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ABSTRACT: The architecture of self-assembled host molecules
can profoundly affect the properties of the encapsulated guests. For
example, a rigid cage with small windows can efficiently protect its
contents from the environment; in contrast, tube-shaped, flexible
hosts with large openings and an easily accessible cavity are ideally
suited for catalysis. Here, we report a “Janus” nature of a Pd6L4
coordination host previously reported to exist exclusively as a tube
isomer (T). We show that upon encapsulating various tetrahedrally
shaped guests, T can reconfigure into a cage-shaped host (C) in
quantitative yield. Extracting the guest affords empty C, which is
metastable and spontaneously relaxes to T, and the T⇄C
interconversion can be repeated for multiple cycles. Reversible
toggling between two vastly different isomers paves the way toward
controlling functional properties of coordination hosts “on demand”.

■ INTRODUCTION
Coordination hosts with specific architectures can be rationally
designed1,2 by judiciously selecting metal nodes and organic
panels with specific structural and binding features. For metal
ions, these characteristics include valency, coordination
geometry, and the nature of ancillary ligands, and for
panels�size, shape, and the number and spatial orientation
of the donor atoms.3−8 The architectures of coordination hosts
determine9,10 their applicability in catalysis,11−13 separa-
tions,14−17 and site-selective derivatization of the encapsulated
guests,18 among other functions.19,20 An important character-
istic is the size of the largest window, which determines how
readily the guest molecules can enter and escape from the
host’s cavity. For example, hosts whose windows are small
(compared to the guest size) can efficiently stabilize21−23

molecules that would otherwise undergo decomposition. In
contrast, efficient catalysis requires large windows, through
which the substrates and products can access and leave the
cavity.24−35 Therefore, the ability to reversibly toggle36

between host architectures differing significantly in window
size could enable switching between different functions.
In a pioneering report on Pd−N coordination hosts, Fujita

et al. reported37 that tris(4-pyridyl)triazine (4-TPyT) and 1.5
equiv of Pd2+ cis-blocked with ethylenediamine (Figure 1a)
coassemble into a host with the Td symmetry and four identical
windows, each comprising a 36-membered macrocyclic ring
(Figure 1b). When the same reaction was repeated with tris(3-
pyridyl)triazine (3-TPyT in Figure 1c), a D2h-symmetric host

was obtained instead.38−40 This host features two much larger,
52-atom windows (in addition to two small windows
composed of 20 atoms each; Figure 1c). The differing
symmetries of the two hosts can be related to the ligand
structures, specifically, the angle between the C−C bond
connecting the central and peripheral rings (blue in Figure 1)
and the N−Pd bond formed upon host assembly, which we
denote θ. In 4-TPyT, θ = 180°, leading to a Td host (Figure
1b). However, retaining the C3-symmetric conformation of 3-
TPyT (θ = 120°) would result in a highly strained Td host;
therefore, the ligand assumes a desymmetrized conformation
(Figure 1c, left) as it assembles into a Pd6L4 complex.
Mukherjee and co-workers reported that a structurally

similar ligand, in which the central benzene core is decorated
with three imidazolyl groups (TImB in Figure 1d),
coassembles with cis-blocked Pd2+ into a D2h-symmetric host
with a tube-like shape (T in Figure 1d and Figure 2).41 Owing
to its cavity shape and high flexibility,42,43 T was reported to
encapsulate a wide range of elongated guest molecules,
including polycyclic aromatic hydrocarbons,41,44 azoben-
zenes,45,46 BODIPYs,47,48 and other dye molecules.20,49−51 In

Received: August 9, 2023
Revised: October 4, 2023
Accepted: October 5, 2023
Published: November 2, 2023

Articlepubs.acs.org/JACS

© 2023 The Authors. Published by
American Chemical Society

24755
https://doi.org/10.1021/jacs.3c08666

J. Am. Chem. Soc. 2023, 145, 24755−24764

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

IN
ST

 S
C

IE
N

C
E

 &
 T

E
C

H
N

O
L

O
G

Y
 A

U
ST

R
IA

 o
n 

D
ec

em
be

r 
11

, 2
02

3 
at

 1
1:

44
:2

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuntrapakam+Hema"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+B.+Grommet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Micha%C5%82+J.+Bia%C5%82ek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinhua+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Schneider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Drechsler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Drechsler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oksana+Yanshyna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yael+Diskin-Posner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guido+H.+Clever"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafal+Klajn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c08666&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08666?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08666?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08666?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08666?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08666?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/45?ref=pdf
https://pubs.acs.org/toc/jacsat/145/45?ref=pdf
https://pubs.acs.org/toc/jacsat/145/45?ref=pdf
https://pubs.acs.org/toc/jacsat/145/45?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c08666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


TImB, θ = 144°�significantly closer to θ3‑TPyT than θ4‑TPyT,
which explains the formation of T. At the same time, we note
that θTImB is smaller than θ4‑TPyT, but larger than θ3‑TPyT, which
suggests that the putative Td-symmetric Pd6(TImB)4 host (C
in Figure 1d) might be energetically accessible. Here, we
identify minor contamination notoriously accompanying host
T as its isomeric form C. A series of experimental observations
led to a rational design of guests stabilizing increasingly higher
fractions of C, all the way to 100%. Furthermore, we
demonstrate reversible cycling between the two isomeric states
of the host.

■ RESULTS AND DISCUSSION
The notorious contamination of host T is its isomer.

Figure 2a shows a partial 1H NMR spectrum of an equilibrated
solution of host T in D2O at room temperature. In addition to
signals originating from T, the spectrum features a set of lower-
intensity signals, indicating the presence of a minor species,
which we temporarily denote X. Host T can be purified from X
by recrystallization (by diffusing acetone vapor to the aqueous
solution of the host); the 1H NMR spectrum of the resulting
single crystals freshly dissolved in D2O shows pure T (Figure
2b). However, acquiring the spectrum after several hours at
room temperature reveals the presence of 2 mol % X,
indicating a spontaneous T→X transformation. Over the
following 10 weeks, the equilibrium state containing 6 mol % X
is reached (cf. Figure 2a). When the solution containing 2 mol
% X is heated at 80 °C, the fraction of X increases to 12 mol %
within 2 days (Figure 2c). Decreasing the temperature back to
25 °C lowers the fraction of X to the equilibrium value of 6
mol % within several weeks (Figure 2c).
To resolve X’s signals (some of which overlap with T’s

signals), we recorded a series of 1H NMR spectra in the
presence of various amounts of Na2SO4. The sulfate dianion
interacts relatively strongly with the dodecacationic T (by
entering its cavity and/or binding to its acidic imidazole
protons via hydrogen bonding51), thus shifting its NMR
signals.52 For example, Figure 2d shows the NMR spectrum of
the same T+X mixture as Figure 2a, but in the presence of 1.6
equiv of Na2SO4 per T. These experiments allowed us to
conclude that X’s spectrum in the aromatic region features four
signals of similar intensities�that is, X contains four
nonequivalent aromatic protons in a 1:1:1:1 ratio, thus
mimicking the NMR spectrum of free TImB ligand in an
organic solvent (Figure S1). This observation indicates that X
is a species of higher symmetry than T (whose TImB ligands
give rise to eight peaks). DOSY experiments revealed that X’s
and T’s diffusion coefficients are practically identical (Figure
2d). The isomeric relationship between T and C was
confirmed by mass spectrometry (vide inf ra).
Templating the Formation of the Metastable Host

Isomer Using Z-Azobenzenes and Z-Styrenes. Previously,
we investigated the isomerization of various azobenzene
derivatives encapsulated within T.45 We now revisited these
results and analyzed the old NMR spectra of T (containing
minute amounts of X) in the presence of E and Z forms of
azobenzene 1 (Figure 3b). This analysis shows that not only T
but also X exhibits three distinct sets of signals in the presence
of (i) E-1, (ii) Z-1, and (iii) in the absence of 1, indicating the
ability of both T and X to interact with both isomers of
azobenzene.
The E and Z isomers of azobenzene have significantly

different molecular geometries; therefore, we speculated that
equilibrating the host (i.e., a mixture of T and X) with one of
the two isomers of azobenzene might shift the equilibrium
toward either of the two host isomers. To this end, we
prepared aqueous solutions of the host containing 12.5 mol %
of X (cf. Figure 2c) and incubated them with E and Z isomers
of three azobenzenes 1−3 (solids, used in excess) at two
different temperatures (20 and 40 °C). Z-1 has a relatively
short half-life, and it underwent partial back-isomerization to
E-1 during the experiment; therefore, we worked with Z-
stilbene (Z-4) as the thermally stable analog of Z-1. In
contrast, the Z isomers of tetra-o-fluoroazobenzene53 2 and

Figure 1. Effect of N→Pd binding directionality on the architecture of
Pd6L4 coordination hosts. (a) Self-assembly of Pd6L4 (L = ligand)
hosts from cis-blocked Pd2+ acceptors and tripyridine/triimidazole
donors. (b) Self-assembly of a cage-shaped Td-symmetric host from a
cis-blocked Pd2+ acceptor and tris(4-pyridyl)triazine (4-TPyT) (a
ligand in which the central triazine ring was replaced with
benzene73,74 affords an analogous cage). θ denotes the angle between
the C−C single bond (indicated in blue) and the N−Pd coordination
bond formed in the presence of Pd2+. (c) Self-assembly of a tube-
shaped D2h-symmetric host from a cis-blocked Pd2+ acceptor and
tris(3-pyridyl)triazine (3-TPyT) (note: unless this host binds a
suitable guest,39 it typically assumes a bowl-like conformer). (d)
Reversible transformation between the tube-like host T and the cage-
like host C coassembled from triimidazolylbenzene (TImB) and a
Pd2+ acceptor cis-blocked with N,N,N′,N′-tetramethylethylenediamine
(TMEDA).
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tetra-o-methoxyazobenzene54 3 are sufficiently long-lived to
allow us to neglect the Z→E relaxation under the applied
conditions. The experiment at 20 °C was monitored for 33
days (Figure 3c). During this time, the molar fraction of X in
the control sample (i.e., no guest added) decreased to 8 mol %,
gradually approaching the equilibrium value of 6 mol %.
During the same period, the initial fraction of X (12.5 mol %)
was sustained by all three Z compounds (Z-2, Z-3, and Z-4;
empty markers in Figure 3c), suggesting that X has an affinity
to the Z isomer of azobenzenes and styrene. On the other
hand, the E isomers of 1−3 all facilitated the transformation of
X into T (Figure 3c, solid markers).
These effects were amplified when the same experiment was

carried out at 40 °C (Figure 3d). At this temperature, the
molar fraction of X in the presence of all three Z guests
increased to ∼20 mol %, and it decreased to ∼5 mol % in the
presence of both E-1 and E-3. Remarkably, guest E-2 induced
the X→T conversion almost quantitatively, with less than 1
mol % of residual X at equilibrium (Figure 3d). Taken
together, these results indicate that the extended E isomers of
azobenzenes 1−3 bind favorably to�and thus stabilize�the T
form of the host; in contrast, the more globular Z isomers favor
the X isomer of the host, in agreement with the more spherical
shape of the putative cage C (Figure 1d). Therefore, we can
tentatively conclude�and will confirm below�that X = C.
Having identified Z-azobenzenes as guests shifting the

equilibrium toward C, we focused on encapsulating diazocine
5: an azobenzene, in which an ethylene bridge renders the Z
isomer thermally stable. Figure 4b shows a 1H NMR spectrum
obtained by incubating the aqueous solution of the host with
solid Z-5 at 60 °C for 12 h, followed by filtering off excess
(undissolved) Z-5. Integrating the signals reveals that the
fraction of C has increased substantially (compared to the Z
isomers of 2−4), to ∼55 mol %. The spectrum shows an ∼3:2

mixture of C and T, each binding one molecule of Z-5.
Notably, the encapsulated guest appears as a single set of broad
signals, which represent averaged signals of Z-5 within C and
T, indicating fast (on the NMR time scale) guest exchange
between (Z-5)⊂C and (Z-5)⊂T. These guest signals exhibit
NOE correlations with both C and T (Figure S38).
Next, we hypothesized that rigidifying the guest might

increase its affinity to C, thus further shifting the equilibrium
toward the otherwise unstable isomer C. To this end, we
switched to dibenzo[a,e]cyclooctene (DBCOT) 6, where 5’s
C−C single bond and the azo bond are replaced with C�C
double bonds. Indeed, incubating the host with solid 6 further
increased the fraction of C to 72 mol %.55,56 Interestingly, the
remaining 28 mol % of T showed no apparent affinity to 6
(Figure S48), in contrast to Z-5. This observation suggests that
the T→C transformation must not necessarily be preceded by
the encapsulation of a guest by T (i.e., T + G → G⊂T ⥂
G⊂C, where G = guest); instead, the guest can template the
formation of C from partially disassembled T.49,57 However,
we cannot exclude an alternative scenario whereby the T→C
reaction occurs via hypothetical inclusion complex 6⊂T that
forms with a low yield (below the NMR detection limit).
To support the hypothesis about the importance of shape

persistence of the guest molecule, we also tested tetrahydro-
dibenzocyclooctene 7 (an intermediate in the synthesis58 of 6).
Using an excess of 7�the most flexible member of the
series�only ∼25 mol % of T was converted to C under
otherwise the same reaction conditions (Figure 4d). As
expected, guest 7 was encapsulated within both T and C
(Figures S49−S51).
Templating the Formation of the Metastable Host

Isomer Using Tetrahedral Guests. Host C (Figure 1d) is
structurally similar to the tripyridine-based Fujita cage (Figure
1b), which has been reported to bind and stabilize the

Figure 2. Equilibration of host T at various temperatures. (a) Partial 1H NMR spectrum of host T equilibrated at room temperature in water (400
MHz, D2O, 298 K). The peak labels correspond to T’s aromatic protons indicated in the structural formula on the bottom right. (b) Partial 1H
NMR spectrum of host T purified by recrystallization and freshly dissolved in D2O (500 MHz, 298 K). (c) Following the equilibration of T at 25
and 80 °C (plot prepared by integrating the NMR spectra shown in Figures S17 and S18). (d) Partial 1H NMR spectrum of equilibrated host T, in
the presence of 1.6 equiv of Na2SO4 (top) and the corresponding DOSY map (bottom) (500 MHz, D2O, 298 K). The peaks denoted with a red
asterisk originate from the minor form of the host (tentatively denoted X).
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otherwise unstable colorless, closed-ring isomers of phenolph-
thalein59 and spiropyran,51 both of which contain a central sp3-
hybridized quaternary carbon atom. These examples show that
the Fujita cage’s tetrahedral (Td) symmetry entails its ability to
encapsulate like-shaped guest molecules. Here, we turned this
reasoning around and hypothesized that stable molecules with
tetrahedral geometries might be good guests for (and thus shift
the equilibrium toward) the otherwise unstable Td-symmetric
C from the D2h-symmetric T. Therefore, we set out to
investigate the possibility that appropriately sized tetrahedral
guests could surpass 6’s potency in transforming T into C.
To this end, we focused on compounds 8−12 (Figure 5a).

The water-insoluble guests triphenylphosphine oxide 8,
phenolphthalein 9, and tetrakis(4-hydroxyphenyl)methane 10
were added to aqueous solutions of T in excess, and the
resulting suspensions were stirred at 60 °C. The reactions were
quenched after different times by cooling to room temperature,
removing undissolved (i.e., unencapsulated) solids by filtration,
and evaporating water. The residue was dissolved in D2O and
analyzed by 1H NMR spectroscopy.60 To our satisfaction, we
found that 8, 9, and 10 converted host T into C in 90%, 94%,
and 100% yield, respectively. In all cases, the conversion was
complete within 16 h (Figures S52, S55, and S60).

In contrast to 8−10, tetraphenylborate 11 (Na+ salt) is
soluble in water, which allowed us to conveniently follow the
T→C reaction by NMR spectroscopy. Figure S70 shows the
evolution of 1H NMR spectra of T following the addition of
1.0 equiv of 11 at 330 K. Initially, 11 binds to T to form 11⊂T;
however, the first spectrum recorded at 330 K already shows
∼20% 11⊂C (Figure 5d). Over time, T’s concentration
steadily decreases until it becomes undetectable at t = 3 h
(Figure 5e). Integrating the acidic imidazole signals of C vs T
allowed us to plot the fraction of T as a function of time−see
Figure 5f. By fitting C’s decay to first-order kinetics, we
obtained k = 0.85 ± 0.02 h−1. The rate constant could be
determined independently by analyzing the signals of 11
bound within both hosts; interestingly, integrating the guest
signals resulted in a significantly smoother profile (Figure 5g)
and a similar k = 0.92 ± 0.01 h−1. The first-order kinetics are
consistent with fast encapsulation (11 + T → 11⊂T) followed
by a relatively slow isomerization step (11⊂T → 11⊂C).
Finally, we found that tetraphenylmethane tetraphosphonic
acid 12 also proved highly potent in converting T into C. This
guest can be solubilized in basic water (the pH was raised to 8
using TMEDA); we found that in the presence of 1 equiv of 12
and free TMEDA, the reaction was completed within 2 h at
room temperature (Figures S82−S85).
Isolation and Characterization of the Metastable

Host C. Having quantitatively converted host T into C, we
attempted to isolate and further characterize the metastable
host C. Encapsulation within T is primarily driven by the
hydrophobic effect: we have previously reported that the
addition of small volume fractions of organic solvents liberates
the guest from the host.47 Similarly, we hypothesized that
treating aqueous solutions of stable G⊂C complexes with
organic solvents would result in the metastable C. Moreover,
when a hydrophobic solvent is used, guest removal should be

Figure 3. Shifting the T⇄C equilibrium using photoswitchable
azobenzene guests. (a) Structural formulas of azobenzenes 1−3 and
stilbene Z-4. (b) Partial 1H NMR spectra of equilibrated T in the
presence of E-1 before (top) and after (middle) exposure to UV light
for 150 min inside the NMR spectrometer (using an optical fiber),
which resulted in ∼52% of Z-1. Bottom: Partial 1H NMR spectrum of
guest-free equilibrated T (400 MHz, D2O, 298 K). The peaks
denoted a and a′ correspond to the acidic imidazole protons of host
T; the peak denoted with a red asterisk corresponds to the acidic
imidazole protons of the minor form of the host. (c, d) Changes in the
molar fraction of the minor form of the host during incubation with
guests 1−4 at 20 °C (c) and 40 °C (d). “Control” denotes the guest-
free host. The plots were prepared by integrating the NMR spectra
shown in Figures S19−S32.

Figure 4. Shifting the T⇄C equilibrium using Z-diazocine and
structurally similar guests. (a) Structural formulas of Z-diazocine 5
and its more (6) and less (7) rigid analogs. (b, c) Partial 1H NMR
spectra of the T/C mixture equilibrated in the presence of Z-5 (b)
and 6 (c) (500 MHz, D2O, 333 K). The peaks denoted a and a′
correspond to the acidic imidazole protons of host T; the peak
denoted with a red asterisk corresponds to the acidic imidazole
protons of host C. (d) Dependence of the fractional amount of C on
guest rigidity.
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accompanied by its extraction to the organic phase, allowing
for rapid access to C in its pure form.
Guests 8−10 are highly soluble in various water-immiscible

organic solvents. Although 10 induced the formation of the
highest fraction of C, its high binding strength prevented
deencapsulation within reasonable time scales. We concluded
that 9 provided the best compromise between stabilizing a
substantial fraction of C and rapid extraction with an organic
solvent.
Figure 6a shows a 1H NMR spectrum obtained after

extracting 9 from 9⊂C using ethyl acetate (see Figures S93−
S98 for further NMR characterization). In contrast to the
relatively complex spectrum of tube T, cage C’s spectrum
features only four aromatic peaks (which integrate to 12, 12,
12, and 12, i.e., four TImB molecules) and two aliphatic peaks
(whose integration gives 72 and 24, corresponding to six
TMEDA molecules). We made extensive efforts to confirm the
proposed structure of C by single-crystal X-ray crystallography.
First, we worked with aqueous solutions obtained by extracting
9 from 9⊂C using ethyl acetate. However, both slow water
evaporation and acetone vapor diffusion at various temper-
atures resulted in single crystals of pure T. Attempts to
crystallize C in the presence of various salts afforded the same
result.
We note that owing to T’s large windows, its hydrophobic

cavity is more exposed to water than that of cage C, which
might entail its lower solubility and facilitate crystal nucleation,
even in the presence of excess C. In the presence of these

seeds, C→T equilibration can be rapidly accelerated as T
crystals continue to grow. We also note that host C is
chiral61−71 and speculate that the presence of two enantiomers
might further hamper crystallization. One of these enantiomers
is shown in Figure 6a (right), with all of its four TImB panels
“rotating” in the counterclockwise direction.
Next, we worked with various G⊂C complexes described

above (G = 5−12), with the goal of crystallizing C as an
inclusion complex, where the presence of the guest would
sustain the host in the C form. These trials, too, proved
unsuccessful: C filled with hydrophobic guests typically
afforded nondiffracting thin films upon water evaporation,
whereas diffusing acetone induced guest release, which
facilitated C→T isomerization and consequently crystallization
of T (and/or free guest). Evaporation of water from aqueous
solutions of 11⊂C and 12⊂C or introduction of acetone to
these solutions resulted in thin films. Given the structural
similarity of C and the Fujita cage (Figure 1b), we also
attempted to cocrystallize C and its inclusion complexes with
the Fujita cage, hypothesizing that the readily crystallizing
Fujita cage might promote the formation of crystalline C; these
attempts also failed. After numerous attempts, single crystals of
C suitable for X-ray diffraction were obtained by very slow
(over two months) water evaporation from an aqueous
solution of 10⊂C. As expected, 10’s sp3-hybridized carbon
atom resides in the center of C’s cavity with the four hydroxyl
groups protruding through the cage windows. Interestingly,
although the cage retained its overall Td symmetry, it

Figure 5. Shifting the T⇄C equilibrium using guests with the tetrahedral geometry. (a) Structural formulas of the tetrahedral guests 8−12. (b) 1H
NMR spectrum of free 11 (Na+ salt) dissolved in water (500 MHz, D2O, 298 K). (c) 1H NMR spectrum of the same solution as in (b) after adding
1.0 equiv of T (600 MHz, D2O, 300 K). (d, e) 1H NMR spectra of the same solution as in (c) after heating at 330 K for 6 min (d) and 222 min (e)
(600 MHz, D2O, 330 K). In c−e, peak intensity in the aliphatic region was decreased by a factor of 7 to accommodate the TMEDA signals. (f, g)
Monitoring the decay of host T in the presence of 11 at 330 K, followed by integrating T’s vs C’s signals (f) or the signals of 11 bound within T vs
C (g) (for the NMR spectra, see Figure S70). Markers: experimental data points; lines: fits to a first-order rate equation. (h) Overlay of the decay
profiles shown in (f) and (g).
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underwent a local desymmetrization upon crystallizing (Figure
6b, c). Specifically, one of its TImB “walls” changed the
rotation direction, and the resulting cage consisted of three
panels rotating in the counterclockwise direction and one
panel rotating in the clockwise direction (see the cartoon in
Figure 6c). No other form of the cage was found in the single
crystal of 10⊂C. We speculate that while less energetically
favorable, this unexpected conformer of cage C optimizes
packing in the crystalline state.
To probe the metastable nature of cage C, we first isolated

guest-free C by extracting phenolphthalein 9 from inclusion
complex 9⊂C, as described above. Then, we recorded a series
of 1H NMR spectra in D2O at three different temperatures: 40,
50, and 60 °C (see Figures S102−104); integrating the spectra
allowed us to plot the spontaneous conversion C→T.72−75 By
fitting C’s decay to first-order kinetics (Figure 6d), we
obtained k = 0.053 ± 0.002 h−1, 0.16 ± 0.01 h−1, and 0.63
± 0.02 h−1 for 40, 50, and 60 °C, respectively. Eyring analysis
of the rate constants (Figure S105) allowed us to extract the
thermodynamic parameters of the C→T reaction as ΔH‡ = 26
kcal·mol−1 and ΔS‡ = 0.017 kcal·mol−1·K−1. The positive value
of the activation entropy suggests that the reaction follows a
dissociative mechanism, most likely starting with the
decoordination of one of the imidazole groups from the
respective Pd(II) center.
We also followed the T→C transformation by trapped ion

mobility spectrometry (TIMS) coupled to ESI-TOF MS.76,77

Figure 6e shows a TIMS mobilogram of cage C obtained by
extracting guest 9 from 9⊂C. Two species corresponding to
m/z = 999.52 (i.e., the [(Pd6TImB4)12+(NO3−)9]3+ trication)
can be observed: a major one having a collisional cross-section
(CCS) Ω of 550.0 Å2, and a minor one with Ω = 586.6 Å2. We

have also determined the theoretical Ω values based on
collision simulations using the trajectory method in Collido-
scope78 applied to optimized models of T and C; these results
are in good agreement with the experimental Ω values (for
details, see Supporting Information, Section 8). Based on these
results, we attribute the more intense peak to tube T and the
minor peak to cage C. We note that although the sample was
analyzed immediately after the guest was extracted from 9⊂C,
the measurement is carried out at a relatively high temperature
(75 °C), which facilitates the relaxation of C to T.
To confirm this assignment, we also analyzed the 10⊂C

complex, which is substantially more stable than 9⊂C (the
guest cannot be completely removed even after multiple
rounds of extraction with EtOAc). The intact inclusion
complex [10⊂(Pd6TImB4)12+(NO3−)9]3+ was observed at m/
z = 1127.90 (red trace in Figure 6f) and found to have Ω
(588.2 Å2) − very close to that of the empty host C (Figure
6e). However, because of the high measurement temperature,
some guest expulsion took place, and the guest-free host was
also observed, with the resulting mobilogram (green in Figure
6f) similar to that in Figure 6e.
Reversible Guest-Induced Transformations between

the Tube Isomer and Cage Isomer. Finally, having
identified suitable guests for converting host T into C as
well as conditions for efficient guest removal, we hypothesized
that the repeated addition and removal of such guests might
enable reversible transformations between the two host
isomers. To this end, we converted T into C using 8 as the
guest, vigorously shook the aqueous solution of 8⊂C with
EtOAc to generate guest-free C, allowed for the spontaneous
regeneration of T at 60 °C, and then repeated the cycle, as
illustrated in Figure 7a. The series of 1H NMR spectra in

Figure 6. Characterization of metastable cage C. (a) 1H NMR spectrum of >90% pure cage C (500 MHz, D2O, 298 K) and (right) its structural
formula (based on a DFT-calculated structure). The cartoon on the bottom-right shows the orientation of the imidazole groups within the TImB
panels. (b, c) Two different views of the X-ray crystal structure of host−guest inclusion complex 10⊂C (hydrogens, water molecules, and
counterions omitted for clarity). The molecular orientation in (c) highlights the Td symmetry of host C (the molecular surface of 10 was calculated
using PyMOL (v. 2.0, Schrödinger, LLC.) using a probe radius of 1 Å). The cartoon on the bottom-right shows the orientation of the imidazole
groups within the TImB panels (pink panel = clockwise rotation of the imidazole groups; gray panels = counterclockwise rotation of the imidazole
groups). (d) Monitoring the decay of cage C at 40, 50, and 60 °C (for the NMR spectra, see Figures S102−S104). Markers: experimental data
points; lines: fits to a first-order rate equation. (e) TIMS mobilogram of a mixture of cages C and T. (f) TIMS mobilogram of 10⊂C (red trace)
and the empty hosts C and T that formed during the measurement (green trace).
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Figure 7b shows that the fraction of C (whose acidic imidazole
proton peak is denoted with a red asterisk) could be reversibly
toggled between <10% and ∼90% for at least three cycles.
We also attempted to control the T⇄C equilibrium in a

closed system using an external stimulus (light), taking
advantage of the varying abilities of light-responsive guests to
stabilize isomer C vs T (Figure 3). We focused on azobenzene
2, which maximized the difference between their fractional
contents (Figure 3c and d, red markers). We found that the
molar content of C could be switched between ∼0% and
∼17% reversibly without noticeable fatigue. Whereas the
fraction of C stabilized by Z-2 is modest, these results
constitute a unique example of using light to reversibly
interconvert between two isomers of a host that does not
respond to light. As such, this system is conceptually similar to
previous reports on controlling self-assembly of nonphotores-
ponsive nanoparticles using light by placing them in light-
switchable media.79,80

■ CONCLUSIONS
In summary, we report that a Pd6L4 coordination host
assembled from a triimidazole ligand and a cis-blocked Pd2+
complex can exist as two isomers, T and C, which can be

interconverted in quantitative yield. The interconversion is
induced by guests whose shape matches that of T’s or C’s
cavity and is thus akin to the induced-fit mechanism of
molecular recognition in natural81,82 and synthetic83,84

systems. We found that the T⇄C equilibrium can also be
shifted in situ by using encapsulated azobenzenes, whose
photoisomerization is accompanied by a significant change in
molecular shape. The next steps will focus on investigating
whether reversible toggling between architecturally different
hosts can translate into reversible switching of function, such as
catalysis and modulation of photophysical properties of
encapsulated fluorophores. We also aim to assess the generality
of our findings by working with hosts assembled from ligands
in which the central six-membered ring is 1,3,5-trisubstituted
with heterocyclic rings other than imidazole (e.g., pyrazole,
oxazole, or thiazole) and investigating how different guests
identified here navigate the thermodynamic landscape of such
hosts. These studies will then be extended to hosts assembled
from lower-symmetry ligands, such as 1-pyridyl-3,5-diimidazo-
lylbenzene.
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