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ABSTRACT 

Incorporating redox active ligands into coordination cages offers a direct way to reach architectures whose structure or composition 
can be modulated in response to changes in the oxidation state. An exTTF-based ditopic ligand L affords a M2 L4 cage in presence 
of a palladium(II) salt (M). The resulting M2 L4 cavity exhibits selective binding properties for medium length α, ω-dinitrile alkanes. 
Modifying the coordination geometry of the ligand by oxidation to its Lox state redirects the self-assembly process toward a M2 Lox 2 
structure. The oxidized ligand can also be combined with a dibenzothiophene linker (L ′ ) to afford a heteroleptic M2 Lox L ′2 structure 
whose vacant coordination sites enable subsequent dimerization into an unprecedented M4 L4 L ′4 architecture. Key intermediates 
and products were structurally authenticated by single-crystal x-ray diffraction. Notably, these processes are reversible. Reduction 
converts the M2 Lox L ′2 assembly back to the homoleptic M2 L4 cage. This sequence illustrates how changes of oxidation state can 
reshape nuclearity and composition in metal organic assemblies. 
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 Introduction 

he metal directed self-assembly strategy provides an effi-
ient route to well-defined discrete metalla-organic architectures
hose shape is controlled by the coordination preferences of
he metal center and the geometry of the organic linkers [ 1–
 ]. Palladium(II)-based assemblies have played a central role in
his field because their square planar geometry supports a rather
redictable structure formation, often under thermodynamic
ontrol [ 7–11 ]. These properties have enabled the development
f a large variety of cavities with a good propensity for guest
inding [ 12–14 ], e.g., for the stabilization of reactive species [ 15 ] or
pplications in catalysis [ 16–22 ], purification [ 23–28 ] or molecular
elivery [ 29–31 ]. 
his is an open access article under the terms of the Creative Commons Attribution-NonC
rovided the original work is properly cited, the use is non-commercial and no modificat
2026 The Author(s). Angewandte Chemie published by Wiley-VCH GmbH 
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Recent efforts have been dedicated to the control of structural
complexity in such assemblies. The large majority of early cages
were homoleptic, i.e., built from a single type of ligand. The emer-
gence of heteroleptic analogs, i.e., assemblies incorporating two
or more different ligands, opens new opportunities in the field.
Indeed, the self-assembly of ligands with different geometries
may result in asymmetric cavities, while the introduction of com-
plementary functionalities within a single architecture becomes
possible [ 14, 32–44 ]. Such features are particularly attractive
for introducing directionality, multifunctionality, or differenti-
ated reactivity. Nevertheless, the formation of such heteroleptic
structures is often limited by winning control over underlying
self-sorting processes, that may favor homoleptic products or
the formation of statistical mixtures. Strategies based on shape
ommercial-NoDerivs License, which permits use and distribution in any medium, 
ions or adaptations are made. 
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FIGURE 1 (a) The exTTF moiety and the associated reversible 
geometric changes occurring along the two-electron redox process and (b) 
the structure of ligand L in its neutral and oxidized state ( x in Lx , stems 
for the R substituent, i.e., La and Lb ). 
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FIGURE 2 1 H NMR spectra (see Figure 1b for 1 H NMR assign- 
ments) of (a) ligand La in chloroform-d3 , (b) cage Pd2 (La)4 in 
acetonitrile-d3 at C = 0.7 mM, (c) corresponding 1 H DOSY NMR and (d) 
ESI-FTICR HRMS spectrum of cage Pd2 (La)4 recorded in acetonitrile at 
0.07 mM. 
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omplementary assembly, coordination sphere engineering and
djacent backbone interactions have been developed to address
his constraint and have since allowed to uncover a variety new
tructural motif [ 37, 45, 46 ]. 

n parallel, the dynamic nature of the metal ligand bonds
llows coordination cages to reorganize when exposed to external
timuli [ 47–52 ]. Recent studies describe transformable systems
hat respond to addition of a competitive ligand [ 53–55 ] or
 guest molecule [ 56–58 ], concentration [ 59–61 ], solvent [ 62 ]
r temperature changes [ 63 ], pH modulation [ 64, 65 ] or light
rradiation [ 66, 67 ]. As a result, both the geometry of the cage
nd its associated functions can be tuned in a stimulus-dependent
anner. 

n this basis, redox active ligands offer additional opportunities
 68–73 ] since modulation of the oxidation state affects the charge
istribution and, in some specific cases, the geometry of the
igand. Therefore, such process may redefine the coordination
rofile and change the geometry of the corresponding assemblies,
ffering new structural possibilities [ 74–76 ]. Only few examples
ave explored the redox state of the ligand to drive the for-
ation or rearrangement towards new discrete metalla-based
ssemblies [ 76–78 ]. In this context, the so-called exTTF scaffold
exTTF: 2-[9-(1,3-dithiol-2-ylidene)anthracen10(9H)-ylidene]-1,3-
ithiole) [ 79–81 ] is a particularly promising building block to
onsider when designing a ligand, given the drastic conforma-
ional changes that occur upon its oxidation to the dicationic state
Figure 1a ). 

e describe hereafter a ditopic exTTF-based ligand L and its self-
ssembly with palladium(II) cations to afford a Pd2 L4 homoleptic
of 11
cage. This structure displays selective host-guest recognition
properties towards α, ω-dinitrile alkane derivatives. Interestingly,
a different L/M stoichiometry is obtained upon associating the
dicationic oxidized version of L , i.e., Lox , which provides a
Pd2 (Lox )2 twisted ring structure. Lox was also combined with
a dibenzothiophene-based linker L ′ , to produce a heterolep-
tic Pd2 (Lox )(L ′ )2 species. Interestingly, reduction of the latter
assembly regenerates the homoleptic Pd2 L4 cage, illustrating the
possibility to switch between heteroleptic and homoleptic archi-
tectures, through a redox stimulus. Finally, an unprecedented
dimeric Pd4 (Lox )4 (L ′ )4 structural motif was also characterized
through x-ray diffraction. 

2 Results and Discussion 

The bis-functionalized electron-rich exTTF based ligand L was
designed as two variants, La and Lb , that share the same overall
structure and differ only by the nature of their alkyl substituents,
i.e., n -hexyl chains in La and isobutyl chains in Lb (Figure 1b ).
The introduction of hexyl chains was intended to ensure good
solubility of the resulting assemblies, while the isobutyl analogue
was synthesized as this substituent previously showed a higher
propensity to promote crystallization [ 76 ]. 

Both were obtained through a Horner Wadsworth Emmons
reaction between 2,6-dibromoanthraquinone and the appropriate
phosphonate ester ( 1a or 1b ) [ 76, 82 ], affording the exTTF
core, followed by Sonogashira coupling reactions with ethynyl-
isoquinoline 3 (Figure S1 ) [ 83 ]. 

Both ligands were then combined with a Pd(II) salt to assess their
capacity to form the expected M2 L4 assemblies. Reactions of La
or Lb with [Pd(CH3 CN)4 ](BF4 )2 in acetonitrile at 50◦C for 12 h
produced a single discrete species in each case. The formation
of discrete self-assemblies was confirmed by 1 H and 1 H DOSY
NMR experiments, with well-defined spectra and an identical
diffusion coefficient D = 5.1 × 10− 10 m2 

⋅s− 1 (Figure 2a–c for La
and S17–S19 for Lb ). This value corresponds to a hydrodynamic
radius rH = 12.3 Å, as determined from the Stokes-Einstein
Angewandte Chemie, 2026
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FIGURE 3 X-Ray crystal structures of (a, b) Pd2 (Lb)4 featuring two 
guest CH3 CN molecules, (c) C7 ⊂Pd2 (Lb)4 and (d) C8 ⊂Pd2 (Lb)4 . In all 
cases, the M , M -helicity enantiomer is shown. 
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FIGURE 4 (a) α, ω-Dinitrile alkane substrates with their respective 
N-N intramolecular distances extracted from MM+ simulations and 1 H 

NMR spectra in acetonitrile-d3 at C = 0.35 mM of (b) cage Pd2 (Lb)4 
(see assignment on Figure 2b in the case of cage Pd2 (La)4 ), (c) cage 
Pd2 (Lb)4 + 80 equiv. of C7 and (d) cage Pd2 (Lb)4 + 2 equiv. of C8 . 
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quation, a value which is consistent with the expected M2 L4
ormulation. 

RMS Analyses further support the formation of Pd2 L4 cages for
oth systems (Figures 2d , S16 for La and S20 for Lb ), revealing
ets of peaks corresponding to charged adducts featuring two
cetonitrile molecules and characteristic of 4+ and 3+ species. The
atter arise from the partial loss of BF4 − counter-anions and the
bserved isotopic distributions match closely those calculated for
he proposed M2 L4 formulations. 

hile no suitable single crystals of Pd2 (La)4 could be obtained,
rystals of the isobutyl analogue Pd2 (Lb)4 were successfully
rown by vapor diffusion of ethyl acetate over a solution of
he cage in acetonitrile in the presence of tetrabutylammonium
errhenate (TBAReO4 ). X-Ray diffraction (Figure 3a, b ) reveals
hat the isoquinoline units adopt twisted conformations to sat-
sfy the square-planar coordination environment, resulting in a
elicate structure with both ΔΔ ( M ) and ΛΛ ( P ) enantiomers
resent in the unit cell. Noteworthy, two acetonitrile molecules
re encapsulated within the cavity, whose nitrogen atoms point
oward the Pd2 + centers and are stabilized through electrostatic
nd CH ⋅⋅⋅N interactions (dN ⋅⋅⋅Pd = d1 = 3.30 Å and dN ⋅⋅⋅H = 2.71 Å),
onsistent with related systems [ 84 ]. 

iven the ability of these cages to encapsulate two acetonitrile
olecules, we examined their capacity to interact with a series
f α, ω-dinitrile alkanes NC–(CH2 )n –CN ( n = 5, 6, 7, 8, 10,
igure 4a ). Although competition with acetonitrile as the solvent
as considered, the replacement of two solvent molecules by
 single dinitrile guest is expected to be favorable. Indeed, the
cetonitrile release provides a negative –T ΔS entropic contri-
ution to Gibbs free energy, while the encapsulated dinitrile
ompounds might establish stabilizing interactions inside the
avity. 
ngewandte Chemie, 2026
Titration experiments were conducted on the Pd2 (Lb)4 cage in
acetonitrile-d3 at a concentration of C = 0.35 mM. No visible
change in the 1 H NMR spectrum was observed upon addition
of 100 equivalents of pentanedinitrile ( C5 ), hexanedinitrile ( C6 ),
decanedinitrile ( C10 ), which indicates that their affinity for the
cavity is too weak under these experimental conditions. By
contrast, addition of heptanedinitrile ( C7 ) or octanedinitrile ( C8 )
produces a new set of sharp signals and the progressive disap-
pearance of those corresponding to the empty cage (Figures 4c, d
and S38–S41 ). The 1 H NMR signals of the encapsulated dinitriles
C7 and C8 undergo a strong shielding from the aromatic walls
surrounding the cavity and their methylene signals appear in
the negative region of the spectrum between − 0.5 and − 2.5 ppm
(Figure 4c, d ). Overall, this behavior reflects a slow exchange
on the NMR timescale and the formation of a well-defined host
guest complex. While the complete binding of C7 requires 80
equivalents of guest at a cage concentration of 0.35 mM, only 2
equivalents of C8 are sufficient to saturate the cage at the same
concentration, reflecting a markedly higher affinity (Ka ( C8 ) ≈ 970
M− 1 

> Ka ( C7 ) ≈ 130 M− 1 , see Supporting Information for details).

Single crystals suitable for x-ray diffraction analysis of the host–
guest complexes C7 ⊂Pd2 (Lb)4 and C8 ⊂Pd2 (Lb)4 were obtained
by vapor diffusion of ethyl acetate into acetonitrile solutions in
the presence of TBAReO4 (Figure 3c, d ). Both crystallize in the
triclinic P -1 centrosymmetric space group. The dinitrile chains are
fully confined and elongated within the cavity with each terminal
nitrogen atom pointing toward one palladium center. The fit of
the guest inside the cavity differs for the two homologues. 

The C8 guest exhibits shorter N ⋅⋅⋅Pd contacts (d1 = 3.23 Å,
d2 = 3.31 Å) compared to C7 (d1 = 3.56 Å, d2 = 3.61 Å), which
reflects a better geometric accommodation of the longer chain. In
addition, the distances with C8 are closer to those observed in the
case of the two encapsulated acetonitrile molecules (Figure 3a ),
which further supports the optimal matching between the C8 
3 of 11
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FIGURE 5 (a) Schematic illustration of the self-assembly between 
Laox and [Pd(CH3 CN)4 ](BF4 )2 in acetonitrile-d3 leading to the formation 
of the oxidized metalla-ring Pd2 (Laox )2 and the subsequent stoichiom- 
etry change occurring upon reduction of Pd2 (Laox )2 (grey spheres 
correspond to coordinated acetonitrile molecules), (b) DFT Optimization 
of Pd2 (Laox )2 , (c, d, f) 1 H NMR spectra recorded in acetonitrile-d3 
of Laox (c), Pd2 (Laox )2 (d), and Pd2 (La)4 obtained after reduction of 
Pd2 (Laox )2 with TDAE (f, e) 1 H DOSY NMR spectrum in acetonitrile-d3 
of Pd2 (Laox )2 shown in (d, e) ESI-FTICR HRMS spectrum of Pd2 (Laox )2 
recorded in acetonitrile-d3 at 0.07 mM. 
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uest and the cavity. In addition, this trend is further supported
y an analysis of cavity occupation based on volume calculations
erformed using MoloVol (see SI for computational details) [ 85 ].
he internal cavity volume of the Pd2 (Lb)4 cage was estimated to
e 229 Å3 (Figure S53 ), while the molecular volumes of guests C7
nd C8 were calculated as 140 Å3 and 157 Å3 , respectively. These
alues correspond to occupation parameters of approximately
1% for C7 and 68% for C8 . While both values deviate from
he ∼ 55% occupation parameter proposed by Rebek [ 86 ], the
igher occupation achieved with C8 is consistent with a more
fficient filling of the cavity and enhanced host–guest contacts.
inally, analysis of the solid-state structures shows that the Pd–Pd
eparation remains nearly unchanged for the three host cavities,
e they occupied by two acetonitrile molecules, C7 or C8 guests
dPd–Pd = 17.15, 16.97, and 17.07 Å respectively). This limited
ariation indicates that the cavity is only weakly flexible and
annot adapt to the size of the guest to maximize the number
f stabilizing contacts. The selectivity observed for C8 therefore
rises from a good host-guest size matching rather than from any
onformational adaptation of the host structure. 

yclic voltammetry studies were conducted on both the ligand
a and cage Pd2 (La)4 (See Supporting Information for details).
he usual two-electron oxidation behavior of exTTF derivatives is
haracterized. As expected from the coordination to the metal, the
xidation of the cage is found at a higher potential ( Eox = 0.67 V
s. Ag/AgNO3 ) than the ligand one ( Eox = 0.35 V vs. Ag/AgNO3 )
Figure S54 ). 

n order to evaluate the impact of the redox state of ligand La
neutral or dicationic) over its assembly behavior into a coordi-
ation cage, chemical oxidation [ 87 ] studies were conducted and
onitored by 1 H NMR spectroscopy in acetonitrile-d3 . Treatment
f La with two equivalents of phenothiazinium tetrafluoroborate
PTZ∙+ (BF4 − )) [ 88 ] in a dichloromethane/acetonitrile mixture
15/85 v/v) afforded the oxidized ligand Laox ( (La2 + )(BF4 − )2 ),
hich could be isolated by precipitation in Et2 O in 86% yield.
ttempts to oxidize the Pd2 (La)4 cage in the same conditions
id not afford a well-defined discrete species but instead resulted
n complex mixtures. Therefore, the self-assembly behavior of
aox was examined in the presence of [Pd(CH3 CN)4 ](BF4 )2 in
cetonitrile-d3 (Figure 5 ). Experiments using a 0.5:1 Pd(II): Laox
atio did not afford a clean discrete species. By contrast, the
se of a 1:1 stoichiometric ratio in both counterparts afforded
ell-resolved 1 H NMR signals after 1 h at 70◦C (Figure 5d ).
ntegration of the aromatic region indicated that a dominant
pecies is formed ( > 80% relative abundance), together with
inor undefined species likely arising from incomplete self-
ssembly or alternative coordination modes. A 1 H DOSY NMR
xperiment confirmed the formation of a single dominant species
 D = 5.7 × 10− 10 m2 

⋅s− 1 , Figure 5e ) corresponding to a hydrody-
amic radius rH = 11.1 Å, a value which is significantly smaller
han that observed for the Pd2 (La)4 cage (12.3 Å). Importantly,
he HRMS analysis performed in acetonitrile at a concentration
f 0.07 mM revealed two major peaks corresponding to the
 Pd2 (Laox )2 (CD3 CN)2 F2 – 4BF4 − ]4 + and [ Pd2 (Laox )2 (CD3 CN)2 F2 
3BF4 − ]3 + species, respectively (Figure 5g ), consistent with

he formation of a M2 Lox 2 complex. The detected ions indicate
hat each Pd(II) center remains four-coordinate, adopting a
quare-planar environment ligated by two nitrogen donors from
aox , one acetonitrile molecule, and one fluoride ligand. The
of 11
fluoride likely arises from partial BF4 − decomposition under the
ionization conditions [ 89 ], as no Pd-bound fluorine is observed
in the 19 F NMR spectrum (Figure S32 ) [ 90, 91 ]. While these
species are observed in the gas phase, they support a coordination
scenario in which the two coordination sites not occupied
by Laox are filled by solvent and/or anionic ligands. Despite
numerous attempts, no single crystal could be obtained from
this system. DFT Optimizations were performed (see Supporting
Information for computational details) in order to determine
the precise geometry of the Pd2 (Laox )2 species and the relative
arrangements of the ligands and the Pd(II) centers. The cis -
and trans -[(PdX2 )2 (Laox )2 ]n + (X ═ Cl: n = 4 or X ═ CH3 CN:
n = 8) geometries were considered, with either chloride ions
or acetonitrile molecules occupying the vacant X positions. In
Angewandte Chemie, 2026
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ll cases, the trans isomer was found to be lower in energy,
ith energy differences of − 142.5 kJ/mol for chloride-coordinated
nd − 30.0 kJ/mol for acetonitrile-coordinated species. The latter
xhibits a pronounced steric hindrance arising from the close
roximity of the two positively charged Laox backbones, which
revents the coordination of two additional ligand molecules
o the system. It is worth noting that only few examples of
2 L2 systems based on pristine palladium complexes have been
eported so far and that in these cases, the M2 L2 formation is
ather dictated by steric constraints around the metal centers [ 34,
2, 93 ], than by steric hindrance arising from the ligand backbone
tself. In other cases, the formation of such M2 L2 rings has been
hown when two of the four coordination sites on the Pd(II)
ations are occupied by strongly coordinating anionic ligands
uch as chloride [ 94 ]. 

he behavior of the resulting Pd2 (Laox )2 assembly upon reduc-
ion was examined. Tetrakis(dimethylamino)ethylene (TDAE),
 two-electron reductant was selected [ 74, 76, 95, 96 ]. One
quivalent of the reductant was added per constitutive ligand.
oteworthy, the resulting 1 H NMR spectrum (Figures 5f and S42
nd S43 ) closely corresponds to the spectrum obtained from the
eutral ligand self-assembly indicating the reformation of the
d2 (La)4 cage. This stoichiometry change remarkably illustrates
 ring-to-cage transformation process, in which the Pd2 (Laox )2
pecies is converted into the Pd2 (La)4 cage upon reduction.
oncerning this matter, it is worth noting that the Pd2 (La)4 cage
s formed despite the presence of an excess of Pd(II) in solution,
esulting from the stoichiometric reorganization accompanying
he ring-to-cage transformation. 

he same methodology was applied for the construction of
eteroleptic assemblies incorporating the exTTF motif. Although
xtensive efforts were devoted to assembling such structures
rom the neutral ligand L , no heteroleptic species could be
btained, despite numerous trials involving ligands expected
o display complementary coordination behavior. We therefore
nvestigated the combination of the oxidized Laox ligand with a
ibenzothiophene-based ligand ( DBT ) (Figure 6a ). Notably, DBT
oes not self-assemble with [Pd(CH3 CN)4 ](BF4 )2 in acetonitrile
ecause of solubility reasons while it does in DMSO [ 97 ]. Heating
BT and Laox ligands in acetonitrile at 70◦C for 12 h furnished
 well-resolved 1 H NMR spectrum (Figure 6c ), significantly
ifferent from the homoleptic Pd2 (Laox )2 macrocycle (Figure 6b ).
he spectrum displays high complexity, consistent with the
educed symmetry expected for a heteroleptic assembly. The cor-
esponding 1 H DOSY NMR (Figure 6d ) shows a single diffusion
oefficient ( D = 6.3 × 10− 10 m2 

⋅s− 1 ) indicating the formation of
ne discrete species with an estimated hydrodynamic radius of
H = 10.0 Å. The 1 H NMR integrals of the isoquinoline protons
f Laox and the pyridyl protons of DBT indicate a 1:2 ligand
atio within the structure. This stoichiometry is further supported
y HRMS analysis, which shows intense peaks corresponding to
 Pd2 (Laox )(DBT)2 – 3BF4 − + 2CD3 CN]3 + and [ Pd2 (Laox )(DBT)2 
4BF4 − + 2CD3 CN]2 + , respectively (Figure 6g ). 

rystallization attempts were undertaken to characterize the
eteroleptic structure. Given its superior crystallization behav-
or, the ligand Lbox , bearing isobutyl substituents was used
nstead of Laox . Single crystals were obtained by vapor diffusion
f diethyl ether into a 0.35 mM acetonitrile solution in the
ngewandte Chemie, 2026
presence of TBAReO4 and the X-ray structure of the expected
Pd2 (Lbox )(DBT)2 architecture could be successfully solved
(Figure 7a ). The observed stoichiometry can be rationalized by
the pronounced steric bulk of Lbox , whose anthracene core bears
two nearly perpendicular 1,3-dithiolium rings. This steric hin-
drance prevents a second Lbox ligand from occupying the fourth
coordination site on the square-planar Pd(II) centers, meaning
that each of them instead binds one acetonitrile molecule. The
observed stoichiometry and AAB topology can be rationalized by
both i) the pronounced steric bulk of Lbox , whose anthracene core
bears two nearly perpendicular 1,3-dithiolium rings, and ii) the
complementary binding angles between DBT and Lbox . While
DBT imposes a relatively rigid coordination angle of ca. 77◦, the
oxidized exTTF-based ligand retains a certain degree of conforma-
tional flexibility due to rotation of the isoquinoline donors around
the central core, allowing it to adapt its coordination geometry
to an angle of ca. 103◦, thereby complementing the DBT binding
angle. Importantly, the steric hindrance imposed by the oxidized
exTTF2 + core prevents a second oxidized ligand from occupying
the fourth coordination site on the square-planar Pd(II) centers,
thereby disfavoring the formation of an AABB-type structure and
leading instead to coordination of an acetonitrile molecule at
the remaining site. The solid-state structure aligns with the 1 H
NMR data in solution, which display two sets of isoquinoline
and pyridyl resonances (Figure 6c ), consistent with the reduced
symmetry of the heteroleptic cage. In particular, the three ligands
bridging the two metal centers form a bowl-like structure. While
Pd2 A2 B-type heteroleptic bowls have been reported previously
[ 98 ], all known examples feature an ABA ligand arrangement,
in which two identical A ligands surround the single B ligand,
with solvent (or halide) molecules complementing the square-
planar coordination spheres of Pd(II) trans to ligand B. In
contrast, the ligands reported here adopt an unprecedented AAB
arrangement, resulting in a further reduction of the overall
symmetry. This difference can be rationalized by the non-linear
and complementary coordination vectors of Lbox and DBT , in
contrast to the typically ligands with colinear vectors involved in
ABA-type systems. It is worth noting that crystallographic data
on exTTF2 + derivatives remain scarce [ 75, 80, 99, 100–104 ] and
that, to the best of our knowledge have been reported in a unique
example of a cage-like structure [ 76 ]. 

Another set of single crystals could also be obtained from
a 0.7 mM solution in acetonitrile incorporating TBAAsF6 , by
vapor diffusion of THF. The corresponding structure could
be solved by x-ray diffraction analysis, revealing an original
Pd4 (Lbox )4 (DBT)4 species with a unique topology (Figures 7b
and S55 ). This assembly consists of two of the heteroleptic
Pd2 (Lbox )(DBT)2 bowl-type assemblies, still carrying the two
DBT units in a cis fashion (ligand order AAB), which are
connected by two additional bridging Lbox ligands. Each vacant
palladium position observed in the parental Pd2 (Lbox )(DBT)2 
complex is in this case connected to the isoquinoline moiety
of a bridging Lbox ligand. Pd atoms are separated by 13.59 Å
within each Pd2 (Lbox )(DBT)2 bowl, while the inter-bowl Pd ⋅⋅⋅Pd
distance is 16.28 Å. The internal Pd ⋅⋅⋅Pd ⋅⋅⋅Pd angles alternate
between ca. 80◦ and 100◦, resulting in a distorted parallelogram
rather than a rectangle. This angular distribution results in two
distinct types of corners within the Pd4 framework. However,
the coordination environments of the Pd(II) centers remain very
similar overall, with no significant differences in their local
5 of 11
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FIGURE 6 (a) Schematic illustration of the self-assembly between Laox , DBT, and Pd(CH3 CN)4 (BF4 )2 in acetonitrile-d3 leading to the formation 
of the oxidized Pd2 (Laox )(DBT)2 heteroleptic structure and the subsequent stoichiometry change occurring upon reduction of Pd2 (Laox )(DBT)2 (grey 
spheres correspond to coordinated acetonitrile molecules), (b, c, e) 1 H NMR spectra in acetonitrile-d3 of Pd2 (Laox )2 (b), Pd2 (Laox )(DBT)2 (c), and 
following the reduction of Pd2 (Laox )(DBT)2 with TDAE (e), 1 H DOSY NMR spectra in acetonitrile-d3 corresponding d) to the species shown in (c, f) 
to the species shown in (e) and (g) ESI-FTICR HRMS spectrum of Pd2 (Laox )(DBT)2 in acetonitrile-d3 at 0.07 mM. 
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quare-planar geometries. Attempts to reproduce this species in
olution, including experiments at higher concentrations, did not
rovide evidence for a Pd4 assembly by NMR spectroscopy, sug-
esting that its formation may be favored in the solid state by con-
entration effects, anion templation, and the reduced solvation
nvironment encountered during crystallization Nevertheless,
bservation of this M4 L4 L ′4 species reveals a latent propensity
f the system to access higher nuclearity architectures from the
vailability of vacant coordination sites in the Pd2 (Lbox )(DBT)2
recursor. Previously, such a M4 L4 L ′4 stoichiometry has only
een described in entirely different arrangements, namely in a
eteroleptic pseudo-tetrahedron [ 105 ] and in some four-lobed
owl/saddle assemblies [ 106 ]. 

he structures of the redox-active heteroleptic Pd2 (Laox )(DBT)2
nd Pd2 (Lbox )(DBT)2 architectures have been established in
olution and in the solid-state. Their electroactivity was explored
o check the impact of the redox-state over their structure.
or solubility reasons, these studies were conducted using
d2 (Laox )(DBT)2 . Addition of one equivalent of TDAE per
age unit led to the complete disappearance of the 1 H NMR
ignals which indicates a full disassembly of the heteroleptic
rchitecture and precipitation of the ligands. Heating the mixture
llowed reorganization of the components and after 4 h, a 1 H
MR spectrum comparable to that of the homoleptic Pd2 (La)4
ssembly was obtained (Figures 6e and S44 and S45 ). The
orresponding diffusion coefficient extracted from the 1 H DOSY
MR experiment was D = 5.0 × 10− 10 m2 

⋅s− 1 (Figure S46 closely
atching that observed for Pd2 (La)4 assembled from neutral La

 D = 5.1 × 10− 10 m2 
⋅s− 1 ). The lower signal intensity observed in

he spectrum can be attributed to the stoichiometry of the trans-
ormation since formation of one equivalent of Pd2 (La)4 requires
our equivalents of Laox which reduces the final concentration
f the cage. In addition, excess Pd(II) ions remain in solution
of 11
because the heteroleptic precursor contains more metal than
required for formation of the homoleptic product. No resonances
of the DBT ligand were detected which is consistent with its low
solubility in acetonitrile and suggests that it precipitates under
these conditions. 

This Pd2 (Laox )(DBT)2 to Pd2 (La)4 reorganization is assigned
to the conformational change occurring upon reduction of the
exTTF scaffold to its neutral bent structure, which favors the
M2 L4 nuclearity. To the best of our knowledge, this example cor-
responds to the first described transformation from a heteroleptic
to a homoleptic cage driven by a redox stimulus. 

3 Conclusion 

This work establishes exTTF-based ligands as versatile redox
responsive components for the construction and transformation
of palladium coordination cages. When neutral, the ditopic
exTTF-derivative supports the formation of well-defined Pd2 L4 
assemblies that display selective recognition for linear α, ω-
dinitrile alkanes. On the other hand, oxidation of the exTTF-
based ligand to the dicationic state Lox offers new opportunities
towards new self-assembled structures, by modifying its coordi-
nation properties. In that respect, the self-assembly process of Lox 
leads to a Pd2 (Lox )2 macrocycle that differs significantly from the
parent cage Pd2 L4 obtained from the neutral ligand. The oxidized
ligand can also be engaged in heteroleptic self-assemblies upon
combining with a dibenzothiophene-based ( DBT ) partner, to
produce Pd2 (Lox )(DBT)2 or an unprecedented Pd4 (Lox )4 (DBT)4 
parallelogram motif. 

Importantly, the reversible nature of these structural changes
could be demonstrated, e.g., by restoring the parent homoleptic
Angewandte Chemie, 2026
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FIGURE 7 x-Ray crystal structures of (a) Pd2 (Lbox )(DBT)2, (b) 
Pd4 (Lbox )4 (DBT)4 (top view), and (c) Pd4 (Lbox )4 (DBT)4 (side view); 
(d, e) corresponding schematic illustrations of (a) and (c), respectively 
(grey spheres correspond to acetonitrile molecules). 
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d2 L4 structure upon chemical reduction of the homoleptic
d2 (Lox )2 system or of the heteroleptic cage Pd2 (Lox )(DBT)2 .
his sequence of redox-induced transformations outlines the
ersatility offered by redox-active ligands when aiming at con-
rolling both the composition and the topology of metal organic
ssemblies. 
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