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Abstrakt 

Většina organických ligandů používaných v metalosupramolekulární chemii je 
symetrická, rigidní a achirální, na rozdíl od přirozených supramolekulárních sestav. 
Návrh a samouspořádání nesymetrických, flexibilních a chirálních ligandů do 
komplexní supramolekulární architektury představuje významnou výzvu v oblasti 
koordinační chemie. V této studii je zkoumáno koordinačně řízené samouspořádání 
ligandů odvozených od žlučových kyselin, které rozšiřuje známou škálu chirálních, 
nesymetrických konstrukcí využívajících derivátů kyseliny ursodeoxycholové (UDCA) 
a chenodeoxycholové (CDCA, epimer UDCA) nesoucích bis- a tris-pyridylová 
koordinační centra. Tyto ligandy dále vykazují pozoruhodnou flexibilitu a objemnost, 
což vede k charakteristickým strukturám po jejich komplexaci se čtvercově planárním 
kovovým kationtem Pd2+. Bis-pyridylový ligand odvozený od UDCA se selektivně 
samouspořádává a samotřídí do enantiomerně čistého korunovitého 
supramolekulárního koordinačního komplexu (SCC) Pd₃L₆. Naproti tomu epimerní 
bis-pyridylový ligand odvozený od CDCA, který má relativně nižší flexibilitu, poskytuje 
směs SCC s obecným vzorcem PdnL2n (Pd₂L₄, Pd₃L₆, Pd₄L₈, Pd₅L₁₀ a Pd₆L₁₂). Souhra 
mezi flexibilitou ligandu a objemností steroidní kostry poskytuje užitečný rámec pro 
zkoumání supramolekulárního designu a samoskládání s ligandy odvozenými od 
přírodních molekul. V podobné studii, tris-pyridylový ligand odvozený od UDCA 
prokázal selektivní a přepínatelné sestavování do chirálních nanoklecí Pd₆L₈ a Pd₁₂L₁₆, 
přičemž Pd₁₂L₁₆ představuje vůbec první kuboktahedrální samoskladnou sestavu z 
tritopického ligandu syntetizovanou metodou zaměřenou na stěnu (z anglického face-
directed). Tato selektivita se připisuje adaptabilitě a flexibilitě pyridylových skupin 
ligandu v reakci na různé reakční podmínky, což umožňuje tvorbu homochirálních 
(ΔΔΔΔ a ΔΔΔΔΔΔΔ) helikálních izomerů. Použití hmotnostní spektrometrie iontové 
mobility (IM-MS), 1H-1H nukleární Overhauserovy spektroskopie (NOESY), strukturní 
transformace, 1H-DOSY NMR spektroskopie, spektroskopie cirkulárního dichroismu 
(CD) a modelování použitím teorie funkcionálu hustoty (DFT) umožnilo komplexní 
strukturní analýzu, a tím poskytlo vhled do strukturních konformací zkoumaných SCC. 
Tato sekvenční studie navíc představuje kombinaci CD spektroskopie a DFT 
modelování jako potenciální alternativu k rentgenové difrakci monokrystalů (SC-XRD) 
pro objasnění molekulárních struktur helikálních SCC. Supramolekulární klece Pd₆L₈ 
a Pd₁₂L₁₆ pocházející z přirozeně se vyskytujících amfifilních transportních molekul, 
navíc vykazovaly zvýšenou buněčnou absorpci a vyšší protinádorovou účinnost 
palladiových kationtů v lidských jaterních sféroidech HepG2 než Pd(NO3)2. Celkově 
tato práce podtrhuje užitečnost přirozených nesymetrických stavebních jednotek při 
konstrukci komplexních chirálních nanostruktur a ukazuje jejich potenciál pro 
biomedicínské aplikace. 



UNSYMMETRIC CHIRAL LIGANDS IN METALLO-SUPRAMOLECULAR CHEMISTRY 

vi 
 

Abstract 

Most of the organic ligands employed in metallosupramolecular chemistry are 
symmetric, rigid, and achiral, in contrast to the natural supramolecular assemblies. The 
design and self-assembly of unsymmetric, flexible, and chiral ligands into a complex 
supramolecular architecture represents a significant challenge in the field of 
coordination chemistry. In this study, the coordination-driven self-assembly of bile-
acid-derived ligands is explored, extending the known range of chiral, unsymmetric 
scaffolds by employing ursodeoxycholic acid (UDCA) and chenodeoxycholic acid 
(CDCA, epimer of UDCA) derivatives bearing bis- and tris-pyridyl coordination sites. 
These ligands further exhibit notable flexibility and bulkiness, which result in 
distinctive structural outcomes upon complexation with the square planar Pd2+ metal 
cation. The UDCA-derived bis-pyridyl ligand selectively self-assembles and self-sorts 
into an enantiopure crown-like Pd₃L₆ supramolecular coordination complex (SCC). In 
contrast, the epimeric CDCA-derived bis-pyridyl ligand, which has relatively lower 
flexibility, yields a mixture of SCCs with the general formula PdnL2n (Pd₂L₄, Pd₃L₆, 
Pd₄L₈, Pd₅L₁₀, and Pd₆L₁₂). The interplay between the ligand flexibility and the 
bulkiness of the steroidal backbone provides a useful framework for exploring 
supramolecular design and self-assembly with natural molecule-derived ligands. In 
parallel, the UDCA-derived tris-pyridyl ligand demonstrated selective and switchable 
assembly into stellated Pd₆L₈ and Pd₁₂L₁₆ chiral nanocages, the latter representing the 
first ever face-directed cuboctahedral self-assembly from a tritopic ligand. This 
selectivity is attributed to the adaptability and flexibility of the ligand’s pyridyl groups 
in response to the varied reaction conditions, which enables the formation of 
homochiral (ΔΔΔΔ and ΔΔΔΔΔΔΔΔ) helical isomers. The use of ion-mobility mass 
spectrometry (IM-MS), 1H-1H nuclear Overhauser effect spectroscopy (NOESY), 
structural transformation, 1H-DOSY NMR spectroscopy, circular dichroism (CD) 
spectroscopy, and density functional theory (DFT) modeling enabled a comprehensive 
structural analysis, thereby providing insight to the structural conformations of SCCs 
under investigation. Moreover, this sequential study presents a combination of CD 
spectroscopy and DFT modeling as a potential alternative to single-crystal X-ray 
diffraction (SC-XRD) for elucidating molecular structures of helical SCCs. Furthermore, 
Pd₆L₈ and Pd₁₂L₁₆ supramolecular cages, originating from naturally occurring 
amphiphilic transport molecules, showed enhanced cellular uptake and exhibited 
higher anticancer efficacy of palladium cations in human hepatic HepG2 spheroids 
than Pd(NO3)2. Overall, this work underscores the utility of natural unsymmetric 
building units in constructing complex chiral nanostructures and highlights their 
potential for biomedical applications. 
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 Abbreviations 

SCC – Supramolecular coordination complexes 

BA – Bile acid 

UDCA – Ursodeoxycholic acid 

CDCA – Chenodeoxycholic acid 

NMR – Nuclear magnetic resonance 

VT NMR – Variable Temperature Nuclear magnetic resonance 

DOSY – Diffusion-ordered spectroscopy 

D – Diffusion coefficient 

Dh – Hydrodynamic diameter 

NOESY – Nuclear Overhauser effect spectroscopy 

IM-MS – Ion-mobility mass spectrometry 

ICP-MS – Inductively coupled plasma mass spectrometry 

CCS – Collision cross section 

CD – Circular dichroism 

SC-XRD – Single-crystal X-ray diffraction 

M:L – Metal-to-ligand ratio 

DFT – Density functional theory 

EPR – Enhanced permeability and retention 

IC50 – Half-maximal inhibitory concentration 

IC:EC – Intraspheroid to extracellular concentration 

TBACl – Tetrabutylammonium chloride 

TBANO3 – Tetrabutylammonium nitrate 

ACN – Acetonitrile 

ACN-d3 – Trideuteroacetonitrile 

DMSO-d6 – Hexadeuterodimethyl sulfoxide 

RM – Reaction mixture 
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1 Introduction 

The supramolecular chemistry deals with building complex structures through molec-
ular teamwork,1 which underpins the design and construction of cavity-containing 
structures known as cavitands.2 The intermolecular interactions are pivotal for creat-
ing supramolecular “host-guest” complexes3 resulting in complex architectures4 and 
functional assemblies,5 driving advancements in fields ranging from molecular recog-
nition6 to materials science, such as sensing,7 catalysis,8 or drug delivery.9 "Host-guest" 
chemistry, inspired by enzyme-substrate interactions, laid the groundwork for syn-
thetic cavity-containing structures like crown ethers,10 spherands,11 and cryptands12 
for the selective binding of guest cations, anions, or neutral molecules. With a deeper 
understanding of intermolecular interactions in natural systems, more complex mo-
lecular cavitands, including cucurbiturils,13 calixarenes,14 and cryptophanes,15 were 
developed to achieve enhanced selectivity and binding capabilities. Later, in the 1990s, 
the utilization of "host-guest" interactions led to the development of more sophisti-
cated structures, such as rotaxanes,16 catenanes,17 and molecular knots.18 These ad-
vances propelled supramolecular chemistry forward, ultimately contributing to the 
creation of artificial molecular machines.19 However, the ever-increasing complexity of 
the supramolecular structures, with the rapid advancement of the field, often makes 
the synthesis of covalent architectures synthetically demanding and low-yielding. 
Therefore, the development of supramolecular coordination complexes (SCCs) offers 
a suitable alternative for constructing cavity-containing structures.20, 21 Additionally, 
metal centers can provide synergistic therapeutic properties, making them valuable 
for biological applications.22 Construction of these metallo-supramolecular structures 
relies on coordination bonds and self-assembly process, referred to as coordination-
driven self-assembly. Synthesis of the coordination ligands is often relatively simple, 
and the self-assembly process generally results in quantitative yield, making the pro-
cess efficient by avoiding the traditional stepwise approach. Over the past few decades, 
many artificial coordinating ligands and their SCCs were synthesized, which led to def-
inition of fundamental principles for the self-assembly processes.20 However, unlike 
natural cavitands, most of these structures are symmetric and achiral. Only a few su-
pramolecular coordination complexes (SCCs) utilize natural molecules as building 
blocks,23 whereas many covalent structures are designed with them.24 Exponential 
growth in the interdisciplinary fields, and emerging boundaries of biology and chem-
istry, two fundamental sciences of life, clearly emphasize the growing requirement for 
the natural molecule-based “next-generation” SCCs. Therefore, this thesis primarily fo-
cuses on the development of such structures providing a new dimension to the under-
lying fundamental principles of their formation. Natural molecules (bile acids (BAs) in 
this case) with their unsymmetry, chirality, flexibility, amphiphilicity, and bulkiness 
can offer supramolecules with new structural features and enhanced selectivity for 
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“host-guest” complexes. SCCs are generally divided into two principal categories: (1) 
finite, or discrete,20 SCCs and (2) infinite SCCs.24, 25 This dissertation focuses exclusively 
on the investigation of finite SCCs, which are self-contained assemblies with defined 
structural boundaries, while infinite SCCs, which form continuous polymeric networks, 
are beyond the scope of this study and will not be addressed. 

1.1 Metallo-Supramolecular Macrocycles and Cages 

1.1.1 General Introduction 

Finite, or discrete, SCCs can be broadly classified into two major categories: 1) 
macrocycles, which may adopt two-dimensional (2D) or three-dimensional (3D) struc-
tures, and 2) cages or polyhedral structures, which are inherently three-dimensional 
(3D) in nature (Figure 1). In 1988, while intending to synthesize allenes, Saalfrank et. 
al. chanced upon a highly symmetric tetrahedral magnesium-malonate intermediate, 
laying the foundation of discrete SCCs.27 Understanding this structure led to the syn-
thesis of an ever-increasing number of sophisticated structures with different coordi-
nation ligands and metal coordinates.20,28,29,30 This has developed a basic understand-
ing of the coordination-driven self-assembly process and established the general 
guidelines for designing the ligand. The most important properties are encoded in the 
structure of the coordination ligand, i.e., the type and number of coordination sites, 
bend angle, steric constraints, and rigidity/flexibility. The type and number of coordi-
nation sites available in the ligand, upon recognition by the coordination geometry (i.e., 
square planar, tetrahedral, octahedral) of the metal coordinates, self-assembles into 
symmetric polygons and polyhedra, resulting in the discrete SCCs.  

 

Figure 1. 2D and 3D metallosupramolecular structures. [Adapted (a, d, c) with permission from Ref. 
20. Copyright © 2011 American Chemical Society, and adapted (b) from Ref. 31. CC BY-NC 4.0 license. 

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim] 

There are two ways to construct such geometries, where the coordination ligand is 
placed either on the edges or faces of the polyhedron. So, they are named edge-directed 
self-assembly and face-directed self-assembly or molecular paneling, respectively (Fig-
ure 1). The metal cations reside in each corner of the polygons or prisms, resulting in 
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macrocycles. Now, depending on the metal coordination geometry (e.g., cis-blocked 
Pd2+(Figure 1a, 1c, and Figure 1d), square planar Pd2+(Figure 1b)) and the type of lig-
and (edge or face-directed self-assembly), these macrocycles could be 2D or 3D. On the 
other hand, metallo-cages are structures where the metal cations occupy the vertices 
of a polyhedron. Therefore, regardless of whether they are formed via edge or face-
directed self-assembly, they adopt 3D structures. 

 
The self-assembly processes are further sub-categorized by design guidelines 

such as directional bonding and symmetry interaction.20 Most of the SCCs are made 
using square planar Pd2+ or Pt2+ with pyridyl-based ligands, which rely on the direc-
tional bonding approach, whereas, metallocycles or cages composed of Fe2+, Co2+, Ni2+, 
Zn2+, Cd2+, Ga3+or Ru2+ metal cations and tetrazole, imidazole, carboxylate, malonate or 
1-(2-pyridinyl)methanimine type of complimentary coordinating units, rely on the 
symmetry interaction method. This thesis, however, focuses on fundamental design 
principles specific to pyridyl ligands and square planar Pd2+ cations; thus, strategies 
involving symmetric bonding approaches are not discussed. 

1.1.2 Metal-to-ligand Ratio 

The first crucial assumption for constructing discrete SCCs is to select the appro-
priate metal-to-ligand ratio (M:L). To determine this, one must know the coordination 
number of the metal coordinate, e.g., the coordination number of square planar Pd2+ is 
four; therefore, it can coordinate with four pyridyl coordination sites. Secondly, one 
must know the topicity or denticity of the ligand, i.e., how many coordination sites are 
available in a ligand. Therefore one ditopic or bis-pyridyl ligand that can bind to two 
metal cations having coordination number four would maintain an M:L of 2:4, which 
is M:L of 1:2. This metal to ligand ratio, the most studied one, can generate a series of 
discrete SCCs (macrocycles or cages) with a general formula of PdnL2n (n= 2, 3 and so 
on), resulting in Pd2L4, Pd3L6, Pd4L8, Pd5L10, Pd6L12, Pd7L14, Pd12L24, Pd24L48, Pd30L60 and 
Pd48L96 (the largest metallocage reported so far).32 Similarly, a tris-pyridyl ligand with 
square planar Pd2+ cation will maintain an M:L of 3:4. This results in a series of Pd3L4n 
complexes, with so far only four types of SCCs (cages), i.e., Pd3L4,33–35 Pd9L12 (one),36 
Pd18L24 (one)37 via the edge-directed self-assembly and Pd6L8 (the most common 
type)38 via the face-directed self-assembly, which, relative to the ditopic ligands, makes 
tritopic ligands less studied. Apart from the above two types of ligands, there are a few 
tetratopic pyridyl ligands, which are combined with cis-blocked Pd2+(Coordination 
number 2, which makes M:L of 2:1) resulting in mostly open prism-shaped macrocy-
cles or regular polyhedron in few cases.39    

 
The obvious question here is how certainly someone can predict the nuclearity 

(the number of metal centers) of the SCCs just by looking at the structure of the ligand. 
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Another key question arises as to whether it is possible to predict the type of self-as-
sembly outcome, specifically, whether a given system will form a polygonal structure 
or a polyhedral geometry. Therefore, I would like to use this opportunity to point out 
the incompleteness of the fundamental concepts that must be fulfilled in metallo-su-
pramolecular chemistry. Being a supramolecular chemist, if someone looks at well-rip-
ened organic chemistry, a higher degree of predictability can be observed over the out-
come of some synthesis, which is lacking in this young branch of chemistry. A complete 
understanding of the underlying principles for precise prediction about the outcome 
is very crucial and the need of the hour to design a new type of ligand which would 
help to expand the present dataset. I will discuss these gaps one by one in the intro-
duction part, followed by the contributions provided in the results and discussion sec-
tion of my thesis.  

1.1.3 Bend Angle and Flexibility 

 

 

Figure 2. Guest-adaptive self-assembly of rigid, planar, and symmetric ligands. [Adapted (a) from 
Ref. 40. CC BY-NC 4.0 license. Copyright © 2017 The Authors. Nature Communications published by 

Springer Nature Limited and (b) from Ref. 31. CC BY-NC 4.0 license. Copyright © 2007 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim] 

The question regarding the nuclearity of the SCCs highlights the ligand bend angle, 
a critical parameter. However, accounting for flexibility, this parameter becomes com-
plex, making it less thoroughly explored and understood. Most ligands used so far are 
rigid and therefore have a predefined bend angle. The general trend is that the larger 
the bend angle of the ligands, the higher the nuclearity (size) of the self-assembly.38 
This remains true for metallo-cages or polyhedra,41,42; however, in the case of metallo-
cycles, this is not very straightforward. A recent publication reports the selective for-
mation of interconvertible PdnL2n (n=3, 4, 5, 6, 7) metallo-macrocycles using semirigid 
planar pyridinyl ligands having small conformational flexibility (Figure 2a).40 The 
higher nuclearity was achieved through the templating effect of the counteranion of 
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the metal salt used for the reaction. This phenomenon observed is similar to the natu-
ral induced-fit guest-binding mechanism, demonstrating the field's potential to mimic 
natural processes. Another example is the templating effect provided by the solvent to 
result in interconvertible PdnL2n (n= 3, 4) which was revealed by the solid-state crystal 
structure of these macrocycles (Figure 2b).31 Two DMSO molecules together with two 
nitrate anions template the formation of Pd4L8. When triflate anion was used as a coun-
ter anion instead of nitrate or the DMSO solution of Pd4L8 was diluted using any other 
solvent (e.g., methanol, ethanol, 1,4-dioxane, or chloroform), a mixture of Pd3L6 and 
Pd4L8 was formed. This demonstrates how sensitive these self-assembly processes are 
toward counteranions or even solvent molecules. Moreover, it shows that a rigid ligand 
with a predefined bend angle can form SCCs of varying sizes. Another study utilizing 
systematic angle variation of rigid, symmetric ditopic ligands suggested that wider 
bend angles could achieve macrocycles with higher nuclearity (Figure 3), although 
conformational strain plays the decisive role.43  

 

Figure 3. Effect of increasing bend angle and ring strain on macrocyclic self-assemblies of rigid, 
planar, and symmetric ligands. The red shift in color denotes increasing ring strain. [reprinted 
from Ref. 43. CC BY-NC-ND 4.0 license. Copyright © 2024 The Authors. Chemistry - A European Journal 

published by Wiley-VCH GmbH] 

While this assessment may hold for planar, rigid, and symmetric ligands, our re-
cent findings indicate that it cannot be universally applied, particularly in designing 
SCCs incorporating flexible ligands. Notably, DFT calculations of the reported macro-
cycles reveal that ring strain plays a pivotal role in determining structural outcomes, 
aligning closely with our observations on macrocycles developed using flexible and 
unsymmetric ligands, which are described in this thesis. 

Now, to claim a general rule of thumb based on only the bend angle of the ligand, 
one first needs a better understanding of relative rigidity or flexibility to define the 
bend angle. During the initial development of the field, rigidity coiled with 
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directionality was given prime importance, providing predefined bend angles. How-
ever, if we look at natural supramolecular systems, there are ample examples of highly 
flexible ligands, and they can adopt specific structures based on the surrounding envi-
ronment. To mimic the natural systems, understanding the effect of flexibility on the 
final self-assembly is important. The state of our current understanding is reflected in 
the Pd24L48 to Pd12L24 transition, caused by a change of only 3° in the bend angle of a 
small rigid ligand.41 Mathematical calculations show ideal bend angles for coordination 
polyhedra are ≃90° for Pd6L4, ≃120° for Pd12L24, and ≃135° for Pd24L48 for n ≤ 24. 
Although, a rigid bis-pyridyl ligand with a 149° bend angle, which is close to the ideal 
value (150°) for Pd30L60, self-assembles into Pd24L48 upon heating for an hour. How-
ever, prolonged heating results in a mixture of Pd24L48 and Pd30L60 (Figure 4a).44  

 

Figure 4. Influence of flexibility and reaction kinetics over self-assembly processes. [Adapted (a, 
b) with permission from Ref. 44. Copyright © 2016 Elsevier Inc. and (c) with permission from Ref. 45. Cop-

yright © 2011 American Chemical Society] 

It suggests self-assembly into a larger structure (n ≥ 24) undergoes natural kinetic 
trapping, therefore resulting in kinetically trapped Pd24L48, and only prolonged heating 
partially converts it to the thermodynamic Pd30L60. When the rigidity is slightly com-
promised by placing an ethynylene spacer group between the pyridyl sites and 
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thiophene core of the ligand, a mixture of kinetically trapped species, Pd12L24, and 
smaller self-assemblies was observed (Figure 4b). A similar bis-pyridyl ligand with an 
ethynylene spacer, upon complexation with Pd2+, results in Pd12L24 but with relatively 
inert Pt2+ forms kinetically trapped Pt6L12 (Figure 4c).45 

 
This suggests that, when provided with a degree of flexibility, the ligands can de-

termine their preferred structural outcome by adjusting their structure. Although be-
ing an important parameter, flexibility is poorly defined to generate quantitative num-
bers. To define and systematically compare the flexibility, which mostly originates by 
conformational changes of ligands, one approach could be the number of rotatable 
bonds present in the ligand. However, a better definition would be relating flexibility 
to the standard deviation in the bend angles of the ligand. Therefore, the key to devel-
oping such relations is to design and investigate natural molecule-based flexible lig-
ands and their self-assembly. Nevertheless, the kinetic trapping of the self-assemblies 
suggests that the self-assembly process is closely related to the natural protein folding 
process.46 Therefore, supramolecular structures are not far from closely mimicking 
natural systems. 

1.1.4 Chirality or Unsymmetry 

Apart from rigidity/flexibility, another essential ingredient in natural systems is 
chirality or unsymmetry, which has not been explored much so far. Recent advance-
ments in the field specifically target the synthesis of unsymmetric, asymmetric, or low-
symmetry SCCs. So far, three strategies have been employed.  

a) Orientational Self-Sorting 

The first one is to develop unsymmetric ligands. Unsymmetric ligands are de-
signed based on two basic strategies: an unsymmetric backbone with the same binding 
sites and a symmetric/unsymmetric backbone with different binding sites (Figure 
5a).47 This classification divides these ligands into three categories: type A (unsymmet-
ric backbone with identical binding moieties), type B (unsymmetric backbone with dis-
tinct binding moieties), and type C (symmetric backbone with two distinct binding 
moieties). As the topicity of the ligand increases, the number of possible permutations 
and combinations of these categories increases with it, making the system more com-
plex. 

 
The introduction of unsymmetric ligands provides a new aspect to the field, 

known as orientational self-sorting.48,49 This process refers to molecules spontane-
ously and selectively assembling into distinct, well-defined constitutional isomers, typ-
ically favoring one over others in a mixture (Figure 5b). For example, Pd2L4 can be pre-
sent in the form of 4 isomers, Pd3L6 as 9, Pd4L8 as 35, Pd6L12 as 112, and Pd12L24 even 
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as 350696 constitutional isomers (excluding their enantiomers). This type of self-sort-
ing provides a particular shape to the nanocavities, unleashing the potential for deliv-
ering a chiral environment for enantioselective reactions or molecular recognition 
with high sensitivity and specificity. 

 

Figure 5. Different types of unsymmetric ligands result in low-symmetry constitutional isomer-
ism in SCCs. [Reprinted (a) with permission from Ref. 47. Copyright © 2021 Elsevier B.V. All rights re-

served. and (b) with permission from Ref. 48. Copyright © 2021 Royal Society of Chemistry] 

b) Heterolepticity 

The second approach to developing unsymmetric SCCs involves a combination of 
two or more different ligands to construct the SCCs, known as heteroleptic complexes 
(Figure 6).50–55 This process is more complicated than the earlier one, as the presence 
of multiple ligands can result in a mixture of different homoleptic and heteroleptic 
SCCs. However, recent advancements provided more control and understanding, re-
sulting in the selective formation of non-statistical heteroleptic SCCs (Figure 6).53 The 
advantages of such complexes over homoleptic SCCs are multifunctionality, tunable 
properties, and synergistic effect. However, all the unsymmetric ligands and the ma-
jority of the heteroleptic cages are developed using symmetric ditopic pyridyl ligands, 
which makes the unsymmetric tritopic ligands unexplored. 
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Figure 6. Development of low-symmetry SCCs using heterolepticity. [Reprinted with permission 
from Ref. 53. Copyright © 2024 The Authors. Nature Chemistry published by Springer Nature Limited] 

c) Helical Chirality 
 

The third approach targets the development of asymmetric or chiral architecture 
from symmetric ligands (Figure 7).56–59 The basis of the ligand design is the symmetric 
interaction approach. Initially, these structures are made of first-row transition metal 
cations (e.g., Fe2+, Co2+, Cu2+, and Ni2+) and bipyridine or 1-(2-pyridinyl)methanimine 
coordinating ligands.6,60–62 Asymmetry or chirality in the cages originates from the 
non-planar asymmetric coordination environment of the metal centers. The ligand in 
such SCCs, depending on the ligand backbone’s length or flexibility, can adopt helicity, 
resulting in a separate class of SCCs, known as helicates. Therefore, symmetric square-
planar coordination geometry (e.g., Pd2+ or Pt2+) with pyridine coordinating sites was 
not preferred for constructing these SCCs. Despite this typical behavior, asymmetric or 
chiral SCCs were recently reported using pyridine coordinating ligands.63 However, 
their synthesis without using enantiopure building blocks remains challenging; asym-
metric cages developed using symmetric ligands result in a racemic mixture (Figure 
7a). The chiral resolution was generally achieved using chiral guest molecules (Figure 
7b), in rare cases, it is achieved through crystallization.57 Nevertheless, constructing 
enantiopure asymmetric cages using pyridine coordinating ligands with symmetric 
square-planar coordination spheres of metals is rare. 

 
These previous examples consider the formation of low-symmetry or asymmetric 

cages, and in some cases, these SCCs have helical chirality. However, the ligands used 
are symmetric, and the design of the ligands, unlike natural systems, rarely has any 
chiral centers.23 There are a few reports where chiral units are appended to the coor-
dinating ligands, e.g., peptide,64,65 pentasaccharide,66 or short alkyl chains.67 This could 
be considered a surface modification of the ligands. Therefore, the discrete SCCs con-
tain these chiral centers in their peripheral areas, resulting in achiral nanocavities. 
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Figure 7. Synthesis and chiral resolution of low-symmetry SCCs from symmetric ligands. 
[Adapted with permission from Ref. 63. Copyright © 2020 American Chemical Society] 

1.1.5 Natural Molecule-based SCCs 

A recent publication describes all the abovementioned factors, reporting the se-
lective formation of natural bile-acid-based enantiopure Pd3L6 metallo-macrocycle 
with a cavity of the complex decorated with chiral centers (Figure 8a).68 Furthermore, 
a similar Pd3L6 was reported to form hexagonal microparticles via hierarchical self-
organization.69 Later, the selective formation of small lantern-shaped Pd2L4 metallo-
cages was reported using BAs with a standard deviation of 14° in their bend angles 
(Figure 8b).70 Interestingly, regardless of having such flexibility in their bend angle, 
these bile-acid-based bis-pyridyl ligands selectively form one SCC. Therefore, it seems 
contrary to the small flexibility of rigid ligands, resulting in a mixture of kinetically 
trapped self-assemblies; even high flexibility allows the ligands to form a single self-
assembly, as observed in natural systems. However, apart from these, there are only a 
handful of reports on SCCs, e.g., macrocycles or catenanes, made of peptide-based bis-
pyridyl ligands (Figure 8c-Figure 8d).71 This highlights the need to develop natural 
molecule-based unsymmetric and flexible ligands for advanced understanding of the 
self-assembly process. Moreover, it leaves natural molecule-based tritopic ligands un-
explored. 

Accordingly, as a continuation of this story and a part of my PhD work, self-assem-
bly process of chenodeoxycholic acid (CDCA)-based bis-pyridyl ligand was studied and 
compared with the analogous UDCA ligand. Being an epimer of UDCA, CDCA provides 
a fair correlation between ligand bend angle, its effect on flexibility, and the final self-
assembly, providing us with valuable insights into the self-assembly process for 
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unsymmetric and flexible ligands. Furthermore, there is no report of unsymmetric and 
natural-molecule-based tritopic ligands. Thus, in the second project, extending the se-
ries of BA-based ligands, UDCA was converted into a tris-pyridyl ligand by appending 
a coordinating site to both hydroxyls and its alkyl side chain, which brings additional 
flexibility compared to its bis-pyridyl derivatives. This has led to “flexibility-aided ori-
entational self-sorting”, resulting in the selective and switchable formation of two dis-
tinct metallo-cages guided by the reaction environment.  

 

Figure 8. Natural-molecule-based chiral SCCs. [Adapted (a) from Ref. 68. CC BY-NC 4.0 license. Copy-
right © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (b) with permission from Ref. 70. Copy-

right © 2015 American Chemical Society; (c) from Ref. 72. CC BY-NC 4.0 license. Copyright © 2014 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (d) with permission from Ref. 71. Copyright © 2020 

Elsevier Inc.] 

1.1.6 Biomedical Applications of SCCs 

In addition to the fundamental aspects, these discrete SCCs can provide various 
interesting applications like recognition, enantioselective catalysis, or separation. 
However, as the topic revolves around natural molecules abundant in the human body, 
their investigation instinctively led to their biomedical evaluation. Despite the expo-
nential increase in the number of discrete SCCs since their discovery, biomedical re-
search and applications remain an emergent field of study.73 Recent discoveries have 
shown their potential to be a promising candidate for modern therapeutics.22,74,75 Since 
most discrete SCCs are composed of bioactive heavy metals like Pd2+ or Pt2+, they are 



INTRODUCTION 

15 
 

primarily studied for their anticancer or antitumor characteristics. Small platinum or 
palladium-based anticancer drugs lack bioavailability, stability, and solubility, and 
have deleterious side effects due to insufficient targeting ability. Therefore, these SCCs, 
particularly macrocycles, cages, or capsules, are developed as drug carriers by forming 
host-guest complexes with small platinum metallo-drugs. For example, a series of 
Pd2L4 metallo-cages76 were exposed to A549, SKOV-3, or HepG2 cancer cell line, where 
overall the free cages showed lower toxicity compared to the well-known anticancer 
drug cisplatin. However, the anticancer activity of the host-guest complex with cispla-
tin (2:1 cisplatin:Pd2L4) was investigated in human ovarian carcinoma SKOV-3, and 
this complex showed 10-fold toxicity compared to cisplatin and the cage alone (Figure 
9a). Co-administration of cisplatin, free ligand, and Pd2+ precursor to the cell-culture 
medium did not result in the same increase in their half-maximal inhibitory concentra-
tion (IC50) values.  

 

Figure 9. Bioactive host-guest inclusion complexes of SCCs. [Adapted from Ref. 73. Copyright © 
2017 American Chemical Society] 

Another interesting SCC, made of Ru2+ and tritopic pyridyl ligand, upon encapsu-
lation of [Pt(acac)]2+ (acac = acetylacetonato), the 1:1 host-guest complex displays an 
IC50 value of approximately 1 µM on human ovarian cancer cell line A2780 (Figure 9b). 
Although the cage itself has an IC50 value of around 23 µM, [Pt(acac)]2+ does not show 
any cytotoxicity.77 Therefore, this indicates that nanocavities of SCCs, by providing 
shelter, can enhance the stability or solubility of the drugs in the biological environ-
ment, thus providing more efficient delivery to target tissues or cells. Moreover, these 
SCCs can enhance the bioavailability as exhibited by bigger78 and highly charged com-
plexes79, which selectively accumulate in cancer cells, known as the “enhanced perme-
ability and retention effect” (EPR effect). The main aim of chemotherapy is to increase 
selectivity, reducing the general toxicity and so the side effects. The versatility of SCCs 
allows surface modifications to tune their selectivity. This approach using synthetic 
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ligands relies on the trial-and-error method, which is generally demanding. This again 
emphasizes that natural molecules, which can function as transporters and are specific 
to a limited number of organs, should be used to develop SCCs. Therefore, bile-acid-
based SCCs developed during my studies were exposed to spheroids of hepatoblas-
toma HepG2 cells. Their toxicity in correlation with their enhanced cellular uptake was 
investigated, displaying the relation of charge and size of SCCs, synergistically with the 
inherent transportation ability of BAs. 

1.2 Bile Acids (BAs) 

1.2.1 Structural Features 

BAs are a group of steroid acids found predominantly in the bile of mammals and other 
vertebrates. Their biosynthesis occurs in the liver through a multi-step process known 
as the classical (acidic) or neutral pathway, serving as a primary pathway for hepatic 
cholesterol catabolism. BAs are characterized by a steroid skeleton composed of three 
cyclohexane rings (A, B, and C) and one cyclopentane ring (D), connected to an alkyl 
side chain that includes a carboxyl group (Figure 10).   

 
Figure 10. Chemical structure of bile acids. 



INTRODUCTION 

17 
 

The steroid backbone is decorated with hydroxyl and methyl groups and contains 
9-11 well-defined chiral centers, which make them enantiopure building units. The 
amphiphilic nature of BAs arises from these two faces of the steroid skeleton: a hydro-
philic concave face (α-face) with hydroxyl groups and a hydrophobic convex face (β-
face) with methyl groups. BAs differ in the number, location, and spatial orientation of 
their hydroxyl groups, which influence their solubility, amphiphilicity, and biological 
activity. These hydroxyl and carboxylic acid groups can be chemically modified to cre-
ate desired coordinating or protected sites of ligands as required. The position and ori-
entation of these hydroxyl groups and the linkers used to attach the coordination 
groups can further determine the flexibility of the resulting ligands, which can be fur-
ther enhanced by including the alkyl chain into the coordination. The characteristic 
steroid skeleton of BAs and the methyl groups make them bulky, which can impose 
steric constraints that can provide control over supramolecular self-assembly prod-
ucts. These qualities enable BAs to generate a range of complementary enantiopure 
ligands with tunable coordinating sites, bend angles, flexibility, steric constraints, and 
amphiphilicity. These structural features make BAs highly appealing for developing so-
phisticated unsymmetric supramolecular building units with high chiral density, suit-
able for constructing the “next generation” SCCs. 

1.2.2 Bio-functional Assessment 

BAs regulate the digestion and absorption of dietary lipids and fat-soluble vita-
mins (A, D, E, and K). This digestive function is linked to the recycling process known 
as enterohepatic circulation (Figure 11), the most efficient circulation in the human 
body, reabsorbs approximately 95% of bile acids.80 This cycle involves the secretion of 
bile by the liver into the gallbladder where it is stored, followed by the release in the 
small intestine in response to food intake (particularly fats), reabsorption in the termi-
nal ileum (mostly mediated by apical sodium-dependent bile acid transporter (ASBT)) 
into the bloodstream via the portal vein, and transporting back to the liver. Moreover, 
bile acids act as potent signaling molecules. They activate nuclear receptors such as the 
farnesoid X receptor (FXR) and the G protein-coupled bile acid receptor 1 (GPBAR1, 
also known as TGR5). These signaling processes control lipid and glucose metabolism, 
modulate inflammation, and influence energy balance, overall maintaining metabolic 
homeostasis and supporting liver and intestinal health. 
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Figure 11. Enterohepatic circulation of bile acids. [Reprinted from Ref. 80. CC BY-NC 4.0 license. Cop-
yright © 2022 The Author(s), Molecules published by MDPI] 

 Moreover, UDCA is an FDA (the Food and Drug Administration)-approved medi-
cation used to treat liver and gallbladder problems, such as primary biliary cholangitis 
(PBC) and cholesterol gallstones. It promotes bile flow, lowers liver damage in choles-
tatic liver disorders, and may help liver function in transplant patients by lowering bile 
acid toxicity. Therefore, in addition to the appealing structural features, BAs hold the 
potential for biomedical applications targeting the transport and enhanced cellular up-
take to the organs involved in the enterohepatic circulation, especially the Pd-SCCs as 
an anticancer agent.  
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2 Results and Discussion 

2.1 Synthesis of Bile Acid-Based Pyridyl Ligands 

A general approach was established for synthesizing unsymmetric chiral building 
units for metallo-supramolecular complexes using bile acids (Scheme 1). The initial fo-
cus was on developing bile-acid-based ditopic pyridyl ligands. Building on the prior 
work of Jurček et al.,68,69 the alkyl carboxylic acid group at C24 was methylated to pre-
vent it from interfering with synthesis and later in coordination processes. Previous 
studies indicated that a UDCA-based bis-pyridyl ligand narcissistically self-assembles 
into an enantiomerically pure Pd3L6 macrocycle upon coordination with Pd2+ ions. To 
deepen the understanding of coordination-driven self-assembly and orientational self-
sorting, the bile acid family of coordinating ligand was extended using chenodeoxy-
cholic acid (CDCA) as the ligand’s core, an epimer of UDCA. The hydroxyl groups at C3 
and C7 were appended by pyridyl coordination sites via carbamate linkages. Two syn-
thetic strategies were employed: 1) the triphosgene pathway, and 2) through isonico-
tinoyl azide, leading to L1 (UDCA ligand, 45% vs. 37%, respectively) and L2 (CDCA lig-
and, 30% vs. 42%, respectively) (Scheme 1). 

 

 

Scheme 1. Sequential synthesis of bis- and tris-pyridyl ligands from UDCA and CDCA. 

To further explore the influence of flexibility, topicity, and BAs as molecular pan-
els on self-assembly, a tris-pyridyl ligand (L3) was synthesized by converting the car-
boxylic acid on the flexible alkyl chain of UDCA into a pyridyl group through amide 
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bond formation using 4-aminopyridine. The approach for modifying C3 and C7 hydrox-
yls remained consistent with that of the bis-pyridyl ligand L1. The alkyl carboxylic acid 
was first protected as a benzyl ester. Following the incorporation of pyridyl coordinat-
ing sites at the C3 and C7 hydroxyls, the benzyl group was selectively removed by hy-
drogenation, which subsequently allowed for amide bond formation at C24. This syn-
thetic strategy allowed for the precise conversion of the head, tail, and core (belly) re-
gions of bile acids into coordination sites as needed, covering edge-directive and face-
directive self-assembly mechanisms. 

 
This approach facilitates a systematic comparison of interconnected parameters 

inherent to natural molecules, such as bend angle, flexibility, and steric influence, while 
integrating a chiral steroidal scaffold and unsymmetry into the resulting coordination 
systems. The ditopic ligands primarily formed metallo-macrocycles, whereas the tri-
topic ligands yielded metallo-cages, each of which is discussed in detail below. Overall, 
this synthetic framework provides a platform to explore supramolecular coordination 
chemistry with unsymmetric, chiral, and flexible building blocks derived from natural 
products. 

2.2 Selectivity of Orientational Self-Sorting of Metallo-Supramolecular 
Macrocycles 

2.2.1 Synthesis and Characterization 

The complexation reaction was performed with a 10 mM solution of UDCA and 
CDCA-based bis-pyridyl ligands (L1 and L2) with Pd(NO3)2.2H2O in DMSO-d6 at M:L 1:2, 
55 °C for 1 hour. 1H-NMR spectroscopic analysis showed significant chemical shift 
changes for carbamate -NH- and aromatic protons, indicating the quantitative for-
mation of the metallo-complexes (Figure 12). The complexation of L1 shows sharp sig-
nals and an identical number of proton signals to that of the free ligand, which suggests 
the formation of a single symmetric species. In contrast, the signals for the complexa-
tion of L2 became broad and unsymmetric, which might suggest the formation of a mix-
ture of species or conformational isomers. 
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Figure 12. 1H-NMR spectra of L1, L2, and their complexation reaction with Pd(NO3) (700 MHz, 
298.2 K, DMSO-d6). [Reprinted from Ref. 81. CC BY-NC 4.0 license. Copyright © 2024 The Authors. An-

gewandte Chemie International Edition published by Wiley-VCH GmbH] 

These solutions were further analyzed using IM-MS and 1H-DOSY NMR spectros-
copy (Figure 13), which supports the assumptions made based on the 1H-NMR spec-
troscopy. Complexation of L1 results in the selective formation of Pd3(L1)6, whereas 
that of L2 produces a mixture of species having a general formula Pdn(L2)2n, ranging 
from Pd2(L2)4 to the largest Pd6(L2)12.  

To control the distribution of the species, preferably limited to one system, vari-
ous complexation reactions were performed with L2, such as using various solvents or 
their mixtures (e.g., acetone-d6, or solvent mixtures of D2O:DMSO-d6 1:5 and acetoni-
trile-d3:DMSO-d6 9:1), palladium salts (e.g., Pd(CH3CN)4(BF4)2), temperature (e.g., 70 
°C and 120°C), and varying time (e.g., 2, 5, and 24 hours), which led to similar or more 
complex mixtures (as observed in 1H-NMR spectra (Figure S1) or insoluble precipi-
tates. To further investigate the complexation process, the reaction pathway was mod-
ified. Complexation was first carried out with 10 mM L2 in DMSO-d6 using PdCl₂ at M:L 
1:1 at 55 °C for 1 hour, yielding a narrow distribution of species with the general for-
mula Pdn(L2)nCl2n (Figure S2 and Figure S3). When AgBF₄ was subsequently added, a 
similar distribution of Pdn(L2)2n species was observed (Figure S2 and Figure S4). Thus, 
it appears that upon complexation, L2 tends to form a range of kinetically trapped spe-
cies, likely due to comparable energy profiles associated with their formation. 
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Figure 13. IM-MS and 1H-DOSY NMR (700 MHz, 303.2 K, DMSO-d6) spectra of the complexation 
mixtures of L1 and L2. [Adapted from Ref. 81. CC BY-NC 4.0 license. Copyright © 2024 The Authors. An-

gewandte Chemie International Edition published by Wiley-VCH GmbH] 

2.2.2 Computational Modeling 

While SC-XRD is widely regarded as the most accurate method for structural de-
termination, obtaining high-quality single crystals can be challenging for many sys-
tems. There is a growing need for alternative, reliable, and straightforward methods, 
particularly for complexes involving unsymmetric and flexible ligands. Therefore, to 
elucidate the structures of the coordination complexes, a combination of techniques 
was employed, including IM-MS, DFT modeling, 1H-DOSY NMR, 1H-1H NOESY NMR, CD 
spectroscopy, and structure-transformation analysis.  

 
For the Pd3(L1)6 complex, the unsymmetry of the ligand theoretically allows for 9 

possible conformational isomers. However, many of these structures are not energeti-
cally, sterically, or geometrically accessible under the reaction conditions. Additionally, 
the identical number of 1H-NMR chemical shifts and splitting pattern comparable with 
the free ligand suggests the formation of a symmetric self-assembly, indicating the 
presence of C3 symmetry in Pd3(L1)6. Given these considerations, only two conforma-
tional isomers are feasible: a crown-like structure and a barrel-like structure, both of 
which were further examined through energy-optimized DFT models (Figure 14). The 
Pd3(L1)6 complex can be conceptually divided into a top and bottom section by an im-
aginary plane passing through the Pd2+ centers. Each section consists of three ligands 
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linked into a cyclic arrangement with a (C7-pyridyl)-Pd2+-(C3-pyridyl) connectivity, 
described as 7-Pd-3. The distinction between the crown and barrel forms arises from 
the relative orientations of these cycles: in the crown form, both cycles align in the 
same direction, creating a 3,3-Pd-7,7 coordination sphere (Figure 14a). Conversely, in 
the barrel form, the cycles are oriented in opposite directions, resulting in a 3,7-Pd-3,7 
coordination sphere (Figure 14b).  

 
Figure 14. DFT-optimized constitutional isomers of Pd3(L1)6 having C3 symmetry. [Adapted from 
Ref. 81. CC BY-NC 4.0 license. Copyright © 2024 The Authors. Angewandte Chemie International Edition 

published by Wiley-VCH GmbH] 

A comparison of the ground state energies of the optimized molecular models of 
Pd3(L1)6 revealed a difference of 10 kcal/mol, favoring the crown-like model over the 
barrel-like isomer. Given the amphiphilic nature and inherent tendency to aggregate 
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in polar environments, bile acids are likely to favor the self-assembly of the crown-like 
isomer. To further support the computational analysis, the diameter of the DFT-opti-
mized models is compared with the experimental diameter obtained using IM-MS and 
1H-DOSY NMR spectra. IM-MS provides a collision cross section (CCS) value of 973.7 
Å2 from which the diameter of the complex was found to be 3.5 nm, and the diffusion 
coefficient was D = 7.17 × 10⁻¹¹ m²/s accounting for the hydrodynamic diameter (Dh) 
of 3.4 nm (applying Stokes–Einstein–Sutherland equation). These experimental values 
are in good agreement with the theoretical crown-like model (3.3 nm). 

2.2.3 1H-1H NOESY NMR 

1H-1H NOESY NMR analysis of the Pd3(L1)6 complex revealed strong dipolar nu-
clear spin-spin interactions between the C25-methyl group on the flexible alkyl chain 
and several protons of the steroid nucleus, consistent with a crown-like self-assembly 
(Figure 15). This arrangement places the C25-methyl group in proximity to adjacent 
ligands. In contrast, a barrel-like assembly would direct the C25-methyl outward, pre-
venting such interactions. 

 

Figure 15. 1H-1H NOESY NMR spectra (700 MHZ, 298.2 K, DMSO-d6) of Pd3(L1)6. [Adapted from Ref. 
81. CC BY-NC 4.0 license. Copyright © 2024 The Authors. Angewandte Chemie International Edition pub-

lished by Wiley-VCH GmbH] 

2.2.4 Structure-transformation Analysis 

To validate the structure, a structure-transformation analysis using tetrabu-
tylammonium chloride (TBACl) was performed on the crown-like Pd3(L1)6 complex 
(Figure 16). 1H-NMR analysis showed a single new set of signals for coordinated L1 
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alongside signals for free L1, indicating the formation of either cis or trans isomer of 
the Pd3(L1)3Cl6 (Figure S5).  1H-DOSY NMR measured a diffusion coefficient of 7.83 × 
10⁻¹¹ m²/s (Figure S6), corresponding to a hydrodynamic diameter (Dh) of 3.1 nm, 
smaller than the crown-like Pd3(L1)6 (D = 7.17 × 10⁻¹¹ m²/s; Dh = 3.4 nm, DMSO-d6, 
303.2 K, Figure 13c).  

 

Figure 16. Structure-transformation analysis of Pd3(L1)6. [Adapted from Ref. 81. CC BY-NC 4.0 li-
cense. Copyright © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH 

GmbH] 

Moreover, the addition of AgBF4 to the solution reproduces the same Pd3(L1)6 
metallo-cycle (Figure S5). Molecular modeling also confirmed that this matches the cis-
isomer (Figure S7), indicating its selective formation through the deconstruction of the 
crown-like structure. The barrel-like Pd3(L1)6 would produce both cis- and trans-
forms, further supporting the crown-like structural assignment. 

2.2.5 CD Spectroscopy 

The CD spectroscopic analysis of the Pd3(L1)6 complex displays a strong negative 
band at approximately 275 nm and a strong positive band around 250 nm, resulting in 
a (- +) CD couplet. In contrast, the free ligand exhibits weak CD signals, likely due to its 
inherent chiral centers. This CD spectral pattern confirms the self-assembly of L1, in-
troducing helical or super chirality. Furthermore, the CD absorption profile offers in-
sights into the formation of either a 3,3-Pd-7,7 or 3,7-Pd-3,7 coordination sphere. For 
further clarity, this is elaborated in the section 2.3; however, the observed (– +) CD 
couplet serves, for now, as indicative evidence supporting the proposed crown-like 
self-assembly (Figure S8). 
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2.2.6 Complexation of the Epimer (L2) 

The complexation of L2 has yielded a mixture of species having the general for-
mula Pdn(L2)2n. Some of the complexes can exist in multiple structures, whereas others 
form only one. For example, Pd2(L2)4 forms only a lantern-shaped cage, whereas 
Pd3(L2)6, and Pd5(L2)10, exist solely as polygonal macrocyclic structure. Now, Pd4(L2)8 
complex can adopt a polygonal macrocyclic, tetrahedral, or mechanically interlocked 
structure. Similarly, the Pd6(L2)12 complex also has the possibility of forming polygonal 
macrocyclic, cuboid, or mechanically interlocked structures. Accordingly, the DFT 
models were constructed (Figure S9), and the theoretical CCS values were compared 
with the CCS values obtained from the IM-MS. The small differences between the CCS 
values of these constitutional isomers make precise structural determination challeng-
ing. However, 1H-1H NOESY NMR spectra show similar cross-peaks as observed for the 
Pd3(L1)6 macrocycle (Figure S10). Also, the CD spectra of the mixture show a (- +) CD 
couplet (Figure S8), although it has a relatively lower signal intensity. This suggests a 
significant population of species existing in a crown-like macrocyclic assembly, and a 
small amount of the complexes may deviate from the crown-like structure, accounting 
for the intensity drop observed in the CD spectra. Moreover, the theoretical calculation 
of the ground state energy optimized structures of Pd3(L2)6 macrocycle has a 10 
kcal/mol preference for the crown-like structure over the barrel-like assembly. 

2.2.7 Structural Comparison of Eimers: Bend Angle and Ring Strain 

The energy-optimized DFT model shows a bend angle (∠NC3-pyridyl―C5―NC7-pyridyl) 
of 117° for L1 in the free form and a range of 89 to 105° in the Pd3(L1)6 macrocycle. In 
contrast, L2 has a bend angle of 72° in its free form, and the bend angles in the coordi-
nation complexes range from 70–91° (Δ20°) (Figure 17), excluding the less abundant 
and energetically less probable Pd2(L2)4 (as observed from IM-MS and 1H-DOSY NMR 
analysis). Therefore, L1 maintains a larger bend angle and displays a higher deviation 
of Δ28°, compared to L2 with Δ20° deviation. Overall, a larger bend angle results in a 
smaller Pd3L6 macrocycle, while smaller bend angles favor the formation of larger mac-
rocycles, such as Pd4L8, Pd5L10, and Pd6L12. The assumption that larger bend angles al-
ways produce bigger coordination complexes does not apply to non-planar (rather 
bulky), flexible, and unsymmetric ligands and their metallo-cycles. 

 
For L2, the smaller bend angle or lower flexibility induces considerable geometric 

strain, which is further amplified by the bulky peripheral parts (C and D rings (Figure 
S11), alkyl chain) of the steroid moiety. Consequently, the thermodynamically favored 
Pd3L6 complex for L1 is not the most stable for L2. To relieve these strains, a distribu-
tion of kinetic species is observed, with a preference for larger macrocyclic structures. 
The reduced flexibility of L2 amplifies its bulkiness and therefore guides the formation 
of double-walled polygonal structures over the polyhedral structures, making the 
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formation of tetrahedral (Pd4L8), cuboid (Pd6L12), or mechanically interlocked confor-
mational isomers unlikely. In summary, it seems that increased flexibility of the ligand 
enhances its tendency for orientational self-sorting. This is a summary of the work 
from Publication 1, and please follow the original article in Appendix A for more in-
formation. 

 

Figure 17. DFT-optimized crown-like Pdn(L2)2n macrocycles and nomenclature of rings of ster-
oid nucleus. [Adapted from Ref. 81. CC BY-NC 4.0 license. Copyright © 2024 The Authors. Angewandte 

Chemie International Edition published by Wiley-VCH GmbH]  
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2.3 Flexibility-aided Orientational Self-Sorting and Transformation of 
Homochiral, and Bioactive Metallo-supramolecular Cages 

2.3.1 Synthesis and Characterisation 

To further investigate the effect of increased flexibility, topicity, and role of bile 
acid as a molecular panel in self-assembly, a UDCA-based tris-pyridyl ligand (L3) was 
synthesized and the initial complexation reaction of L3 (10 mM in DMSO-d6) with 
[Pd(CH3CN)4](BF4)2 (M:L 3:4, 70 °C, 1 h) shows the formation of a mixture of Pd6(L3)8 
and Pd12(L3)16 SCCs (reaction mixture 1 (RM 1), Figure 18a (green), Figure 18b and 
Figure S12).  

 

Figure 18. 1H-NMR (700 MHz, 298.2 K, DMSO-d6) and IM-MS spectra of Pd12(L3)16 and Pd6(L3)8. 
[Adapted from Ref. 82. CC BY-NC 4.0 license. Copyright © 2025 The Authors. Angewandte Chemie Interna-

tional Edition published by Wiley-VCH GmbH] 
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The selective formation of coordination cages using ligand L3 (10 mM) was 
achieved with Pd(NO3)2 (70 °C, 1h) under three different reaction conditions: 

1. M:L of 3:4 in DMSO-d₆, yielding Pd₁₂(L3)₁₆ (RM 2). 

2. M:L of 3:2 in DMSO-d₆, yielding Pd6(L3)8 (RM 2 3:2; Figure 18 and Figure 19). 

3. M:L of 3:4, but in a solvent mixture of 95:5 ACN-d₃:DMSO-d₆, yielding Pd6(L3)8 

(RM 3, Figure S13 and Figure S14). 

Hydrodynamic diameters of 5.8 nm (D = 4.98 × 10⁻¹¹ m²/s, RM2, Pd₁₂(L3)₁₆) and 4.8 
nm (D = 5.98 × 10⁻¹¹ m²/s, RM2 3:2, Pd₆(L3)₈)were determined from diffusion coeffi-
cients using the Stokes-Einstein equation. These values show good to moderate agree-
ment with diameters estimated from CCS data via IM-MS, confirming the formation of 
Pd₆(L3)₈ and Pd₁₂(L3)₁₆. Moreover, IM-MS analysis of this sample confirms that 
Pd12(L3)16 exists as a monomer rather than a dimer of Pd6(L3)8, based on factors such 
as specific intensity abundance, concentration independence, collision cross-section, 
and the presence of odd-charge states in the ions. 

 

 

Figure 19. 1H-DOSY NMR (700 MHZ, 303.2 K, DMSO-d6) spectra of Pd12(L3)16 and Pd6(L3)8. 
[Adapted from Ref. 82. CC BY-NC 4.0 license. Copyright © 2025 The Authors. Angewandte Chemie Interna-

tional Edition published by Wiley-VCH GmbH] 

2.3.2 Interspecific Transformation 

To investigate the potential for interspecies transformations and the reaction ki-
netics of the coordination assemblies, a series of reactions was carried out (described 
in Scheme 2) and monitored using 1H NMR spectroscopy, 1H–1H DOSY NMR, and IM-
MS. Complexation of ligand L3 under standard RM1 conditions predominantly yielded 
the Pd₁₂(L3)₁₆ species, comprising approximately 75% of the total product distribution 
relative to Pd₆(L3)₈. In contrast, repeating the RM1 procedure with an excess of metal 
salt (metal-to-ligand ratio of 3:2, RM1 3:2) favored the formation of Pd₆(L3)₈ as the 
major species. Additionally, subjecting the RM1 reaction mixture to prolonged heating 
(70 °C, 24 hours) shifted the equilibrium further toward Pd₆(L3)₈. These relative 
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product distributions were determined by comparing the intensities of the drift peaks 
in the IM-MS spectra. 

 
Interestingly, when analogous reaction conditions were employed using Pd(NO₃)₂ 

as the metal source, i.e., RM2 and RM2 3:2, selective formation of Pd₁₂(L3)₁₆ and 
Pd₆(L3)₈ was achieved, respectively. These observations suggest that variables such as 
the presence of excess metal ions, the nature of the counter anions, and solvent effects 
(e.g., the coordinating ability of acetonitrile) may significantly influence this dynamic 
coordination chemistry and related interspecies transformations. Each of these factors 
was therefore investigated independently in subsequent experiments. 

 

 
Scheme 2. Schematic representation of coordination-driven self-assemblies of L3 and their 

interconversion into homochiral Pd12(L3)16 cuboctahedron and Pd6(L3)8 octahedron. [Adapted 

from Ref. 82. CC BY-NC 4.0 license. Copyright © 2025 The Authors. Angewandte Chemie International Edi-

tion published by Wiley-VCH GmbH] 
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 Solvent-controlled experiments 

To evaluate the influence of acetonitrile on the formation and interconversion of 
coordination species, solvent-controlled experiments were systematically conducted. 
In the first experiment, the RM1 solution was evaporated overnight under vacuum at 
40 °C to remove residual acetonitrile. The resulting solid was then redissolved in 
DMSO-d₆ and heated at 70 °C for 1 hour (denoted as RM1–ACN). Under these condi-
tions, complete conversion to Pd₁₂(L3)₁₆ was observed. 1H NMR spectroscopy con-
firmed the near-complete removal of acetonitrile, with the Pd:ACN molar ratio de-
creasing from 1:4 in the original RM1 mixture to approximately 1:0.2. 

 
To further probe the effect of acetonitrile, a parallel reaction was conducted under 

RM2 conditions but using a mixed solvent system of 5% (v/v) ACN-d₃ in DMSO-d₆ (de-
noted as RM3). Due to the poor solubility of L3 in neat ACN-d₃, this solvent mixture 
was chosen to maintain solubility. The resulting Pd:ACN ratio in RM3 was approxi-
mately 1:128, in contrast to the 1:4 ratio in RM1. Under these conditions, selective for-
mation of Pd₆(L3)₈ was observed. 

 
Moreover, when 5% (v/v) ACN-d₃ was introduced post-synthetically to the RM2 

reaction mixture (denoted as RM2 + 5% ACN-d₃), followed by heating at 70 °C for 1 
hour, a complete transformation to Pd₆(L3)₈ was again observed. These experiments 
collectively demonstrate a strong dependence of product distribution on the concen-
tration of acetonitrile. Specifically, higher concentrations of acetonitrile favor the for-
mation of Pd₆(L3)₈, while lower concentrations shift the equilibrium toward 
Pd₁₂(L3)₁₆. 

 Anion exchange 

Now, the comparison between RM1–ACN and RM2, where almost an identical en-
vironment is established except for the counter anions, i.e., BF4- or NO3-, demonstrated 
that these counter anions do not strongly influence the reaction kinetics, as both reac-
tions led to the formation of Pd₁₂(L3)₁₆. To further investigate this matter, 1.5 eq. 
(M:L:NO3- 3:4:6) and 3 eq. (M:L:NO3- 3:4:12) of TBANO3 with respect to L3 were subse-
quently added to RM1 (post-synthesis), and the reaction mixture was heated at 70 °C 
for 1 h after every addition and even continued for 24 hours (denoted as 
RM1+TBANO3). Separately, the same amounts of the TBANO3 were introduced with 
the precursors of RM1 as well, accounting for the presence of excess nitrate anion from 
the beginning, but in all these abovementioned cases, the solution is composed of the 
mixtures of SCCs. These additional experiments reassure that the nitrate anion does 
not strongly influence the equilibrium between the SCCs. 
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 Metal-ligand ratio 

This reflects clarity regarding RM2 3:2 that it is the presence of excess metal cat-
ions responsible for the formation of Pd6(L3)8. Furthermore, when two equivalents of 
free L3 were introduced to RM2 3:2, followed by heating at 70 °C for 1 hour (denoted 
as RM2 3:2+2 eq. L3), shifting the M:L 3:2 to M:L 3:4, results in transformation into 
Pd12(L3)16. Similarly, when 3 equivalents of Pd(NO3)2 were introduced to a solution of 
RM2 (denoted as RM2+3 eq. Pd(NO3)2) resulted in the partial conversion of 
Pd12(L3)16 to Pd6(L3)8. These experiments further support the hypothesis on the influ-
ence of excess metal cations on the reaction dynamics. 1H–1H DOSY NMR spectroscopic 
analysis was summarized in Table S1, and for further experimental and analytical de-
tails, please follow Error! Reference source not found.. 

 Solvent/metal ion effect on dynamics and equilibrium 

The formation of two SCCs in the reaction mixture suggests the formation of ther-
modynamic and kinetically trapped species. Hiraoka et al. have shown that ACN accel-
erates ligand exchange via a solvent-assisted self-assembly process, which prevents 
the formation of primitive intermediates leading to kinetic products, thereby leading 
to thermodynamic products.83 In this system, the presence of excess ACN favors the 
Pd₆(L3)₈ complex, making it the thermodynamic product, whereas its absence in DMSO 
leads to the kinetically favored Pd₁₂(L3)₁₆. 

 
This can be attributed to ACN increasing the reversibility of Pd(II)–ligand coordi-

nation bonds, enhancing the dynamic nature of the assembly. During self-assembly, 
ligands and metals initially form oligomers of varying sizes before final cage for-
mation.84 Under excess ACN, faster ligand exchange results in smaller oligomers, di-
recting the system toward Pd₆(L3)₈. A similar effect is observed with excess Pd(NO₃)₂, 
where abundant Pd²⁺ ions favor the formation of smaller oligomers and thus smaller 
final assemblies. In contrast, slower exchange in the absence of ACN allows oligomers 
to grow larger and become trapped, ultimately yielding the larger Pd₁₂(L3)₁₆ species. 
Moreover, the interface flexibility of the ligand itself participates in the nucleation and 
growth of these supramolecular networks.85 

2.3.3 1H NMR Broadening 

As for the broadening of the 1H NMR signals, the larger Pd12(L3)16 (RM2) cage has 
a slightly broader NMR lines than Pd6(L3)8 (RM2 3:2) (Figure 18a). A similar pattern 
of chemical shift is also suggestive of both SCCs being composed of the same subunits. 
The broadening of the resonance lines, keeping the 1H-1H DOSY NMR spectra in mind, 
could be associated with large conformational changes in the near vicinity of pyridyls, 
i.e., on the C3-O-CO-NH-pyridine, C7-O-CO-NH-pyridine, and C24-CO-NH-pyridine 
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axes, being manifested in solution along with the unsymmetry present in the coordi-
nation sites. Variable-temperature 1H NMR studies of RM2 (Figure S15) revealed sig-
nal sharpening and the appearance of a second set of resonances at elevated tempera-
tures. Moreover, these structural changes affect only a minor fraction of the species 
and are transient, as they are induced by elevated temperature and revert to the orig-
inal form upon cooling (Table S1) with slightly resolved NMR signals. The possible ex-
planation could be that during direct synthesis at 70 °C for 1 hour (RM1), some ligands 
appear to become trapped in conformations with local energy minima. In contrast, 
heating to higher temperatures facilitates access to global minimum conformations 
that better satisfy the spatial and geometric requirements of the assembled complex, 
and these conformations are retained upon cooling. This suggests the formation of a 
temporary constitutional isomer (through rotation of the ligand, altering the connec-
tivity in the SCC) rather than a conformational isomer (through conformational 
changes within the ligand without altering its connectivity in the SCC), as one would 
assume that the spectral changes would be more subtle in such a case. However, the 
formation of a completely new species, although less probable, cannot be ignored, but 
its short life span limits its characterization. 

2.3.4 Computational Modelling 

To elucidate the structure of the species, numerous crystallization setups were 
employed. However, high-quality single crystals could not be obtained due to the in-
herent flexibility of the species. Thus, as an alternative approach, the focus was set on 
DFT modeling and CD spectroscopic analysis.  

 
Figure 20. a)-c) Cartoon and DFT-optimized models of SCCs derived from L3 and d) the nomen-
clature used for the molecular panel. [Adapted from Ref. 82. CC BY-NC 4.0 license. Copyright © 2025 

The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH] 
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Theoretically, there are many conformational isomers possible for the Pd6(L3)8 
and Pd12(L3)16 metallo-cages, however, the structure of L3 limits the formation of many 
isomers. L3 can be observed as an elongated (towards C24) triangular panel with two 
faces, a concave (α) face containing pyridyls (Py) and a convex (β) face featuring me-
thyl groups (C18, C19, and C21). Considering the shape and related steric strains of the 
self-assembly, L3 should always point the convex face outside of the complex. As for 
the elongated shape, the panels will be oriented to maintain high symmetry, thereby 
lowering the geometric strains. Considering these points, a structural subunit was de-
signed (Figure 20a), where four ligands are coordinated to Pd2+ ions through their 
PyC24 (denoted as PdC24) with their β-faces oriented outward - PdC24(L3)4. This model 
aligns with the CD spectroscopic study discussed in detail later. Two of these subunits 
were then connected through four additional Pd2+ ions using the remaining pyridyls at 
C3 and C7 (denoted as PdC3-C7), forming Pd6(L3)8 (Figure 20b). The resulting optimized 
structure of Pd6(L3)8 is a symmetric, axially elongated stellated octahedron. Similarly, 
four PdC24(L3)4 subunits were connected, two PdC24(L3)4 connected sideways with two 
PdC3-C7, resulting in a dimer, which was further connected, resembling the structure of 
a tennis ball, resulting in a cuboctahedral Pd12(L3)16 structure (Figure 20c). The opti-
mized structure represents an unprecedented formation of a low-symmetry stellated 
cuboctahedron via face-directive self-assembly of a tritopic ligand. 

2.3.5 Flexibility-Aided Orientational Self-Sorting 

The complexes were compared by measuring the edges and the angles of the tri-
angular panel (represented by the Pd—Pd distances and ∠Pd—Pd—Pd angles) and the 
NPy—NPy distances in the ligand (Figure 20d). The increase in the average PdC24—PdC3-

C7 and PdC3-C7—PdC3-C7 distances form Pd6(L3)8 to Pd12(L3)16 are 1.1 Å and 4.3 Å, respec-
tively. The average angles of the panel show the transformation of the triangular panel 
from equilateral (Pd6(L3)8) to isosceles triangle (Pd12(L3)16). 

 
The increase in PdC3-C7—PdC3-C7 distance is reflected by the increase in ∠NPy(C3)—

C5—NPy(C7) bend angle from 90-93° to 105-127° in Pd6(L3)8 to Pd12(L3)16, respectively. 
Therefore, the regular consideration that a higher bend angle results in larger species 
remains valid for the self-assembly into polyhedral structures. This in comparison with 
∠NPy(C3)—C5—NPy(C7) bend angle of Pd3(L1)6 metallo-cycle, which ranges from 89-
105°, demonstrates the magnitude of flexibility in the UDCA-based pyridyl ligands.  

 
In turn, the increasing length of PdC24—PdC3-C7 represents the decrease in the con-

vexity and further elongation of the ligand towards C24. Comparison with the DFT op-
timized free L3 shows significant stretching in NPy(C3)—NPy(C24) direction, 5 Å and 4 Å 
for Pd6(L3)8 and Pd12(L3)16, respectively, being dominantly contributing to the elonga-
tion. Whereas NPy(C7)—NPy(C24) distance remains similar to that of Pd6(L3)8 and 0.8 Å 
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longer than in Pd12(L3)16, NPy(C3)—NPy(C7) distance stays median compared to both spe-
cies. 

 
This highlights that the ligand, by contracting and expanding, can selectively adopt 

either octahedral or cuboctahedral structures. Thereby, it again validates that in-
creased flexibility of the ligand enhances its tendency for orientational self-sorting. 
This adaptivity of the structure originates from the inherent flexibility present in the 
structure of the ligand, which allows the selective formation of species that are non-
templated,31,40 not assisted by changing coordination sites58 or metal cations,45 and by 
triggering chemical changes in the ligand structure.86 Therefore, it represents a novel 
ligand design to gain control over selectivity referred to as flexibility-aided orienta-
tional self-sorting. 

 
Additionally, rotating one ligand either clockwise or counterclockwise in Pd6(L3)8 

generates less stable conformational isomers, as reflected by the increased energies of 
these DFT-optimized structures. This instability arises from the geometric strain 
caused by the reduction of the symmetry in the complex, suggesting a preference for 
the formation of homochiral species. 

2.3.6 CD Spectroscopy 

The DFT models of these metallo-cages reveal that the complexation process in-
duces helicity within the ligand structures. To gain a deeper understanding of these 
fine structural details, CD spectroscopic analysis was conducted and compared with 
both the previously developed Pd3L6 metallo-macrocycle and simulated CD spectra 
(Figure 21a). The CD spectra for the Pd6(L3)8 to Pd12(L3)16 cages display similar ab-
sorption patterns, featuring a strong positive band at 275 nm and a strong negative 
band at 260 nm, forming a (+ -) CD couplet. In contrast, the CD spectra for the previ-
ously reported crown-like Pd3L6 metallo-macrocycle, synthesized from a comparable 
UDCA-based bis-pyridyl ligand (Ld), exhibit an almost inverse (- +) CD couplet. 

A detailed examination of the coordination sites around the PdC3-C7 centers reveals 
their role in determining the opposite helicities. In case of Pd6(L3)8 or Pd12(L3)16 the 
coordination sites around PdC3-C7 follows a clockwise C3-C7-C3-C7 (3,7-PdC3-C7-3,7) 
connectivity (Figure 21b). This connectivity makes the Pd6(L3)8 or Pd12(L3)16 an en-
semble of four or eight right-handed helices, as observed following two diagonally in-
terconnected ligands through the C24-C3-Pd-C3-C24 backbone. Consequently, the CD 
spectra confirm orientational self-sorting into homochiral quadrupole (ΔΔΔΔ) or octu-
ple (ΔΔΔΔΔΔΔΔ) helical structures. 
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Figure 21. CD spectroscopic analysis (MeOH:DMSO-d6 1000:1, 25 °C) to elucidate the structure 
of UDCA-based supramolecular assemblies. [Adapted from Ref. 82. CC BY-NC 4.0 license. Copyright © 

2025 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH] 

In contrast, the Pd3(Ld)6 complex exhibits a different coordination pattern, with 
the PdC3-C7 centers arranged in a clockwise C3-C3-C7-C7 (3,3-PdC3-C7-3,3) connectivity 
(Figure 21c). This connectivity represents the structure being a collection of three hair-
pin loops, similarly following the C24-C3-Pd-C3-C24 backbone. The barrel-like struc-
ture of Pd3(Ld)6, characterized by 3,7-PdC3-C7-3,7 connectivity, should ideally produce 
a (+ -) CD couplet. This observation further confirms the formation of homochiral 
crown-like assemblies in Pd3(L1)6 and Pdn(L2)2n (n = 2-6) macrocycles. Additionally, 
the strong correlation between the simulated and experimental CD spectra lends fur-
ther validation to these conclusions. 

2.3.7 Biological activity 

CD spectroscopy can also effectively monitor the aqueous stability of Pd6(L3)8 and 
Pd12(L3)16 at much lower biologically relevant concentrations, e.g., 625 nm and 1250 
nm (Figure S16). Given the transport capability of bile acids in enterohepatic circula-
tion and Pd2+’s biological activity, hepatospheroids of HepG2 cells were used to evalu-
ate toxicity. While the ligand exhibited minimal toxicity after 8 days, both inorganic 
Pd(NO3)2 and metallo-cages reduced spheroid viability as Pd2+ concentrations in-
creased. At equimolar Pd2+ concentrations (24 µM), spheroid viability dropped to 90% 
for Pd(NO3)2, 78% for Pd6(L3)8, and 65% for Pd12(L3)16, as measured by ATP assay 
(Figure 22a) and spheroid size monitoring. Inductively coupled plasma mass spec-
trometry (ICP-MS) analysis revealed palladium uptake correlated negatively with 
spheroid viability (Figure 22b). Spheroids treated with 24 µM Pd(NO3)2 contained 0.15 
ng palladium per spheroid, whereas 4 µM Pd6(L3)8 and 2 µM Pd12(L3)16 delivered 1.5 
ng and 4.26 ng, respectively, indicating higher uptake efficiencies of 0.2% and 0.7% 
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compared to 0.023% for Pd(NO3)2. The intraspheroid to extracellular concentration 
ratios (IC:EC) were 249 for Pd12(L3)16 and 51 for Pd6(L3)8, indicating significantly 
greater uptake compared to that of Pd(NO3)2 which was 4.4. This highlights that larger, 
highly charged complexes are more readily absorbed by hepatospheroids, resulting in 
enhanced toxic effects. 

 
Figure 22. Biological studies to investigate the toxicity and the cellular uptake of Pd6(L3)8 and 

Pd12(L3)16 coordination cages. [Adapted from Ref. 82. CC BY-NC 4.0 license. Copyright © 2025 The Au-
thors. Angewandte Chemie International Edition published by Wiley-VCH GmbH] 
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3 Conclusion 

This thesis provides a concept to synthesize supramolecular building units from natu-
ral bile acids, resulting in the “next generation” supramolecular coordination com-
plexes. This takes advantage of the inherent unsymmetry, chirality, flexibility, am-
phiphilicity, and bulky steroid skeleton of the bile acids. Chemical modification of the 
hydroxyl groups of different bile acids into coordination sites provides varying bend 
angles with different amounts of flexibility, allowing fair comparison of the systems for 
deeper insights regarding the self-assembly process. Moreover, the inclusion of the 
flexible alkyl chain of bile acid in the coordination process induces a higher magnitude 
of overall flexibility, ultimately leading to stimuli-responsive interconvertible coordi-
nation cages. This approach, in a symmetric, achiral, and rigid ligand-dominated metal-
losupramolecular field, is novel and extends the library of metallosupramolecular spe-
cies, bringing them closer to natural mimetics. Sequential study of pyridyl ligands de-
rived from UDCA and CDCA provided an advanced understanding of flexibility and 
bulkiness over selectivity and orientational self-sorting. 

 
UDCA (L1) and CDCA (L2)-based bis-pyridyl ligand upon square-planar complexa-

tion with Pd2+ shows the selective formation of Pd3(L1)6 macrocycle and a mixture of 
macrocycles from Pd2(L2)4 to Pd6(L2)12, respectively. A comparison between the epi-
meric pair reveals that the deviation in bend angle of L1 and L2 is Δ28° (89-117°) 
and Δ20° (70-90°) in their respective supramolecular complexes. This observation is 
contrary to the well-accepted general rule that a higher bend angle results in a larger 
coordination species. A higher standard deviation of bend angle, which means higher 
flexibility, can reduce the steric constraints imposed by the bulky steroid rings, result-
ing in the selectivity of the orientational self-sorting into Pd3(L1)6. When flexibility is 
compromised, the preference for L2 shifts towards looser and larger macrocyclic spe-
cies to compensate for the structural rigidity and increased tension. IM-MS, 1H- DOSY 
NMR, 1H-1H NOESY NMR, DFT modeling, and structure-transformation analysis, in 
agreement with each other, helped to establish the structural conformation of these 
macrocycles. These observations represent valuable progress in understanding and 
mimicking natural systems made of non-planar, bulky, unsymmetric, and chiral mole-
cules. 

 
As a continuation of the study, UDCA-based unsymmetric tris-pyridyl ligand (L3), 

where an alkyl chain was incorporated as a pyridyl coordinating site, resulted in the 
selective formation of homochiral octahedra cage Pd6(L3)8 and introduced a new type 
cuboctahedral cage Pd12(L3)16 that are interconvertible. The flexibility of the alkyl 
chain pyridyl group (C24), in combination with the flexibility of the C3 and C7 pyridyl 
sites, allows expansion or contraction of the ligand to adopt cuboctahedral or 
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octahedral geometry in response to the reaction conditions, such as reaction stoichi-
ometry or catalytic amount of coordinating solvent. The inherent adaptivity of the lig-
and, without directly influencing the ligand’s shape by photochemical or templating 
methods, is often observed in large natural systems like enzymes or proteins. There-
fore, advanced control over the formation and interconversion of supramolecular co-
ordination complexes engaged in thermodynamic equilibrium is referred to as “flexi-
bility-aided orientational self-sorting”. 

 
Another interesting feature of the supramolecular complexes is that they adopt 

helical structures. Comparison of the CD spectra of the macrocycle (Pd3(L1)6) and the 
cages (Pd6(L3)8 and Pd12(L3)16) showed almost opposite CD bands. This has helped to 
establish the connectivity of the ligand around the coordination center, e.g., 3,3-Pd-7,7 
or 3,7-Pd-3,7, and is further supported by DFT modeling. This has confirmed orienta-
tional self-sorting and structural isomerism of the coordination cages into right-
handed quadruple (ΔΔΔΔ) or octuple (ΔΔΔΔΔΔΔΔ) helices and that of the macrocycles 
to be an ensemble of beta-hairpin loops altering their handedness. CD spectroscopy is 
a well-established, sensitive, fast, and reliable tool for large chiral systems such as 
DNAs, proteins, or enzymes. Therefore, this sequential development of these artificial 
systems and their comparison presents CD spectroscopy as a potential alternative to 
determine the structure of chiral supramolecular complexes comparable to often chal-
lenging single-crystal X-ray diffraction. 

 
The biological investigation of the cages showed enhanced cellular uptake and in-

creased cytotoxicity of Pd2+ cations in HepG2 spheroids, with the anticancer effect in-
creasing with size and charge. The ICP-MS analysis demonstrated that the Pd2+ uptake 
was 12-fold (Pd6(L3)8) and 56-fold (Pd12(L3)16) higher than that of inorganic Pd(NO3)2. 
This behavior emphasizes the value of tailored bile-acid-based ligands and the thera-
peutic promise of bile-acid-based complexes for advanced biomedical applications. 

 
These supramolecular complexes also represent water-soluble hydrophobic 

nano-pockets with an impressive chiral density not reported so far. For example, 
Pd3(L1)6, Pd6(L3)8, and Pd12(L3)16 have 60, 80, and 160 chiral centers embedded in 
their structures. Therefore, these complexes are also promising candidates in molecu-
lar recognition, enantioselective catalysis, and materials science.  

 
Overall, one of the future directions of metallo-supramolecular chemistry lies in 

the design and control of unsymmetric supramolecular coordination complexes con-
taining chiral nanocavities. By modulating the connectivity between the ligand and 
metal node, such as introducing additional denticity, control over the handedness of 
supramolecular coordination complexes is an interesting discovery. The flexibility-
aided orientational self-sorting approach introduced here also represents a novel 
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strategy for supramolecular self-assembly, which led to stimuli-responsive intercon-
version of cavity-containing structures. Further advancements in this field will require 
a comprehensive understanding, eventually resulting in substrate-selective recogni-
tion or reversible dynamic structural changes that facilitate efficient substrate trans-
formation as observed in natural molecular machines.  

 
In my opinion, the aim of supramolecular chemistry revolves around mimicking natu-
ral systems and functionalities; therefore, bridging synthetic and biological domains 
offers fascinating opportunities for future research and development.  
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Appendix B [Supporting Information] 

 

Figure S1.  1H-NMR spectra of the complexation reaction of L3 with Pd(NO3), M:L 1:2, 70 °C, 1 h 
in acetonitrile-d3:DMSO-d6 9:1 and D2O:DMSO-d6 1:5 (700 MHz, 298.2 K).  

 

Figure S2. 1H-NMR spectra (700 MHz, 298.2 K, DMSO-d6) of the complexation reaction of L3 with 
different metal salts.  
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Figure S3. 1H-DOSY NMR (700 MHz, 303.2 K, DMSO-d6) spectra of the complexation reaction of 
L2 with PdCl2. 

 

Figure S4. 1H-DOSY NMR (700 MHz, 303.2 K, DMSO-d6) spectra of the complexation reaction of 
L2 with PdCl2, followed by the addition of AgBF4 and heating at 55 °C for 1h. 
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Figure S5. 1H-NMR spectroscopic analysis (700 MHz, 298.2 K, DMSO-d6) of structure-transfor-

mation study of Pd3(L1)6. 

 

Figure S6. 1H-DOSY NMR (700 MHz, 303.2 K, DMSO-d6) spectra of Pd3(L1)6 after the addition of 
TBACl and heating at 55 °C for 1h. 
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Figure S7. DFT-optimized models of cis- and trans-Pd3(L1)3Cl6. 

 

Figure S8.  CD spectra (MeOH:DMSO-d6 1000:1, 25 °C) of L1, L2, and their complexation reactions 
with Pd(NO3)2. 
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Figure S9. DFT-optimized models of the possible constitutional isomers of Pdn(L2)2n mixture. 

 
 

Figure S10. 1H-1H NOESY NMR spectra (700 MHZ, 298.2 K, DMSO-d6) of Pdn(L2)2n mixture. 
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Figure S11. Spatial orientation and comparison of structures of L1 and L2. Indicating the struc-
tural difference is in bend angle and distortion of the upper part of the steroid skeleton (ring C 
and D with aliphatic methyl ester side chain). The models were prepared in Spartan'20, v. 1.1.2 

(DFT, vacuum, B3LYP/6-31G*).   

 
Figure S12. 1H-DOSY NMR spectra (700 MHZ, 303.2 K, DMSO-d6) of Pd12(L3)16 and Pd6(L3)8 mix-

ture. 
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Figure S13. 1H-NMR spectra (700 MHZ, 298.2 K, DMSO-d6) of RM 3. 

 

Figure S14. 1H-DOSY NMR spectra (700 MHZ, 303.2 K, DMSO-d6) of RM 3. 
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Table S1. Comparison of diffusion coefficients (D) of products as obtained using 1H-DOSY NMR 
spectroscopy (700 MHz, 303.2 K). 

Experiment Reaction conditions Product Dproduct (m2/s) 

RM1 Pd(CH3CN)4(BF4)2:L3 = 
3:4 in [D6]-DMSO 

Pd6(L3)8 + Pd12(L3)16 4.21 × 10-11 

5.04 × 10-11 
RM1 – ACN Pd(CH3CN)4(BF4)2:L3 = 

3:4 in [D6]-DMSO (evap-
orated and redissolved) 

Pd12(L3)16 4.96 × 10-11 

RM1 + TBANO3 RM1 + 2×1.5 equiv. (1+1 
h heating) 

Pd6(L3)8 + Pd12(L3)16 5.10 × 10-11 

5.58 × 10-11 
RM2 Pd(NO3)2:L3 = 3:4 in 

[D6]-DMSO 
Pd12(L3)16 4.98 × 10-11 

RM3 Pd(NO3)2:L3 = 3:4 in 5% 
(v/v) [D3]-ACN in [D6]-

DMSO 

Pd6(L3)8 6.24 × 10-11 

RM2 + Pd(NO3)2 RM2 + 3 equiv. Pd(NO3)2 Pd6(L3)8 + Pd12(L3)16 4.29 × 10-11 

5.62 × 10-11 

RM2 + [D3]-ACN RM2 + 5% [D3]-CAN Pd6(L3)8 5.58 × 10-11 

RM2 (VT-NMR) Pd(NO3)2:L3 = 3:4 in 
[D6]-DMSO 

Pd12(L3)16 4.96 × 10-11 

(up to 125 °C) 
5.10 × 10-11 

(at 100 °C) 

RM2 3:2 Pd(NO3)2:L3 = 3:2 in 
[D6]-DMSO 

Pd6(L3)8 5.98 × 10-11 

RM2 3:2 + L3 RM2 3:2 + 2 eq. L3 Pd12(L3)16 4.29 × 10-11 
Neat sample of L3 L3 in [D6]-DMSO L3 1.57 × 10-10 
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Figure S15. Variable temperature 1H-NMR (700 MHZ, DMSO-d6) study of Pd12(L3)16 (RM2). 
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Figure S16. Comparison of CD spectra (25 °C) of Pd6(L3)8 and Pd12(L3)16 in MeOH:DMSO-d6 
1000:1 and H2O:DMSO-d6 1000:1; accounting for 625 nm and 1250 nm concentration of 

Pd12(L3)16 and Pd6(L3)8 respectively. 

 
 
Figures and tables of the “Supporting information” section were adapted 
from Ref. 81. and 82. CC BY-NC 4.0 license. Copyright © 2025 The Authors. 
Angewandte Chemie International Edition published by Wiley-VCH GmbH. 
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1. 36th Central European NMR Meeting (NMR Valtice–2023) 
April 2 – 5, 2023 | Valtice, Czechia  
Oral Presentation: 1H DOSY NMR spectroscopy of bile acid-based 
metallosupramolecular structures 
 

2. 17th International Symposium on Macrocyclic and Supramolecular Chem-
istry (ISMSC–2023) 
April 25 – 29, 2023 | Reykjavík, Iceland 
Poster Presentation: Self-Assembly of Bile Acid Derivatives into Metallosupra-
molecur Cages 
 

3. Phytochemical Society of Europe Trends in Natural Products 2024 Young 
Scientists' Meeting (PSE–2024) 
May 21 – 24, 2024 | Brno, Czechia 
Poster Presentation: Bioactive 3D supramolecular coordination architectures 
of bile acids 
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