanoprism (1a, M=

Introduction

Many types of nanoporous structures are capable of hosting
one or more guest molecules,™ such as aromatic compounds,”
anions,® cations,”” amino acids,” drug molecules,® and envi-
ronmental toxins,” making porous hosts potentially useful for
pollutant remediation,’® chemical separations,” drug delivery,"”
catalysis,"" and a variety of other applications."? In many cases,
it is valuable to bind specific guests with high affinity (logK,>
6)"“"* and/or to control the uptake or release of guests,
motivating considerable interest in understanding features that
influence the strength of guest binding. Anionic guests are
interesting in this regard since cationic hosts®*<9™° provide
an inherently high but non-specific electrostatic affinity for
anions,**'®  while  hydrogen  bonding,**™  anion-n
interactions,**"  m-stacking,**™ solvophobic effects,®* and
sterics® can serve to modulate this affinity to increase or
decrease the strength of binding for specific anions. A better
understanding of the contributions from these various factors
would benefit the design of receptors for specific anions, but
there have been relatively few studies that have systematically
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(tmeda)Pt*™) that lacks N—H groups. Considerable variation in
association constants (K;=1.6x10°M~"' to 1.3x10®M™") and
binding mode (exo vs. endo) were found for different host-
guest combinations. Strongest binding was seen between p-
toluenecarboxylate and 1b, but surprisingly, association of this
guest with 1a was only slightly weaker despite the absence of
NH--O interactions. The high affinity between p-toluenecarbox-
ylate and 1a could be turned off by protonation, and this
behavior was used to toggle between the binding of this guest
and the environmental pollutant perfluorooctanoate, which
otherwise has a lower affinity for the host.

examined how individual
influence overall anion binding strengths.

Owing to their modularity,"**"7 self-assembled metal-
organic nanocages'®" are optimal targets for preparing closely
related hosts that allow the effects of individual structural or
functional modifications to be assessed for their influence on
anion binding. For example, different metal linkers or organic
ligands can be used to alter chemical functionality,"**#'® and
the metal-ligand stoichiometry can be altered to generate
different structure types with varied pore sizes and
geometries.""? Herein, we utilize these features to present a
comparison of anion-binding in three porphyrin-walled nano-
cages that are held together by (NN)Pt*™ linkers (Scheme 1). We
recently reported®” the trigonal prismatic M¢L;'>" cage 1a (M=
(tmeda)Pt?*, L=(3-py),porphyrin) based on a known Pd*"
linked structure-type,?***'* and found that 1a binds PF4~
anions in CD,CN solution,”® motivating further examination of
anion binding in this and related cages. Structural and func-
tional comparisons were facilitated by preparing a closely
related (en)Pt*" linked M,L;"** cage (1b) and a smaller (en)Pt**
linked M,L,®" cage (2), where strong Pt—N coordination enables
isolation of these non-interconverting structures. The two ML,
cages 1a,b are isostructural, differing primarily by the presence
(1b) or absence (1a) of NH groups in their (NN)Pt*" linkers,
while 2 is comprised of the same components as 1b but has a
cavity that is too small to bind guests internally. Thus, these
cages provide two interesting comparisons: (1) isostructural
hosts that share the same charge and pore geometry but differ
in the availability of classic hydrogen-bond donors (1a vs. 1b);
and (2) isofunctional hosts that have similar hydrogen-bonding
clefts but differ considerably in possible modes of guest binding
(1b vs. 2).

recognition motifs combine to
el
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Scheme 1. (Top) Synthesis of isostructural and isofunctional Pt**-linked nanocage hosts; (bottom) the series of anions studied as guests for these hosts.

The three cages were examined as hosts for a library of six
organic anions (Scheme 1) that were chosen to enable compar-
isons of different anion types (RCO,  vs. RSO;"), different
basicities (e.g., acetate vs. trifluoroacetate), and substituents of
different sizes and functionality (R=Me, CF;, G;F,s, p-tolyl). Most
of the host-guest combinations display 1:2 noncooperative®"
binding based on 'HNMR titrations,”” with K, ranging from
about 10° to 10° M™". As expected, strongest association was
seen between the p-tolCO,™ and p-tolSO;™ guests and the hosts
1a,b that can encapsulate the p-tolyl group, but surprisingly,
the basicity of the anions and availability of NH hydrogen-bond
donors has only a small (<1 order of magnitude) effect on the
strength of binding.

In these studies, we employed a method”' for measuring
the strong association (K,=10"*M"") of p-tolCO,” in host 1a
whereby protonation of the guest with a weak acid is used to
displace it from the host in an equilibrium that can be
quantified by "M NMR spectroscopy. This proton-responsive
host-guest behavior also allows affinity to be toggled reversibly
between favoring the strongly binding p-tolCO,” anion and
favoring the weakly binding perfluorooctanoate anion (PFO-,
K,=10*2M"" in 1a). Perfluorooctanoate is a common example
of a polyfluorinated alkyl substance (PFAS), which are highly
toxic environmental pollutants,*” so the ability of 1a to catch
and release PFO™ may be valuable for future development of
systems for environmental remediation.
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Results and Discussion
Synthesis and Characterization of Nanoprisms 1b and 2

The new (en)Pt*" linked nanocages 1b and 2 were prepared
from (3-py),porphyrin and [(en)Pt(NCMe),]OTf, (1.95 equiv.) in a
one-pot synthesis using similar conditions (100°C in MeCN for
48 h) to those™ used to prepare the (tmeda)Pt*" linked cage

a (Scheme 1). Notably, 2-80Tf is insoluble in MeCN, allowing
facile isolation from other products before conversion to the
more soluble PF¢~ salt via metathesis with NH,PF in MeOH. The
trigonal cage 1b was more challenging to isolate, requiring use
of reverse phase chromatography and recrystallization from
MeCN and ‘BuOMe to provide pure 1b-12PF,.

The new cages 1b and 2 were identified by 'HNMR
spectroscopy (Figure 1), single-crystal XRD (see Figure 2 below),
and ESI-HRMS (Figures S7-10). The 'H NMR spectra of 1b and 2
both show splitting of the porphyrin 3-CH resonances into two
signals, revealing the 2-fold symmetric environment of the
porphyrin walls in each cage, just as observed for 1a. Likewise,
splitting of the ethylenediamine CH and NH resonances of 1b
and 2 is reminiscent of the endo vs. exo differentiation of the
signals of the tmeda ligands in 1a.”® The similar NMR splitting
patterns and hydrodynamic radii of 1b and 2 (see Figures S3,56
for DOSY spectra) prevented unambiguous identification of
each by NMR methods, so ESI(+)-HRMS was used to confirm
the respective M¢L; and M,L, compositions of 1b and 2
(Figures S7-10).

It is worth noting that 2 is most likely a kinetically trapped
product™ since related (NN)Pd®>* linkers, which are more labile
than their (NN)Pt** counterparts, react with (3-py),porphyrin to
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Figure 1. 'H NMR spectra (500 MHz, CD,CN, 298 K) of (A) 1b and (B) 2.

give quantitative formation of triangular prisms?%**'*? analo-

gous to 1a,b, suggesting this M¢L; structure-type is thermody-
namically favored. Nevertheless, 2 is stable enough that no
conversion to 1b was detected after >6 months under ambient
conditions in CD;CN. The discovery of 2 led us to examine
whether other cages are produced in the synthesis of 1a, which
forms in ~50% in situ yield alongside multiple byproducts.”®”
However, we were unable to isolate or identify by ESI(+)-HRMS
any other cages formed in the synthesis of 1a, though these
efforts did have the benefit of improving chromatographic
methods for isolating 1a, increasing the yield of pure 1a to
24%, more than doubling our previously reported yield of 10%
(see Supporting Information).

The structures of 1b and 2 (Figure 2) were determined by X-
ray diffraction analysis on single crystals grown by vapor
diffusion of ‘BuOMe or 'Pr,O into MeCN solutions of 1b-12PF, or
2-8PF,. The structure of 1b (Figure 2A,B) confirms it is a
triangular prism analogous to 1a, maintaining a cavity with a
comparable width (porphyrin centroid-to-centroid distances of
8.1-9.1 A for 1a; 8.7-9.3 A for 1b) and length (18.5 A, 1a; 18.6 A,
1b). However, the (en)Pt*" linkers of 1b eliminate steric
crowding at the apertures of 1a caused by the NCH; groups.
This allows three PF;~ anions to sit at similar depths in each
aperture of 1b (Figure 2B), whereas our reported structure of
1a-12PF has one PF,~ anion situated fully inside each end of
the cage while the other anions are pushed fully outside.”™ An
NH--HN cleft of ~6 A surrounds each PF,~ anion at the apertures
of 1b, providing two short NH--F contacts (2.0-2.2 A, Figures 2A
and S14) for each anion, consistent with strong hydrogen
bonding. Thus, 1b appears to significantly alter the anion-
recognition motif of 1a despite the otherwise similar structures
of these two cages.

The solid-state structure of 2 (Figure 2C—E) shows that the
(en)Pt?* linkers are oriented to provide an approximately 2-fold

Chem. Eur. J. 2024, 30, €202303013 (3 of 11)

Figure 2. Solid-state structures of (A—B) 1b and (C—E) 2 showing only the
PF¢~ anions that associate closely with the apertures of the cages. Solvates,
other anions, and hydrogen atoms are omitted for clarity, except for the NH
positions of (en)Pt>* groups. Representative NH-HN separations are labeled
at the apertures of the cages. (A) View looking at a triangular face of 1b,
with an expansion showing one of the anion-binding pockets of the cage.
(B) Side view of 1b (orthogonal to A) showing anions associated at the edges
of the cage. (C) View facing one of the anion-binding pockets of 2. (D) Side
view of 2 (orthogonal to C) showing different placements of disordered PF,~
anions in the anion-binding pockets. (E) View facing one of the porphyrin
walls of 2, with NH--HN separations labeled at the claw-like anion-binding
pockets of the cage.

symmetric environment for the porphyrin walls,*® consistent
with NMR characterization. Notably, the porphyrin macrocycles
exhibit pronounced saddling,””” which is needed to accommo-
date nearly ideal 90° py-Pt-py angles at the linkers. These
distortions likely contribute to the lower thermodynamic
stability of this M,L, structure relative to the M¢L; cages 1a,b,
which have nearly planar porphyrin walls. The extended
packing of 2 (Figure S16) reveals continuous stacks of the cages
with the porphyrin walls of neighboring cages separated by a
distance (~3.6 A) consistent with expected Van der Waals
contacts, while the placement of the (en)Pt’™ groups is
staggered for adjacent cages.

Of the most salience for anion binding, the internal cavity of
2 is too small to accommodate any guests larger than an
acetonitrile solvate, while the [(en)Pt]*" linkers are arranged to
create two claw-like pockets each lined with four NH bonds
separated by NH-HN distances of 5.6-6.2 A (Figure 2E). Thus, 2
is unlikely to fully encapsulate most guests, but it retains
external recognition sites that should be at least as effective at
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hydrogen-bonding as the anion-binding pockets of 1b. Indeed,
the sites between the [(en)Pt]** linkers of 2 are partially
occupied with PF,~ anions that can engage in up to four NH--F
contacts with H--F distances ranging from 2.0 to 3.0 A.

Nanocages as Hosts for Anionic Guests

The affinity of hosts 1a, 1b, and 2 for anions was investigated in
CD;CN using the carboxylate and sulfonate guests shown in
Scheme 1. All of these anions should have similar electrostatic
affinity for the cationic hosts, while different host-guest
combinations vary in possible hydrogen bonding, © stacking,
solvophobic, and steric interactions, allowing the influence of
these features to be scrutinized. The strength, stoichiometry,
and exo vs. endo geometry of anion binding is summarized in
Scheme 2 and Table 1 for each host-guest combination, as
determined by a variety of titration and competition experi-
ments monitored by 'HNMR spectroscopy in CD;CN (see
below). It is worth noting that the hosts likely maintain an

affinity for their PFy~ counterions in solution,™ so the
€) €)
Host RX")@H RX™ H
os T;;CN’ ( )@Host T@N’ (RX").@Host
OIP® O[PS O[PS OIP®
®[PY® ®[P® ®[PH® ®[PY®
endo exo
Seen for: (RX),@1a Seen for: (RX7),@1b

(RX7),@1b (RX),@2
Scheme 2. (Top) Sequential association of two anionic guests with hosts
1a,b or 2. (Bottom) Schematic depiction of possible placement (endo vs. exo)
of the R-groups of anions interacting with 1a,b and 2.

Table 1. Summary of association constants and geometry (endo vs. exo)
for anionic guests interacting with hosts 1a,b and 2.

Anion logk;, logk,,” and geometry of anion binding in:
1a 1b 2
OMs 3.70; 3.10 endo exo™ 3.83;3.23 exo
OAc™ 4.30; 3.70 endo exo® N/A
TFA~ 3.72; 3.1 endo exo® 3.95;3.35 exo
PFO- 3219 endo exo® 3.81; 3.20 exo
p-tolCO,~ 7.37; 6.78 endo 8.12; 7.52 endo N/AY
p-tolSO;~ 7.48; 6.88 endo 7.92; 7.32 endo 3.90; 3.30 exo

[a] K, and K, refer to sequential association of anions in a 1:2
noncooperative binding model unless noted otherwise; [b] Association
could not be reliably quantified due to poorly defined stoichiometry of
binding; [c] Association could not be quantified due to partial deprotona-
tion of the ethylenediamine NH bonds by the anionic guest; [d] This host-

guest combination provides only a 1:1 complex.
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association constants in Table 1 represent affinities of guests in
competition with PF,~. Our titrations were designed to allow
the PFs~ concentration to be treated as a constant during
analysis of the results (i.e., displacement of PF;~ from the hosts
is matched approximately to dilution of the samples to
maintain [PF; 1= 10 mM), but as a result, the K; and K, values in
Table 1 are only strictly valid for ~1 mM solutions of the hosts.

The endo placement and maximum 1:2 stoichiometry of
anion binding was clearest for association of p-tolCO,” and p-
tolSO;™ in 1a since these guests exhibit slow exchange between
bound and unbound states on the NMR timescale (Figures 3,
S40-42, and S45-47). Signals of the 1:1 complexes were
apparent after adding just 0.1 equiv. of either p-tolyl guest to
1a, with all the resonances of the guests shifted upfield (e.g.,
CH, signals at< —5 ppm) as expected for binding inside a
porphyrin-walled cavity. New sets of cage signals also appeared
for the 1:1 complex, with the greatest changes relative to
empty 1a observed for the inward facing CH positions of the
tmeda and pyridyl moieties, the latter of which is split into two
distinct singlets by occupancy of just one of the two anion-
binding sites. As the titrations progressed, signals of the 1:1
complexes grew in and then gave way to the signals of the
symmetric 1:2 complexes, with a statistical mixture of 1:1 and
1:2 complexes observed after 1 equiv. of p-tolCO,™ or p-tolSO;~
had been added, indicating noncooperative binding (note that
K,=K,/4 for noncooperative binding).*"! The 1:1 and 1:2 host-
guest complexes were also observable in the gas phase by
ESI(+)-HRMS (Figures S127-128). However, association of p-
tolCO,™ and p-tolSO,~ with 1a was too strong (K; >10° M) to
directly measure by NMR methods, necessitating use of
competition experiments (see below).
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Figure 3. Truncated 'H NMR spectra (500 MHz, CD;CN, 298 K) acquired
during a titration of p-tolSO;~ into a solution of 1a. Resonances of the host
that change the most are labeled and correspond to CH positions near the
apertures of the cage (the tmeda ligand) or fully inside the cage (the pyridyl
2-position). The CH, resonance of the bound p-tolSO;™ guests in the 1:2
complex is also labeled. For clarity, the vertical scaling of the most upfield
region (—5 to —6 ppm) was increased relative to the other regions of the
spectra.
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Both p-tolyl anions exchange rapidly in and out of 1b on
the NMR timescale (Figures S83 and S89), requiring a careful
analysis of the spectra produced by these host-guest combina-
tions. Titration of p-tolSO;~ into 1b initially results in shifts of
the pyridyl 2-position CH resonance and one of the ethylenedi-
amine NH resonances of 1b (Figure $89), corresponding well to
the signals that change the most for binding of this anion in 1a.
However, the pyridyl 2-position signal of 1b reaches its final
value (A3=—-0.42 ppm) after slightly more than 2 equiv. of p-
tolSO;™ have been added, while the NH signal moves steadily
(Ad= +2.22 ppm) over the course of adding >7 equiv. of the
anion, implying more than one binding mode causes these
changes. The movement of the pyridyl signal is attributed to
endo association of up to two p-tolSO;~ anions in 1b, while
shifts of the NH signal are attributed to both the 1:2 endo
binding mode and a weaker exo binding of additional anions,
as might be expected based on association of six PF,~ anions
with the apertures of this host in the solid state. The structural
similarity of 1b to 1a suggests that endo binding of two p-
tolSO;™ in 1b should be non-cooperative as was found for 1a,
but it was not as straightforward to confirm this for 1b since
individual 1:1 and 1:2 complexes could not be observed for
interaction of 1b and p-tolSO;™. Instead, shifts of the pyridyl 2-
position resonance of 1b were used to construct a Job plot
(Figure S93), which supports the assignment of non-cooperative
binding of two p-tolSO;™ in 1b. Comparison of these results
with those from titrating 1b with p-tolCO,  (Figure S83)
suggests that both p-tolyl guests show similar interactions with
this host. As with 1a, competition experiments were needed to
quantify the strength of these anions binding inside 1b (see
below).

The smaller anions OMs~, OAc™, and TFA~ exchange rapidly
in and out of 1a on the NMR timescale (Figures 4A and S17-34),
and all six anions exhibit fast exchange kinetics with hosts 1b
and 2 (Figures 4B and S58-122). Bindfit was used to determine
association constants from the NMR titration data for these
host-guest combinations,”® though reliable analyses were

95 9.0 85 80 3.5 3.0
& (ppm)

1.2 0.8 0.4 0.0

d /\
7 NN
B N= Q “pt” Q
Nt

possible for only about half these examples. Deprotonation of
the NH groups of 2 by OAc™ and p-tolCO,” prevented assess-
ment of host-guest interactions in these two cases (Figur-
es $S101-102 and S114-115), and as already noted, the binding
of p-tolCO,™ and p-tolSO;™ in 1b was too strong (K; >10°M™)
to analyze directly.”? For the remaining examples, a 1:2
noncooperative binding model provided the best fitting of the
titration data, qualitatively matching the behavior of the p-tolyl
guests with 1a. However, all of the anions cause changes to the
ethylenediamine NH signal of 1b that match those resulting
from titration with >7 equiv. p-tolSO;~, suggesting more than
two equivalents of each anion interact with 1b. This complex
and uncertain stoichiometry prevented reliable quantification of
the strengths of smaller anions interacting with 1b (see
Figures S60, S67, S73, and 579).?

Of the small anions, the low basicity and good 'H NMR
handle of OMs™ make this guest the best suited for comparing
the three hosts. Titration of OMs™ into a solution of 1a resulted
initially in only slight movement of most of the 'H NMR signals
of the cage, except for the resonances corresponding to the 2-
position of the pyridyl groups and to one of the NCH,
resonances of the tmeda ligands, which respectively shift by
+0.3 ppm and +0.1 ppm (Figure 4A). These signals represent
the only CH positions facing the interior of 1a, suggesting endo
association of the OMs™ guests. Likewise, the CH; resonance of
OMs™ is initially observed at 0.23 ppm, which is 2.18 ppm
upfield of its shift (5 2.41 ppm) in a reference solution of
[TBA][OMs], suggesting the anion binds inside 1a. This CH,
signal moves steadily downfield as excess OMs™ is added,
consistent with fast exchange between the free and bound
guest. The 6-position CH signal of the pyridyl groups, which
faces the exterior of 1a, also begins shifting as an excess of
OMs™ accumulates, which can be attributed to exo association
of the anion with 1a once internal anion-binding sites become
saturated. This behavior was observed for the interaction of all
anions with 1a as internal binding sites approach saturation,
but since exo association does not appear close to saturated
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Figure 4. Truncated 'H NMR spectra (300 MHz, CD;CN, 298 K) acquired during titrations of OMs™ into hosts (A) 1a and (B) 1b. Select resonances of the hosts
are labeled and correspond to signals that change the most during the titrations. Resonances of the guest are also labeled in each set of spectra. Note that
the vertical scaling is increased in the upfield region (0.0 to 1.2 ppm) of (A) to improve visibility of the broad guest resonance.
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even after adding an excess of the anions (>10 equiv., Fig-
ure S19), we did not further investigate these weak interactions.

Titrations of 1b and 2 with OMs™ reveal that one of the
ethylenediamine NH signals of each host shifts considerably
downfield (A3~ + 2 ppm; Figures 4B, S59, and S97), suggesting
that the anion interacts with the inward facing NH bonds of
these hosts. Thus, NH--O hydrogen-bonding occurs as expected,
but these interactions do not appear to provide higher affinity
of OMs™ for 1b or 2 vs. 1a. The strengths of OMs™ binding in 1a
and 2 were quantified using Bindfit to reveal K;=5.01x10* M
for 1a (Figure S20) and K,=6.72x10*M~' for 2 (Figure 598),
revealing comparable binding strengths with these hosts. A
reliable analysis of the binding of OMs™ to 1b was not possible,
but it was noted that the CH, resonance of OMs™ remains near
its unbound value of 2.41 ppm during titrations into 1b or 2,
suggesting exo orientation of the CH; group upon association
with either host. Given the similar mode of association and
similar hydrogen-bonding pockets of 1b and 2, it is likely that
OMs™ binds with similar strength to 1b as it does with 2, and by
extension, with 1a. The ability of 1a to encapsulate the CH,
substituent of OMs™ might compensate for the absence of NH-
O hydrogen bonding. Likewise, CH--O hydrogen bonding with
the inward-facing pyridyl 2-position CH bonds of 1a may also
offset the lack of traditional hydrogen-bond donors in this host.

The other small anions OAc™ and TFA™ show similar host-
guest interactions with 1a as were characterized for OMs™,
including a limiting 1:2 stoichiometry for endo association.
Association of OAc™ inside 1a was indicated by the upfield shift
of the CH; signal (Figure S24), and ">F NMR spectroscopy was
used to confirm endo association of TFA~ (Figure S33). A 4-fold
higher affinity was determined for binding OAc™ (K;=
2.00x10* M™", Figure 526) than OMs~, while TFA~ binds with
comparable affinity (K;=5.21x10* M~', Figures S31) to that of
OMs~, suggesting that basicity of the anions contributes to the
strength of their interactions with 1a. However, the
enhancement of binding for OAc™ is modest despite the >11
pK, unit difference between its conjugate acid and those of
OMs™ or TFA~ B!

The basicity of OAc™ complicated the characterization of its
interactions with 1b and 2. The inward-facing NH resonance of
each host broadens and then disappears during titrations of
these cages with acetate (Figures S65 and S101), suggesting
that deprotonation of the [(en)Pt]*" linkers is competitive with
anion binding. However, changes to other resonances of 1b
were consistent with anion association (Figure S66) that is
similar in strength and character to that observed for the
interactions of OMs™ to this host. Titrations of 1b and 2 with
TFA~ or PFO™ (Figures S71-82, $S103-113) also result in host-
guest behavior similar to that characterized between these
hosts and OMs™, including similar association constants (Ta-
ble 1). The "®F NMR spectra from these titrations showed only
small changes to the fluorine resonances of the bound guests
(Ad;9 < 0.5 ppm, Figures S75, 81, 107), which suggests that
both fluorinated anions exhibit exo association with 1b and 2,
explaining why the CF; vs. C,;F,5; groups do not substantially
influence the strengths of association. Likewise, p-tolSO;~ binds
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outside host 2 (Figures S116-120), resulting in similar affinity to
that quantified for the binding of other anions to 2 (Table 1).

While PFO™ and TFA™ have similar host-guest interactions
with 1b and 2, the PFO™ anion differs considerably from TFA™ in
its interactions with 1a. This combination was the sole example
that showed a maximum 1:1 stoichiometry, as evident from the
appearance of just a single set of new host-guest 'H NMR
signals during titration of 1a with PFO~ even after adding
> 12 equiv. of the anion (Figure S35-36). Several resonances of
1a are split into two signals for its complex with PFO~
(Figure S35-36), consistent with desymmetrization of the cage
by association of a carboxylate group in just one of the two
anion-binding pockets. These results suggest endo binding of
PFO™ in 1a since the inability of the cavity to fit more than one
C,F,s chain would explain the binding of a single guest. The
endo association of PFO~ was further supported by the
observation of distinct '"F NMR signals for the terminal CF,
groups of the bound (—84.8 ppm) and unbound (—80.9 ppm)
PFO™ anions (Figure S38), suggesting the chemical environment
of the CF; is altered significantly in the complex. Since PFO~
exchanges slowly between bound/unbound states, its associa-
tion constant with 1a was determined by integration of several
spectra during the titration, revealing K=1.62+0.10x10°* M™".
The lower affinity of PFO™ vs. TFA™ for 1a suggests the C,F;s
group of PFO™ does not interact very favorably with the cavity
of this host.

Competition and Guest-Switching Studies

The affinity of hosts 1a,b for p-tolSO;~ and p-tolCO,” was too
high (K, >10°M™") to quantify by NMR methods.”™ However,
since the cages do not bind p-tolCO,H and the pK, of this acid
is known (pK,=21.9 in MeCN),*” we were able to extract the
host-guest association constant from the equilibrium for
displacing p-tolCO,~ from the cages by protonation with a weak
acid. Cage 1a was selected for these experiments since the slow
exchange kinetics of p-tolCO,” with this host permits direct
quantification of liberated p-tolCO,H by integration of its
'H NMR resonances. As expected, titration of [Et;NH][BF,] (pK,=
18.82 in MeCN)®" into a solution of (p-tolCO, ),@1a in CD,CN
resulted in release of p-tolCO,H (Figures 5 and S44), and the
resulting host-guest and acid-base equilibria were deconvo-
luted to reveal very strong binding of p-tolCO,” in 1a (K=
2.3740.09x10" M™'; see Scheme S1 and Table S3 in the Sup-
porting Information for details of this analysis).

After quantifying the affinity between p-tolCO,” and 1a, a
series of competition experiments were used to measure the
remaining association constants for binding of p-tolCO,™ and p-
tolSO;~ in 1ab. First, a “Guest Match” experiment was
conducted to examine competition between p-tolCO,” and p-
tolSO;~ for binding in 1a. Titration of the sulfonate guest into a
solution of (p-tolCO, ),@1a led to the appearance of the
'HNMR signals of (p-tolSO;7),@1a as well as a mixed-guest
complex (p-tolCO, )(p-tolSO; )@1a (Figures 6 and S49-52), the
latter of which was evident from upfield-shifted aryl CH
resonances (8 —0.66, —1.00 ppm) that are distinct from those of
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Figure 5. Truncated 'H NMR spectra (500 MHz, CD;CN, 298 K) acquired
during the titration of [Et;NH][BF,] into a solution of (p-tolCO, ),@1a. Select
resonances are labeled to show the disappearance of signals of the host-
guest complex and the appearance of signals of free 1a and p-tolCO,H.
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Figure 6. Truncated 'H NMR spectra (500 MHz, CD;CN, 298 K) acquired
during the titration of p-tolSO;™ into a solution of (p-tolCO,"),@1a. Black
arrows indicate growth and/or decay of signals of the initial host guest
complex, the mixed-guest complex (p-tolCO, )(p-tolSO; )@1a, and (p-
tolSO; " ),@1a.

the encapsulated p-tolCO,” (6 —0.73 ppm) and p-tolSO;~ (8
—1.32 ppm) guests in their individual 1:2 complexes with 1a.
The signals of the bound guests were integrated for several
spectra acquired during the titration, revealing a slight prefer-
ence for binding of p-tolSO;™ in 1a (K; =3.05+0.05x10" M™").
The association constants for p-tolCO,” and p-tolSO;~ bind-
ing in 1b were determined by “Cage Match” competition
experiments that measured the relative affinities of each anion
for hosts 1a vs. 1b. In these experiments, equimolar solutions of
1a and 1b were titrated with p-tolCO,” or p-tolSO;~ and the
occupancies of the hosts were evaluated by 'H NMR spectro-
scopy after each addition (see Figures S87-88, S94-95). Both p-
tolyl anions showed higher affinity for 1b than for 1a, with p-

Chem. Eur. J. 2024, 30, €202303013 (7 of 11)

tolSO;™ having a slight preference (2.75x%) for 1b over 1a, which
is increased just modestly (to 5.6x) for p-tolCO,” binding in
these cages (Table 1). Though the association between p-
tolCO,™ and 1b (K, =1.33x10® M) is the strongest measured in
this study, it is more notable that p-tolCO,™ and p-tolSO;~ show
only weak preferences for 1b vs. 1a despite NH hydrogen-bond
donors defining the anion-binding sites of 1b. Thus, NH--O
hydrogen bonding provides surprisingly weak enhancement of
the overall interaction between anions and 1b, suggesting that
other factors are more important for anion recognition by 1a,b,
or that the multiple CH--O hydrogen bonds available in 1a
compensate effectively for the lack of traditional hydrogen-
bond donors.

Another interesting result from comparing the affinities of
p-tolCO,~ and p-tolSO;~ for 1ab is that the basicity of the
anions has almost no effect on their strengths of association.
We reasoned that this feature, along with the H* responsive
binding of p-tolCO,~, could be harnessed to toggle between
association of this strongly bound guest and the weakly binding
but even more weakly basic PFO™ anion (Scheme 3). Indeed,
addition of two equivalents of the acid PFOA to a solution of (p-
tolCO,"),@1a resulted in ejection of both p-tolCO,” guests, as
evident from the disappearance of the 'H NMR signals of the
initial host-guest complex and appearance of resonances for
free p-tolCO,H (Figure S53-54). Signals corresponding to
(PFO")@1a were also observed, confirming capture of PFO~ by
1a.

Since displacement of the two p-tolCO,” required two
equivalents of PFOA but only one PFO™ can bind in 1a, we also
performed an experiment in which a mixture of (p-tolCO, ),@1a
and 1 equiv. PFO™ was treated with a small excess of lutidinium
(2.1 equiv.) as an H™ source, resulting in the release of p-
tolCO,H and uptake of PFO™ into 1a. Subsequent addition of an
excess of Et;N (45 equiv.) restored the initial (p-tolCO, ),@1a
complex, necessarily resulting in release of PFO~ (Figures S55-
57). Thus, the acid-responsive binding of p-tolCO,™ can be used
to mediate the uptake and then release of PFO~, which may be
useful for removal of this pollutant from the environment and/
or industrial waste streams.

[0} :
2HO

p-tolCO,H

(p-tolCO,"),@1a (PFO)@1a

Scheme 3. Reversible uptake and release of PFO~ by 1a using an acid
stimulus.
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DFT Analysis of Host-guest Interactions

Complexes of the anionic guests bound in 1a,b and 2 could not
be obtained as single crystals of sufficient quality for XRD
analysis, so DFT calculations were performed to provide insight
into how geometric factors influence anion binding. Optimiza-
tions of 1a and 1b in the absence of anions provided similar
internal cavities with approximately D5, symmetry (Figure S140).
The tmeda ligands partially obscure the apertures of 1a,
consistent with the solid-state structure of this cage as its PF¢~
salt.”®@ However, 1a takes on C,, symmetry in the experimental
structure, likely due to two anions that bind deeply in the
apertures, lowering the symmetry. Indeed, optimization of 1a
and 1b with two bound p-tolSO;~ anions provided approx-
imately C,, structures in both cases (Figure 7). The placement of
the SO;™ groups in the apertures of each cage is similar to the
placement of PF,” anions in the experimental structures,
featuring CH--O hydrogen bonding for 1a and NH--O hydrogen-
bonding for 1b.

The different anion-recognition motifs of (p-tolSO;7),@1a
and (p-tolSO;7),@1b result in slightly different placements of
the p-tolyl groups inside the two cages (Figure7). In (p-
tolSO;7),@1a, the sulfonate group of each guest is bound deep
in the apertures (Figure 7A) where it engages in four CH-O
hydrogen bonds (D¢ =1.9-2.4 A) with the 2-position CH
bonds of the pyridyl groups of the host (Figure 7B). This
placement of the sulfonate groups requires that the p-tolyl
groups of the guests take on an acute angle (76.4°, Figure 7A)
relative to each other in order to both fit inside the host. In
contrast, (p-tolSO;7),@1b has each sulfonate group engaged in

A , B

Figure 7. Computationally optimized structures of (A,B) (p-tolSO;7),@1a and
(C,D) (p-tolSO;7),@1b. Hydrogen atoms are omitted for clarity except for
those involved in interactions with the guests. (A) Side view of (p-
tolSO;7),@1a illustrating the angle between the long axes of the two guests.
(B) View of a triangular face of (p-tolSO;™),@1a with the tmeda ligands
omitted to enable a clear view of the CH-O contacts between the pyridyl
groups of the host and the SO;™ group of a guest. (C) Side-view of (p-
tolSO;7),@1b illustrating the angle between the long axes of the two guests.
(D) View of a triangular face of (p-tolSO;7),@1b with NH--O contacts
indicated between the host and a guest.
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-’

&5t

Figure 8. Computationally optimized structure of (OMs™),@2. Hydrogen
atoms are omitted for clarity, except for those of the (en)Pt*" linkers. (A)
View of (OMs"),@2 illustrating the exo placement of the CH; groups of the
OMs™ guest. (B) View from inside the host cavity of (OMs™),@2 depicting the
NH--O contacts between the host and a guest.

[
\
2.1A™

three NH-O hydrogen bonding interactions (Dyy.o=1.8-1.9 A),
which result in shallower placement of the anionic groups and
a wider angle between the p-tolyl groups (113.3°, Figure 7C). An
interesting result of the different p-tolSO,~ placements is that
there is greater overlap between the aromatic surfaces of the
host and guests in (p-tolSO;7),@1a than in (p-tolSO;7),@1b,
which in turn, appears to cause host 1a to take on a narrower
conformation than 1b in these complexes, as measured by the
centroid-to-centroid spacings between the two closest porphyr-
ins of each host (6.70 A vs. 7.02 A, Figures 7B,D). These results
suggest that stronger n-n interactions in (p-tolSO;™),@1a might
effectively offset the stronger NH--O hydrogen bonding avail-
able in (p-tolSO;7),@1b, thus explaining the similar affinities of
each of these hosts for aromatic guests. It is worth noting that
these computational results are corroborated by 'H NMR data
showing a more upfield shift of the signal of the ArCH; groups
in (p-tolSO; ), @1a (8cy;=—5.71 ppm, Figure 4) than in (p-
tolSO;7),@1b  (8¢y;=—3.30 ppm, Figure S90), consistent with
the placement of these methyl groups closer to the center of
the porphyrin walls in the complex with 1a.

The structure of (OMs~),@2 was also optimized (Figure 8) for
comparison of its anion-binding motif with those of 1a,b. Each
sulfonate interacts closely (1.7-2.2 A) with three NH donors on
the host (Figure 8B), similar to the hydrogen-bonding seen in
the optimized structure of (p-tolSO;7),@1b. The methyl groups
of the guests in (OMs™),@2 point away from the porphyrin
cavity of the host, consistent with experimental findings that
the R groups of the anions do not have much effect on the
strengths of their interactions with 2. Indeed, DFT optimization
of (p-tolSO;7),@2 (Figure $139) yielded an anion-binding motif
very similar to that found for (OMs"),@2.

Conclusions

Two new nanocage hosts (1b and 2) were obtained via one-pot
synthesis, and their affinities for a series of anionic guests were
compared to those of a previously reported nanocage 1a. Hosts
1a and 1b are isostructural, both bearing large cavities capable
of accommodating guests but differing in their hydrogen-bond-
donor ability at the (NN)Pt** linkers. Host 2 is composed of a
smaller number of the same components as 1b, resulting in a
host with similar hydrogen-bond donor groups but a cavity too
small to accommodate guests internally. Key findings are: (1)
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trends in endo vs. exo association of guests match expectations
based on the solid-state structure of each host; (2) NH vs. CH
hydrogen-bonding has a surprisingly weak influence on the
strengths of anion binding by 1a vs. 1b; and (3) the basicities of
the guest anions also has a weak influence on their binding,
while 7-m interactions and/or solvophobic effects have large
influences. These latter observations led to the realization that
the high affinity between p-tolCO,™ and 1a could be disabled
by addition of an acid stimulus, which toggles off affinity for
the strongly binding anions and activates affinity for less basic
guests. This catch-and-release system was tested successfully
for binding and release of PFO~, suggesting a possible
approach for developing reusable systems for the capture of
this environmental toxin.
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