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Dissipative Formation of Covalent Basket Cages
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Jovica D. Badjic¢*

Abstract: Living systems use chemical fuels to transi-
ently assemble functional structures. As a step toward
constructing abiotic mimics of such structures, we herein
describe dissipative formation of covalent basket cage
CBC 5 by reversible imine condensation of cup-shaped
aldehyde 2 (i.e., basket) with trivalent aromatic amine 4.
This nanosized [4+4] cage (V=5nm?, M,=6150 Da)
has shape of a truncated tetrahedron with four baskets
at its vertices and four aromatic amines forming the
faces. Importantly, tris-aldehyde basket 2 and aliphatic
tris-amine 7 undergo condensation to give small [1+1]
cage 6. The imine metathesis of 6 and aromatic tris-
amine 4 into CBC 5 was optimized to bias the
equilibrium favouring 6. Addition of tribromoacetic acid
(TBA) as a chemical fuel perturbs this equilibrium to
result in the transient formation of CBC 5§, with
subsequent consumption of TBA via decarboxylation
driving the system back to the starting state. )

Introduction

Porous organic cages (POCs)! are discrete molecular
structures composed of two or more multivalent organic
components often linked via labile covalent bonds (Fig-
ure 1A).”! These fascinating compounds are rigid enough®®
to retain their shape in the solid state and give micro- and
mesoporous materials comprising hollow interconnected
network of channels.”! In contrast to conventional porous
frameworks (MOFs, COFs, HOFs, etc.),” solution processi-
bility of POCs has facilitated their implementation in
devices for gas separation” and sensing!”’ of organic
compounds. Thus far, the studies pertaining POCs have
mostly focused on investigating their capacity for trapping
gases under equilibrating conditions."*) However, one can
envision larger POCs built from cavitands™ (Figure 1B) and
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acting as hosts for encapsulation of one or more pharma-
ceuticals, toxins or even biological macromolecules (pro-
teins, nucleic acids, etc.),®*”) promoting folding!"” or
catalysis.!"!

Emergence of complexity in natural systems arises from
vast networks of dynamic assemblies!'” operating out-of-
equilibrium." For instance, the binding of ATP (i.e.
chemical fuel, Figure 1C) to chaperonin produces a transient
intermediate capable of encapsulating an unfolded protein
(along with GroES lid) to direct its folding within the
chamber."! With GroEL acting as an ATPase, the hydrol-
ysis of ATP triggers the departure of now folded protein
(and the GroES lid) followed by the binding of subsequent
ATP to repeat the process. To mimic the complex natural
machinery,™ a variety of self-assembled systems® and
autonomous molecular machines!"”! have, in recent years,
been developed to operate “out of equilibrium”. A partic-
ularly intriguing system was recently described by Nitschke
and co-workers wherein a small metal-organic cage was in
the presence of triphenylphosphine fuel disassembled and
then assembled back by dissipation of such fuel.l'™ In this
regard, we reasoned that learning about transient formation
of large POCs with inner space composed of cavitands
(Figure 1B) would set a stage for achieving fuel driven
catalysis,!'” folding"” and sequestration.” Thus, if an
equilibrating system is set to favor the building components
of such cage (Figure 1B), then chemical fuel could be added
to push the equilibrium out of balance giving rise to the cage
which dissipates as the fuel is consumed.?! Several chal-
lenges in constructing an abiotic dissipative system of this
kind include: a) configuring the equilibrium in Figure 1B to
favor reactants, b) a chemical reaction cycle!"*" that incorpo-
rates rapid formation and slow breakdown of the covalent
cage and c) having the synthesis of the covalent cage
proceed with high fidelity™™ to allow continuous operation!*
since an irreversible loss of the material would hamper its
effectiveness. In regard to the last point, POCs are obtained
via single-pot syntheses® using polyvalent components
capable of, in most cases, forming imine and/or boronic ester
bonds in a reversible fashion.” Dynamic equilibria are
important for correcting errors,?! albeit the formation of
kinetic traps™ is possible necessitating optimization of the
reaction conditions. Since the outcome of reversible-bond
condensations correlates well with the degree of preorgani-
zation of the reacting molecules,®™?”! we hypothesized that
trivalent tris-aldehyde basket 2,?! with bite angle™ close to
60° (Figure 1D) and semi-flexible bicyclic framework,™!
could undergo imine condensation with trivalent 1,3,5-tris-
(4-aminophenyl)benzene 3 to give covalent basket cage 1
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Figure 1. A) An energy-minimized structure (PM3, Spartan) of a previously studied [4-+4] porous organic cage (POC). B) A scheme showing the
formation of a covalent cage driven by chemical fuel. C) GroEL is a biological molecular machine that uses ATP as a fuel for forming a transient
intermediate capable folding a protein in its cavity. The hydrolysis of ATP drives the departure of the folded molecule. D) The proposed formation
of covalent basket cage 1 (CBC 1, PM3) from 1,3,5-tris-(4-aminophenyl)benzene 3 and tris-aldehyde basket 2. CBC 1 is a truncated tetrahedron with
a trigonal side panel having edges a=3.5 nm and volume 5 nm®. Diameter of a circumscribed sphere is D=2.8 nm.

(CBC, Figure 1D); CBCs are herein introduced as a subclass  abiotic cavitands, baskets."] Baskets are known to act as
of POCs. Nanosized 1 (d=3.0nm and V=5nm’) is a allosteric hosts®®” capable of trapping haloalkanes,* cationic
truncated [444] tetrahedron® with four trigonal panels molecules,'” nerve agents,” pesticides,* and anticancer
made of triphenyl benzenes and four vertices composed of  drugs.”™ Accordingly, we reasoned that obtaining non-
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collapsible CBCs of type 1 and developing a method for
their transient formation via consumption of chemical fuel
will set the stage for examining temporal control of their
action,® resembling GroEL chaperone in Figure 1C.['¥!

Results and Discussion

Synthesis and Characterization of Covalent Basket Cages
(CBCs)

After adding fris-aldehyde 2 to fris-amine 3 (Figure 1D) in
DMSO, the condensation took place giving oligomeric
materials, although mass spectrometry (MALDI, Figure S1)
showed that desired CBC 1 formed as a minor product.
Encouraged by the result, we decided to probe the
condensation in differently sized and shaped solvents since,
we posited, they might template the formation of the [4-+4]
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cage. From solvent screening (Figure S2), it appeared that
1,2-dichloroethane (DCE) and chloroform would, in the
presence of catalytic TFA P! assist the formation of CBC 1.
Despite such optimization, cage 1 precipitated from the
solution as a pale-yellow solid being sparingly soluble in
organic media. To address the issue, we prepared tris-amine
4 (Figure 2A) to include solubilizing groups (hexoxide,
OC¢H,;) appended to the benzene core. In DCE containing
catalytic TFA, the reaction of tris-aldehyde basket 2 and
tris-amine 4 resulted in the formation of CBC 5 as the sole
product (Figure 2A; Figure S21), which remained soluble in
chlorinated solvents after isolation, including dichlorome-
thane and chloroform. 'H NMR spectrum of CBC 5 showed
a set of signals corresponding to, on average, a T; symmetric
imine (Figure 2A; for 2D COSY, HMBC and HSQC of
CBC 5 see Figures S8-10) with resonances arising from the
basket and linker components in equal ratio. A greater
magnetic deshielding of Hgy signals from tris-imine panels
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Figure 2. A) 'H NMR spectra (850 MHz, CD,Cl,) of tris-amine 4 (top), tris-aldehyde basket 2 (middle), and CBC 5 (bottom). Energy-minimized
structures (PM3) of 2, 4 and 5 (hexoxide groups are shown as red spheres). B) ORTEP diagrams (50 % probability) of the solid-state structures of

complexes [C,H,Cl,C2] and [(C,H,Cl,),C2;].
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is in line with the conversion of the amine functional groups
into more electron withdrawing imines. From the 2D
NOESY spectrum of 5 (Figure S11), we noted cross peaks
between Hy and Hg as well as Hy and CH, from hexyl
groups to corroborate the proximity of the two building
blocks and E configuration of the imine double bond
(Figure 2A). The DOSY NMR spectrum of CBC 5 had all
proton resonances leveled (Figure S12) therefore corrobo-
rating that the amine and aldehyde components are within
the same molecule.

Molecular Encapsulation within CBC 5

A slow vapor diffusion of methanol into 1,1,2,2-tetrachloro-
ethane (TCE) solution of tris-aldehyde basket 2 gave single
crystals. After being subjected to X-ray diffraction analysis
(Figure 2B), we found the unit cell of 2 includes two baskets
entangled into a centrosymmetric dimer surrounded with six
additional dimers as a part of a honeycomb array (Fig-
ure 2B). Each dimeric assembly incorporates two molecules
of TCE, holding onto southern and northern benzenes via
C—Cl-n halogen bond (R=3334A and a=171.67°).
Benzaldehyde groups employ C,,,—H groups to form a seam
of edge-to-face Cy,,—H-n hydrogen bonds at the equator
(d.,=3.705-4.418 A and a=112.41-143.59°, Figure 2B)."")
With tetrachloroethane (108 A?) residing in the cavity of 2
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and the known propensity of baskets to trap haloalkanes in
solution,® we wondered if CBC 5 could use its four
compartments for complexing complementary and polar-
izable CBr, (108 A%).") If so, could there be any homotopic
cooperativity characterizing the four consecutive binding
events?™ An incremental addition of a standard solution
of CBr, to tetravalent CBC 5 caused a notable magnetic
deshielding of its aromatic H. protons (Figure 2A; Fig-
ure S23) resulting from the guest occupying the host’s
cavities.””! The titration isotherm fit well to 1:1 binding
model (K,=10842 M, Figure 3A) with the linear Scatch-
ard plot!*”! corroborating the statistical population of all four
compartments (K,=100 M, Figure 3A); for fitting to 1:1
binding model, the known concentration of CBC 5 was
multiplied by a factor of four. Interestingly, the complex-
ation of CBr, by CBC 5 (K,=108£2M™") was more
favorable than by basket 2 (K,=46+4 M, Figure S24). We
posit that a more rigid and preorganized cavities of CBC §
(Figure 2A) could be responsible for the stronger binding.
As for the statistical complexation of CBr, by tetravalent
CBC 5, the consecutive binding events must have caused
insufficient change in the conformation of the cage and its
solvation to result in measurable outcome.™!

A slow diffusion of methanol into 1,1,2,2-tetrachloro-
ethane solution of CBC 5§ containing CBr, resulted in the
formation of single crystals. X-ray diffraction analysis of the
sample revealed rigid CBC 5 with the shape of a truncated
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Figure 3. A) An incremental addition of a standard solution of CBr, to CBC 5 (0.15 mM) was in CD,Cl, monitored with '"H NMR spectroscopy

(600 MHz, 300 K). A nonlinear least-square analysis of the binding isotherm (SigmaPlot; Figure S23) fit well to the formation of a binary complex
with K,=10842 M~ (mean = standard deviation from two independent measurements); note that for the analysis, the concentration of CBC 5
was multiplied by a factor of four. A Scatchard plot for the supramolecular titration of CBr, to CBC 5 was fit to a linear function (SigmaPlot); with
one measurement completed, there is no standard deviation to report. The population of the four binding sites in CBC 5 (r=1-4) was calculated
using the observed change in the chemical shift of H¢ (top) while the equilibrium concentration of [CBr], was assumed to be equal to its overall
concentration. B) A ball-and-stick representation of CBC 5 in the solid state (X-ray diffraction) with four CBr, molecules in its cavity (only one is
shown for clarity). C) A ball-and-stick representation of the unit cell of CBC 5 in the solid state, showing cylindrical channels extending along the
crystallographic c axis.
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tetrahedron having four molecular baskets at its corners
conjugated to four trivalent aromatic panels by imine bonds
(Figure 3B). Fascinatingly, each CBC 5 would in the solid
state encapsulate four molecules of CBr,: these guests are
nested inside basket cavitands forming a C-Br-n halogen
bond (R=3.229 A and a=170.09°)" with the benzene base
and placing the remaining three bromides between the
phthalimide sides.*? The unit cell has four [(CBr),C5]
complexes (Figure 3C) packed in an arrangement that forms
nanosized channels (1.26 nm wide, Figure 3C) extending
throughout the entire crystal. The channels are lined with
four conformationally dynamic hexyl chains, two at the front
and two at the back (Figure 3C). The solid material is thus
expected to be porous” (i.e. POC) with its channels
providing access to basket cavitands. The uptake of potential
guests (i.e., gas molecules or compounds from a liquid
phase)™®! remains to be studied in the future.

NH,
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Fuel-Driven Formation of CBCs

With a catalytic amount of TFA, the equilibrium containing
tris-aldehyde 2 and tris-amine 4 favors the formation of CBC
5 (equilibrium I, Figure 4A). However, adding a large excess
of TFA caused CBC 5 disassemble into 2 and [4-H;]*"
driven by the favorable protonation of the fris-amine (Fig-
ure S22). Subsequent addition of a base (Et;N) resulted in
the deprotonation of [4-H;]**, followed by the exclusive
reformation of CBC 5. We recognized that the pH-depend-
ent manipulation of this equilibrium could allow us to
transiently form CBC 5 using an acid that dissipates over
time.l"**! However, the addition of an excess of labile acid
to equilibrium I would result in the disassembly of CBC 5,
while we desired the reverse.[*

To address this issue, we turned to our discovery of a
smaller [1+1] cage 6 (equilibrium II, Figure 4B) via the
reaction between aliphatic tris-amine 7 and basket 2 in the
presence of catalytic TFA (Figures S14-S20).74! Size-

-] (D)

R = OCgHs3

Figure 4. A) Equilibrium | is populated with tris-amine 4, tris-aldehyde basket 2 and CBC 5 and shifted toward the cage formation at 298 K.

B) Equilibrium 11 is populated with tris-amine 7, tris-aldehyde basket 2 and small [14-1] cage 6 and shifted toward this cage formation at 298 K.
C) Equilibrium 11l includes CBC 5 reacting with tris-amine 7 to give tris-amine 4 and [1+1] cage 6. With an excess of 7, equilibrium 11l is shifted to
the right with predominant formation of [1+1] cage 6. D) A stick representation of the solid-state structure of [1+1] cage 6 packing into

supramolecular nanotubes.
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shape complementarity!*” of the basket and linker compo-
nent 7 produced [1+1] cage 6 under thermodynamic control.
The solid-state structure of 6 (X-ray diffraction, Figure 4D)
showed these hollow cages with no guests occupying their
interior. Interestingly, they packed with a tubular arrange-
ment by stacking (head-to-tail, Figure 4D) on top of one
another. The tubes also extend throughout the crystal along
the crystallographic a axis in the opposite directions.

Since both [4+4] cage 5 and [1+1] cage 6 use tris-
aldehyde 2 as a subunit, we hypothesized that combining
tris-amine 4 and tris-amine 7 in the same reaction would
result in an equilibrium between the two cages under TFA
catalysis (equilibrium III, Figure 4C). This equilibrium could
be biased to favor cage 6 by adding an excess of tris-amine 7.
On the contrary, the addition of an excess of TFA would
preferentially protonate aliphatic tris-amine 7 over aromatic
tris-amine 4 to shift equilibrium III back and in favor of
forming CBC 5. It follows that using an acid that decom-
poses over time could permit a transient conversion of cage
6 to CBC 5 followed by a reversion to 6 as the acid is
consumed.

After an excess of aliphatic tris-amine 7 and catalytic
TFA were added to CBC 5, we noted that cage 6 dominated
equilibrium IIT (Figure 4C). As implied above, an excess of
7 was needed to push the equilibrium to the right, while
proper amount of TFA to maintain its concentration in
solution at the level necessary to give [141] cage 6 (for
details, see Supporting Information section on page S31 and
Figures S25 and S26). Importantly, a greater quantity of
TFA shifted equilibrium III to the left with the removal of 6
and the formation of CBC 5 (Figures S25 and S26). As the
amount of TFA tunes the state of equilibrium III in solution,
we turned to probe the action of labile tribromoacetic acid
(TBA, chemical fuel, pK,=0.8) hoping that it would provide
the same level of control. That is to say, an excess of TBA
was expected to disturb equilibrium III (Figure 5A) by
predominantly protonating aliphatic amine 7 (pK,=9)
thereby triggering the removal of the smaller [141] cage 6.
Condensation of the released tris-aldehyde basket 2 and
aromatic amine 4 (pK,=4) should then result in the
transient formation of CBC 5. The tribromoacetate ion
formed through protonation of 7 undergoes thermal decar-
boxylation to give CHBr; and CO, (waste) with the overall
loss of acid in solution. The resulting deprotonation of
aliphatic tris-amine 7 restores the original equilibrium III
dominated by aromatic tris-amine 4 and [141] cage 6. In
order to build a larger quantity of CBC 5 in solution, a faster
degradation of 6 followed by slower dissipation of 5 must
take place during the proposed reaction cycle (Fig-
ure 5A).1%

"H NMR spectrum of [1+1] cage 6, tris-amines 4 and 7
along with TFA in CD,Cl, showed the presence of 6 and 4
while [7-H,]"* (n=1-3) stayed as a precipitate (Figure 5B).
The addition of TBA (fuel) prompted the immediate
disintegration of [1+1] cage 6 (Figure 5SB). At the same
time, CBC 5 started to form with a steady increase in its
concentration over time (Figure 5B/C). When the concen-
tration of 5 peaked (ca. 5 h, Figure 5C), the decarboxylation
of tribromoacetate, illustrated by the formation of CHBr;
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(Figure 5C), became faster resulting in the release of tris-
amine 7 and concomitant formation of [1+1] cage 6. After
circa 20 h, the system returned to its resting state comprising
6,4, and [7-H,]"" (n=1-3) with CO, and CHBr; formed as
waste. The process was successively repeated three times
using the same reaction mixture with the concentration of [1
+1] cage 6 staying consistent at 0.24-0.28 mM at the end of
each cycle (Figures S40-S42). Since only 60-80 % of the fuel
was spent during each cycle, we had to adjust the amount of
TBA to study its recyclability. As a result of this caveat and
the kinetics of the reaction being highly responsive to the
amount of acid, we noted that the quantity of CBC §
dropped from cycle 1 to 3 at the 5h mark (0.053 to
0.021 mM, Figure S40-S42). As recyclability is essential for
the application of these systems in the future, the apparent,
and still unclear, drop in the effectiveness needs to be
further investigated; in this regard, the knowledge of the
reactions’ kinetics is necessary for understanding and
optimizing the outcome of coupled chemical processes,
which we herein completed by using trial-and-error method.
By using different quantities of TBA fuel at the beginning of
the experiment, we found that the formation of CBC 5 could
be adjusted to peak at 1.7, 4.5 and 12h (Figure 5D).
Additional fuel requires longer time to convert into waste
(second step in Figure 5A) therefore slowing the release of 7
and prolonging the degradation of CBC S. Such fine tuning
of the time-dependent concentration of CBCs may come
handy for optimizing catalysis, delivery, and sequestration in
complex chemical environments.[*!

Conclusion

Covalent basket cages (CBCs) can now be made to exist for
a period of time,"™ using chemical fuel to tune the kinetics
of their formation and degradation. By combining trivalent
and planar amines with trivalent and cup-shaped aldehydes
(i.e., baskets) we obtained spacious [4+4] cages as rigid
truncated tetrahedrons. These CBCs include four baskets at
their vertices with four trivalent amines forming the face. In
both solution and solid state, CBC 5 acted as an allosteric
host holding up to four guest molecules in its four cavities.
With the assistance of small [1+1] cage 6, we established an
equilibrium to favor its formation at the expense of CBC 5.
The addition of tribromoacetic acid as fuel shifted the
equilibrium toward the formation of CBC § and after the
fuel dissipated by decarboxylation, the system returned to
the starting equilibrium state. This particular strategy for
transient formation of CBCs can, perhaps, be applied
toward designing the temporal preparation of other POCs.
While the system remains a proof of concept, the long-term
goal is to exploit the functional characteristics®" of dynamic
covalent cages for promoting chemical reactions,*! folding
of molecules,"” delivery,” and sequestration® in spatio-
temporal fashion. After all, natural systems®'! have evolved
to use dynamic materials operating out-of-equilibrium and
capable of doing work: converting chemical into mechanical
energy  (cytoskeleton),*?  folding proteins (GroEL

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. A) A chemical reaction cycle showing tribromoacetic acid (TBA) acting as a fuel and driving equilibrium Il to the right for a transient
formation of CBC 5. Decarboxylation of CBr;CO,™ into CHBr; and CO, (waste) brings the system back to its original state. B) Partial '"H NMR

spectra (850 MHz, CD,Cl,) of [141] cage 6 (0.44 mM), tris-amine 4 (0.44 mM), tris-amine 7 (0.62 mM) and TFA (1.7 mM); for the residual amount
of CHBr;, see Figures S24, S25. After an addition of TBA fuel (2.5 mM), 'H NMR spectra were recorded after a few minutes, 5 h and 24 h (see also
Figures S25-528). C) A plot showing a normalized change in the concentration of [141] cage 6, CBC 5 and CHBYr; over time for the experiment

described in (B). D) A plot showing a change in the yield of CBC 5 over time for experiments similar to that described in (B) repeated with different

concentrations of TBA: 2.0 mM (blue), 2.8 mM (red) and 3.6 mM (green) (see also Figures S32-S39).

chaperone)™ and controlling membrane transport (rotary
ATPases).™

Acknowledgements

This work was supported with funds from the NSF under
CHE-2002781. Generous computational resources from the
OSC are gratefully acknowledged.

Conflict of Interest

The authors declare no conflict of interest.

Angew. Chem. Int. Ed. 2022, 61, €202207418 (7 of 9)

Data Availability Statement

The data that support the findings of this study are available
on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

Keywords: Cavitands - Dynamic Covalent Chemistry - Dynamic
Self Assembly - Porous Organic Cages - Out of Equilibrium
Systems

[1] T. Hasell, A. 1. Cooper, Nat. Rev. Mater. 2016, 1, 16053.
[2] a)J. C. Lauer, W.-S. Zhang, F. Rominger, R. R. Schroeder, M.
Mastalerz, Chem. Eur. J. 2018, 24, 1816; b) Y. Chen, Y. Lei, L.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.201705713

GDCh
=

Tong, H. Li, Chem. Eur. J. 2022, 28, ¢202102910; c) K. Ono, N.
Iwasawa, Chem. Eur. J. 2018, 24, 17856.

[3] M. Mastalerz, Acc. Chem. Res. 2018, 51,2411.

[4] A.1. Cooper, ACS Cent. Sci. 2017, 3, 544.

[5] a) S. Das, P. Heasman, T. Ben, S. Qiu, Chem. Rev. 2017, 117,
1515; b) J. Luo, J.-W. Wang, J.-H. Zhang, S. Lai, D.-C. Zhong,
CrystEngComm 2018, 20, 5884; c) C. Gropp, S. Canossa, S.
Wuttke, F. Gandara, Q. Li, L. Gagliardi, O. M. Yaghi, ACS
Cent. Sci. 2020, 6, 1255.

[6] a) L. Chen, P.S. Reiss, S. Y. Chong, D. Holden, K. E. Jelfs, T.

Hasell, M. A. Little, A. Kewley, M. E. Briggs, A. Stephenson,

K. M. Thomas, J. A. Armstrong, J. Bell, J. Busto, R. Noel, J.

Liu, D.M. Strachan, P.K. Thallapally, A.I. Cooper, Nat.

Mater. 2014, 13, 954; b) A. Kewley, A. Stephenson, L. Chen,

M. E. Briggs, T. Hasell, A. 1. Cooper, Chem. Mater. 2015, 27,

3207; ¢) G. Zhang, B. Hua, A. Dey, M. Ghosh, B. A. Moosa,

N. M. Khashab, Acc. Chem. Res. 2021, 54, 155; d) J.-H. Zhang,

S.-M. Xie, L. Chen, B.-J. Wang, P.-G. He, L.-M. Yuan, Anal.

Chem. 2015, 87, 7817, e) A. Chaix, G. Mouchaham, A.

Shkurenko, P. Hoang, B. Moosa, P. M. Bhatt, K. Adil, K. N.

Salama, M. Eddaoudi, N. M. Khashab, J. Am. Chem. Soc. 2018,

140, 14571.

M. Brutschy, M. W. Schneider, M. Mastalerz, S. R. Waldvogel,

Adv. Mater. 2012, 24, 6049.

a) Y. Liu, X. Liu, R. Warmuth, Chem. Eur. J. 2007, 13, 8953;

b) N. M. Rue, J. Sun, R. Warmuth, Isr. J. Chem. 2011, 51, 743;

c)J. Sun, J. L. Bennett, T. J. Emge, R. Warmuth, J. Am. Chem.

Soc. 2011, 133, 3268; d) D. Xu, R. Warmuth, J. Am. Chem. Soc.

2008, 130, 7520.

a) D. Fujita, K. Suzuki, S. Sato, M. Yagi-Utsumi, Y. Yamagu-

chi, N. Mizuno, T. Kumasaka, M. Takata, M. Noda, S.

Uchiyama, K. Kato, M. Fujita, Nat. Commun. 2012, 3, 2093;

b) X. Yang, J.-K. Sun, M. Kitta, H. Pang, Q. Xu, Nat. Catal.

2018, 7, 214; c) T. Hasell, M. Schmidtmann, A.I. Cooper, J.

Am. Chem. Soc. 2011, 133, 14920.

[10] R.Z. Pavlovi¢, S. E. Border, T.J. Finnegan, L. Zhiquan, M. J.
Gunther, E. Minoz, C. E. Moore, C. M. Hadad, J. D. Badji¢, J.
Am. Chem. Soc. 2019, 141, 16600.

[11] a) S. Merget, L. Catti, G. Piccini, K. Tiefenbacher, J. Am.
Chem. Soc. 2020, 142, 4400; b) L.-D. Syntrivanis, I. Nemethova,
D. Schmid, S. Levi, A. Prescimone, F. Bissegger, D. T. Major,
K. Tiefenbacher, J. Am. Chem. Soc. 2020, 142, 5894.

[12] G. M. Whitesides, B. Grzybowski, Science 2002, 295, 2418.

[13] S. De, R. Klajn, Adv. Mater. 2018, 30, 1706750.

[14] M. Hayer-Hartl, A. Bracher, F. U. Hartl, Trends Biochem. Sci.
2016, 41, 62.

[15] a) B. Riess, R. K. Groetsch, J. Boekhoven, Chem 2020, 6, 552;
b) K. Das, L. Gabrielli, L. J. Prins, Angew. Chem. Int. Ed. 2021,
60, 20120; Angew. Chem. 2021, 133, 20280; c) K. A. Podolsky,
N. K. Devaraj, Nat. Chem. Rev. 2021, 5, 676.

[16] a) S. Amano, S. D. P. Fielden, D. A. Leigh, Nature 2021, 594,
529; b) C. M. E. Kriebisch, A. M. Bergmann, J. Boekhoven, J.
Am. Chem. Soc. 2021, 143,7719; c) E. Olivieri, G. Quintard, J.-
V. Naubron, A. Quintard, J. Am. Chem. Soc. 2021, 143, 12650;
d) Y. Ouyang, P. Zhang, H. Manis-Levy, Y. Paltiel, I. Willner,
J. Am. Chem. Soc. 2021, 143, 17622; e) F.J. Rizzuto, C. M.
Platnich, X. Luo, Y. Shen, M. D. Dore, C. Lachance-Brais, A.
Guarne, G. Cosa, H. F. Sleiman, Nat. Chem. 2021, 13, 843.

[17] a) S. Amano, S. Borsley, D. A. Leigh, Z. Sun, Nat. Nano-
technol. 2021, 16, 1057; b) L. S. Kariyawasam, M. M. Hossain,
C.S. Hartley, Angew. Chem. Int. Ed. 2021, 60, 12648; Angew.
Chem. 2021, 133, 12756.

[18] C.S. Wood, C. Browne, D. M. Wood, J. R. Nitschke, ACS
Cent. Sci. 2015, 1, 504.

[19] S. Maiti, I. Fortunati, C. Ferrante, P. Scrimin, L. J. Prins, Nat.
Chem. 2016, 8, 725.

[7

—

8

=

[9

—

Angew. Chem. Int. Ed. 2022, 61, €202207418 (8 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

[20] a) W. Wang, T.J. Finnegan, Z. Lei, X. Zhu, C. E. Moore, K.
Shi, J. D. Badjic, Chem. Commun. 2020, 56, 1271; b) W. Wang,
H. Wang, L. Zhiquan, H. Xie, H. Cui, J. D. Badjic, Chem. Sci.
2019, 10, 5678; c) T.J. Finnegan, V. W. L. Gunawardana, J. D.
Badjic, Chem. Eur. J. 2021, 27, 13280.

[21] G. Ragazzon, L.J. Prins, Nat. Nanotechnol. 2018, 13, 882.

[22] T.P. Moneypenny, A. Yang, N. P. Walter, T. J. Woods, D. L.
Gray, Y. Zhang, J.S. Moore, J. Am. Chem. Soc. 2018, 140,
5825.

[23] M. R. Wilson, J. Sola, A. Carlone, S. M. Goldup, N. Lebras-
seur, D. A. Leigh, Nature 2016, 534, 235.

[24] a) G. Zhang, O. Presly, F. White, I. M. Oppel, M. Mastalerz,
Angew. Chem. Int. Ed. 2014, 53, 1516; Angew. Chem. 2014, 126,
1542; b) X. Liu, R. Warmuth, Nat. Protoc. 2007, 2, 1288.

[25] M. Mastalerz, Angew. Chem. Int. Ed. 2010, 49, 5042; Angew.
Chem. 2010, 122, 5164.

[26] M. E. Belowich, J. F. Stoddart, Chem. Soc. Rev. 2012, 41, 2003.

[27] a) X. Liu, R. Warmuth, J. Am. Chem. Soc. 2006, 128, 14120;
b) T. Jiao, G. Wu, L. Chen, C.-Y. Wang, H. Li, J. Org. Chem.
2018, 83, 12404.

[28] Z. Lei, M.J. Gunther, V.W. Liyana Gunawardana, R.Z.
Pavlovic, H. Xie, X. Zhu, M. Keenan, A. Riggs, J. D. Badjic,
Chem. Commun. 2020, 56, 10243.

[29] L. Zhiquan, H. Xie, S. E. Border, J. Gallucci, R. Z. Pavlovic,
J. D. Badjic, J. Am. Chem. Soc. 2018, 140, 11091.

[30] T. Jiao, L. Chen, D. Yang, X. Li, G. Wu, P. Zeng, A. Zhou, Q.
Yin, Y. Pan, B. Wu, X. Hong, X. Kong, V.M. Lynch, J. L.
Sessler, H. Li, Angew. Chem. Int. Ed. 2017, 56, 14545; Angew.
Chem. 2017, 129, 14737.

[31] V. Maslak, Z. Yan, S. Xia, J. Gallucci, C. M. Hadad, J. D.
Badjic, J. Am. Chem. Soc. 2006, 128, 5887.

[32] R. Z. Pavlovi¢, R. F. Lalisse, A. L. Hansen, C. A. Waudby, Z.
Lei, M. Gueney, X. Wang, C. M. Hadad, J. D. Badji¢, Angew.
Chem. Int. Ed. 2021, 60, 19942; Angew. Chem. 2021, 133, 20095.

[33] S. Chen, L. Wang, S. M. Polen, J. D. Badjic, Chem. Mater.
2016, 28, 8128.

[34] B. Riess, J. Boekhoven, ChemNanoMat 2018, 4, 710.

[35] S. Ro, S.J. Rowan, A.R. Pease, D.J. Cram, J. F. Stoddart,
Org. Lett. 2000, 2, 2411.

[36] S.J. Ang, A.M. Mak, M. B. Sullivan, M. W. Wong, Phys.
Chem. Chem. Phys. 2018, 20, 8685.

[37] M. Nishio, Y. Umezawa, J. Fantini, M. S. Weiss, P. Chakra-
barti, Phys. Chem. Chem. Phys. 2014, 16, 12648.

[38] S. Rieth, K. Hermann, B.-Y. Wang, J. D. Badjic, Chem. Soc.
Rev. 2011, 40, 16009.

[39] B.-Y. Wang, X. Bao, S. Stojanovic, C. M. Hadad, J. D. Badjic,
Org. Lett. 2008, 10, 5361.

[40] G. Ercolani, J. Am. Chem. Soc. 2003, 125, 16097.

[41] S. Chen, M. Yamasaki, S. Polen, J. Gallucci, C. M. Hadad,
J. D. Badjic, J. Am. Chem. Soc. 2015, 137, 12276.

[42] R. Z. Pavlovi¢, Z. Lei, M. Gueney, R. F. Lalisse, R. G. Hopf, J.
Gallucci, C. Moore, H. Xie, C. M. Hadad, J. D. Badji¢, Chem.
Eur. J. 2019, 25, 13124.

[43] a) K. Jie, Y. Zhou, E. Li, Z. Li, R. Zhao, F. Huang, J. Am.
Chem. Soc. 2017, 139, 15320; b) N. Zigon, V. Duplan, N. Wada,
M. Fujita, Angew. Chem. Int. Ed. 2021, 60, 25204; Angew.
Chem. 2021, 133, 25408.

[44] a) S. Choi, R. D. Mukhopadhyay, Y. Kim, 1.-C. Hwang, W.
Hwang, S. K. Ghosh, K. Baek, K. Kim, Angew. Chem. Int. Ed.
2019, 58, 16850; Angew. Chem. 2019, 131, 17006; b) Y. Abe, H.
Okamura, K. Nakazono, Y. Koyama, S. Uchida, T. Takata,
Org. Lett. 2012, 14, 4122; c) C. Biagini, S. D. P. Fielden, D. A.
Leigh, F. Schaufelberger, S. Di Stefano, D. Thomas, Angew.
Chem. Int. Ed. 2019, 58, 9876; Angew. Chem. 2019, 131, 9981;
d) C. Biagini, S. Di Stefano, Angew. Chem. Int. Ed. 2020, 59,
8344; Angew. Chem. 2020, 132, 8420.

[45] M. Weissenfels, J. Gemen, R. Klajn, Chem 2021, 7, 23.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.201802253
https://doi.org/10.1021/acs.accounts.8b00298
https://doi.org/10.1021/acscentsci.7b00146
https://doi.org/10.1021/acs.chemrev.6b00439
https://doi.org/10.1021/acs.chemrev.6b00439
https://doi.org/10.1039/C8CE00655E
https://doi.org/10.1021/acscentsci.0c00592
https://doi.org/10.1021/acscentsci.0c00592
https://doi.org/10.1038/nmat4035
https://doi.org/10.1038/nmat4035
https://doi.org/10.1021/acs.chemmater.5b01112
https://doi.org/10.1021/acs.chemmater.5b01112
https://doi.org/10.1021/acs.accounts.0c00582
https://doi.org/10.1021/acs.analchem.5b01512
https://doi.org/10.1021/acs.analchem.5b01512
https://doi.org/10.1021/jacs.8b08770
https://doi.org/10.1021/jacs.8b08770
https://doi.org/10.1002/adma.201202786
https://doi.org/10.1002/chem.200701067
https://doi.org/10.1002/ijch.201100064
https://doi.org/10.1021/ja110475w
https://doi.org/10.1021/ja110475w
https://doi.org/10.1021/ja800803c
https://doi.org/10.1021/ja800803c
https://doi.org/10.1038/s41929-018-0030-8
https://doi.org/10.1038/s41929-018-0030-8
https://doi.org/10.1021/ja205969q
https://doi.org/10.1021/ja205969q
https://doi.org/10.1021/jacs.9b13239
https://doi.org/10.1021/jacs.9b13239
https://doi.org/10.1021/jacs.0c01464
https://doi.org/10.1126/science.1070821
https://doi.org/10.1002/adma.201706750
https://doi.org/10.1016/j.tibs.2015.07.009
https://doi.org/10.1016/j.tibs.2015.07.009
https://doi.org/10.1016/j.chempr.2019.11.008
https://doi.org/10.1002/anie.202100274
https://doi.org/10.1002/anie.202100274
https://doi.org/10.1002/ange.202100274
https://doi.org/10.1038/s41570-021-00303-3
https://doi.org/10.1038/s41586-021-03575-3
https://doi.org/10.1038/s41586-021-03575-3
https://doi.org/10.1021/jacs.1c01616
https://doi.org/10.1021/jacs.1c01616
https://doi.org/10.1021/jacs.1c05183
https://doi.org/10.1021/jacs.1c07895
https://doi.org/10.1038/s41557-021-00751-w
https://doi.org/10.1038/s41565-021-00975-4
https://doi.org/10.1038/s41565-021-00975-4
https://doi.org/10.1002/anie.202014678
https://doi.org/10.1002/ange.202014678
https://doi.org/10.1002/ange.202014678
https://doi.org/10.1021/acscentsci.5b00279
https://doi.org/10.1021/acscentsci.5b00279
https://doi.org/10.1038/nchem.2511
https://doi.org/10.1038/nchem.2511
https://doi.org/10.1039/C9CC09373G
https://doi.org/10.1039/C9SC01380F
https://doi.org/10.1039/C9SC01380F
https://doi.org/10.1002/chem.202101532
https://doi.org/10.1038/s41565-018-0250-8
https://doi.org/10.1021/jacs.8b02184
https://doi.org/10.1021/jacs.8b02184
https://doi.org/10.1038/nature18013
https://doi.org/10.1002/anie.201308924
https://doi.org/10.1002/ange.201308924
https://doi.org/10.1002/ange.201308924
https://doi.org/10.1038/nprot.2007.193
https://doi.org/10.1002/anie.201000443
https://doi.org/10.1002/ange.201000443
https://doi.org/10.1002/ange.201000443
https://doi.org/10.1039/c2cs15305j
https://doi.org/10.1021/ja0644733
https://doi.org/10.1021/acs.joc.8b01421
https://doi.org/10.1021/acs.joc.8b01421
https://doi.org/10.1039/D0CC04650G
https://doi.org/10.1021/jacs.8b06190
https://doi.org/10.1002/anie.201708246
https://doi.org/10.1002/ange.201708246
https://doi.org/10.1002/ange.201708246
https://doi.org/10.1021/ja060534l
https://doi.org/10.1021/acs.chemmater.6b04550
https://doi.org/10.1021/acs.chemmater.6b04550
https://doi.org/10.1002/cnma.201800169
https://doi.org/10.1021/ol005962p
https://doi.org/10.1039/C7CP08343B
https://doi.org/10.1039/C7CP08343B
https://doi.org/10.1039/C4CP00099D
https://doi.org/10.1039/C005254J
https://doi.org/10.1039/C005254J
https://doi.org/10.1021/ol802199t
https://doi.org/10.1021/ja038396c
https://doi.org/10.1021/jacs.5b06041
https://doi.org/10.1021/jacs.7b09850
https://doi.org/10.1021/jacs.7b09850
https://doi.org/10.1002/anie.202106265
https://doi.org/10.1002/ange.202106265
https://doi.org/10.1002/ange.202106265
https://doi.org/10.1002/anie.201910161
https://doi.org/10.1002/anie.201910161
https://doi.org/10.1002/ange.201910161
https://doi.org/10.1021/ol301771w
https://doi.org/10.1002/anie.201905250
https://doi.org/10.1002/anie.201905250
https://doi.org/10.1002/ange.201905250
https://doi.org/10.1002/anie.201912659
https://doi.org/10.1002/anie.201912659
https://doi.org/10.1002/ange.201912659
https://doi.org/10.1016/j.chempr.2020.11.025

GDCh
~~

[46] a) H. Xie, T.J. Finnegan, V. W. Liyana Gunawardana, R.Z.
Pavlovic, C. E. Moore, J. D. Badji¢, J. Am. Chem. Soc. 2021,
143, 3874; b) G. Hennrich, E. V. Anslyn, Chem. Eur. J. 2002, 8,
2218.

[47] a) R. A. Tromans, T.S. Carter, L. Chabanne, M. P. Crump, H.
Li, J. V. Matlock, M. G. Orchard, A.P. Davis, Nat. Chem.
2019, /1, 52; b)J. H. Oh, J. H. Kim, D.S. Kim, H.J. Han,
V.M. Lynch, J. L. Sessler, S. K. Kim, Org. Lett. 2019, 21, 4336.

[48] E. Mattia, S. Otto, Nat. Nanotechnol. 2015, 10, 111.

[49] L. Catti, Q. Zhang, K. Tiefenbacher, Chem. Eur. J. 2016, 22,
9060.

[50] R.Z. Pavlovi¢é, S. E. Border, Y. Li, X. Li, J. D. Badji¢, Chem.
Commun. 2020, 56, 2987.

[51] R. Merindol, A. Walther, Chem. Soc. Rev. 2017, 46, 5588.

[52] D. Pantaloni, C. Le Clainche, M.-F. Carlier, Science 2001, 292,
1502.

Research Articles

Angewandte

intemationaldition’y) Chemie

[53] a) M. Forgac, Nat. Rev. Mol. Cell Biol. 2007, 8, 917; b) A. G.
Stewart, E. M. Laming, M. Sobti, D. Stock, Curr. Opin. Struct.
Biol. 2014, 25, 40.

[54] Deposition Numbers 2143946 (for 2), 2143948 (for CBC 5),
and 2143947 (for [1+1] cage 6) contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Manuscript received: May 20, 2022
Accepted manuscript online: June 20, 2022
Version of record online: July 11, 2022

Minor corrections have been made to this manuscript since its
publication in Early View.

Angew. Chem. Int. Ed. 2022, 61, €202207418 (9 of 9)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1021/jacs.0c12329
https://doi.org/10.1021/jacs.0c12329
https://doi.org/10.1002/1521-3765(20020517)8:10%3C2218::AID-CHEM2218%3E3.0.CO;2-H
https://doi.org/10.1002/1521-3765(20020517)8:10%3C2218::AID-CHEM2218%3E3.0.CO;2-H
https://doi.org/10.1038/s41557-018-0155-z
https://doi.org/10.1038/s41557-018-0155-z
https://doi.org/10.1021/acs.orglett.9b01515
https://doi.org/10.1038/nnano.2014.337
https://doi.org/10.1002/chem.201600726
https://doi.org/10.1002/chem.201600726
https://doi.org/10.1039/C6CS00738D
https://doi.org/10.1126/science.1059975
https://doi.org/10.1126/science.1059975
https://doi.org/10.1038/nrm2272
https://doi.org/10.1016/j.sbi.2013.11.013
https://doi.org/10.1016/j.sbi.2013.11.013
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202207418
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202207418
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures

