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Chapter 1 
Introduction to self-assembled supramolecular constructs 
and their application in enhancing homogeneous catalysis 
 

 

 

 

Supramolecular chemists have made tremendous advances in the design and syn-
thesis of elaborate constructs that spontaneously organize from component mole-
cules.1,2 At the same time, researchers in homogeneous catalysis have sought to harness 
these supramolecular constructs to improve chemical transformations with the selectiv-
ity and efficacy of biological enzymes.3 The design of such applied supramolecular con-
structs, with the added complexity of incorporating catalytic functionality with 
transition-metal complexes and substrates, faces further challenges from the sparsity of 
analytical methods and structural information available.  

Supramolecular chemistry is the field concerned with molecular organization by 
weak interactions such as hydrogen bonds, metal coordination, or van der Waals forces.2 
These weak interactions are dynamic, in contrast to the strong, static covalent bonds 
used in traditional molecular synthesis. These weak interactions are leveraged in the 
process of self-assembly, where a well-organized supramolecular construct emerges 
from local interactions between individual molecular components. Importantly, the to-
tality of these weak intermolecular interactions converges on a stable, well-defined 
structure featuring a single topology.2 By designing molecular components with specific 
functional groups, the process of self-assembly can be ‘programmed’ to produce a pre-
cise, well-defined supramolecular construct.1 Combining the programmability of these 
supramolecular constructs with effective homogeneous catalysts enables a new para-
digm for the precise control of molecular reactivity.2 However, the design and optimiza-
tion of molecular components that assemble into supramolecular constructs—that 
additionally effect changes in catalytic activity—presents a significant challenge often 
met by a dedicated trial-and-error effort.4 Thus, elucidating the mechanisms of self-as-
sembly and developing in silico approaches to realize the supramolecular structures rel-
evant to catalysis provides insight and guidance in homogenous catalysis and 
supramolecular chemistry.5,6 In this chapter, the applications of constructs to control the 
reactivity of transition-metal catalysis are discussed, highlighting how in silico methods 
have been used to elucidate the relationship between the construct properties and ex-
perimentally observed catalytic outcomes. 
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1.1 Supramolecular approaches to catalysis 
The typical approach in the development of traditional molecular transition-metal 

catalysts involves the synthesis of new ligands and the metal complexes thereof, pos-
sessing specific electronic and steric properties.7 The properties of metal complexes em-
ployed as catalysts are controlled to a large extent by the ligands that are coordinated 
to them. While the electronic properties of the ligand impact catalysis by tuning the re-
activity of the metal center and its interactions with substrates (e.g., association, addi-
tion, and elimination),7 the steric properties limit access to the metal center producing 
selectivity in the metal center.8 

Observations of the effect of electronic and steric properties gave rise numeric ligand 
parameters, such as Tolman’s χ-parameter, cone angle,8,9 and later in silico approaches 
that direct describe electronic effects and steric volumes.10 While these theoretical ap-
proaches have greatly aided the design of ligands, the development of new catalysts 
often needs the synthesis of multiple similar ligands for optimization. To fulfil the need 
for reaction selectivity, chemists have synthesized elaborately decorated ligands to exert 
control over reactivity by engulfing the volume around the metal center (Figure 1).  

While electronic effects are usually derived from interactions of the ligand and metal-
center, steric effects must be proximate to the substrate. Notably, this motivated the 
development of elaborate ligands for catalytic gold (I) complexes where the linear ligand-
metal-substrate coordination angle requires significant structural features to enable 
substrate-ligand interactions.12,13 While Sawamura demonstrated that such bulky ligand 
structures support selective gold (I) catalysis,11 these complexes are less accessible than 
commonly used gold (I) complexes such as Au(PPh3) or Au(IPr) shown in Figure 1. This 
motivates new approaches to influence reaction selectivity in homogeneous catalysis, 
including the use of supramolecular constructs (Figure 2).3,13,14 

 
Figure 1. A comparison of three gold (I) catalysts with coordinated substrate (4-pentynoic acid) showing the increase of 
ligand size constructed to achieve specific reactivity: (trimethylphosphine)gold(I) (Au(PPh)3), (N,N’-bis[2,6-(di-isopro-
pyl)phenyl]6-imidazole-2-ylidene)gold(I) (Au(IPr)), and (tris(3,3,3-tris(3,5-di-tert-butyl-4-methoxyphenyl)prop-1-yn-1-
yl)phosphine)gold(I) colloquially referred to as Sawamura’s Catalyst after its designer.11 
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Supramolecular constructs are often described as synthetic analogs to enzymes, as 
they feature an internal volume that may incorporate a transition-metal catalyst.3,13,14 

The resulting construct–substrate interactions have profound effects on the selectivity 
and reactivity of incorporated transition-metal catalysts. While a diverse range of supra-
molecular constructs have been applied to catalysis, in the next sections we will discuss 
examples of featuring the two supramolecular constructs discussed in later chapters: 
hexameric alkyl-resorcin[4]arene hydrogen-bond capsules (Figure 2, C11R6 and C1R6),16,17 
and Pd-based coordination cages (Figure 2, M2L4 and M12L24).19  

 
Figure 2. Supramolecular constructs described in this thesis: hexameric undecyl-resorcin[4]arene hydrogen bond capsules 
(C11R6) and its methyl congener (C1R6) with internal volumes highlighted by green spheres, also cuboctahedral (M12L24) and 
lantern-type (M2L4) coordination cages featuring palladium(II) or platinum(II) coordination nodes. Note that coordination 
cages also bear +24 and +4 charges, not depicted.  

1.1.1 Modifying transition-metal reactivity within C11R6 capsules 

Initial studies of undecyl-resorcin[4]arenes (C11R) suggested the formation of several 
remarkably strong hydrogen bonds with sugars and alcohols in water-saturated non-po-
lar solvents.18 However, later work clarified that under these conditions capsule-like su-
pramolecular constructs (C11R6) were spontaneously self-assembled from water-
saturated apolar solvents (e.g., PhMe, CHCl3) bearing cubic topology with 6 C11R faces 
and 8 water molecules at vertex positions (Scheme 1).15 
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Scheme 1. The structure of the C11R6 capsule rendered with additional volume between vertex water molecules (cyan) to 
illustrate its cubic topology (left), alongside a representative cartoon (right) used in throughout this chapter. 

The solution state of C11R6 possesses an internal volume (ca. 860 Å3) edged with hy-
drogen bond acceptors (i.e., ROH) and donors (i.e., ROH) enabling the incorporation of 
polar and ionic molecules (e.g. sugars, organic ions) in water-saturated apolar solvents 
(e.g. CHCl3, PhMe).15-17 Interestingly, the extent of the hydrogen bond network also in-
creases the Brønsted acidity of incorporated water (pKa ≈ 5.5–6.0).19 Thus, researchers 
have widely reported on applications of C11R6 as an enzyme-like catalyst for organic trans-
formations,20 including the acid-catalyzed cyclization of terpenes (Scheme 2).21 

 
Scheme 2. Cyclization of geranyl alcohol into eucalyptol using C11R6 as an acid catalyst.22 

In addition to using C11R6 for organic transformations, the capsule may selectively 
incorporate transition-metal complexes limited by its internal volume (860 Å3).15 The 
incorporation of such transition-metal complexes provides a sterically constrained en-
vironment reminiscent of a highly-elaborated ligand (Figure 1), enabling new con-
struct-substrate interactions that may drive reaction selectivity. Notably, this was 
explored for gold (I) catalyzed reactions using Au(IPr) incorporated into C11R6 and its μ-
hydroxy dimer (Au(IPr))2(μ–OH), depicted in Scheme 3. 



 

| 9 

 
Scheme 3. Gold (I) complexes that have been incorporated into C11R6—Au(IPr), left, and its μ-hydroxy dimer (Au(IPr))2(μ–
OH), center used for mono-Au and dual-Au catalyzed reactions of diverse alkynes, and a tetraethylammonium cation used 
to displace incorporated guests. Alongside each structure is its molecular volume and a schematic representation. 

Initial applications by Cavarzan et al. compared reactivity of Au(IPr) incorporated into 
C11R6

 (i.e., Au(IPr)⸦C11R6). Their results demonstrated that gold (I) catalyzed hydration of 
4-phenyl-1-butyne by Au(IPr)⸦C11R6 produced alternative products not seen by in the 
traditionally catalyzed reaction (Scheme 4).23 

 
Scheme 4. Comparison of products arising from the hydration of 4-phenyl-1-butyne catalyzed by Au(IPr) (top) and 
Au(IPr)⸦C11R6 (bottom), with the observed distribution of the products. 

These studies showed that the supramolecular catalyst (Au(IPr)⸦C11R6) was a com-
petent catalyst despite a slower overall reaction rate. In addition, they observed the for-
mation of two products not afforded by the analogous reaction with Au(IPr), one 
occurring with a similar yield (Scheme 4). They demonstrated that the addition of a 
N(Et)4

+ salt abolished catalytic selectivity,24 suggesting the transformation occurred 
within C11R6. 
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Intuitively, the hindered reaction rate is a consequence of incorporation within C11R6 
and consequent reduction of the frequency of catalyst–collision interactions.25 As the 
catalyst–substrate complex has an estimated molecular volume of 779 Å3, suggestive of 
significant steric contributions from the construct promotes the formation of linear 4-
phenyl-1-butanal (14%), cyclized 1,2-dihydronaphthalene (43%) alongside the expected 
4-phenyl-2-butanone (43%). While this reported selectivity was compared based on 
product yields, Cavarzan et al. reported reaction rates that suggest a stronger effect 
(16%, 46%, and 38%, respectively). This rate data also reveals that this new selectivity 
arises from the suppression of the native catalytic mechanism, demonstrated later by 
Jans et al. who optimized conditions for the 1,2-dihydronaphthalene product (see be-
low).27 

Interestingly, the rates Cavarzan reported were significnatly slower than observed 
for the free catalyst. This feature suggests that Au(IPr)⸦C11R6 may have also have selec-
tively catalyze substrates based on their molecular features. This was explored in a fol-
low-up report, Cavarzan and coworkers explored the effect of substrate size in the 
hydration of para-substituted phenyl acetylenes shown in Scheme 5.25  

 
Scheme 5. Comparison of the ranking of reaction rates for the gold(I) hydration of substituted phenyl-alkynes by Au(IPr) 
(top) and Au(IPr)⸦C11R6 (bottom).  

In this experiment, either free Au(IPr) or Au(IPr)⸦C11R6 were employed for the cata-
lytic hydration of an equimolar mixture of differently substituted phenyl alkynes 
(Scheme 5). While Au(IPr) hydrated substrates corresponding to the electron donation 
of the substituent (H < Me < tBu), Au(IPr)⸦C11R6 reacted with a reversed preference. This 
observation was explained by steric hindrance, where the most compact substrate could 
most directly access the incorporated catalyst (H > Me > tBu). This finding bore similar 
results in the case of linear or cyclic alkynes described within the same report.25 
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When Au(IPr) catalysts are free in water-saturated solvents, they dimerize to afford 
a larger (Au(IPr))2(μ–OH) complex. In host–guest experiments by Adriaenssens et al. this 
dimerization was abolished by incorporation of Au(IPr) into C11R6.28 As Au(IPr) and 
(Au(IPr))2(μ–OH) are uniquely active catalysts towards alkynes, reports by Jans et al. lev-
eraged the incorporation and displacement of Au(IPr) to demonstrate in situ switching 
between unique mono- and dual-Au catalytic mechanisms (Scheme 6).27 

 
Scheme 6. Incorporation enabled switching between dual-Au catalyzed hydrophenoxylation and mono-Au catalyzed cy-
clization reactions demonstrated by Jans et al. 

By incorporating Au(IPr) into C11R6 Jans observed the selective cyclization of 4-phenyl-
1-butyne into the 1,2-dihydronaphthalene using reaction conditions that were opti-
mized from the work of Cavarzan. The addition of a N(Et)4

+ salt to the reaction effected 
the displacement of Au(IPr) which dimerized in the water-saturated solvent (PhH). The 
afforded (Au(IPr))2(μ–OH) complexes then catalyzed the hydrophenoxylation of diphe-
nylacetylene. Similarly, this switching could be reversed by the addition of C11R6 to afford 
Au(IPr)⸦C11R6 and its mono-Au catalysis. This system takes advantage orthogonal reac-
tions catalyzed by Au(IPr)⸦C11R6 and (Au(IPr))2(μ–OH) to demonstrate how unique prop-
erties of supramolecular constructs can be leveraged to exert new approaches to control 
the reactivity of transition-metal complexes beyond steric interactions. 
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1.1.2 Coordination cages as supramolecular catalysts 

Coordination cages are formed by the self-assembly of ditopic ligands (L) and free 
palladium (II) or platinum (II) ions (M = Pd2+, Pt2+) in a 2-to-1 ratio. The resulting polyhe-
dral constructs have a net-like structure and a composition of MnL2n (M = Pd2+, Pt2+, n = 
2, 6, 12, 24, 30 …). Throughout the development these constructs, Fujita et al. demon-
strated that varying the angle between the pyridyl groups of the ligand, the ligand bend-
angle parameter (θb), affords cages of a particular geometry and size enabling a diverse 
range of accessible polyhedral constructs with a single synthetic approach (Figure 3).29  

 
Figure 3. A selection of ligands with diverse bend-angle parameters (θb) that selective assemble to corresponding MnL2n 
products shown below as renderings. Over the ligand diagrams, a red line is used to highlight the θb parameter.  

These cages feature an internal volume bounded by the net-like structure of the cage 
with n+2 polygonal openings (i.e., windows) that permit molecules enter and exit the 
structure (Figure 3).30 This local environment and the ligand components of the cage 
may influence the reactivity of incorporated substrates or catalysts. Importantly, the 
modular nature of these cages has enabled the diversification of these structures via 
ligand design (i.e., decoration or functionalization) further complicated by use of ligand 
mixtures in cage assembly.31 The diverse range of sizes and structure afforded in the self-
assembly of these cages enables the encapsulation corresponding small or large mole-
cules, including whole enzyme structures.32 Intuitively, the use of larger cages may di-
minish interactions between the construct and incorporated catalysts or substrates. 
Possibly because of this size-matching, literature described catalytic applications of co-
ordination cages have used mostly lantern-type M2L4 (n = 2) or cuboctahedral M12L24 (n 
= 12) assemblies.  

While transition-metal catalysts have not been incorporated into M2L4 cages, they 
are widely described in the literature for their host–guest properties, native catalysis, 
and other applications.17 August et al. reported that lantern-type cages assembled from 
Pd2+ and benzene-based ligands (i.e., Pd2

HL4) may incorporate quinone and similar aro-
matic guests in apolar media.33 From spectroscopic data and an X-ray crystallographic 
structure this favorable incorporation was attributed to hydrogen-bond interactions be-
tween the quinone and the interior α-pyridyl protons of the cage (Figure 4).   
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Figure 4. Diagram showing the encapsulation of quinone (highlighted in yellow) within an Pd2

HL4, promoted by hydrogen 
bonds between the interior α-pyridyl protons of the cage and quinone carbonyl (shown as dashed lines). 

Follow-up work by Martí-Centelles et al. demonstrated that using similar cages as-
sembled from pyridine-based blocks (Pd2

pyL4) resulted in increased quinone association 
and susceptibility of incorporated quinone towards Diels-Alder cycloaddition.34 They 
elaborated upon this catalytic effect by demonstrating that the internal features of the 
supramolecular construct modulated the incorporated substrate’s reactivity (Figure 5). 

 
Figure 5. (a) Pd2

HL4 cages incorporate quinone but are catalytically inactive due to steric hindrance (blue circles). (b) Simi-
larly structured Pd2

pyL4 cages are catalytically active owing to through-space e--donation from endohedral amines (pink 
lobes). 

Using a series of differently sized dienes and substituted quinones as dienophiles, 
Martí-Centelles and coworkers differentiated between steric and electronic contribu-
tions to both quinone association and subsequent enhancement of the quinone reactiv-
ity. From their observations of quinone incorporation, the internal hydrogen atoms of HL 
increased the steric hindrance towards quinone association leading to impaired catalytic 
functionality (Figure 5a, blue circles). In contrast, pyL evokes less steric hindrance, and 
further contributes to activation by through space electron donation to the incorporated 
substrate (Figure 5b, pink lobes). This catalytic behavior is driven and controlled 
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exclusively by the supramolecular construct, demonstrating both steric and electronic 
contributions to chemical reactivity. While the incorporation of transition-metal cata-
lysts into M2L4 cages remains synthetically challenging due to the small internal volume, 
the small size and proximity between the supramolecular host and reactive center may 
lead to further modularity in steric and electronic effects beyond traditional ligand de-
sign. 

In contrast, cuboctahedral M12L24 cages feature an internal volume to incorporate 
both transition-metal complexes and substrate. In addition, Fujita et al. demonstrated 
that using alkyne-extended ligands enables the design of cages bearing internal decora-
tions. This synthetic approach enabled the design of assemblies featuring diverse and 
arbitrary functional groups, i.e., M12

XL24 cages (Scheme 7).30  

 
Scheme 7. (a) The base structure of an alkyne-extended cage ligand (XL) bearing an endohedral functional moiety (R) along-
side its cartoon representation used in this chapter. (b) An example of a Pd12

XL24
 cuboctahedral coordination cage bearing 

internal functional moieties alongside a corresponding cartoon representation for an arbitrarily functionalized cage. 

In this work Fujita and coworkers demonstrated a diversity of cages featuring ali-
phatic, etheric, and hydrogen-bond rich inner volumes. He further demonstrated that 
these inner volumes bearing unique chemical features may be leveraged to incorporate 
guest molecules. Overall, this approach affords a diversity of internal functionalization. 

These endofunctionalized cages were leveraged by Gramage-Doria et al., who devel-
oped a series of M12L24 cages decorated with 1–24 gold(I) active sites using a mixture of 
catalytic (AuPL) and non-functional (OAcL) ligands.35 Critically, the confinement of many 
gold complexes within the cage results in exceptional high local concentration, that in 
turn drove non-linear enhancement of catalytic performance represented in Scheme 8. 
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Scheme 8. (a) The design of non-functional (OAcL) and catalytically active (AuPL) ligands used for gold (I) cyclization of substi-
tuted pentynoic acids. (b) The effect of increasing local gold concentration on catalytic performance measured by turnover 
number (TON). Depicted ligand ratios (0:4, 1:3, 2:2, 3:1, 4:0) are like those reported by Gramage-Doria et al.  

Varying the ratio of AuPL and OAcL adjusts the local concentration of gold (I) sites within 
the cage structure. By keeping the overall gold(I) concentration of the reaction constant, 
Gramage-Doria and coworkers demonstrated how increasing local concentration im-
proved catalyst turnover. This effect was attributed to favorable Au–Au interactions that 
were directly confirmed by absorption spectroscopy. While examples of incorporation 
have previously controlled reactivity by ligand-like steric influences, this local-concentra-
tion approach enables the modular design of new catalysts featuring reactivity difficult 
to attain with traditional approaches. A similar supramolecular catalyst (Pt12

AuPL24) was 
later leveraged by Leenders et al. who demonstrated selective cyclization and lactoniza-
tion of substituted pentynoic acids to their five-membered ring products.36 

A more general approach was developed by Wang et al. who used non-covalent in-
teractions to promote the incorporation of sulfonate bearing catalysts and carboxylate 
bearing substrates into an M12L24 cage bearing guanidinium moieties as a platform for 
generating supramolecular catalysts.37 This approach was first demonstrated in the se-
lective gold(I)-catalyzed cyclization of 4-pentynoic acid shown in Scheme 9. 
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Scheme 9. (a) Structure of the guanidinium bearing cage ligand (GuanL) and TPPMS-Au+ catalyst used by Wang and cowork-
ers. (b) Scheme of the selective TPPMS-Au+⸦Pd12

GuanL24 mediated cyclization of 4-pentynoic acid to 5-methylene-dihydro-
furan-2(3H)-one. (c) Proposed pre-organization of TPPMS-Au+ and 4-pentynoic by non-covalent interactions within 
Pd12

GuanL24. For emphasis, non-covalent interactions between the guanidinium moieties of Pd12
GuanL24 and the carboxylate 

or sulfonate of the 4-pentynoic acid or TPPMS-Au+, respectively, are highlighted in blue. Similarly, the complex–substrate 
complexation is highlighted in yellow. 

In solution, the molecular catalyst TPPMS-Au+ affords a mixture of 5- and 6-mem-
bered cyclic products (not pictured). Under similar conditions with TPPMS-
Au+⸦Pd12

GuanL24 Wang and coworkers observed only the 5-membered product (Scheme 
9b). This was attributed to ionic and hydrogen-bond interactions between the internal 
features of Pd12

GuanL24
 and the substrate 4-pentynoic acid that pre-organized the inter-

mediate complex (Scheme 9c).3 These outer sphere interactions between the supramo-
lecular construct and substrate (Scheme 9c, blue) in concert with the coordination of the 
substrate to the metal complex (Scheme 8c, yellow) enabled selectivity by pre-organiza-
tion rather than steric constraint.  

The TPPMS-Au+⸦Pd12
GuanL24 supramolecular catalyst was later employed by Gonell 

and coworkers, where a similar 5-membered product was selectively afforded in the cy-
clization of 2-alkynylbenzoic acids.38 In a follow-up work, Gonell and coworkers used a 
sulfonate bearing copper (I) complex incorporated in Pd12

GuanL24 to cyclize 4-pentynoic 
acid.39 As these copper complexes operate via a dinuclear mechanism, the pre-organi-
zation and high local concentration of copper resulted in increased reactions rates in 
addition to selectivity. Using the similar Pt12

GuanL24 cage, Yu et al. demonstrated control 
over the mechanism of an electrochemical Ruthenium water oxidation catalyst by chang-
ing in local concentration within the cage.40  
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1.2 Computational methods in supramolecular catalysts 
The design of supramolecular constructs and incorporating catalysts to produce de-

sired changes in reactivity remains a fundamental challenge. Addressing this challenge 
is fundamentally a problem of elucidating the structure of supramolecular constructs, 
and their higher-order complexes featuring catalysts and/or substrates. Currently, defi-
nite structural data for supramolecular constructs—and of their higher-order com-
plexes—in the solid state is obtained from X-ray crystallography experiments. The 
preparation of suitable crystals from large supramolecular constructs is challenging, and 
made more complicated inclusion of incorporated catalysts and substrates. Moreover, 
the larger internal volumes are frequently highly disordered, resulting in structural data 
with increased uncertainty for incorporated molecules.  

In the solution state, 1H-NMR techniques are often employed to characterize supra-
molecular constructs. The incorporation of molecules into a supramolecular construct 
often results in a change of the proton (1H) magnetic environment, leading to distin-
guishable resonance for incorporated and free molecules.41 Diffusion-ordered spectros-
copy (DOSY) uses the observed attenuation within a series of spin-echo measurement to 
estimate the average translational diffusion of an observed molecule in solution, thus 
providing an estimate of a molecule’s Stokes radius (i.e., the molecule’s size).42 Compli-
cations with DOSY measurements may arise from non-diffusional decays of the spin-
echo (i.e., paramagnetic relaxation),43 chemical exchange effects that occur over the 
spin-echo mixing time (ms–s),44 and the strength of the pulsed gradient field generated 
by the instrument.42 In practice, DOSY provides an estimate of the size of molecule con-
taining 1H, 19F, or 31P nuclei and is otherwise typically used to demonstrate the formation 
of a higher-order complex between a supramolecular construct and incorporated mole-
cules.  

Currently, the analysis of constructs—and their higher-ordered complexes featuring 
incorporated catalysts or substrates—remains a challenge in supramolecular chemistry 
and catalysis due to limitations or difficulties in the application of solid- and solution-
state techniques. Fortunately, experimental limitations may be addressed by physics-
based computational models to provide detailed insight of a chemical system. Specifi-
cally, approaches based on quantum mechanical calculations (QM) and molecular dy-
namics simulations (MD) resolve structural features on the electronic and atomic level. 
In this section, we briefly explain these techniques and provide some relevant examples 
or their use in supramolecular chemistry and catalysis. 
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1.2.1 Characteristics of QM and MD approaches 

High-level QM calculation are used to determine the electronic structure of a molec-
ular system via an approximation of the Schrödinger equation (e.g., semi-empirical, 
tight-binding, or density functional theory). The complexity of these calculations scale 
with the number of electrons to the 3rd to 6th power (i.e., ne

3–ne
6),45 restricting their use 

to the chemistry of smaller structures (natom < 1,000) over short timescales (fs–ps).46  

In contrast, MD uses Newtonian physics to simulate the motions of atom centers 
within a structure. Following this methodology a forcefield is parameterized to model 
bonded and non-bonded interactions atoms (e.g. Amber, GAFF).47 These parameterized 
approaches increase in complexity with the number of atoms to the 1st to 3rd power (i.e., 
natom–natom

3).45 Coupled with technical advances in computing hardware, MD is routinely 
used to study large structures (natom ≈ 1,000,000) over long timescales (ns–ms).48 While 
MD is unable to simulate chemical reactivity (i.e., bonds are rigid), it is well suited to 
consider the motions of large dynamic structures such as supramolecular catalysts.49 

While in silico methods are frequently used to develop structural visualizations used 
in the communication of research, wider application of these tools has yielded profound 
insight in supramolecular chemistry and catalysis. In this section, we will consider some 
examples of QM and MD calculations used to understand the structure of C11R6 capsules 
and coordination cages (M2L4, M4L4) and their higher-order complexes featuring incor-
porated catalysts or substrates. 

 

1.2.2 Simulation-based studies of C11R6 and C1R6 capsules 

The C11R6 capsule is widely used for its capacity for proton (H+)-transfer, hydrogen 
bonding, and native acidity (Scheme 1).16,19–21 Using hybrid QM–MD simulations, Merget 
et al. followed H+-transfer from through the capsule’s hydrogen-bond network and in-
ternal spaces.50 From these simulations they distinguished between resorcinol- or water-
mediated substrate activation as the ultimate step of H+-transfer (Scheme 10). 

As the pendant alkyl groups of the C11R6 capsule are external to the capsule, a C1R6 
structure was used for a series of QM–MD simulations to study the dynamics of incor-
porated H+ and substrate. Hybrid QM–MD simulations were where the HCl, water, and 
proximate C1R monomers were treated with a QM method (to capture electron move-
ment, Scheme 10), while the remainder of the capsule and solvent were treated using 
an MD approach with GAFF forcefield. Due to the computational costs of QM method, 
short 80 ps simulations were produced with biased potentials to drive H+-transfer to-
wards substrate activation. From these simulations Merget and coworkers found the ul-
timate barrier of H+-transfer from water (1.1 kcal mol-1) was lower than pathways 
facilitated by C1R6 (7.3 kcal mol-1). While the C1R6 enables catalysis, these results suggest 
that it primarily enables H+-transfer between unusually acidic water molecules.  
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Scheme 10. (left) Depiction of the ultimate step of H+-transfer by incorporated water (blue) or structural resorcinol hydro-
gen atoms (pink) studied by QM–MD. Arrows here are used to indicate the movement of bonding electrons involved in the 
H+-transfer (i.e., in the opposite direction of H+). (right) Visualization of the C1R6 capsule obtained from MD simulation, 
showing resorcinol oxygens (pink), water oxygens (blue) and the hydrogen bond network used for H+-transport (red lines).  

Interestingly, these simulations suggest that the distribution of water molecules 
within and around the C1R6 (and C11R6) are relevant for catalytic applications. Later, two 
reports by Katiyar et al. examined the behavior of water molecules within and around 
these C1R6 capsules using MD-based simulations.51 From these simulations, three water 
sites were identified, demonstrating ps-to-ns scale dynamics for the exchange of water 
between them that varied with the quantity of available water (Scheme 11). 

 
Scheme 11. (a) Rendering depicting the three major water sites described by MD-simulation (cyan) encapsulated, (blue) 
structural, and (purple) attached. (b) Observed timescales of kinetic processes for water transfer between observed sites. 
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To simulate movements over sufficiently long timescales to capture water re-distri-
bution, Katiyar and coworkers produced 15 ns long MD simulations using the GAFF 
forcefield with the SPC/E water model. During the simulation, they observed the transi-
ent association of free water by hydrogen-bonding within the capsule (referred to as 
encapsulated water) and or on the outside (referred to as attached water). These tran-
siently-attached waters and the 8 permanently occupied structural waters comprised 
three distinct sites where water was observed with a long residence time.  

Using the radial distribution of water molecules Katiyar and coworkers quantified the 
occupancy of these three sites. These occupancy data were then treated to compute the 
free energy of water association to these sites and the kinetics of water exchange be-
tween them. Comparing these values for simulations featuring 9–58 water molecules 
showed that additional water increased the rate of water exchange between these three 
sites. The findings from these simulations demonstrated both the incorporation of addi-
tional water and the ns-timescale dynamics of its transitions that may be relevant in the 
light of water’s acidity shown in QM–MD studies (see above).  

1.2.3 In silico tools for the study of Pd-based coordination cages 

Lantern-type Pd2L4 coordination cages are small enough to be used with QM calcu-
lations, with Pd2

HL4 (natom = 138, nelectron = 676) and Pd2
pyL4 (natom = 136, nelectron = 676). 

Young et al. developed a methodology employing density functional theory (DFT) to 
study steric and electronic effects in the Pd2

HL4 or Pd2
pyL4 catalyzed Diels–Adler reactions 

of quinones (Figure 5).52 Specifically, this approach used QM to determine the relative 
energy of each step in the reaction mechanism. From these calculations they estimated 
the relative activation energy for the catalyzed cycloaddition between different dienes 
and incorporated quinone dienophiles (Figure 6). 

 
Figure 6. (a) Rendering of the models used to study Diels–Adler reactions within Pd2

HL4 and Pd2
pyL4 cages adapted from the 

publication of Young et al. (b) Comparison of relative activation energies obtained from experiment (Pd2
pyL4 only) to those 

obtained from QM calculations (Pd2
pyL4 and Pd2

HL4), positive relative activation energies were found to be catalytically 
active. Values are plotted both as individual reported datapoints (left) and a box-and-whisker representation (right). 
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In this study, Young and coworkers explored various DFT functionals and basis sets 
and compared the results to high-accuracy coupled-cluster calculations, determining 
that m06-2x/def2-tzvp/smd would offer the best chemical accuracy. From their accurate 
electronic structures, they revealed that both Pd2

HL4 and Pd2
pyL4 activated incorporated 

quinone dienophiles (Figure 6a). From calculated reaction paths of the Diels–Adler reac-
tion within Pd2

HL4, they found that steric hindrance of the cage produces a higher relative 
activation energy (Figure 6b, blue). While their initial results elucidate specific electronic 
features unavailable to Martí-Centelles et al.,34 using their calculated energies Young and 
coworkers could accurately distinguish between catalytic and non-catalytic cage-qui-
none-diene combinations (Figure 6b). This extensive work demonstrates how QM ap-
proaches are leveraged to identify precise structural contributions (e.g., steric and 
electronic effects) within supramolecular catalysis, with the potential of using this vali-
dated approach to predict new reactivity within these and other lantern-type cages.4,5,14  

The self-assembly process of cuboctahedral Pd12L24 coordination cages from their 
components is challenging to assess by experimental approaches. While previous studies 
have identified kinetically-trapped by-product assemblies (e.g., Pd6L12, Pd8L16, Pd9L18), 
other intermediate or transient assemblies remain difficult to observe. In a series of 
three studies, Yoneya et al. employed MD simulations over μs timescales to model self-
assembly of Pd-based coordination cages,53 with two focused particular on 
Pd12L24

 (Scheme 12).53b,c 

 

 
Scheme 12. Both kinetically trapped (bottom) and thermodynamic products (right) were observed from MD simulations of 
free ditopic (aL, shown) and cationic dummy atom model Pd2+ (DAPd). Note that DAPd features charged groups (⊕) which 
enable dynamic coordination-like behavior with 4 ditopic ligands.  
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Bond formation and disintegration are electronic phenomenon beyond standard MD 
approaches. To address this limitation, Yoneya and coworkers developed a model palla-
dium (DAPd) that leveraged electrostatic attraction between a positively charged dummy 
atom (⊕, q⊕= 0.5 qe) and the partial negative charge on the N-atom of pyridine (qN = -
0.455 qe) to simulate bond-like localization (Scheme 12, aL).54 Using this non-bonded ap-
proach and the GAFF forcefield, Yoneya and coworkers were able to simulate periodic 
box containing a 1:2 ratio of DAPd and aL—or other ligands not discussed here—over μs-
timescales. From these simulations they observed aggregation of components into both 
kinetically-trapped and thermodynamic products. Interestingly, they observed two 
DAPd12

aL24 topologies: a cuboctahedron matching previous X-ray crystallographic data 
(DAPd12

aL24) and an orthobicupolar structure (DAPd12
aL24-alt) not experimentally observed 

in X-ray crystallography due to its lower symmetry than observed Pd12
aL24 .53c Similarly, 

1H-NMR approaches may not be able to distinguish Pd12
aL24 and Pd12

aL24-alt due to their 
overall similarity the lower abundance of Pd12

aL24-alt. These results highlight the power 
of in silico approaches to provide time-resolved structural detail, and simultaneously the 
difficulty in the validation of these approaches where their highly-resolved structural in-
formation exceeds readily available experimental support.  

Beyond these examples there has been an increased utilization of computational 
methods applied to the analysis of supramolecular constructs and their higher-order as-
semblies.5 While MD and QM methods are regularly improved, entirely new tools have 
recently been developed to aid in these in silico analyses. Notably, researchers at the 
Duarte and Jelfs research groups have made open-source software that enables the de-
velopment of supramolecular constructs, including coordination cages with incorpo-
rated guest molecules.55 These techniques are reminiscent of homology approaches 
used for in silico analysis of biomolecules, and likewise they facilitate simulations and 
calculations of supramolecular constructs with sparse structural data. 

1.3 Aim and outline of this thesis 
While the emergent properties of supramolecular constructs enable novel means to 

control the reactivity of incorporated catalyst and substrate molecules. Sparse structural 
information or limited experimental accessibility present significant challenges to their 
design and development of these assemblies. These challenges may be addressed by 
QM and MD based in silico methods to provide well-resolved structural information on 
the electronic or atomic level. In addition, these methods enable the exploration supra-
molecular constructs in time-resolved simulations that expose dynamic processes oth-
erwise inaccessible to current experimental methodologies. In this thesis, we describe 
combined computational and experimental approaches to elucidate the dynamic struc-
tural properties of supramolecular constructs relevant to catalytic applications.  
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In Chapter 2, we investigate the substitution of pyridyl-ligands at palladium (II) metal 
centers as the elementary step in the formation of palladium-based coordination cages 
frequently used in catalytic applications (i.e., Pd2L4 and Pd12L24). Specifically, we quantify 
how neutral and anionic species may disrupt the palladium–pyridyl coordination bond 
using NMR-based thermochemical measurements supported by QM and MD in silico ap-
proaches. These studies expose the dynamics of coordination bonds and provide insight 
into factors that impact the stability of these constructs in catalytic contexts. 

In Chapter 3, we describe a robust methodology to produce accurate parameters for 
MD simulations of coordination cages based on QM calculations. We then used these 
parameters to simulate a series of arbitrary polyhedral cages composed of one or more 
ligands, accurately predicting the distribution of structures in experimental mixtures 
from the forcefield energy. The validity of this in silico approach provides the basis for 
simulating supramolecular constructs over long timescales using only MD in the context 
of catalytic applications. 

In Chapter 4, we detail thermochemical NMR measurements of self-assembled Pd-
based macrocycles and oligomer intermediates that suggest entropic contributions are 
ultimately responsible for the self-assembly of Pd-based supramolecular constructs. To 
understand the origin of this driving force we extended our MD-based approach (Chap-
ter 2) to include entropic contributions. In addition to the entropic penalties associated 
with multi-component assembly, our simulations showed that solvation entropy ulti-
mately drives the self-assembly process to completion. This model was then employed 
to the self-assembly intermediates of arbitrary PdnL2n cages where kinetically trapped 
states were identified. These methods provide structural insight into the self-assembly 
process currently inaccessible by experimental approaches and expose the role of solv-
ation as a significant factor in the development and application of supramolecular con-
structs. 

In Chapter 5, we identified a water-dependent expansion of C11R6 using MD simula-
tions parameterized with our QM-based methodology (Chapter 2). These simulations 
showed a favorable and persistent incorporation of 7 additional water molecules along 
an edge of the capsule that were corroborated by NMR measurements of water associ-
ation. This structural shift was found to have significant impact on the acidity of C11R6 
observed by further NMR-based experiments. Importantly, the expanded capsule was 
found to be the catalytically active species in a model Diels–Adler cycloaddition reaction, 
suggesting the observed structural expansion may enhance the catalysis within C11R6. 
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