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ed-symmetry ligands with pyridyl
and imidazole donors to construct a second-
generation stimuli-responsive heterobimetallic
[PdPtL4]

4+ cage†

Aston C. Pearcy, a Lynn S. Lisboa, a Dan Preston, b Nick B. Page,a

Tristan Lawrence,a L. James Wright, c Christian G. Hartinger c

and James D. Crowley *a

A new sequential metalation strategy that enables the assembly of a new more robust reduced symmetry

heterobimetallic [PdPtL4]
4+ cage C is reported. By exploiting a low-symmetry ditopic ligand (L) that features

imidazole and pyridine donor units wewere able to selectively form a [Pt(L)4]
2+ “open-cage” complex. When

this was treated with Pd(II) ions the cage C assembled. 1H and DOSY nuclear magnetic resonance (NMR)

spectroscopy and electrospray ionisation mass spectrometry (ESIMS) data were consistent with the

quantitative formation of the cage and the heterobimetallic structure was confirmed by single crystal X-

ray crystallography. The cage C was shown to bind anionic guest molecules. NMR studies suggested that

these guests interacted with the cavity of the cage in a specific orientation and this was confirmed for

the mesylate ion (MsO−) :C host–guest adduct using X-ray crystallography. In addition, the system was

shown to be stimulus-responsive and could be opened and closed on demand when treated with

appropriate stimuli. If a guest molecule was bound within the cage, the opening and closing was

accompanied by the release and re-uptake of the guest molecule.
Introduction

High symmetry is generally a desirable property oen associ-
ated with beauty. Many self-assembled architectures in Nature
display high-symmetry (i.e. viral protein capsids, ferritin, and
protein tetramers such as haemoglobin).1,2 Inspired by these
systems, much of the early work in self-assembled metal-
losupramolecular architectures (MSAs) targeted highly
symmetric assemblies.3–13 There are now many approaches that
enable the straightforward generation of these high-symmetry
metallo-architectures from simple building blocks. The result-
ing materials have been exploited for a range of applications,
including encapsulation,14–16 separations,17 catalysis,18–21 envi-
ronmental remediation,22 and biological activity.23,24

While these are important applications and the results are
impressive they almost universally exploit the cavities of the MSAs
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in a dissimilar way to active sites in enzymes. Unlike the cavities of
these high-symmetry MSAs, enzyme active sites tend to be lower
symmetry and this provides the basis for their high substrate
selectivity. As such, there has been a recent move toward devel-
oping lower symmetry MSAs in an effort to further enhance the
properties and applications of these materials. There have been
three main approaches to reduced/lower symmetry MSAs, these
are (1) combine ametal ion with two ormore different ligands and
selectively form hetero-ligated MSAs, (2) combine a metal ion and
a lower symmetry ligand to selectively form a single MSA, or (3)
generate heterometallic MSAs.25–29

M2L4 lantern-shaped cages (Fig. 1a)30–35 have been at the fore-
front of efforts to generate reduced symmetry MSAs from lower
symmetry ligands. This is due to their relative simplicity, as they
only contain four ligands and two metal ions. A range of hetero-
leptic [M2LaxLby] cages (where x= 3 or 2 and y= 1 or 2) have been
developed exploiting geometric, steric, templating or supramo-
lecular effects to provide selectivity.36–43 These approaches have
also been extended to larger heteroleptic palladium(II)
architectures.44–46 In addition to these heteroleptic systems,
a series of reduced symmetry homoleptic [Pd2L4]

4+, [Pd4L8]
8+ and

[Pd6L12]
12+ cages have been synthesised using lower symmetry

ligands.47–54 Reduced/lower symmetry MSAs have also been
generated using a heterometallic approach.26 However, oen the
ligands used to generate heterometallic MSAs are bi- or tri-dentate
Chem. Sci., 2023, 14, 8615–8623 | 8615
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Fig. 1 Cartoon representations of: (a) synthesis of homometallic high symmetry [M2L4]
4+ cages where M = PdII or PtII; (b) synthesis of a low-

symmetry heterobimetallic [PdPtL4]
4+ cage using the subcomponent self-assembly approach; (c) formation of a heterobimetallic [PdPtL4]

4+

cage from a low-symmetry ditopic ligand via a sequential complexation strategy. Colours: PdII brick, PtII purple, bis-monodentate ligands light or
dark grey. Periwinkle blue or red ligand caps denote differing donor units.
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donor systems in conjunction with a mono-dentate donor unit
and exploit the chelate effect to provide metal ion selectivity.55,56

Generating [M1M2L4]-type heterometallic architectures that
feature ditopic linker ligands with two monodentate donor units
has proven to be much more difficult.

We have recently synthesised the rst example of a low-
symmetry heterobimetallic [PdPtL4]

4+ cage.57 However, our
approach used the subcomponent self-assembly method from
a pre-formed inert platinum(II) tetrapyridylaldehyde complex,
a substituted pyridylamine building block and a labile
palladium(II) complex (Fig. 1b). The reversible formation of the
dynamic covalent imine and labile palladium(II)–pyridyl bonds
enabled the quantitative formation of the heterobimetallic
[PdPtL4]

4+ cage. While this method provides access to [PdPtL4]
4+

architectures and has been exploited to generate related hetero-
metallic double cavity cages,58 the presence of the water-labile
imine functionality limits the potential applications of these
systems. Herein, we report a new method for synthesis of more
robust [PdPtL4]

4+ architectures (Fig. 1c). Using a low-symmetry
ditopic ligand that features imidazole and pyridine as two mon-
odentate coordinating units with markedly different donor
strengths, the platinum(II) and palladium(II) ions of the target
[PdPtL4]

4+ heterobimetallic cage can be introduced sequentially
(Fig. 1c). As with our previously reported [PdPtL4]

4+ cage, this
architecture is stimuli-responsive and can be opened and closed
reversibly with concurrent guest release and binding.59,60 Impor-
tantly, we also show that, unlike other low-symmetry assemblies,
the new low-symmetry cage can bind anionic guests in a specic
orientation, in a manner reminiscent of biologically occurring
molecular containers such as enzymes.

Results and discussion

For the sequential complexation strategy (Fig. 1c) to be
successful, we required a low-symmetry ditopic ligand that
contained two monodentate coordinating units with different
8616 | Chem. Sci., 2023, 14, 8615–8623
donor strengths. Due to the difference in pKa between imid-
azole (6.95)61 and pyridine (5.20)62 we reasoned that a ligand
featuring those donor units might be appropriate. However,
before committing to that ligand design we carried out some
competition experiments with palladium(II) ions and 1-
methylimidazole (meim) and 3-[1-(phenylmethyl)-1H-1,2,3-
triazol-4-yl]pyridine (3-pytri)63 (ESI, Sections 1 and 2†).
Combining [Pd(CH3CN)4](BF4)2, meim and 3-pytri in a 1 : 4 : 4
ratio in CD3CN led to the quantitative formation of
[Pd(meim)4](BF4)2. Similarly, reacting the preformed [Pd(3-
pytri)4](BF4)2 complex with meim (4 eq.) led to the instanta-
neous displacement of the 3-pytri ligands and quantitative
formation of the [Pd(meim)4](BF4)2 complex (ESI, Section 2,
Fig. S21 and S22†). This strongly suggested that a ditopic
ligand containing both imidazole pyridine donors would be
a suitable candidate for selective, sequential hetero-
dimetalation. As such we targeted the synthesis of L
(Scheme 1 and ESI, Section 1, Scheme S1†).

The synthesis of low-symmetry ligand L began with the
desymmetrisation of commercially available a,a′-dibromo-p-
xylene (ESI, Scheme S1†). a,a′-Dibromo-p-xylene (1 eq.) and
NaN3 (1 eq.) were heated at 60 °C in acetonitrile for 24 h to give
1-(azidomethyl)-4-(bromomethyl)benzene64,65 in modest yields
(isolated yields ranged from 27–45%). This mono-substituted
intermediate (1 eq.) was then stirred with imidazole (1.1 eq.)
and KOH (2 eq.) for 4 h at room temperature (RT) in acetonitrile
to give 1-(4-(azidomethyl)benzyl)-1H-imidazole in good yield
(77%). This azide building block (1 eq.) was then treated with 3-
ethylnylpyridine (1.63 eq.) using standard copper-catalysed
azide–alkyne cycloaddition (CuAAC) “click” conditions
(CuSO4$5H2O (0.68 eq.) and sodium ascorbate (0.9 eq.) in 4 : 1
DMF : H2O at RT for 24 h) providing the low-symmetry ditopic
imidazole pyridine ligand L in excellent yield (91%). L was
characterised using 1H, 13C and DOSY nuclear magnetic reso-
nance (NMR) spectroscopies, electrospray ionisation mass
spectrometry (ESIMS) and the molecular structure was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the platinum(II) complex [Pt(L)4](BF4)2, and the heterobimetallic low-symmetry cage (C): (i) L (4.1 eq.), AgBF4 (2.2 eq.), and
[Pt(DMSO)2Cl2] (1 eq.), d6-DMSO, 60 °C, 7 days. (ii) [Pt(L)4](BF4)2 (1 eq.), [Pd(CH3CN)4](BF4)2 (1 eq.), CD3CN, RT, 10 min ([L] = 21.1 mM,
[[Pt(L)4](BF4)2]= 5.27mM). The stick model (MMFF) of [Pt(L)4](BF4)2 was generated using SPARTAN'18.66 Stick models of L andC are themolecular
structures determined by X-ray diffraction analysis. Colours: PdII brick, PtII purple, N periwinkle blue, C grey, H white. Solvent molecules and
counterions omitted for clarity.
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determined using X-ray crystallography (Scheme 1 and ESI,
Section 1, Fig. S31†).

With the low-symmetry ditopic ligand L in hand, we
attempted to selectively form the platinum(II) complex
[Pt(L)4](BF4)2 in which each ditopic ligand is coordinated to
platinum through the imidazole nitrogen donor only. L (4.1
eq.), AgBF4 (2.2 eq.), and [Pt(DMSO)2Cl2] (1 eq.) were combined
in d6-DMSO at 60 °C in the absence of light and the reaction
monitored using 1H NMR spectroscopy and ESIMS (ESI, Fig. S8–
S10 and S22–S24†). Aer one day the resonances due to free
ligand L had vanished and were replaced by two sets of shied
signals (ESI, Fig. S22 and S23†).

ESIMS data showed the presence of a major peak at m/z =

730.2721, which was consistent with the molecular formula
[Pt(L)4]

2+, suggesting the mono-PtII complex had formed. With
continued heat over seven days the ratio of the two sets of signals
slowly changed to a point where a 85 : 15 ratio67 was obtained.68

Addition of ethyl acetate to thismixture led to the precipitation of
pure [Pt(L)4](BF4)2 in good isolated yield (68%). ESIMS of
the isolated material in CH3CN again displayed a major peak at
m/z = 730.2721 with a second smaller peak at m/z = 1546.5385
consistent with the formation of [Pt(L)4]

2+ and [Pt(L)4](BF4)
+ ions.

The observed isotope patterns matched those calculated for the
2+ and 1+ ions, respectively (ESI, Fig. S10†). Comparison of the
1H NMR spectrum of the ligand L with the spectrum of the iso-
lated colourless material showed that the chemical shis of the
pyridyl (Ha–d) and triazole (He) resonances remained essentially
unchanged upon coordination to PtII, whereas the imidazole
resonances (Hj,k and l) all moved signicantly upon complex
formation. This was consistent with the formation of a linkage
isomer where all ligands are coordinated to the PtII ion via the
imidazole donor units (Fig. 2 and ESI, Fig. S8†). Additionally, the
1H DOSY NMR spectra (CD3CN, 298 K) of L and [Pt(L)4](BF4)2
showed that all the proton resonances within the individual
© 2023 The Author(s). Published by the Royal Society of Chemistry
samples had the same diffusion coefficients (DL = 12.0 × 10−10

m2 s−1 and D[Pt(L)4](BF4)2 = 5.15 × 10−10 m2 s−1), suggesting
formation of a single product (ESI, Section 4, Fig. S24–S30, Table
S1†). The platinum(II) complex diffused more slowly than L
consistent with the formation of a larger structure. While we have
been unable to conrm the molecular structure via X-ray crys-
tallography, the combined data suggest that the tetraimidazole
linkage isomer of [Pt(L)4](BF4)2 (MMFF molecular model, Fig. 1)
was formed.

The isolated complex [Pt(L)4](BF4)2 (1 eq.) was then
combined with [Pd(CH3CN)4](BF4)2 (1 eq.) in either CD3CN or
d6-DMSO at room temperature and the reaction was moni-
tored via 1H NMR spectroscopy. Within 10 minutes, signals
due to the free pyridyl unit (Ha–d) had completely vanished
and were replaced by a new set of resonances shied down-
eld (Dd = 0.20–0.25 ppm, d6-DMSO, Fig. 2b and c). Large
downeld shis of the a-pyridyl protons (Ha and Hb) were
observed, characteristic of coordination of the palladium(II)
ion. Resonances due to platinum(II) coordinated imidazole
units remained relatively unchanged (Fig. 2b and c). The new
set of 1H NMR signals is distinct from those of both L and
[Pt(L)4](BF4)2. The

1H DOSY NMR spectrum of the reaction
mixture revealed that all the new resonances possess the
same diffusion coefficient, suggesting the clean formation of
a single product. The diffusion coefficient (DC = 5.54 × 10−10

m2 s−1) of the cage is different from that of the ligand L (DL =

12.0 × 10−10 m2 s−1) and similar to that of [Pt(L)4](BF4)2
(D[Pt(L)4](BF4)2 = 5.15 × 10−10 m2 s−1), consistent with the
formation of a larger cage architecture. ESIMS data obtained
from the reaction mixture also supported the formation of the
[PdPt(L)4](BF4)4 heterobimetallic cage, C. The major peak at
m/z = 391.6139 was consistent with the molecular formula
[PdPt(L)4]

4+ and the observed isotope pattern matched that
calculated for this 4+ ion.
Chem. Sci., 2023, 14, 8615–8623 | 8617
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Fig. 2 Stacked partial 1H NMR spectra (400 MHz, d6-DMSO, 298 K) of (a) ligand L, (b) the [Pt(L)4](BF4)2 complex, and (c) heterobimetallic cage C
([L] = 21.1 mM). Proton labels correspond to those shown in Fig. 1 and the ESI.†
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Other smaller peaks at m/z = 551.1534 and 870.2332,
consistent with the [PdPt(L)4(BF4)]

3+ and [PdPt(L)4(BF4)2]
2+ ions,

respectively, were also observed (ESI, Fig. S13†). The hetero-
metallic low-symmetry cage C was isolated as a pale-yellow solid
in 87% yield from acetonitrile solution by addition of excess ice-
cold diethyl ether. The solid was dissolved in nitromethane and
diethyl ether was vapour-diffused into the solution to provide
colourless crystals of a suitable quality for single-crystal X-ray
diffraction analysis. This unequivocally conrmed the forma-
tion of the heterobimetallic low-symmetry [PdPt(L)4]

4+ cage
(Fig. 3 and ESI, Section 5, Fig. S32†). The two metal ions are
bridged by four ligands L adopting a syn arrangement. As
indicated by the 1H NMR analysis, the platinum(II) ion is coor-
dinated by the four imidazole units of the low-symmetry ligand
and the palladium(II) ion is coordinated to the four pyridyl
units. The nitrogen atoms of the 1,2,3-triazole moieties are not
Fig. 3 Molecular structure of the heterobimetallic low-symmetry
[PdPt(L)4]

4+ cage C. A BF4
− anion and a CH3NO2 molecule occupy the

cavity of C. Colours: PdII brick, PtII purple, N periwinkle blue, C grey, H
white, B pick, F green. Hydrogen atoms involved in H-bonding inter-
actions (/) are shown. All other hydrogen atoms, most solvents of
crystallisation and counterions have been omitted for clarity.

8618 | Chem. Sci., 2023, 14, 8615–8623
coordinated to either metal ion. The Pd/Pt distance (10.449 Å)
is slightly smaller than that of the related imine-based hetero-
bimetallic cage,57 and comparable to similar, more rigid dipyr-
idyl homometallic cages,69–73 and other low-symmetry
assemblies.74–76 The cavity of the cage C contains a molecule
of nitromethane and a BF4

− anion. Hydrogen bonding is
observed between both the guest molecules with a variety of
different units on the cage. The nitromethane molecule inter-
acts with three of the four inwardly pointing imidazole protons.
The BF4

− ion interacts with all four a-pyridyl protons (as is oen
observed in related heterometallic cages) two inwardly pointing
triazole protons, and one of the inwardly pointing imidazole
protons (Fig. 3 and ESI, Section 5, Fig. S32†).

Having successfully generated the second low-symmetry
heterobimetallic [PdPt(L)4]

4+ cage (C), we then examined if
the architecture was a thermodynamic or kinetically meta-
stable product. The cage C was initially heated in CD3CN
solution at either 50 °C or 75 °C and the solution speciation
was monitored using 1H NMR spectroscopy (ESI, Section 6,
Fig. S35 and S36†). The 1H NMR spectra of C were unchanged
aer 4 days of heating in CD3CN (at either 50 or 75 °C) indi-
cating that the dimetallic complex is robust under these
conditions. Similar experiments were then carried out using
d6-DMSO as the solvent. The cage C was unchanged aer four
days at 50 °C in d6-DMSO (Fig. S37†). When C was heated at
75 °C or 100 °C in d6-DMSO changes were observed
(Fig. S38†). Aer 24 hours at 75 °C a new species can be
observed. However, even aer 4 days at that temperature in
d6-DMSO, C remains the major (>90%) species present
(Fig. S38†). At 100 °C in d6-DMSO the rearrangement/
isomerisation process is faster. Aer 24 hours at 100 °C C is
still the major (50%) compound in solution but several other
species can be observed. As the solution is heated further the
speciation continues to change and aer 4 days only a small
amount (10–15%) of C remains. The other species observed
are presumed to be different [PdPt(L)4]

4+ cage isomers. The
combined results suggest that C is a kinetically metastable
architecture. However, the complex is kinetically robust in
both CD3CN and d6-DMSO over a range of temperatures.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Top: stacked partial 1H NMR spectra (400 MHz, [D3]acetonitrile,
298 K) of (a) C and (b), C +MsO− (2 eq.) ([C]= 0.150mM). Bottom: ESI-
mass spectrum obtained from an acetonitrile solution of C (1 eq.) and
MsO− (2 eq.). G refers to the MsO− guest molecule.
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The molecular structure of the low-symmetry heterometallic
cage C conrmed that the cavity of the cage was accessible for
guest molecules (Fig. 3). Therefore, we investigated the host–
guest (HG) chemistry of the system with a wide variety of neutral
organic and inorganic guest molecules (ESI, Fig. S41†). The HG
interactions were examined using 1H NMR spectroscopy and
ESIMS. In a series of experiments, one of the potential guest
molecules (2 eq.) was combined with cage C (1 eq.) in CD3CN at
298 K and the 1H NMR spectrum acquired (ESI, Section 7,
Fig. S42–S44†). The 1HNMR spectrum of the host–guest mixture
was compared to the spectra of the “free” host and guest
compounds (ESI, Fig. S42 and S43†). Disappointingly, no
complexation-induced shis (CIS) were observed for either the
host or the guest resonances, suggesting that none of these
neutral guests interacted with the cavity of cage C. Consistent
with the 1H NMR spectra, the ESIMS data displayed no peaks
due to HG complexes. Molecular models (SPARTAN'18,66

MMFF, see ESI, Section 7, Fig. S40†) suggest that there are no
obvious steric interactions that would prevent host–guest
formation for the majority of the HG pairs examined. The lack
of neutral guest binding appears to be caused primarily by the
BF4

− counter-anions, outcompeting the neutral guests and
preferentially occupying the cage cavity (Fig. 3 and ESI,
Fig. S39†). This competitive anion binding behaviour has been
observed before in related homometallic cages.77

Due to the lack of binding observed with neutral molecules,
we turned to anionic sulfonate, organotriuoroborate and
phosphate ester guest molecules as these have been well
established to bind within related homometallic cage
systems.78–86 We examined methanesulfonate (MsO−), p-tolue-
nesulfonate (TsO−), tolyltriuoroborate (tolBF3

−) and dime-
thylphosphate (dimephos−). All four of the anions displayed CIS
consistent with guest binding (ESI, Section 7†). For example,
upon titration ofMsO− into an CD3CN solution of C, a large CIS
of the Ha proton (Dd = 0.55, with 2 eq. of MsO−) was observed
(Fig. 4 and ESI, Fig. S50†). ESIMS data of the HG mixture also
provided evidence for the formation of a C3MsO− host–guest
adduct, and indicated a 1 : 1 C :MsO− ratio, with large peaks at
m/z = 553.8112 ([C3MsO−]3+) and m/z = 874.2178
([C3MsO−(BF4

−)]2+) (Fig. 4 and ESI, Fig. S49†). Similar NMR
and ESIMS data was obtained from CD3CN mixtures of C and
TsO− (ESI, Fig. S45–S48†). Disappointingly, mixtures of C and
either tolBF3

− or dimephos− did not display any peaks due the
HG adducts in the ESIMS data potentially suggesting that the
HG interaction with those guests is weaker than those found
with the sulfonates.

The interactions of anionic guest molecules with cage C were
examined further using 1H NMR spectroscopic titrations
(CD3CN, 298 K) and the data was curve-tted using bindt87–89 to
obtain the association constants (K, ESI, Section 7, Table S5†).
Consistent with the ESIMS data, both sulfonate systems
provided an excellent t to a 1 : 1 bindingmodel (KMsO− = 29 400
± 2700 M−1 and KTsO− = 17 200 ± 1600 M−1). The smaller, more
basic MsO− has a slightly stronger interaction with the cage C
compared to the larger, less basic TsO−. The titration data with
the tolBF3

− guest also provided an excellent t to a 1 : 1 binding
model and the interaction was weaker (KtolBF3− = 2190 ± 40
© 2023 The Author(s). Published by the Royal Society of Chemistry
M−1) than what had been found with the sulfonates. Interest-
ingly, the NMR titration data from the interaction of C with
dimephos− was consistent with a 1 : 2 HG interaction
(K1(dimephos−) = 5870 ± 320 M−1, K2(dimephos−) = 1540 ± 70 M−1,
ESI, Fig. S54–S57, Table S5†).

The lower symmetry of cage C means that there are poten-
tially two different binding modes for the anionic guest: one
where the anions bind at the [Pd(py)4]

2+ end of the cage and the
other where the guests interact with the [Pt(im)4]

2+ end (ESI,
Fig. S61†). The largest CIS observed in the 1H NMR data ob-
tained from HG mixtures with the sulfonate and organo-
triuoroborate anions were for the pyridyl (Ha) and triazole (He)
protons of C (Fig. 4 and ESI, Section 7†). Little to no shis were
observed for the imidazole (Hj,k,l) resonances of C. The data for
the C : dimephos− 1 : 2 HG complex was similar, large CIS were
observed for the pyridyl (Ha) and triazole (He) protons of C at
lower equivalents (0–3 eq.) of dimephos−. As more equivalents
(5–42) of dimephos− are added to the mixture the Ha and He

resonances stop shiing and the imidazole resonances (Hl and
Hj) begin to move (ESI, Fig. S54†). The CIS data observed for the
1 : 1 HG complexes strongly suggest that the anions all interact
selectively with the [Pd(py)4]

2+ end of the cage as has been
observed in related homometallic cages.78–82 The CIS data ob-
tained for the 1 : 2 HG complex formed with dimephos− is also
consistent with the rst guest binding selectively at the
[Pd(py)4]

2+ end of the cage while the second anion then interacts
with the [Pt(im)4]

2+ end of C. Additional support for this HG
orientation was obtained from X-ray crystallography (Fig. 5 and
ESI, Section 7, Fig. S53†). Vapor diffusion of diethyl ether into
an acetonitrile solution of the cage C andMsO− (2 eq.) provided
Chem. Sci., 2023, 14, 8615–8623 | 8619
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colourless crystals suitable for single-crystal X-ray diffraction
analysis. Determination of the molecular structure unequivo-
cally conrmed the formation of the HG complex C3MsO−

(Fig. 5 and ESI, Fig. S53†). The Pd–Pt distance (10.086 Å) in the
HG complexes is slightly smaller than that of the parent cage
(10.449 Å, vide infra). Importantly, the structure revealed that
the MsO− guest molecule is interacting, through hydrogen
bonding, with the [Pd(py)4]

2+ motif of the heterometallic cage,
consistent with the NMR data. The MsO− guest is rotationally
disordered, but clearly forms hydrogen bonds to the endohedral
a-pyridyl protons of the [Pd(py)4]

2+ unit. The C/OS distances
ranged from 3.12 to 3.26 Å, and the C–H/OS distances from
2.33 to 2.37 Å. Similar interactions have been observed in
a range of related homometallic dipalladium cages.78–82,90,91

There are also interactions with the triazole protons consistent
with the CIS observed in solution. We note that the BF4

−

counter anion in the X-ray structure of the “free” C (Fig. 3) is
also interacting with the [Pd(py)4]

2+ end of the cage providing
additional solid-state support for the host–guest selectivity.

Having established that C can act as a host for anionic guest
molecules, we next examined the stimulus responsiveness of
the architecture. We and others have shown that addition of the
base N,N′-dimethylaminopyridine (DMAP) to a PdII architecture
can remove the labile palladium(II) ions as the complex
[Pd(DMAP)4]

2+, and release free ligand.57,69,92 We have also
shown that addition of DMAP to a PdII/PtII heterobimetallic
architecture preferentially removes the more labile palladiu-
m(II) metal ion, leaving the coordination environment of the
relatively inert platinum(II) metal ion untouched.57 This process
is completely reversible and the addition of acid preferentially
protonates the DMAP ligands, leading to reformation of the
cage architecture. As we have used DMAP and p-toluenesulfonic
acid (TsOH) as external stimuli previously, we chose to employ
them in this new heterobimetallic system to examine if the cage
Fig. 5 Molecular structure of the C3MsO− host–guest adduct. The
MsO− guest is rotationally disordered. Colours: PdII brick, PtII purple, N
periwinkle blue, C grey, H white, O red, S orange. Hydrogen atoms
involved in H-bonding interactions are shown. All other hydrogen
atoms, most solvents of crystallisation and counterions have been
omitted for clarity.

8620 | Chem. Sci., 2023, 14, 8615–8623
could be reversibly opened and closed (ESI, Section 8, Scheme
S2, Fig. S62–S65†).

DMAP (1–5 eq.) was titrated into a d6-DMSO solution of C
and the reaction monitored via 1H NMR spectroscopy
(Fig. S64†). Signals attributable to C decreased in intensity,
while a new set of signals that matched those of [Pt(L)4](BF4)2
grew in intensity aer each addition of DMAP. Another set of
signals due to a [Pd(DMAP)4]

2+ complex also increased in
intensity as more equivalents of DMAP were added. These
observations indicate the successful opening of the cage. Aer 4
equivalents of DMAP had been added, the addition of one more
equivalent of DMAP did not result in any further changes to the
chemical shis of the complex, and no signals were observed
for free L. This suggests that an excess of DMAP under the
conditions of this experiment was insufficient to extract the
inert platinum(II) ion from the imidazole pocket of the
[Pt(L)4](BF4)2 complex.

TsOH (5 eq.) was then added to the resulting [Pt(L)4](BF4)2 :
[Pd(DMAP)4]

2+ : DMAP mixture, and the reaction monitored via
1H NMR spectroscopy (Fig. S64†). Resonances due to the
[Pt(L)4](BF4)2 open complex steadily decreased in intensity,
while a new set of signals that matched those of C grew in
intensity aer each addition of TsOH. Two more sets of reso-
nances also steadily grew in intensity over the course of the
experiment, assigned as protonated DMAP and deprotonated
TsOH. These results are consistent with the reformation of C.
Similar results are obtained when using methanesulfonic acid
(MsOH) in the place of TsOH.

Having conrmed that C can open and close on demand, we
then examined if this ability persists in the presence of a guest
(Fig. 6 and ESI, Fig. S66 and S67†). The C3MsO− host–guest
adduct (Fig. 6a) was formed by addition of MsO− (1 eq.) to
a CD3CN solution of C (1 eq.). As detailed before large CIS are
observed for Ha and He of the cage conrming the formation of
the HG complex, additionally the methyl resonance of the
bound MsO− anion (HMe = 2.01 ppm) is shied upeld from
“free”MsO− (HMe = 2.41 ppm, ESI, Fig. S66†). DMAP (4 eq.) was
then added to the C3MsO− host–guest mixture and the reac-
tion monitored using 1H NMR spectroscopy (Fig. 6b). Much like
with “free” C, when DMAP was added to the HG complex the
palladium(II) ions are removed from the cage and the
[Pd(DMAP)4]

2+ and [Pt(L)4]
2+ complexes are formed (Fig. 6b).

This was accompanied by release of the MsO− guest (HMeO =

2.43 ppm). Upon addition of methanesulfonic acid (MsOH, 4
eq.) to this mixture, reformation of C was observed along with
protonation of the DMAP ligands (Fig. 6c). The reformation of C
occurs with reuptake of MsO− guest molecules, with large CIS
observed for Ha and He. The

1H NMR spectrum of the reformed
host–guest adduct (Fig. 6c) is similar, but not exactly identical,
to that of the original C3MsO− host–guest complex (Fig. 6a).
This is because the solution now contains 5 equivalents of
MsO− aer the deprotonation of MsOH, which further shis the
resonances (Ha and He) of the host–guest adduct. Using TsOH
in place of MsOH also provides similar results when switching
the host–guest adduct open and closed, but the nal HG spec-
trum (aer the switching has been completed) is more
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Stacked partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of (a) C3MsO− at a 1 : 1 ratio ([C] = 1.00 mM), (b) [Pt(L)4](BF4)2 open complex
after the addition of DMAP (4 eq.), (c) restored C3MsO− host–guest adduct after addition of MsOH (4.1 eq.).
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complicated due to competition between MsO− (1 eq.) and
TsO− (4 eq.) for the cavity of C (ESI, Fig. S67†).

The results described above show that C retains all the key
properties of the 1st generation imine-based heterobimetallic
[PdPt(L)4]

4+ cage.57While this imine-based cage was stable in polar
aprotic solvents (acetonitrile, nitromethane and DMSO) when it
was exposed to water (5 or 50% in DMSO) the imines hydrolysed
and the cage decomposed.93,94 To examine if the second generation
heterobimetallic [PdPt(L)4]

4+ cage C was more robust in aqueous
conditions we carried out two stability experiments using 1H NMR
spectroscopy (ESI, Fig. S68 and S69†). Initially, C was dissolved in
a 19 : 1 d6-DMSO : D2Omixture andmonitored over 21 days. There
was no sign of any cage decomposition. A similar experiment in
a 1 : 1 d6-DMSO : D2O mixture was then carried out. Again, no
decomposition of the cage C was observed. These experiments
indicate that the 2nd generation heterobimetallic [PdPt(L)4]

4+ cage
C is considerably more robust in aqueous conditions when
compared to the parent imine-based cage.
Conclusions

We have developed a method that enables the formation of the
low-symmetry heterobimetallic [PdPtL4]

4+ cage C. By synthesising
a low-symmetry ligand that features coordinating units of suffi-
ciently different donor strengths, the individual donor units can be
selectively coordinated to different metal ions in a stepwise
fashion. This strategy enabled the formation of the complex
[Pt(L)4](BF4)2, which can be transformed through the addition of
palladium(II) ions to the heterobimetallic [PdPtL4]

4+ cage in
quantitative yield. Formation of the cage was examined with 1H
and DOSY NMR spectroscopies as well as ESIMS, and unequivo-
cally conrmed using X-ray crystallography. The cage was shown
not bind any of the neutral guest molecules screened in the
solvents used. However, the cage was able to strongly encapsulate
a range of different anions (MsO−, TsO−, tolBF3

− and dimephos−).
Most importantly, solution NMR data and solid-state X-ray data
from the host–guest complexes indicated that the anions interact
orientationally selectively with the [Pd(py)4]

2+ end of the cage C.
Much like the rst generation, imine-based [PdPtL4]

4+ cage,
C was shown to be stimuli-responsive. Upon addition of DMAP
© 2023 The Author(s). Published by the Royal Society of Chemistry
the cage was opened through the formation of the complexes
[Pd(DMAP)4]

2+, and it could be closed again by addition of
MsOH or TsOH which protonated the DMAP ligands and
released free palladium(II) ions back into the system resulting in
spontaneous reformation of C. This same process could also be
carried out on the C3MsO− host–guest adduct. In this case the
guest molecule was released on deactivation of host–guest
interactions when the cage was converted to the open plati-
num(II) complex. Reuptake of the guest molecule was then
observed when the cage was reformed on addition of acid to
release free PdII ions.

While the current cage C has limited guest binding capa-
bilities, its stability in aqueous conditions suggests that more
water soluble analogues should be able to take advantage of the
hydrophobic effect and bind a wider range of neutral guest
molecules.3 These new systems should provide access to
switchable enzyme-like catalysts.71,95–99
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G. H. Clever, J. Am. Chem. Soc., 2019, 141, 2097–2103.

82 G. H. Clever, S. Tashiro and M. Shionoya, Angew. Chem., Int.
Ed., 2009, 48, 7010–7012.

83 K. Yazaki, Y. Sei, M. Akita and M. Yoshizawa, Chem.–Eur. J.,
2016, 22, 17557–17561.

84 E. G. Sheetz, Z. Zhang, A. Marogil, M. Che, M. Pink, V. Carta,
K. Raghavachari and A. H. Flood, Chem.–Eur. J., 2022, 28,
e202201584.

85 A. Platzek, S. Juber, C. Yurtseven, S. Hasegawa, L. Schneider,
C. Drechsler, K. E. Ebbert, R. Rudolf, Q.-Q. Yan, J. J. Holstein,
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