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I 

Preface 

The serendipitous discovery of crown ethers by Pedersen and cryptands by Lehn 

has opened up new avenues in the vibrant field of supramolecular chemistry. 

Progress in this area was often associated with the discovery of new 

macro(bi)cyclic compounds, generally synthesised by stepwise procedures. More 

recently, the development of constitutionally dynamic cage compounds has gained 

considerable attention because dynamic covalent chemistry (DCvC) is ideal to 

tackle future challenges of host-guest systems, such as dynamic adaptability and 

biodegradability. In 2015, the group of Max von Delius has reported on the 

orthoester exchange reaction as a new tool for DCvC and its application for the 

synthesis of a new class of macrobicyclic hosts. Unlike conventional cryptands, 

orthoester cages are adaptive under acidic conditions and can hydrolyse, which 

makes them interesting candidates for drug delivery.  

Figure 1. Overview on this thesis. Project I: Scope of self-assembled orthoester cryptands. [1] - Published by 
the Royal Society of Chemistry. Project II: Self-templated in,in-cryptand and its bridgehead inversion. 
[2] - Published by the Royal Society of Chemistry. Project III: Adaptive response of triethylene glycol-based 
orthoformate cryptands. Reproduced from [3] with permission of Wiley-VCH, copyright (2020). Project IV: Self-

assembled cryptands with Si-bridgehead.[4] 

 



Preface 

II 

Therefore, the central goal of this thesis was the detailed investigation of the 

orthoester exchange reaction, the controlled degradation of orthoesters and the 

scope of the corresponding cryptands (Figure 1). The first chapter of this thesis 

introduces the fields of supramolecular host-guest chemistry and dynamic covalent 

cage compounds with a focus on orthoester chemistry. Additionally, the in,out-

stereoisomerism of flexible macrobicycles and the chemistry of (tri-)alkoxysilanes 

are presented. Chapter 2 is a personal account of the aims and achievements of 

each of the four research projects that have been part of this thesis. The four 

research articles that we have published recently or that are under peer-review are 

shown in chapter 3. Project I (Figure 1 and chapter 3.1) describes the detailed 

investigations on the scope of orthoester cryptands, their post-functionalisation and 

kinetic locking as well as studies on the kinetics of both orthoester exchange and 

degradation. Section 3.2 deals with the serendipitous discovery of an orthoformate 

in,in-cryptand which is formed by self-templation via intramolecular hydrogen 

bonding. Additionally, we report on its bridgehead inversion by DCvC (Project II, 

Figure 1). Project III portrays the stereoisomerism of larger orthoformate cryptands 

that equilibrate between out,out-, in,in- and in,out-configurations (Figure 1 and 

chapter 3.3). Section 3.4 presents the transfer of the orthoester exchange to 

another reaction, namely the trialkoxysilane exchange reaction and the self-

assembly of cryptands with Si-bridgeheads (Project IV, Figure 1). Chapter 4 

summarises this thesis, discusses the significance of the presented work and 

proposes future investigations to be carried out in the Delius group.  
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1 

1 State of the Art 

1.1 Supramolecular Host-Guest Chemistry 

1.1.1 Concepts and Brief History 

Based on the ground-breaking, yet accidental discovery of crown ethers in the 

1960s by Pedersen, the field of supramolecular chemistry has emerged and has 

experienced rapid progress in the last 50 years.[5,6] The importance of this vibrant 

research area is not only evidenced by numerous applications from 

nanotechnology to catalysis and medicinal chemistry, but also recognised by two 

Nobel Prizes in Chemistry awarded to pioneers in the field of supramolecular 

chemistry (Pedersen, Lehn and Cram in 1987; Sauvage, Feringa and Stoddart in 

2016). 

The term “supramolecular chemistry” in its modern sense was introduced by Lehn 

in 1978 as “chemistry of molecular assemblies and of intermolecular bond”.[7] 

Common definitions describe the field as “chemistry beyond the molecule” or as 

“Lego chemistry” which underlines the modularity of supramolecular chemistry. In 

contrast to molecular chemistry which deals with formation and breakage of 

covalent bonds, supramolecular chemistry investigates non-covalent interactions 

in a supermolecule comprised of a host and a guest. Figure 2 gives an overview 

on the most common noncovalent interactions.[6,8,9] 

Figure 2. Overview on common noncovalent interactions investigated in supramolecular chemistry and their 

strength compared to covalent bonding.[6,8,9]  

Generally, a host is a large molecule with a cavity (e.g. enzymes or synthetic cyclic 

compounds), while a guest may be cationic, anionic, an ion pair or (larger) neutral 

molecules, such as proteins.[10] A great deal of inspiration stems from natural host-

guest systems and modern supramolecular chemistry is based on early concepts, 
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such as Werner’s theory of coordination chemistry (1893) and the concept of 

molecular receptors by Ehrlich (1906).[6] The Lock-and-Key concept of Fischer[11] 

(Figure 3a, 1894) and Koshland’s induced-fit model[12] (Figure 3b, 1958) laid the 

foundations for Cram’s definition of complementarity and preorganisation: “To 

complex, hosts must have binding sites which can simultaneously contact and 

attract the binding sites of the guest without generating internal strains or strong 

non-bonded repulsions” and “the more highly hosts and guests are organised for 

binding and low solvation prior to their complexation, the more stable will be their 

complexes”.[13] These principles are based on the Lock-and-Key principle at which 

a guest molecule must have the exact complementary shape to the active site of 

an enzyme. However, the induced-fit model allows the host molecule to undergo 

conformational changes to achieve high complementarity to the guest (Figure 3). 

Nowadays, the focus has shifted towards non-preorganised systems that are 

stimuli-responsive (see chapter 1.2 Dynamic Covalent Hosts). 

Figure 3. a) Fischer’s Lock-and-Key concept: Preorganised host with high complementarity to guest. 

b) Koshland’s induced-fit model: Host changes conformation to become most complementary to guest 
(reproduced from [6] with permission of John Wiley & Sons, Inc.).  

The emergence of modern supramolecular chemistry is closely related to progress 

in macrocyclic chemistry in the 1960s. Early examples include the imine-based 

macrocycles of Curtis,[14] Busch[15] and Jäger[16] (Figure 4). Of fundamental 

importance was the accidental discovery of crown ethers by Pedersen who was 

actually aiming at investigating the coordination chemistry of vanadium.[17] An 

unexpected side reaction led to the formation of dibenzo[18]crown-6 (1.4), an 

unprecedented polyether which forms complexes with alkali and alkaline earth 

metal cations (Figure 4).[18–20] Because of their crown-like appearance the 
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macrocycles were named crown ethers, with the number in brackets denoting the 

sum of all atoms in the ring, and the second number referring to the amount of 

oxygen atoms. 

Figure 4. Development of supramolecular host-guest systems: From early macrocycles by Curtis,[14] Busch[15] 

and Jäger[16] over ground-breaking crown ether discovery by Pedersen[19] to the first preparation of cryptands 
by Lehn[21] and of spherands by Cram.[22] More recent examples include self-assembled metallocryptates, e.g. 
Saalfrank.[23,24] 

Soon thereafter, Lehn reported on a novel class of three-dimensional hosts, which 

he named cryptands.[7,21,25] To achieve complete encapsulation of alkali and 

alkaline earth metal cations, Lehn combined the polyether moieties of crown ethers 

with the macrobicyclic diamines reported by Simmons and Park[26,27] (e.g. 

[2.2.2]cryptand (1.5), Figure 4). Inspired by Pedersen’s crown ethers, Cram 

became interested in host-guest chemistry and designed organic container 

molecules, macrocyclic cyclophanes and subsequently carcerands and spherands 

(e.g. 1.6, Figure 4).[13,22,28,29] To honour their pioneering contributions to 

supramolecular chemistry, Pedersen, Lehn and Cram shared the Nobel Prize in 

Chemistry in 1987 “for their development and use of molecules with structure-

specific interactions and high selectivity”.[30] 

The numerous novel macrocyclic compounds that have been designed in the past 

decades since the initial discovery of crown ethers reflect some general trends (see 

chapter 1.1.2 Supramolecular Host-Guest Systems), namely that supramolecular 
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chemistry has initially evolved from clathrates (solid-state inclusion complexes) to 

the molecular host-guest paradigm (Figure 5a and b). However, contemporary 

supramolecular chemistry is based on a self-assembly paradigm (Figure 5c).[6] For 

example, Saalfrank reported in 1997 on metallocryptates 1.7 which were obtained 

by self-assembly of acac-type ligands with iron(III) ions as template (Figure 4).[23,24] 

More recently, a trend from flexible to rigid, from monofunctional to multifunctional 

and especially from inert to stimuli-responsive derivatives is noticeable.[5] The 

design of cage compounds prepared by dynamic covalent chemistry (DCvC) will 

be discussed in chapter 1.2 Dynamic Covalent Hosts.  

Figure 5. Key paradigms in supramolecular chemistry (reproduced from [6] with permission of John Wiley & 

Sons, Inc.). 

Besides the progress in host-guest chemistry, the pioneering work of Pedersen, 

Lehn and Cram has paved the way for another research area in supramolecular 

chemistry, namely the design of mechanically interlocked molecules (MIMs), such 

as catenanes and rotaxanes.[31,32] The synthesis of molecular machines has 

allowed chemists to study mechanical motions on molecular scale. In 2016, the 

Nobel Prize in Chemistry was awarded to Sauvage, Stoddart and Feringa “for the 

design and synthesis of molecular machines”.[33]  
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1.1.2 Supramolecular Host-Guest Systems 

During the last decades, the synthesis of new macrocyclic compounds has been 

the key driving force in molecular recognition and sensing of cationic, anionic or 

neutral guests. Numerous new classes of macrocyclic compounds have been 

reported, e.g. cyclodextrins, resorcinarenes, cucurbiturils, calixarenes, 

pillararenes, cyclophanes,[34–37] torands[38] and macrocyclic anion receptors,[39,40] 

of which selected examples are shown in Figure 6. On the other hand, lately 

another research area dominates the literature, namely metallosupramolecular 

assemblies[41–43] (selected examples are depicted in Figure 7).  

Cyclodextrins (CDs) are the most common and most studied hosts since they are 

natural products and commercially available. CDs are oligosaccharides comprising 

six to eight D-glucopyranoside units 1.8, linked by a 1,4-glycosidic bond e.g. α-CD 

(1.9, Figure 6a). Their bucket-shaped, hydrophobic cavity makes them interesting 

candidates for binding of nonpolar guests and for applications in food, cosmetic 

and pharmaceutical industry.[5,44] Lately, it was shown that CDs can be applied for 

the synthesis of CD-metal-organic frameworks (CD-MOFs).[45] 

Resorcin[n]arenes 1.10 and calix[n]arenes 1.12 can both be obtained from 

condensation reactions of phenol derivatives with aldehydes and thus share the 

same basic structure of phenol units, linked in meta-position by methylene bridges 

(Figure 6b and c). Comparison of resorcin[4]arene (1.11) and p-tert-

butylcalix[4]arene (1.13) reveals a bowl-shaped cavity for both structures, which is 

wider and shallower in case of the resorcin[n]arenes. Besides possible 

functionalisation by variation of the aldehyde, both compound classes possess a 

hydrophobic rim on account of the methylene bridges and a hydrophilic one on 

account of the hydroxyl groups. The combination of multiple hydrogen-bonding and 

hydrophobic interactions allows resorcin[n]arenes and calix[n]arenes to host a 

diverse set of guests, such as small dicarboxylic acids, sugars and proteins.[5,46,47]  
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Figure 6. Selected examples of recent progress in macrocyclic chemistry. a) Structural formula of CDs 1.8 
and α-CD (1.9). b) Structural formula of resorcin[n]arenes 1.10 and resorcin[4]arene (1.11). c) Structural 
formula of calix[n]arenes 1.12 and p-tert-butylcalix[4]arene (1.13). d) Structural formula of cucurbit[n]urils 1.14 
and cucurbit[6]uril (1.15). e) Structural formula of pillar[n]arenes 1.16 and 1,4-dimethoxypillar[5]arene (1.17). 

a)-e): Adapted from [5] with permission from The Royal Society of Chemistry. f) Example of an indole-based 
macrocycle for anion binding.[48] g) Example of triazolophanes for anion binding.[49,50] h) Example of cyanostars 
for anion binding.[51,52] 
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The condensation of glycouril and formaldehyde leads to the formation of pumpkin-

shaped macrocycles (1.14, Figure 6d), so-called cucurbit[n]urils (CBs). The lack of 

any functional groups makes their cavities unusually hydrophobic and ideal for the 

encapsulation of neutral molecules. For instance, the binding affinity of 

adamantylamine derivatives in CB[7] was found to be tremendously high 

(Ka = 1012). This can be rationalised by complexation of the adamantyl moiety 

inside the CB[7]-barrel and additional interactions between the carbonyl functions 

of the CB and the amine function of the guest by means of hydrogen bonding.[53,54] 

Although structurally closely related to calix[n]arenes, it took until 2008 when 

Ogoshi reported on the first account of a pillar[n]arene 1.16. 

1,4-dimethoxypillar[5]arene (1.17) was derived from the reaction of 1,4-

dimethoxybenzene with paraformaldehyde (Figure 6e). The resulting 

hydroquinone units are linked in para-position by methylene groups which gives a 

highly symmetrical pillar-shaped structure. This relatively young class of 

macrocyclic compounds has drawn a lot of attention since its initial discovery and 

has paved the way for countless applications in polymer chemistry, materials 

science and biology, prompted by their versatile functionality and facile synthesis. 

The rigid, π-electron-rich cavity enables strong interactions with electron-deficient 

guests and neutral molecules.[55–57]  

In contrast to the rapid progress in cation and neutral molecule coordination, the 

development of anion binding hosts proceeded rather slow which is connected to 

several intrinsic differences of anions compared to cations, e.g. size and shape of 

anions and their higher free energy of solvation. After the early discovery of 

katapinands,[26,27,58,59] notable progress was only made since the beginning of the 

21st century, e.g. the design of indole-based macrocycles (1.18, Figure 6f).[48] 

Ground-breaking research in the area of anion coordination has been reported by 

Flood who synthesised triazolophane 1.19[49,50] and cyanostar macrocycles 

1.20[51,52,60] which enabled high affinities for hard-to-bind anions (e.g. PF6
-). Based 

on 1.19, Flood was recently able to achieve a remarkable three-dimensional, C-H 

hydrogen bonding cryptand with high affinity for chloride.[61] 
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While classic supramolecular chemistry has focussed on the design of rather small 

macrocyclic compounds (Figure 6), another strategy to prepare three-dimensional 

structures is self-assembly based on metal coordination (Figure 7). The use of 

transition metals as templates enables the construction of sophisticated structures 

with defined geometry and large openings that allow uptake of guest molecules. 

Most cages are cationic and thus favour coordination of anionic guests.[41] 

Saalfrank was one of the first to report on the self-assembly of a metallocryptate[23] 

(see chapter 1.1.1 Concepts and Brief History) and in 1998 Atwood synthesised 

the first M2L4 assembly 1.22 which accommodates two water molecules inside the 

cavity (Figure 7a).[41,62] Clever’s example of a M2L4 cage 1.24 is based on assembly 

of rigid concave ligands 1.23 with Pd(II) ions as metal template. The cavity of 1.24 

is large enough to accommodate aromatic, bis-sulfonate anions (Figure 7b).[63] 

Recently, the coordination cages have become bigger and bigger with a 

tremendous contribution from Fujita who reported on a synthetic molecular host to 

encapsulate a protein. Ubiquituin was covalently attached to one of the bidentate 

ligands 1.26 and self-assembly with additional 23 ligands 1.25 and twelve Pd(II) 

ions gave the giant nanocage 1.27 (Figure 7c).[10] 

The selected examples of recent macrocyclic (Figure 6) and 

metallosupramolecular (Figure 7) host-guest systems manifest the trend from two-

dimensional to three-dimensional, from flexible to rigid and from small to large 

derivatives.[5] Besides the progress that has been made, most of the reported 

examples share the problem of multi-step covalent synthesis with rather low yields. 

A drawback that has recently been tackled by the advent of dynamic covalent 

chemistry (see chapter 1.2 Dynamic Covalent Hosts). 
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Figure 7. Selected examples of metallosupramolecular assemblies. a) X-ray structure of 1.22, first report on 
[M2L4] assembly by Atwood, 1998.[62] b) X-ray structure of [M2L4] cage 1.24, reported by Clever, 2009.[63] C: 

grey; O: red; N: blue; Cu: brown; Pd: purple. Cavities are depicted as translucent spheres. a)-b): Adapted from 
[41], CC BY 3.0, https://creativecommons.org/licenses/by/3.0/. c) Giant molecular host for protein 
encapsulation by Fujita, 2012. Adapted from [10] with permission from the Nature Publishing Group, copyright 
(2012).  
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1.2 Dynamic Covalent Hosts 

1.2.1 Concepts and Applications 

Dynamic covalent chemistry (DCvC) is a rather young discipline that breaks with a 

long-held dogma of conventional chemistry by shifting the focus from isolation of 

stable compounds to dynamic, stimuli-responsive mixtures of molecules. DCvC 

has rapidly developed into a promising tool to study and create complexity and has 

found numerous applications, e.g. in materials chemistry and for the design of new 

macrocycles in host-guest chemistry (see chapter 1.2.2 Dynamic Covalent Cage 

Compounds). 

Traditionally, synthetic organic chemistry mostly relied on reactions under kinetic 

control, meaning that the product ratio exclusively depends on the reaction rates 

of the formation of the corresponding products. If on the other hand, the proportion 

of each product depends on its relative stability, the reaction is under 

thermodynamic control. However, many reactions do not proceed solely under 

kinetic or thermodynamic control, but through a reaction pathway in between the 

two extremes and modification of certain reaction conditions (e.g. temperature) can 

enforce thermodynamic or kinetic control, respectively.[64,65]  

Dynamic covalent reactions have been used for a long time for the selection and 

amplification of the thermodynamically most stable product from an equilibrium 

mixture (e.g. in equilibrium polymerisations). However, the full potential of reactions 

under thermodynamic control was only recognised in the late 20th century and thus 

the field of dynamic covalent chemistry (DCvC) emerged recently.[8,65–72] The key 

feature of this new approach is the combination of the strength and selectivity of 

covalent bonds with the reversibility of all chemical processes, which enables the 

system to undergo a proofreading end error-correction mechanism. As a result, a 

dynamic combinatorial library (DCL) is formed, representing the systems preferred 

state under the given conditions. This thermodynamic minimum is capable to be 

manipulated by external stimuli (e.g. pH, temperature, pressure, addition of 

templates) thus leading to a response of the system by means of a change in the 

DCL composition.[8,65–72] 
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Scheme 1. Selection of reactions explored in DCvC. Reactions suitable for DCvC range from C-C over C-N, 

C-O, C-S, S-S to B-O bonds.[8] 
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Covalent reactions have to meet several requirements to be suitable for the 

generation of a DCL. Most importantly, the bond formation needs to be reversible 

and equilibration ought to be fast under mild conditions (particularly temperature 

and pressure). The reaction conditions have to be compatible with functional 

groups present in the building blocks and with external stimuli to manipulate the 

DCL, which is particularly of interest when dealing with biomolecules under 

physiological pH in aqueous environments. Preferably, the DCL composition 

should easily be kinetically locked by switching off the reaction, which typically 

enables isolation of the library members. To date, the covalent bond formations 

known to be suitable for DCvC include C-C, C-N, C-O, C-S, S-S and B-O bonds. 

Scheme 1 illustrates a selection of reversible covalent reactions explored in 

DCvC.[8,65–72] 

In many reports, DCvC combines supramolecular non-covalent interactions with 

covalent interactions in which both complement one another. Therefore, DCvC can 

be defined as a tool at “the interface between supramolecular and molecular 

chemistry”.[8] The adaptability feature and template-directed synthesis have led to 

numerous applications in the synthesis of mechanically-interlocked structures,[73] 

the discovery of novel catalysts[74], and has paved the way for a new exciting 

research area, namely systems chemistry which combines equilibration processes 

with kinetically controlled steps.[75–77] 

Additionally, DCvC has been used for the design of machines and for information 

processing which deals with altering the composition of the DCL by external stimuli 

in order to execute work. In 2010, Leigh reported on “a synthetic molecule that can 

walk down a track” (Figure 8a).[78,79] In the first stage of the system, the walker 

molecule is attached to the track via a hydrazone and a disulfide function 1.28. 

Since hydrazone and disulfide chemistry are orthogonal DCvC reactions, the 

detachment of the walker’s two “legs” can be triggered individually. Cycling 

between acidic and basic conditions enables the walker to make steps in both 

directions (1.29-1.31).[68,78,79]  
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Figure 8. Selected examples of DCvC applications. a) “A synthetic molecule that can walk down a track” by 

Lehn 2010.[78] b) Chemical equilibria leading to the formation of a trefoil knot by Sanders.[80] c) 
Mechanosensitive self-replication by Otto, 2010.[81] a)-c): Adapted with permission from [68]. Copyright (2013) 
American Chemical Society. 
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The error-correction mechanism of DCvC allows for the synthesis of interlocked 

structures with complex topologies, such as Borromean rings,[82] pentafoil knots[83] 

and trefoil knots[80,84,85] (1.33, Figure 8b). For the design of the trefoil knot, Sanders 

used purely organic building blocks 1.32. Dimeric macrocycles are kinetically 

favoured and dominate the DCL in the first hours under conditions of disulfide 

exchange. However, the hydrophobic effect and the possibility of error-correction 

drive the system to the trefoil knot 1.33 which is thermodynamically favoured. The 

spectacular, interwoven structure of 1.33 is recognisable in the semi-empirical 

model (Figure 8b).[80] 

Research on synthetic replicating systems has recently been a vibrant research 

area since the process of self-replication[86–88] is closely connected to the origin of 

life. The challenge when mimicking living organisms is the implementation of far-

from-equilibrium conditions, thus the combination of self-replication and continuous 

decay. In 2010, Otto reported on a self-replicating network based on a dithiol-

functionalised peptidic building block (1.34, Figure 8c).[81] 1.34 is oxidised into 

macrocyclic species that stack and grow to fibres by beta-sheet formation of the 

peptide chains, thus replicating itself. With elongation of the fibres, the shear forces 

increase leading to mechanical breakage of the disulfide-bond and to duplication 

of the number of catalytically active fibre ends that induce self-replication.[81]  
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1.2.2 Dynamic Covalent Cage Compounds  

Since the advent of supramolecular host-guest chemistry, numerous new 

macro(bi)cyclic compounds and metallosupramoelcular assemblies have been 

reported. With the trend towards larger cage compounds and the future challenges 

of host-guest systems (e.g. adaptability, biodegradability) in mind, DCvC is an ideal 

tool for the design of such compounds.[89–95] Selected examples of self-sorting cage 

compounds (Figure 9) and cages based on a combination of coordination 

chemistry and DCvC (Figure 10) are presented in this chapter. 

By combination of two dynamic bonds (hydrazones and disulfides) within one 

system, Stefankiewicz and Ulrich were able to isolate tripodal and tetrahedral cage-

type structures linked together by up to twelve reversible covalent bonds (Figure 

9a). Mixing thioglycolic hydrazides (e.g. 1.37) with aromatic aldehydes (e.g. 1.38) 

leads to the formation of a virtual DCL containing several polymers and 

macrocycles. Interestingly, only cage-like structures were formed from the mixture 

due to intramolecular interactions and geometric fit. This new approach for the 

design of multicomponent cages is valuable for the generation of functional 

cages.[96] 

One of the first examples of chiral self-sorting in the context of DCvC has recently 

been reported by Mastalerz (Figure 9b). The reversible condensation of the 

inherently chiral ligands 1.39 with bis(salicylaldehyde) (1.40) to either homochiral 

[2+3] cage compounds 1.41 or heterochiral [2+3] cage compound 1.42 under acidic 

conditions was studied. It was found that narcissistic self-sorting leading to a 

racemic mixture of the homochiral compounds (M,M)-1.41 and (P,P)-1.41 was 

preferred. However, variation of the solvent could drive the formation of the 

homochiral cage compound (M,P)-1.42 by exploiting its lower solubility. In fact, 

chiral self-sorting can either be achieved by the advantageous entropy for 

narcissistic self-sorting, or by exploiting the differences in solubility between the 

homochiral and the heterochiral cage compounds.[97] 
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Figure 9. Selected examples of recent self-sorting cage compounds. a) Multicomponent molecular cages by 

Stefankiewicz and Ulrich, 2017. Reproduced from [96] with permission of John Wiley & Sons, Inc. b) Chiral 
self-sorting of salicylimine cage compounds by Mastalerz, 2017. Adapted from [97] with permission of John 
Wiley & Sons, Inc. c) Self-sorting of polyimine macrocyclic cryptands by Stefankiewicz and Lehn, 2019. 
Adapted from [98], CC BY-NC 3.0, https://creativecommons.org/licenses/by-nc/3.0/. 
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In 2019, Stefankiewicz and Lehn implemented DCvC to the classic cryptands and 

studied the self-sorting behaviour of polyimine macrobicyclic cryptands (Figure 9c). 

Several different cages were synthesised by reversible imine condensation of 

tris(2-aminopropyl)amine (1.43) with structurally different dialdehydes (e.g. 1.44, 

1.46, 1.48, 1.50). With a series of self-sorting and competition experiments, Lehn 

and co-workers could demonstrate the influence of structural properties of the 

starting materials (e.g. presence of heteroatoms, possibility to undergo 

electrostatic interactions etc.) on the outcome of the self-sorting process. For 

instance, a self-sorting experiment of a mixture of 1.43 and the two dialdehydes 

1.44 and 1.46 revealed exclusive formation of cage 1.47. This can be rationalised 

by attractive interactions between the pyridine moiety of 1.46 and imine C-H 

groups. On the other hand, no influence on the self-sorting was found by a 

competition experiment between 1.46 and 1.48 which differ in the size of the 

aromatic system. The preference for a dialdehyde with a heteroaromatic structure 

was applied to drive the isolated cage compound 1.51 quantitatively to cage 1.47 

by addition of ligand 1.46 under dynamic conditions.[98] 

As previously mentioned, a common strategy for the design of large 

supramolecular hosts is the use of metal-ligand interactions (see chapter 1.1.2 

Supramolecular Host-Guest Systems). Recently, metallosupramolecular chemistry 

has been successfully merged with DCvC.[99] Severin for instance, has reported on 

the combination of Ruthenium coordination chemistry with imine condensation in 

an orthogonal fashion (Figure 10a). The trinuclear metallomacrocyclic building 

block 1.54, derived from pyridine ligand 1.52 and a Ru-complex, was brought to 

reaction with a C3-symmetrical triamine 1.53. As a result, the [4+4] condensation 

product 1.55 is formed. This novel approach for the connection of 

metallomacrocycles by DCvC reactions is particularly useful for the synthesis of 

large and complex structures.[100,101] 
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Figure 10. Selected examples of cage compounds based on DCvC (and coordination chemistry). 

a) Combination of metallosupramolecular chemistry and DCvC by Severin, 2011. Adapted with permission 
from [100]. Copyright (2011) American Chemical Society. b) Chemical network based on imine exchange by 
Nitschke, 2012.[102] Adapted with permission from [68]. Copyright (2013) American Chemical Society. c) 
Permanent mesoporous organic cage by Mastalerz, 2014. Adapted from [103] with permission of John Wiley 
& Sons, Inc. 
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Nitschke and co-workers described a sophisticated system based on reversible 

imine chemistry and metal-ligand coordination (Figure 10b). In their system, a 

DCL A is created by mixing of p-toluidine (1.56), 6,6´-diformyl-3,3´-bipyridine (1.57) 

and a cobalt triflimide salt leading to the formation of several coordination 

complexes. Addition of sodium triflate to A gave the tetrahedral product Co4L6
8+ (B) 

indicating that the triflate anion (OTf-) templates the formation of this cage. 

Otherwise, addition of lithium perchlorate to either A or B furnished a different 

product, namely the Co10L15
20+ pentagonal prism C. Interestingly, it was found that 

a single chloride anion was coordinated in cage C, even though no chloride salts 

were added on purpose. Hexafluorophosphate anions (PF6
-) templated the 

formation of the tetrahedral cage B, but heating the sample gave formation of a 

pentagonal prism C(PF6)5. Finally, Nitschke and co-workers showed that the 

mixture of both tetrahedral cages BPF6 and BOTf rearranges into the pentagonal 

cages C upon heating over 35 days. Mass spectrometry revealed that C 

encapsulates different combinations of the two anions. Overall, they were able to 

design a network of capsules that is capable of structural reorganisation to form 

the best host for the guest anions.[102]  

A spectacular example of a purely organic DCvC cage has recently been reported 

by Mastalerz who used reversible boronic ester chemistry for the synthesis of a 

shape-persistent molecular cage that bears a large cavity (2.6 - 3.1 nm) and thus 

can be considered to be permanently mesoporous (Figure 10c). 48-fold 

condensation of twelve triptycene tetraol precursors 1.58 with eight triboronic acid 

molecules 1.59 resulted in the formation of the cuboctahedral cage 

compound 1.60. The porous nature and the unprecedented shape-persistency of 

this organic cage compound was proven by single crystal X-ray diffraction and was 

applied for nitrogen gas sorption studies.[103]  

In conclusion, DCvC has arisen as a useful tool for the design of novel, molecular 

and supramolecular cages. The possibility of error-correction allows for the 

synthesis of otherwise not accessible structures and in contrast to classic cage 

molecules, DCvC hosts can release the contents of the capsules in a controlled 

fashion. However, dynamic covalent reactions suitable for the preparation of 

dynamic covalent cage compounds are still limited, most systems reported so far 

rely on imine, boronic ester and disulfide exchange. A new approach has recently 
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been suggested by von Delius who reported on the orthoester exchange reaction 

and its use for the preparation of unprecedented orthoester cryptands (See chapter 

1.3 Orthoester Chemistry). 
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1.3 Orthoester Chemistry 

1.3.1 Dynamic Orthoester Exchange Reaction 

The dynamic covalent reactions of esters, acetals and orthoesters has been known 

for a long time and has mainly been applied for preparative chemistry. Otherwise, 

the use esters and acetals in the context of DCvC and generation of DCLs has only 

developed in the past three decades (Figure 11) and it took until 2015 when von 

Delius firstly reported on the orthoester exchange reaction in a context of 

supramolecular chemistry (Figure 12). Recently, von Delius and co-workers were 

able to generate a new class of cryptands by capitalising on the novel orthoester 

exchange reaction (see chapter 1.3.2 Dynamic Orthoester Cryptands). 

The name orthoester is derived from the generally unstable and therefore 

hypothetical orthocarboxylic acids. Three alkoxy groups are attached to a single 

carbon atom, which possesses a substituent. Variation of the functional groups 

was traditionally achieved by either Pinner reaction or Williamson ether synthesis 

(Figure 11a). The Pinner reaction involves formation of an imidic ester 

hydrochloride 1.62 from reacting nitriles 1.61 with methanol and hydrochloric acid. 

Further conversion with methanol gives the orthoester 1.63. The second strategy 

for orthoester synthesis is based on threefold Williamson ether synthesis of 

trichloro-compounds 1.64 with sodium methoxide.[104–107] 

In organic synthesis, the tripodal structure of orthoesters has been used for the 

protection of esters (Figure 11b). This strategy goes back to Corey who reported 

on the Lewis acid-catalysed reaction of carboxylic acids 1.65 with 3-methyl-3-

oxetanemethanol (1.66). The resulting OBO (Oxa-Bicyclo-Octan) protecting 

group 1.67 is base-stable and can be cleaved off under acidic condition.[108,109] 

Recently, a dimethyl-substituted OBO (DMOBO) protecting group with enhanced 

stability towards aqueous hydrolysis was reported.[110] Another common 

application of orthoesters is their use as water scavenger, e.g. for the protection of 

jet fuels against water contamination. Under acidic conditions, orthoesters 1.63 

tend to hydrolyse in the presence of water to the corresponding aliphatic 

esters 1.68 (Figure 11b).[111,112]  
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Figure 11. a) Classic preparation methods of orthoesters: Pinner reaction and Williamson ether synthesis.[107] 

b) Applications of orthoesters as OBO protecting group and water scavenger.[108,112] c) Distillative self-sorting 
of dynamic ester DCL by Miljanić, 2013.[113] d) Cyclophane DCL based on acetal metathesis reaction by 
Mandolini, 2005.[114] e) Dynamic thioester exchange reactions of liposomes by Ravoo, 2014. Adapted from 
[115] with permission from The Royal Society of Chemistry. f) N,O,P-orthoester exchange for the design of 

“scaffolding ligands” by Tan, 2009.[116]  
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Besides these applications in preparative chemistry, the reversibility of orthoester 

chemistry had not been used in the context of DCvC. This is in stark contrast to 

ester,[113,117–119] acetal,[114,120] thioester[115,121,122] and thioacetal[123] exchange - 

selected examples are depicted in Figure 11c-e. 

In 2013, Miljanić described the distillative self-sorting of an ester DCL (Figure 11c). 

Metal oxides (e.g. Ti(OBu)4) act as catalysts to initiate acyl exchange. Reactive 

distillation leads to isolation of the most volatile ester 1.69 at the expense of less 

volatile members of the DCL. The process was repeated with the residual four 

esters and application of reduced pressure, resulting in isolation of ester 1.70 by 

distillation and of ester 1.71 as residue. This strategy could succesfully be applied 

to DCLs containing up to 16 esters and for the isolation of four individual esters.[113] 

Mandolini made use of the acid-catalysed transacetalation of formaldehyde acetals 

for the generation of a cyclophane DCL (Figure 11d). In a first step, the irreversible 

reaction of 1,4-phenylenedimethanol (1.72) and bromochloromethane (1.73) 

resulted in the formation of the cyclophane dimer 1.74 along with oligomers of 

various sizes (1.75, n = 2-5). It was found that addition of catalytic amounts of acid 

to the isolated dimer 1.72 gives a DCL with a composition similar to the mixture 

from the irreversible nucleophilic substitution described before, thus demonstrating 

the reaction is under thermodynamic control. Manipulation of the equilibrium by 

addition of silver ions as a template amplified the formation of the dimeric 

cyclophane and the formation of the corresponding complex 1.76.[114] 

An example of thioester exchange was recently reported by Ravoo who explored 

reversible reactions of membrane embedded thioesters 1.77 with dithiols from 

solution (1.78, Figure 11e). The results indicated that thioester exchange induces 

aggregation through covalent cross-links between the liposomes. Otherwise, the 

aggregation was found to be reversible by addition of a monothiol.[115] 

To the best of our knowledge, the only examples of orthoester exchange beyond 

preparative chemistry previous to the reports of von Delius go back to Tan (Figure 

11f). In his studies, N,N,O- or N,O,P-orthoesters (e.g. 1.79) serve as “scaffolding 

ligands”, meaning that the ligands are covalently tethered to alcoholic substrates 

(e.g. 1.80). As such, the orthoesters are directing groups that are cleaved off after 

the subsequent Rh-catalysed hydroformylation.[116,124] However, the full potential 
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of the orthoesters exchange reaction in the context of DCvC remained 

undiscovered until von Delius embarked on a systematic exploration of the 

dynamic chemistry of orthoesters in 2015. 

Inspired by the work of Tan, von Delius reported on the acid-catalysed exchange 

of O,O,O-orthoester as a “tripodal tool for dynamic covalent and systems 

chemistry”.[125] It was shown that different orthoesters (R1 = -Me, -H, -nPr, -Ph) 

readily exchange with a variety of alcohols (R2 = -Et, -nBu, -iPr, -Ph) under mild 

conditions with 0.1 – 1% acid catalyst (Figure 12a). The composition of the DCL 

(ratio A3:A2B:AB2:B3) was found to be similar for all investigated orthoesters (Table 

entries 1-5). However, when using sterically more demanding alcohols (R2 = -iPr, 

-Ph) instead of primary alcohols, the product distribution was different and in the 

case of R2 = -tBu no exchange was observed (Table entries 6-8). Diols 1.82 and 

1.83 and triols 1.84 were found to form cyclic exchange products as main 

components of the DCLs due to a chelate effect.[71,125] 

Comparison of the acid-catalysed ester, acetal and orthoester exchange reveals 

vast differences in reactivity which can be rationalised by stability of the 

corresponding oxonium ions. Mechanistically, all three reactions proceed via sp2-

hybridised oxonium ion intermediates in case of general acid catalysis. Otherwise, 

base-catalysed ester exchange proceeds via tetrahedral intermediates. 

Accordingly, the intermediates of orthoester exchange are better stabilised which 

makes orthoesters more reactive than acetals which are more reactive than esters. 

Another difference between ester, acetal and orthoester exchange is their 

tendency to form undesired side-products. Transesterifications usually do not 

require exclusion of water, while the presence of water in dynamic acetal or 

orthoester reactions leads to the formation of aldehydes/ketones or esters, 

respectively. Especially for orthoester exchange reactions, the large difference in 

thermodynamics between orthoesters and their hydrolysis products makes a direct 

back reaction from esters to orthoesters virtually impossible. Accordingly, 

orthoester exchange reactions have to be carried out under strictly anhydrous 

conditions. However, von Delius emphasised the advantages of the pH-dependent 

hydrolysis of orthoesters in respect to possible applications as drug delivery 

agents.[71]  
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Figure 12. a) Orthoester exchange reaction of different orthoesters with a variety of alcohols, including 
chelating alcohols 1.82-1.84. b) Orthoester metathesis reaction of either 1.85 and 1.86 or 1.91 and 1.92 leading 

to the formation of the identical, eight-membered DCL. c) Graphical network analysis of the influence of 
molecular sieves (MS) and Na+ ions on the composition of the DCL. b)-c): Adapted from [125], CC BY-NC 3.0, 
https://creativecommons.org/licenses/by-nc/3.0/. 
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An interesting finding of this initial study on orthoester exchange is the observation 

that a direct metathesis of two orthoesters leading to the formation of an eight-

membered DCL can be carried out (Figure 12b). NMR analysis of the reactions 

starting from either 1.85/1.86 or 1.91/1.92 revealed the identical composition of the 

DCL in equilibrium (1.85-1.92). Controlled addition of small amounts of water 

confirmed that the metathesis of the two orthoesters in fact proceeds via small 

quantities of free alcohol generated by hydrolysis of orthoester. 

In anticipation of the synthesis of orthoester cryptands, von Delius investigated the 

manipulation of the composition of the DCL by addition of either molecular sieves 

(MS) or sodium ions as template. To this end, the model reaction of trimethyl 

orthoacetate (1.83) and 2-methoxyethanol (1.93) was carried out under standard 

conditions and with addition of 4 Å MS in order to remove methanol from the 

equilibrium (Figure 12c). A three-dimensional network analysis shows the 

compositions of the DCL in equilibrium and, as the authors anticipated, a shift 

towards the threefold-exchange product when using MS. Contrary, the outcome of 

the reaction of the sterically crowded orthoester 1.94 with alcohol 1.93 

unexpectedly gave the onefold-exchange product (A2B) as major component of 

the DCL when using sodium ions as metal template. In fact, the addition of sodium 

ions decreased the amount of two-fold (AB2) and threefold (B3) exchange products 

drastically. The network analysis of the agonistic relationship between all 

components of the DCL revealed that the amplified product apparently is a complex 

between Na+, two equivalents of 2-methoxyethanol (1.93) and one equivalent of 

2-propanol. Even though these results could not demonstrate the desired 

enhancement of the threefold-exchange product by attractive interactions with the 

sodium ions, von Delius nonetheless showed that dynamic orthoester DCLs are 

susceptible to manipulation by addition of metal templates which paved the way 

for further investigations (see chapter 1.3.2 Dynamic Orthoester Cryptands). 
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1.3.2 Dynamic Orthoester Cryptands 

Following up on the initial discovery of the orthoester exchange reaction as a new 

tool for DCvC, von Delius and co-workers reported on the synthesis of a new class 

of cryptands in which two orthoesters serve as bridgehead atoms (Figure 13a). 

Lately, the group investigated the adaptive behaviour of orthoester cryptands 

(Figure 13b-d) and the inherently dynamic nature of ammonium orthoester 

cryptates (Figure 14). 

In 2015, von Delius reported on the use of the dynamic reversible reaction between 

orthoesters and diols to prepare a new class of monometallic cryptands (Figure 

13a). [Na+o-Me2-1.1.1] was synthesised in 67% isolated yield from the reaction 

of trimethyl orthoacetate (1.83), diethylene glycol (DEG, 1.95) as ligand for metal 

binding and trifluoroacetic acid (TFA) as catalyst. Furthermore, sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaBArF) acts as metal template and molecular 

sieves needed to be present to provide a driving force for the cryptate self-

assembly by removing methanol from the reaction mixture. The solid-state 

structure of [Na+o-Me2-1.1.1] revealed encapsulation of the metal ion at the 

centre of the cavity, held in place by nine Na-O bonds. Subsequently, the effect of 

other metals on the formation of orthoester crown ethers and cryptands and the 

binding affinity for alkali metal ions were investigated.[71,126,127] 

In contrast to their classic analogues (Lehn’s cryptands, see chapter 1.1.1 

Concepts and Brief History), dynamic orthoester cryptands are accessible in a 

single step and are constitutionally dynamic in the presence of acid. This unique 

feature might be valuable for possible applications and was further studied by the 

Delius group in 2016 (Figure 13b-d). The adaptive behaviour of orthoester 

cryptands was described, meaning that alkali metal ions select their preferred host 

from a virtual DCL of orthoester cryptands. When the empty cryptand o-Me2-1.1.1 

was treated with alkali metal ions of varying ionic radii (Li+, K+, Rb+, Cs+) and diol 

ligands of different sizes under conditions of dynamic orthoester exchange, the 

cryptand was found to shrink or expand by subcomponent exchange in response 

to the size of the metal template (Figure 13b).[128] 
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Figure 13. a) Self-assembly of orthoester cryptates. Adapted from [126], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/.  b) Adaptive behaviour of orthoester cryptands.[128] c) 
Unprecedented cryptate metathesis.[128] d) Experimental and computational binding studies to rationalise the 
observed preferred host-guest pairs. d): Reproduced from [128] with permission of John Wiley & Sons, Inc. 
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Additionally, [K+o-Me2-2.1.1], [Rb+o-Me2-2.2.1], [Cs+o-Me2-2.2.1] and 

[Cs+o-Me2-2.2.2] were synthesised by self-assembly of trimethyl orthoacetate, 

stoichiometrically biased mixtures of DEG and triethylene glycol (TEG) as ligands 

and the corresponding metal salts. Solid-state structures of all four cryptates were 

reported and the observed preferences for the formation of cryptands of certain 

sizes were rationalised by determination of binding energies, both experimentally 

and computationally (Figure 13d). With the knowledge about the preference for 

certain host-guest pairs, the previously described metathesis reaction between 

orthoesters was transferred to orthoester cryptates. Combination of the 

thermodynamically unfavoured host-guest pairs [K+o-Me2-1.1.1] and [Cs+o-

Me2-2.2.2] under acidic conditions resulted in an unprecedented cryptate 

metathesis reaction and formation of [K+o-Me2-2.1.1] and [Cs+o-Me2-2.2.1] 

(Figure 13c).[128] 

In 2019, von Delius and co-workers reported on ammonium complexes that are 

inherently dynamic and adaptive. This unique behaviour is enabled by the 

ammonium guest, which acts as a template for the synthesis of the orthoester 

cryptand and at the same time as acid catalyst. (Figure 14). The starting point of 

this study was the idea that the ammonium cation could be a suitable template for 

the self-assembly of orthoester cryptates. However, several attempts to isolate the 

desired product from self-assembly were met with failure and it was found that 

actually NH4BArF is sufficiently acidic to catalyse the standard orthoester 

exchange reaction of trimethyl orthoacetate (1.83) with ethanol (Figure 14a). As a 

result, corresponding ammonium cryptates are constitutionally dynamic and 

exceptionally fragile to degradation.[129] 

With that knowledge, von Delius and co-workers turned their attention towards 

addition of NH4BArF to orthoester cryptands derived from metal-templated self-

assemblies. In a key experiment, it was found that cryptate [NH4
+o-Me2-2.1.1] 

spontaneously converts to the larger and thermodynamically more stable cryptate 

[NH4
+o-Me2-2.2.1] without addition of any acid or diol. This experiment was 

particularly striking, since it involves the formation of a rather poor host for NH4
+, 

namely cryptand o-Me2-1.1.1 (Figure 14b).[129] 
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Figure 14. a) Orthoester exchange reaction, catalysed by NH4
+. b) Addition of NH4BArF to o-Me2-2.1.1 led to 

inherently adaptive behaviour and formation of the larger cryptate [NH4
+o-Me2-2.2.1]. c) Solid-state structure 

of [NH4
+o-Me2-2.2.1]. Adapted with permission from [129]. Copyright (2019) American Chemical Society. 

d) Reaction sequence leading to exchange of two TEG chains, supported by computational studies.[129] 
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The fascinating structure of [NH4
+o-Me2-2.2.1] was proven by a solid-state 

structure of a single crystal (Figure 14c). While cryptate [NH4
+o-Me2-2.2.1] is 

thermodynamically stable (no intermolecular rearrangements), computational 

studies showed that it is far from kinetically stable, since it is constantly undergoing 

intramolecular rearrangements. The reaction sequence in Figure 14d, which was 

derived from detailed, computational analysis shows how two TEG chains 

exchange via several ring-opening and -closing steps. Hence, the host-guest 

system [NH4
+o-Me2-2.2.1] can be considered to be fluxional which by definition 

requires intramolecular degenerate rearrangements. In summary, von Delius 

reported on the first supramolecular fluxional host-guest system.[129] 

In conclusion, von Delius and co-workers have published a series of articles on a 

novel DCvC reaction and its application for the self-assembly of the first 

monometallic cryptates. Besides progress in the investigations on adaptive 

behaviour of orthoester cryptands and the design of a supramolecular, fluxional 

host-guest system, a detailed study on the scope of orthoester cryptands and on 

the influence of substituents on both reactivity and stability of orthoesters was still 

pending at the start of this thesis. 
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1.4 Flexible Macrobicycles and Their Unique Isomerism 

In principle, most macrobicycles with pyramidal or tetrahedral bridgehead atoms 

that are tethered together by three chains can exhibit stereoisomerism. The 

inversion via deprotonation/protonation reactions or homeomorphic isomerisation 

has been examined in great detail in the second half of the last century (Figure 

15).[58,130–137] Early examples range from katapinands[26,27,58,59] over protonated 

aza-cryptands[138–142] to carbocyclic compounds[143,144] and phosphor-

bridged[132,145–149] macrocycles (selected examples are shown in Figure 16).  

The term in,out-stereoisomerism concerns the orientation of substituents or lone 

pairs attached to the bridgehead atoms of macrobicyclic compounds. The first 

compounds at which inversion of the configuration was achieved were reported by 

Simmons and Parks in 1968.[26,27] Their diazabicyclic katapinands 1.96 were found 

to equilibrate in deprotonation/protonation reactions with their corresponding 

in,out-isomers 1.97 and in,in-isomers (1.98, Figure 15a). The early publications by 

Simmons and Parks later paved the way for the design of cryptand-like hosts for 

anion binding (see chapter 1.1.2 Supramolecular Host-Guest Systems). 

Besides isomerisation by deprotonation/protonation of Brønsted basic bridgehead 

atoms, larger macrobicycles can undergo homeomorphic isomerisation. In this 

topological process, the configuration at both bridgehead atoms is inverted by 

pulling one tether through the macrocycle defined by the other two chains. In 

contrast to deprotonation/protonation reactions, no pyramidal inversion occurs. As 

a consequence, out,out-isomers 1.99 equilibrate with in,in-macrocycles 1.100, 

while in,out-compounds 1.101 via homeomorphic isomerisation can only invert to 

out,in-isomers 1.102 which in most cases are identical with the in,out-isomers 

(Figure 15b). 
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Figure 15. a) In,out-stereoisomerism of macrocyclic diamines via deprotonation/protonation reactions. 

Simmons and Parks, 1968.[26,27] b) Homeomorphic isomerisation without bond breakage.[130] c) Overview on 
interconversions between out,out-, in,in- and in,out-stereoisomers, including pyramidal inversion at one 
bridgehead atom. Adapted from [132] with permission from The Royal Society of Chemistry. 
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An overview on the relationships and equilibria between in,out-isomers is given in 

Figure 15c. The process of homeomorphic isomerisation is depicted as sequence 

of two individual “half turns” with an in,out-macrobicycle with crossed chains as 

hypothetical intermediate (Figure 15c, top). Recently, Gladysz reported on the first 

isolation of such a crossed chain intermediate to support the mechanism of the 

inversion.[132] To access the in,out-isomers, pyramidal inversion of only one 

bridgehead atom is required which usually has a high energetic barrier (except for 

E = N, Figure 15c bottom). 

In the 1970s, Lehn reported on polyaza-cryptands that could bind multi-atomic 

anions (e.g. azides) within the cryptand cavity.[150] Furthermore, he investigated the 

kinetics and thermodynamics of the protonation of the [1.1.1]-macrobicyclic 

cryptand (in,in-1.103, Figure 16a). In,in-1.103 binds one or two protons either in- 

or outside the cavity, leading to the formation of overall six isomers. Lehn and co-

workers studied the kinetics and thermodynamics of their interconversion revealing 

that proton transfer into and out of the cage is rather slow. Interestingly, the inside 

mono-protonated species in+,in-1.107 could not be deprotonated by hydroxide ions 

at all, unless destroying the cryptand. The twofold-protonated in+,in+-1.108 was 

successfully deprotonated once, but only under harsh conditions (Na in liquid NH3). 

The pKa for inside mono-protonation was estimated to be greater than 17.8, making 

the [1.1.1]-cryptand 1.103 more than one order of magnitude more basic than other 

“proton sponge” type compounds[151] known at that time.[138] 

In contrast to macrobicycles with nitrogen bridgehead, inversion at phosphorus 

atoms is more difficult to achieve since phosphanes are more pyramidal than 

amines and invert much less readily and only at elevated temperatures. In 2000, 

Alder reported on a system at which the phosphorus atoms do not invert 

spontaneously but under kinetic control in a nucleophilic substitution (Figure 16b). 

Reaction of di-cation 1.109 with borohydride led to the formation of the di-

protonated compound out+,out+-1.111, meaning that both bridgehead atoms have 

undergone inversion. Deprotonation of 1.111 readily gave rise to the mono-

protonated species out+,in-1.112 which could be further deprotonated to 

out,out-1.113.  



1 State of the Art 

 35   

Figure 16. a) Stereoisomers of proton cryptates by Lehn.[138] b) Inversions at phosphor-bridged macrobicycles 

by Alder.[146] c) Application of homeomorphic isomerisation for the design of transporters by Gladysz. Set-up 
of the u-tube experiment and time-dependent concentrations in charging and receiving arm. M = Pt, Pd. 
Adapted with permission from [148]. Copyright (2017) American Chemical Society. 
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Interestingly, addition of acid to 1.112 did not lead back to 1.111 but rather to the 

formation of 1.109 and hydrogen with the P-H acting as hydride source. The results 

indicate that during the borohydride reduction a mono-protonated intermediate 

out,out+-1.110 is formed as the kinetic product that is further protonated to give 

1.111. To prove this hypothesis, 1.111 was treated with 1,4-diazabicyclooctane 

(DABCO) and the presence of the intermediate 1.110 and its slow inversion to 

1.112 were confirmed by 31P NMR spectroscopy. In fact, Alder and co-workers 

reported on an unexpected kinetic effect to control the inversion of the phosphorus 

bridgehead atoms.[146] 

A fascinating example of an application of the homeomorphic isomerisation as a 

design element in container molecules was published recently by the group of 

Gladysz (Figure 16c). In their system, a dibridgehead phosphine macrocycle can 

rapidly undergo homeomorphic isomerisation to give a mixture of in,in-1.114 and 

out,out-1.115 (ratio 97:3 at -80°C). However, Lewis acidic metal chlorides (e.g. 

PtCl2 or PdCl2) can be coordinated by the exo-directed lone pairs of out,out-1.115 

to form 1.116, thus inducing rapid homeomorphism to achieve incorporation of 

MCl2 in a cage-like adduct 1.117. With these container molecules in hand, Gladysz 

and co-workers aimed at studying transport in a biphasic u-tube setup (Figure 16c, 

bottom left). The charging arm was loaded with K2PdCl4 as source of PdCl2 and 

the mixture of in,in- and out,out-isomers of the transporter (1.114 and 1.115) was 

dissolved in the organic layer. The receiving arm was charged with KCl and KCN 

and the concentrations of both K2PdCl4 in the charging arm and of K2Pd(CN)4 in 

the receiving arm were measured with UV-vis spectroscopy over time (Figure 16c, 

bottom right). The data clearly showed that the new host system could effectively 

transport MCl2 through the organic layer and release the guest at the receiving arm. 

Furthermore, Gladysz and co-workers reported on selective transport in the 

presence of several MCl2 species.[148] 

In summary, the in,out-stereoisomerism of macrobicyclic compounds has been 

studied in great detail and has proven to be a valuable strategy, e.g. for the design 

of anion binding hosts and of container molecules. However, most systems 

reported thus far require either deprotonation/protonation reactions or large ring 

sizes to allow for (homeomorphic) stereo-isomerisation.  
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1.5 (Tri-)Alkoxysilane Chemistry 

Organosilicone polymers have found numerous applications ranging from coatings 

and inks over materials for controlled release to ceramic membranes.[152–155] Many 

of these functional materials are derived from sol-gel condensation of alkoxysilane 

monomers and lately, the dynamic silyl ether bond was used for the design of 

polymers with intriguing features (Figure 17). The abundance of commercially 

available (tri-)alkoxysilanes (Figure 18) makes these compounds interesting 

candidates for research in the context of DCvC. 

Alkoxysilanes are silicon-based compounds that contain one to four alkoxy groups, 

usually either methoxy or ethoxy moieties, and a diverse set of additional functional 

groups attached to the silicon centre. The most widely used preparation methods 

for alkoxysilanes are direct alkoxylation, hydrosilylation and nucleophilic 

substitution which are depicted exemplarily for trialkoxysilanes in Figure 17a. Base-

catalysed alkoxylation of the corresponding trichlorosilane 1.118 is usually carried 

out in a continuously operated still to give the desired trialkoxy-

silane 1.119.[152,156,157] Another industrially important synthesis route is metal-

catalysed hydrosilylation of alkynes or alkenes which results in functionalised 

trialkoxysilanes 1.121. The catalytic metal (e.g. Pt) inserts into the Si-H bond of 

1.120 followed by hydride addition to the unsaturated educt.[158–160] 

Organofunctional trialkoxysilanes can be obtained by nucleophilic substitution. 

Reaction of ethylenediamine with the chloro-substituted trialkoxysilane 1.122 

yields compound 1.123 equipped with two amine groups.[152,161] 

When carried out under the same conditions (pH, solvent), the mechanisms of 

hydrolysis, condensation and nucleophilic substitution of alkoxysilanes are similar 

and proceed via penta-coordinated transition states.[162–166] Varying the pH, 

however, alters the mechanism of these reactions. Exemplarily, the three different 

reaction pathways for the hydrolysis of alkoxysilanes are shown in Figure 17b. 

Under neutral conditions, nucleophilic water attacks the silicon atom in 1.124 

leading to the formation of a neutral penta-coordinated transition state 1.125. The 

alcohol is expelled to give the hydrolysis product 1.126.[167,168] 
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Figure 17. a) Preparation methods of (tri-)alkoxysilanes: Direct alkoxylation,[152,156,157] hydrosilylation[158–160] 

and nucleophilic substitution.[152,161] b) Mechanisms of neutral, alkaline and acidic alkoxysilane 
hydrolysis.[167,168] c) Sol-gel process: The outcome of simultaneous hydrolysis and polycondensation depends 
on the number of alkoxy functions in the monomer.[152,168,169] d) Application of dynamic silyl ether linkages for 
the design of crosslinked polymers by Gu, 2019. Adapted from [170] with permission from The Royal Society 
of Chemistry. e) First report on direct silyl ether metathesis and its use for vitrimer synthesis by Guan, 2019.[171] 
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Base-catalysed hydrolysis progresses via a similar mechanism to neutral 

hydrolysis with the only difference being the negative charge at the penta-

coordinated intermediate and the transition state 1.127 (Figure 17b). Contrary, in 

acidic medium an additional alkoxide group is protonated in a first step thus making 

the silicon centre more electrophilic and more prone to nucleophilic attack by water. 

The alkoxide group bears the positive charge in the transition state 1.129. 

Cleavage of the alcohol gives the hydrolysis product 1.130. Both alkaline and acidic 

hydrolysis are known to be influenced by steric and inductive effects.[167,168] 

Most organosilicon materials based on alkoxysilanes are obtained from solution-

gelation (sol-gel) processes which combine hydrolysis and polycondensation 

(Figure 17c). Alkoxysilanes are subjected to base- or acid-catalysed hydrolysis 

while simultaneously condensation releasing either water or alcohol occurs. The 

overall reaction process is rather slow but varying the catalyst offers the possibility 

to control the reaction outcome. Additionally, the monomer’s number of alkoxy 

groups determines the properties of the resulting polymer. Tetraalkoxysilanes lead 

to the formation of networks, trialkoxysilanes serve as crosslinkers while 

dialkoxysilanes give bridged polymers. Monoalkoxysilanes can be used to 

terminate the condensation reaction. Polysiloxanes derived from alkoxysilanes are 

used as crosslinkers, adhesion promoters and surface coatings whereas most of 

the commercial products are based on dimethoxydimethylsilane and its polymer 

polydimethylsiloxane (PDMS).[152,168,169] 

Besides countless applications as functional materials it took until 2017 when Guan 

reported on the silyl ether bond as a dynamic covalent motif for the synthesis of 

novel materials.[172] Other dynamic covalent reactions had previously been used 

for the design of covalent adaptable networks, such as olefin cross 

metathesis,[173,174] transamination[175] and boronic ester exchange.[176,177] Inspired 

by Guan’s study, the group of Gu used the robustness and thermal stability of the 

dynamic Si-O bond to synthesise thermally resistant thermadapt shape memory 

polymers by thermal and catalyst-free reaction of the precursors 1.131 and 1.132 

(Figure 17d). The crosslinked network in the resulting polymer 1.133 based on 

dynamic silyl ether bonds is responsible for the outstanding shape memory 

behaviour and the shape recovery of the material.[170] Recently, Guan developed 

his initial system further and reported on the first direct silyl ether metathesis 
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between two alkoxysilanes and its application for the synthesis of vitrimers 1.136 

with exceptional thermal stability (Figure 17e). Other than the group of Gu, Guan 

used Brønsted or Lewis acid catalysts.[171] 

Besides these first examples of dynamic silyl ether reactions, the vast potential of 

(tri-)alkoxysilane chemistry in the context of DCvC remains unexplored. Their 

tripodal structure makes them interesting candidates for studying exchange 

reactions with alcohols and self-assembly of monometallic cryptates analogue to 

orthoester cages. Particularly interesting about trialkoxysilanes are their facile 

synthetic accessibility and the abundance of commercially available compounds. 

As a consequence of the high demand for polysiloxanes, a distinct set of 

alkoxysilanes can be purchased of which a small selection is depicted in Figure 18. 

Besides relatively simple trialkoxysilanes, alkylalkoxysilanes (R = up to -C18H37) 

and alkenyl-functionalised molecules (Figure 18a-c), the variety of more 

sophisticated aromatic and organofunctional trialkoxysilanes is intriguing (Figure 

18d-e). Especially of interest for the use in DCvC reactions should be thiophene-

equipped trialkoxysilanes and such compounds with functional groups that allow 

further post-modification (e.g. -Cl, -CN, -NH2). Additionally, building up complex 

(cryptand) polymers or networks could be realised from commercially available 

starting materials (bis- and tris-trialkoxysilanes, Figure 18f). 

Figure 18. Major industrial and commercially available trialkoxysilanes.[152,178] 
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2 Aims and Achievements 

2.1 Self-Assembled Orthoester Cryptands: Orthoester Scope, 

Post-Functionalisation, Kinetic Locking and Tunable Degradation 

Kinetics  

Figure 19. a) Development of macrobicyclic compounds from Lehn’s cryptands[25] over Saalfrank’s self-

assembled metallocryptates[23,24] to constitutionally dynamic orthoester cryptands by von Delius.[126] b) Goals 
and achievements of Project I: Scope, post-functionalisation and kinetic studies. [1] - Published by the Royal 

Society of Chemistry. CC BY 3.0, https://creativecommons.org/licenses/by/3.0/. 

The first goal of this thesis was the detailed investigation of the scope of self-

assembled orthoester cryptands and of the kinetics of both orthoester exchange 

reaction and orthoester degradation. Macro(bi)cyclic molecules are a class of 

compounds that have been studied comprehensively and have found numerous 

applications since the serendipitous discovery of crown ethers by Pedersen and 

the synthesis of the first cryptand by Lehn (Figure 19a).[25] Traditionally, these 

cage-like molecules were prepared by covalent synthesis or more recently by in 

situ self-assembly (Figure 19a, e.g. Saalfrank’s metallocryptates).[24] However, 

nowadays there is a trend towards the use of DCvC reactions for the design of new 

hosts. Dynamic covalent reactions allow the system to undergo error-correction 

and adaption to external stimuli. From the perspective of possible applications, 

DCvC offers great potential to tackle the challenges of modern host-guest systems 

which will require dynamic adaptability and biodegradability for biomedical 

applications. 
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An important contribution to the field of purely organic, dynamic covalent hosts was 

achieved by the group of von Delius in 2015, who reported on the first self-

assembled monometallic cryptates (Figure 19a, see chapter 1.3.2 Dynamic 

Orthoester Cryptands).[126] In this new class of macrobicyclic hosts, two orthoesters 

serve as constitutionally dynamic bridgeheads. The orthoester motif offers many 

interesting features. Primarily, their tendency to degrade to ring-opened esters 

under acidic conditions, which allows for controlled release of an encapsulated 

guest. Furthermore, orthoester bridgeheads feature another substituent which 

should enable adjusting both reactivity and stability of orthoesters and their 

corresponding cages. However, the scope of cryptands and the influence of this 

substituent had not been investigated to the starting point of this thesis. 

Accordingly, the central goal of Project I was to gather fundamental insights into 

the influence of substituents of orthoesters on their reactivity and to systematically 

explore the scope of the corresponding cryptands (Figure 19b).[1] 

Figure 20. a) Self-assembly of seven orthoester cryptates with yields from 45 - 92%. DEG serves as ligand 

for binding of the metal template. MS provides a driving force for product formation by removal of methanol. 
Acid: 1-10% TFA. b) Solid-state structures of six self-assembled and two post-functionalised orthoester 
cryptates were reported. c) The kinetics of the orthoester exchange reaction was studied for 13 orthoesters 
2.1. d) Summary of the results of orthoester reactivity towards both exchange and hydrolysis. The results 

correlate with the Taft[179] linear free energy relationship (LFER, Taft polar parameter σ*). e) The kinetics of the 

degradation of orthoesters were studied. f) Post-functionalisation of alkyne cryptand via CuAAC “click” 
chemistry, followed by methylation to give a kinetically locked triazolium cryptate 2.2. [1] - Published by the 

Royal Society of Chemistry, CC BY 3.0, https://creativecommons.org/licenses/by/3.0/. 
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As a starting point, we chose a distinct set of five commercially available and six 

non-commercial orthoesters 2.1 with functional groups ranging from electron-

donating (e.g. R = -nC4H9) over aromatic (e.g. R = -C6H5) to strongly electron-

withdrawing (e.g. R = -CF3) (Figure 20a). Additionally, we synthesised an 

orthoester equipped with an alkynyl functional group in the light of possible post-

functionalisation. We subjected these eleven orthoesters to our optimised 

conditions for the self-assembly of orthoester cryptands and were able to isolate 

six new compounds by self-assembly ([M+o-(R)2-1.1.1]), to optimise the yield for 

the previously reported [Na+o-(CH3)2-1.1.1], and to synthesise the important 

alkynyl-substituted cryptate [Na+o-(C≡CH)2-1.1.1] by deprotection of the TMS-

alkynyl-substituted compound. To obtain structural insights into the cage 

compounds by X-ray crystallography, we grew single crystals of eight new 

cryptates (Figure 20b) and thoroughly analysed the solid-state structures in terms 

of the metal−oxygen bond lengths. 

Following the exploration of the scope of cryptands, we aimed at rationalising the 

differences in reactivity and stability of orthoesters and their corresponding 

cryptands. Therefore, we investigated the kinetics by determination of the 

equilibration time t by 
1H NMR spectroscopy and carried out the exchange reaction 

of 13 orthoesters 2.1 with ethanol under standardised conditions (Figure 20c 

and d). The results revealed a vast difference in reactivity between the compounds, 

ranging from rapid equilibration with only 0.01% trifluoroacetic acid (TFA) (t = 10 

min, for R = -nC4H9) to very long reaction times with 100% trifluoromethanesulfonic 

acid (TfOH) (t > 1000 min, for R = -CF3). We realised that the observed trend 

correlates almost perfectly with the Taft parameter for the group R, which is a linear 

free energy relationship (LFER) based on the hydrolysis of aliphatic esters under 

general acid catalysis. This finding will prove valuable for the rational design and 

fine-tuning of the reactivity of orthoesters. 

The controlled hydrolysis of orthoesters and of the corresponding self-assembled 

cryptands is a very interesting feature in the light of future applications in medicinal 

chemistry since it allows for irreversible guest release. Accordingly, we investigated 

the hydrolysis of six representative orthoesters 2.1 and of one orthoester cryptand 

at varying pH and determined the half-life t1/2 and the kinetic rate kobs by 
1H NMR 
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spectroscopy (Figure 20e). As anticipated, the kinetics follow the same trend that 

was found for the orthoester exchange. Electron-rich orthoesters tend to hydrolyse 

quickly at neutral pH (t1/2 = 10 min at pH 7, for R = -CH3) while electron-deficient 

orthoesters are almost inert even under strongly acidic conditions (t1/2 > 10000 min 

at pH 1, for R = -triazolium). For topical drug delivery, we expect that orthoformates 

(R = -H, t1/2 = 70 min at pH 6) and chloromethyl-substituted orthoesters 

(R = -CH2Cl, t1/2 = 120 min at pH 5) pose the most suitable hydrolysis profiles. 

With the broad scope of orthoester cryptands and the detailed studies on kinetics 

in hand, we aimed at further diversifying the cryptates by post-functionalisation 

(Figure 20f). We found that the alkynyl-substituted cryptand (R = -C≡CH) can 

successfully be subjected to both Sonogashira or CuAAC “click” reactions. 

Furthermore, we could drastically stabilise the triazole-cryptate obtained from 

CuAAC “click” reaction by methylation of the triazole moieties to give cryptate 2.2. 

The strongly electron-withdrawing nature of the triazolium substituents gives a 

kinetically locked cryptand in respect to orthoester exchange and hydrolysis, as 

proven by the previously mentioned inertness towards hydrolysis of the 

corresponding triazolium-substituted orthoester. In principle, this “locking” process 

could be reversed by dealkylation which enables further investigations.  

In conclusion, we demonstrated in this study that a distinct set of orthoester 

cryptands is accessible via metal-templated self-assembly and that we are able to 

further diversify the cryptands by post-functionalisation. The results of the kinetic 

studies indicate that orthoester cryptands may be more valuable than previously 

anticipated and we laid the basis for future biomedical applications, e.g. as 

biodegradable drug delivery agents or as ion sensors, thanks to the novel post-

functionalisation strategy (Figure 21a). CuAAC “click” reaction of the alkynyl-

substituted cryptand 2.3 with a suitable dye (e.g. a coumarin azide) could enable 

alkali metal ion sensing by fluorescence with cryptand 2.4, while modified ligands 

(e.g. with pyridinyl function) could give cryptands for lanthanide sensing. 
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Figure 21. Outlook on future applications of orthoester cryptands. a) Use of novel post-functionalisation 

strategy for ion sensing. The attached coumarin dye shows fluorescence upon metal coordination in 
cryptate 2.5. b) Synthesis of an orthoester carceplex 2.7 by equipping the ligand 2.6 with sterically demanding 
groups at the centre of the diol. c) Post-functionalisation via Sonogashira reaction leads to cryptate 2.8 with 

internal self-destruction button. The photoacid generator releases acid upon irradiation with UV light to 
hydrolyse the cryptand and to irreversibly release the guest. d) Enzymatic release. Cryptand 2.9 equipped with 

triazolium moieties is kinetically locked. An esterase hydrolyses the attached ester and formaldehyde is 
cleaved off under basic conditions. The resulting cryptand 2.11 features a triazole substituent and is no longer 

inert towards hydrolysis. 

Furthermore, we envision the synthesis of an orthoester carceplex 2.7 by 

implementation of sterically demanding groups at the centre of the diol 2.6. In 

contrast to all previously reported orthoester cryptands, the metal ion would be 

trapped in this cage due to shielding by the tBu-groups (see Spartan calculation, 

Figure 21b). Combination of this approach with the reported post-functionalisation 

strategy allows the design of systems with fascinating properties: Via Sonogashira 

reaction of an alkynyl-substituted carceplex, cryptand 2.8 can be functionalised 

with a photoacid generator (PAG, Figure 21c). While the metal ion cannot escape 

the carceplex under exclusion of light, irradiation with UV light leads to acid 

development by the PAG, to hydrolysis of the orthoester moiety and thus to 

irreversible guest release. A related enzyme-mediated guest release strategy 

(Figure 21d) is also conceivable and would be useful in future studies in the area 

of “supramolecular medicinal chemistry”.[180–182] The ester moieties in cryptate 2.9 

are hydrolysed enzymatically, followed by elimination of formaldehyde under basic 

conditions. As a result, cryptate 2.11, now featuring triazole substituents, is no 

longer kinetically locked and can be hydrolysed to release the guest.  
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2.2 Self-Templated Synthesis of an Orthoformate in,in-Cryptand 

and its Bridgehead Inversion by Dynamic Covalent Exchange 

Figure 22. a) In,out-stereoisomerism of macrobicyclic compounds. Early examples (e.g. Simmons and 

Parks)[26,27]: Inversion requires a deprotonation/protonation process of the basic bridgehead atoms or large 
ring sizes to allow homeomorphic isomerisation chains without bond breakage (e.g. Haines and Karntiang)[134], 
i.e. pulling one chain through the macrocycle defined by the other two. b) Achievements of Project II: Self-
templated synthesis of o-(Hin)2-1.1.1 and first observation of bridgehead inversion by DCvC. [2] - Published by 

the Royal Society of Chemistry, CC BY-NC 3.0, https://creativecommons.org/licenses/by-nc/3.0/. 

During our studies on the scope of self-assembled orthoester cryptands (Project I), 

we encountered an interesting exception to the general reactivity trend, namely 

that trimethyl orthoformate only allowed for the self-assembly of [Li+o-(H)2-1.1.1] 

but not of [Na+o-(H)2-1.1.1]. All other studied orthoesters prefer sodium as metal 

template. While we aimed at rationalising this anomalous Li+/Na+ affinity of 

orthoformate cryptands we made the serendipitous discovery that without metal 

ions, an outstanding in,in-cryptand is formed which seems to be stabilised by 

intramolecular hydrogen bonds (Figure 22b). With this unexpected finding in hand, 

we planned to further investigate the in,out-stereoisomerism of orthoester 

cryptands. 

The in,out-stereoisomerism of macrobicyclic compounds has been studied in-

depth during the last decades (see Chapter 1.4 Flexible Macrobicycles and Their 

Unique Isomerism). In classic examples, the bridgehead inversion of these 

compounds requires deprotonation followed by protonation of the Brønsted basic 

bridgehead atoms to give mixtures of the in,out-isomers (Figure 22a, e.g. Simmons 

and Parks[26,27] and Lehn[138]). On the other hand, inversion of the bridgehead 

configuration can take place by pulling one chain through the macrocycle defined 

by the other two (Figure 22a, e.g. Haines and Karntiang).[134] This process is known 
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as homeomorphic isomerisation and usually requires large ring sizes.[26,27,130] 

However, there had not been any examples of bridgehead inversion by dynamic 

covalent exchange. Accordingly, the goal of Project II was to achieve inversion 

from in,in- to out,out-orthoformate cryptands and vice versa in terms of DCvC 

(Figure 22b).[2] 

When we subjected trimethyl orthoformate with DEG as ligand to the conditions of 

dynamic orthoester exchange in the absence of a metal template, we observed the 

formation of an unprecedented, metal-free cryptand. As depicted in Figure 23a, the 

isolated yield of o-(Hin)2-1.1.1 is 51%, indicating a strong self-templation effect, 

since with all other orthoesters the metal template is essential to avoid the 

formation of oligomeric and macrocyclic side-products. In line with the high yield is 

the observation that the out,out-cryptand o-(H)2-1.1.1 under conditions of dynamic 

orthoester exchange quantitatively inverts its bridgehead configurations to give 

o-(Hin)2-1.1.1 within a few minutes, thus proving a thermodynamic stabilisation of 

the in,in- over the out,out-cryptand. However, we could not achieve a thermal 

inversion (up to 150 °C), implying that the cryptand is too small to allow for 

homeomorphic isomerisation. 

Figure 23. a) Interconversion of self-templated in,in- and metal-templated out,out-orthoformate cryptands. 
b) Solid-state structure of o-(Hin)2-1.1.1 and analysis of approximate intramolecular hydrogen bond distances 

and angles (values received from X-ray crystallography). c) Comparison of average R−C−O−M torsion angles 
of orthoformate and orthoacetate cryptands (coloured dots, including standard deviation) and corresponding 
Newman projections. [2] - Published by the Royal Society of Chemistry, CC BY-NC 3.0, 
https://creativecommons.org/licenses/by-nc/3.0/. 
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Conversion from in,in- back to the out,out-cryptand was realised by addition of 

lithium ions as metal template under acidic conditions to give [Li+o-(H)2-1.1.1] in 

83% yield. To further investigate the anomalous Li+/Na+ affinity of orthoformate 

cryptands, we subjected o-(Hin)2-1.1.1 to constitutionally dynamic conditions in the 

presence of sodium ions. Expectedly, we could not observe any conversion to the 

out,out-cryptand. However, addition of sodium ions to empty o-(H)2-1.1.1 led to 

formation of [Na+o-(H)2-1.1.1], which we could also prove by solid-state structure 

(Figure 23a).  

Additionally, we thoroughly analysed the solid-state structure of the self-templated 

cryptand o-(Hin)2-1.1.1 (Figure 23b). As anticipated, the methine hydrogen atoms 

point into the cavity of the cryptand, with the bridgehead atoms showing a distance 

of 4.5 Å. To estimate the location of the hydrogen atoms, a difference electron 

density map was applied at a late stage of the refinement. The H⋯O distances (2.4 

to 2.5 Å) and the C-H⋯O angles (119 to 122°) underline the formation of two four-

centre hydrogen bonds between the bridgehead’s hydrogen atoms and the three 

central oxygen atoms in the DEG chains (Figure 23b). Overall, the solid-state 

structure of o-(Hin)2-1.1.1 shows a remarkable symmetry and narrow distribution of 

the O-C-O angles at the orthoester moieties (107.5 to 108.2°), both supporting the 

hypothesised rigidification by intramolecular hydrogen bonding. 

Finally, we compared the solid-state structures of the two orthoformate cryptates 

with previously reported orthoacetate cryptands by determination of the torsion 

angles (R-C-O-M dihedrals, Figure 23c). The results indicate that the average 

torsion angles in orthoformate cryptands (148° and 168° for [Li+o-(H)2-1.1.1] and 

[Na+o-(H)2-1.1.1] respectively) are significantly smaller than in all studied 

orthoacetate cryptands (nearly 180°). We deduce that orthoformate cryptands tend 

to adopt a distorted geometry, most likely due to stereoelectronic effects. As a 

consequence, orthoformate cryptands have effectively smaller cavities, which 

explains the anomalous Li+/Na+ affinity of orthoformate cryptands. 

To summarise, we have reported on the template-free synthesis of o-(Hin)2-1.1.1, 

which can be obtained from the two commercially available and inexpensive 

starting materials trimethyl orthoformate and DEG in a process that is 

thermodynamically driven by intramolecular hydrogen bonding. Fascinatingly, this 
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cryptand is the smallest cage compound (sum formula = C18H26O9) made by fully 

reversible covalent reactions. In addition to that, we have described the first 

account of a bridgehead inversion by DCvC. 

An interesting intrinsic feature of this in,in-cryptand is the distance of 4.5 Å between 

the two bridgehead atoms which could be used for the synthesis of a novel class 

of organometallic compounds (Figure 24a). We envision that twofold deprotonation 

of the bridgehead hydrogen atoms of either o-(Hin)2-1.1.1 or o-(Hout)2-1.1.1 could 

give the desired organometallic cryptands 2.12. Starting from the out,out-cryptand 

additionally requires subsequent bridgehead inversion. DFT calculations 

(B3LYP/LANL2DZ) of the complexation energies carried out by collaboration 

partners revealed that magnesium or zinc should be suitable to allow for the 

formation of organometallic bonds inside the cavity (calculated structures 2.13 and 

2.14, Figure 24b). During our studies on Project II, first attempts for the synthesis 

of these compounds were carried out, with a focus on the strategies of organo-

elimination (e.g. diorgano-magnesium bases) and salt metathesis (e.g. tBuLi as 

base, subsequent addition of metal salts). However, other methods have not been 

tested in our laboratories so far, e.g. direct metalation with activated elemental 

metals seems to be a promising strategy. 

Figure 24. a) Suggested strategy for the synthesis of novel organometallic orthoester cryptands 2.12, starting 
from either o-(Hin)2-1.1.1 or o-(Hout)2-1.1.1. DFT calculations of the complexation energies and of the solid-

state structures show that magnesium or zinc should be suitable to realise the synthesis. 
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2.3 Self-Assembly, Adaptive Response and in,out-

Stereoisomerism of Large Orthoformate Cryptands 

Figure 25. a) Interconversion of traditional out,out- or in,in- to in,out-isomers requires pyramidal inversion of 

one bridgehead atom. E = e.g. N or P (adapted from [132] with permission from The Royal Society of 
Chemistry). b) Goals and achievements of Project III: Adaptive Response of larger orthoformate cryptands by 

homeomorphic and DCvC isomerisation. Adapted from [3], CC BY-NC 4.0, 
https://creativecommons.org/licenses/by-nc/4.0/. 

With the first account of in,out-stereoisomerism of orthoester cryptands in hand 

(Project II), we wondered whether we could further expand this system and if we 

could observe homeomorphic isomerisation of orthoester cryptands without bond 

breakage. As previously mentioned, traditional in,out-isomers require either large 

ring size or a deprotonation/protonation process to undergo inversion of the 

bridgehead configuration. However, in,out-isomers are only accessible by 

pyramidal inversion of one bridgehead atom (Figure 25a), since pulling one chain 

through the macrocycle defined by the other two always leads to inversion of the 

configuration at both bridgehead atoms. With this limitation of previously reported 

systems in mind, the goal of Project III was the investigation of the in,out-

stereoisomerism of larger orthoformate cryptands and their adaptive response to 

either metal templates or intramolecular hydrogen bonds (Figure 25b).[3] 
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Figure 26. a) Adaptive response of large orthoformate cryptands. III reflects the network’s global minimum, 

achieved by both homeomorphic and DCvC isomerisation. Subjecting a metal template with mismatch size in 
respect to o-(Hout)2-2.2.2 (2.15) (e.g. Na+, V) gives a kinetically trapped mixture VI after removal of the metal. 

b) Schematic energy landscape of the dynamic system. Profiles are derived from NMR integration after 
equilibration. Adapted from [3], CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/.  

As depicted in Figure 26a, the starting point for Project III was the highly efficient 

self-assembly of [Cs+o-(Hout)2-2.2.2] (Cs+2.15) which we obtained in an isolated 

yield of 95%. Surprisingly, the removal of the metal template by treatment with an 

anion exchange resin did not exclusively lead to the formation of the empty 

cryptand o-(Hout)2-2.2.2 (2.15), but to a mixture of two isomers. Thorough analysis 

of the data (NMR, HRMS, HPLC-MS) revealed that a second stereoisomer is 

present, namely o-(Hin)2-2.2.2 (2.16). This observation can be rationalised by 

homeomorphic isomerisation of the out,out- to the in,in-cryptand without bond 

breakage by pulling one chain through the ring.[27,130] Contrary to our previously 

reported orthoformate 1.1.1-cryptands,[2] this process can occur at room 

temperature and in acetonitrile the out,out-cryptand is thermodynamically favoured 

over the in,in-isomer (ratio 2:1 in CD3CN, Figure 26b, II). Otherwise, in a less polar 

solvent the ratio between the isomers was found to be equimolar (ratio 1:1 in 

CDCl3). 

This observation could be explained by quantum chemical (QM) calculations and 

molecular-dynamics (MD) simulations carried out by our collaboration partner 

Christof Jäger. The data revealed that the out,out-cryptand 2.15 in acetonitrile is 
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significantly more rigid than in,in-2.16. Association of solvent molecules into the 

three faces of the out,out-isomer 2.15 lead to enthalpic stabilisation and shifting of 

the equilibrium towards the very. In chloroform, however, no attractive interactions 

between solvent and cryptand occur resulting in an equimolar mixture of the 

isomers. 

Under conditions of dynamic orthoester exchange, this mixture of 2.15 and 2.16 

reacts further and a third stereoisomer is observed after two days, which we could 

identify by NMR as o-(HinHout)-2.2.2 (2.17) (Figure 26a, III). Since these conditions 

allow for both homeomorphic and DCvC isomerisation to take place, the mixture of 

the three stereoisomers reflects the network’s global thermodynamic minimum 

(ratio of 2.15:2.16:2.17 in CD3CN = 2:1:2, Figure 26b, III). To provide further 

support for the hypothesis that three stereoisomers are present in the mixture, we 

quenched the reaction by addition of base and added caesium ions as metal 

template to facilitate the inversion from the in,in-cryptand 2.16 to Cs+2.15. As 

expected, this conversion readily occurs at room temperature within one day. 

However, the initial proportion of the in,out-cryptand remained unchanged since 

the reaction from 2.17 to 2.15 would require acid catalyst. With the NMR data in 

hand, we suggest the formation of the exo complex Cs+2.17 (Figure 26a, IV). 

Addition of acid to this mixture opened the pathway back to Cs+2.15 in 

quantitative yield, which proves the full reversibility of the depicted inversions. 

When we subjected a metal template with mismatch size with respect to the 

out,out-2.2.2-cryptand (e.g. Na+) instead of Cs+ ions to the conditions of the self-

assembly, we observed enhanced formation of the in,out-isomer Na+2.17 (ratio of 

Na+2.15:Na+2.17 in CD3CN = 1:2, Figure 26a, V). Accordingly, removal of the 

metal ion leads to a mixture of the three isomers 2.15, 2.16 and 2.17 that is 

kinetically trapped (ratio of 2.15:2.16:2.17 in CD3CN = 3:1:10, Figure 26a and b, 

VI), meaning that we are able to drive the system out-of-equilibrium by using 

sodium as metal template. After addition of acid, the system’s global 

thermodynamic minimum was re-established (Figure 26a and b, III). 

In conclusion, we have described a system with remarkable complexity. Large 

orthoformate cryptands adapt their brigdehead configurations in response to either 

metal templates or intramolecular hydrogen bonding by either homeomorphic or 
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DCvC isomerisation. For future investigations, the in,out-stereoisomerism of large 

orthoformate cryptands could be used for the design of novel container molecules. 

An interesting system of dibridgehead diphosphines was recently published by 

Gladysz.[148] Addition of a guest molecule to the out,out-isomer 2.18 implements 

homeomorphic isomerisation of the macrobicycle to the in,in-isomer 2.19 that 

serves as a transporter molecule for the guest (Figure 27a; for details, see chapter 

1.4 Flexible Macrobicycles and Their Unique Isomerism). The homeomorphic 

isomerisation potential of large orthoformate cryptands could be used for 

analoguous, selective transport studies. 

Additionally, orthoformates possess the unique ability to participate in the 

coordination of anionic guests through hydrogen bonding from the bridgehead 

methine hydrogen atoms. Therefore, the in,out-stereoisomerism could be used to 

enhance the affinity for anionic guests and to design orthoester hosts that can 

adapt their brigdehead configuration in response to the size of the anionic guest 

(Figure 27b). The in,out-cryptand could also be suitbale for the encapsulation of 

small dipoles, such as iodine monochloride or carbon monoxide. 

Figure 27. Outlook on applications using the reported in,out-stereoisomerism of orthoformate cryptands. a) 

“Homeomorphic isomerisation as a design element in container molecules” by Gladysz. Adapted with 
permission from [148]. Copyright (2017) American Chemical Society. b) Proposed anion binding orthoester 
cryptands that enable additional coordination of the guest anion by the orthoester. Blue dots: Further functional 
groups suitable for anion binding, e.g. –NH. 
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2.4 Self-Assembly of Dual pH-Responsive Trialkoxysilane 

Cryptands 

Figure 28. a) First report of direct silyl ether metathesis and its use for the synthesis of polyethylene (PE)-

OTMS vitrimers by Guan. Adapted with permission from [171]. Copyright (2019) American Chemical Society. 
b) Goals and achievements of Project IV: Kinetics of trialkoxysilane exchange and degradation, insights into 

mechanism and application for the synthesis of novel trialkoxysilane cryptands.[4] 

Having established the broad scope of orthoester cryptands (Project I) and the 

in,out-stereoisomerism potential of orthoformate cryptands (Projects II and III), we 

turned our attention to further diversifying our cryptand scaffolds. An unsolved 

problem in the Delius group was the use of other tripodal moieties similar to 

orthoesters, such as trialkoxysilanes or phosphite esters which possess Si- or P-

bridgehead atoms, respectively. The dynamic chemistry of silyl ethers has mainly 

been applied for the design of novel routes towards Si-O based polymers,[170,172] 

but recently the group of Guan reported on the first direct silyl ether metathesis 

reaction in the context of designing polymeric materials (Figure 28a, see chapter 

1.5 (Tri-)Alkoxysilane Chemistry).[171] However, previous to our work in this field 

there had not been a detailed study on the influence of substituents at the silicon 

atom on the kinetics of both the trialkoxysilane exchange reaction and the 

degradation of trialkoxysilanes. To this end, the main goal of Project IV was to 

close this gap in the literature and to use this reaction for the self-assembly of novel 

cryptands with Si-bridgeheads (Figure 28b).[4]  
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As shown in Figure 29a, we succeeded in self-assembling trialkoxysilane 

cryptands 2.21 by applying similar conditions as for the synthesis of orthoester 

cryptands (Project I). In detail, this includes trialkoxysilane 2.20, DEG as ligand for 

metal binding, sodium ions as metal template and molecular sieves to provide a 

driving force for the product development. While crude NMR yields of both 

cryptands (73% for R = -CH3; 58% for R = -C6H5) were similar to those observed 

for orthoester cryptands, the isolated yield dropped significantly to 8% and 27%, 

respectively. These results already hinted towards a higher tendency for hydrolytic 

degradation of trialkoxysilanes 2.20 compared to orthoesters. 

Figure 29. a) Self-assembly of trialkoxysilane cryptands. DEG serves as ligand for binding of the metal 

template. MS provides a driving force for product formation by removal of methanol. Acid: 100% TFA. 
b) Kinetics of hydrolysis of trimethoxymethylsilane and comparison of half-life t1/2 with the corresponding 
orthoester trimethyl orthoacetate.[1] c) Kinetics of the exchange reaction of trialkoxysilanes with ethanol. 
d) Summary of equilibration times t and correlation with Taft[183] steric parameter Es.[4] 

To prove this hypothesis, we subjected trimethoxymethylsilane (2.22) to hydrolysis 

at different pH values to determine the half-life t1/2 by 1H NMR spectroscopy (Figure 

29b). In comparison to the previously investigated orthoesters, trialkoxysilanes are 

slightly more stable under acidic conditions, but in stark contrast to orthoesters they 

also hydrolyse under basic conditions. These results explain the low yields of the 

trialkoxysilane cryptands 2.21, since the dynamic exchange of the Si-O bonds 

cannot be stopped by adjusting the pH. 

To gain further insights on the influence of functional groups on the reactivity, we 

investigated the kinetics by determination of the equilibration time t by 
1H NMR 

spectroscopy and carried out the exchange reaction of four commercially available 

trialkoxysilanes 2.20 with ethanol under standardised conditions 
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(R = -H, -CH3, -CH2Cl, -C6H5; Figure 29c). The observed equilibration times are 

summarised in Figure 29d. Fascinatingly, we noticed a correlation with the Taft 

steric parameter Es.[183] This finding can be rationalised by the underlying 

mechanism of trialkoxysilane exchange which proceeds via a penta-coordinated 

intermediate.[162–166] Accordingly, sterically demanding groups impede the 

formation of this intermediate, thus slowing down the reaction. In order to apply this 

knowledge for stabilisation of the corresponding cryptands, we synthesised 

mesityltrimethoxysilane which should be sterically more demanding than a phenyl 

group. As anticipated, we could significantly decrease the reactivity (t > 24 h with 

100% TFA) which made it necessary to employ a stronger acid (TfOH) to achieve 

rapid equilibration (t = 10 min, Figure 29d). This tuning of the reactivity could allow 

the synthesis of very stable cryptands with Si-bridgeheads. 

In summary, we have reported a detailed kinetic study of trialkoxysilane exchange 

and the application of this novel dynamic exchange reaction for the synthesis of 

unprecedented cryptands with Si-Bridgeheads 2.21. The trialkoxysilane exchange 

reaction with alcohols proceeds via a penta-coordinated state and differs from the 

mechanism of corresponding orthoester exchange (via oxonium intermediates).[1] 

Hence, the reactivity of trialkoxysilanes can be predicted with the Taft steric 

parameter Es,[183] whereas the reactivity of orthoesters can be predicted with the 

help of the Taft polar parameter σ*.[1,179] 

Future work in this area will focus on expanding the scope of the trialkoxysilane 

cryptands (e.g. R = -thiophene) and on further variation of the bridgehead atoms 

(e.g. phosphorus). Moreover, we anticipate the combination of self-assembly of 

trialkoxysilane cryptands 2.21, degradation of 2.20, and back reaction to 2.20 in a 

dissipative self-assembly[184,185] during which a methylating agent acts as a 

chemical fuel (Figure 30a). While the back reaction from esters to orthoesters is 

virtually impossible due to the large energy difference, for trialkoxysilanes the back 

reaction to the starting material might be feasible. To achieve this goal, a suitable 

methylation reaction of the silanetriols 2.23 under acidic conditions needs to be 

established. In principle, both exchange and hydrolysis can be carried out under 

basic conditions, but base-catalysed polymerisation of the silanetriols 2.23 

hampers the implementation of a dissipative system.  
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Figure 30. a) Dissipative self-assembly strategy: A methylating agent acts as fuel to re-establish the 
trialkoxysilane 2.20 from the hydrolysis product silanetriol 2.23. So far, we could not observe conversion to the 

trialkoxysilane with neither DMS nor MeI. b) Strategy for the synthesis of mixed orthoester/trialkoxysilane-
cages 2.26. PG = protecting group. 

Preliminary studies showed that hydrolysis of the trialkoxysilanes 2.20 can be 

carried out in a controlled fashion to the silanetriol 2.23 under acidic conditions, but 

we could not yet achieve conversion back to the trialkoxysilane with neither methyl 

iodide (MeI) nor dimethyl sulfate (DMS) as methylating agents. This observation 

can most likely be explained by the weak nucleophilicity of alkylsiloxanes in 

general. In the literature, two different models of the Si-O bond are discussed. One 

theory describes siloxane bonding with negative hyperconjugation, i.e. donation of 

electron density from the p(O) into the σ*(Si-C) orbitals. The other model states 

that the Si-O bond should be considered to be highly ionic due to the large 

electronegativity gradient in the Si-O bond. As a result of both theories, the basicity 

and accordingly the nucleophilicity of oxygen atoms attached to silicon is lowered 

compared to isostructural alkyl ethers.[186,187] 

Additionally, the influence of nucleophiles on the reactivity should be investigated. 

It has been speculated in the literature that penta-coordinated Si-compounds are 

more Lewis-acidic and electrophilic than in their ground-state. Accordingly, the 

trialkoxysilane exchange reaction could be sped up by a nucleophilic catalyst (e.g. 

N-methylimidazole, hexamethylphosphoramide (HMPA) or acetonitrile).[188,189] In 

principle, it should be possible to carry out the self-assembly of trialkoxysilane 

cryptands under basic conditions which would make this reaction orthogonal to the 

acid-catalysed orthoester exchange reaction. Accordingly, mixed 

orthoester/trialkoxysilane cryptands 2.26 will be an interesting target (Figure 30b). 

One strategy to achieve the synthesis of these compounds is a stepwise self-
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assembly: First, the acid-catalysed orthoester exchange reaction with a mono-

protected diol 2.24 needs to be carried out in the presence of molecular sieves. A 

suitable protecting group (PG) could be the benzyloxymethyl (BOM) group which 

is stable under mild acidic conditions and can be cleaved off by Pd-mediated 

hydrogenation. Subsequently, the triol 2.25 is subjected to base-catalysed 

trialkoxysilane exchange with Na+ as metal template to give the mixed 

orthoester/trialkoxysilane cage 2.26. Another method could be protection of the 

alcohol function as acid ester (e.g. acetic acid ester) which should be stable under 

mild acidic conditions but cleaved off in basic medium simultaneously to 

trialkoxysilane exchange.  
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3.1 Self-Assembled Orthoester Cryptands: Orthoester Scope, 

Post-Functionalisation, Kinetic Locking and Tunable Degradation 

Kinetics 

H. Löw, E. Mena-Osteritz, M. von Delius, Chem. Sci. 2018, 9, 4785-4793. 

DOI: 10.1039/C8SC01750F. Published by the Royal Society of Chemistry. 

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence 

(CC BY 3.0), https://creativecommons.org/licenses/by/3.0/. 

 

Abstract: 

Dynamic adaptability and biodegradability are key features of functional, 21st 

century host-guest systems. We have recently discovered a class of tripodal 

supramolecular hosts, in which two orthoesters act as constitutionally dynamic 

bridgeheads. Having previously demonstrated the adaptive nature of these hosts, 

we now report the synthesis and characterisation – including eight solid state 

structures – of a diverse set of orthoester cages, which provides evidence for the 

broad scope of this new host class. With the same set of compounds, we 

demonstrated that the rates of orthoester exchange and hydrolysis can be tuned 

over a remarkably wide range, from rapid hydrolysis at pH 8 to nearly inert at pH 

1, and that the Taft parameter of the orthoester substituent allows an adequate 

prediction of the reaction kinetics. Moreover, the synthesis of an alkyne-capped 

cryptand enabled the post-functionalisation of orthoester cryptands by 

Sonogashira and CuAAC “click” reactions. The methylation of the resulting triazole 

furnished a cryptate that was kinetically inert towards orthoester exchange and 

hydrolysis at pH>1, which is equivalent to the “turnoff” of constitutionally dynamic 

https://doi.org/10.1039/C8SC01750F
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imines by means of reduction. These findings indicate that orthoester cages may 

be more broadly useful than anticipated, e.g. as drug delivery agents with precisely 

tunable biodegradability or, thanks to the kinetic locking strategy, as ion sensors. 

 

Comments on own contributions: 

This project took two years from the first synthesis to manuscript submission. Prof. 

Max von Delius had the original idea. I carried out more than 95% of the synthesis 

and characterisation experiments, which includes the synthesis and purification of 

all orthoesters, corresponding orthoester cryptates and their post-functionalisation. 

Additionally, I performed all the kinetic 1H NMR measurements on orthoester 

exchange and hydrolysis and interpreted the resulting data. I carried out all the 

NMR measurements, NMR titrations, kinetic simulations and crystallisations of 

cryptates. Elena Mena-Osteritz refined the solid-state structures. Furthermore, I 

prepared all the graphics for the manuscript, assisted in manuscript writing and 

wrote the supporting information. 
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3.2 Self-Templated Synthesis of an Orthoformate in,in-Cryptand 

and its Bridgehead Inversion by Dynamic Covalent Exchange  

 

 

 

 

H. Löw, E. Mena-Osteritz, M. von Delius, Chem. Commun. 2019, 55, 11434-11437. 

DOI: 10.1039/C9CC05968G. Published by the Royal Society of Chemistry. 

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 

Unported Licence (CC BY-NC 3.0), https://creativecommons.org/licenses/by-

nc/3.0/. 

 

Abstract: 

We report the template-free dynamic covalent self-assembly of a small 

orthoformate cryptand, which appears to be driven by the formation of two sets of 

intramolecular, four-centre hydrogen bonds. In contrast to their nitrogen-

bridgehead counterparts, orthoformate cryptands do not spontaneously invert, but 

require dynamic covalent exchange to do so. 

Comments on own contributions: 

This project took almost one and a half years from the initial discovery to 

manuscript submission. I made the serendipitous discovery that was the starting 

point for the study. I carried out more than 90% of the synthesis and 

characterisation experiments, which includes the synthesis and purification of all 

orthoester cryptands and their interconversion. I performed all the NMR 

measurements, NMR titrations and crystallisations of cryptands. Elena Mena-

Osteritz refined the solid-state structures, while I carried out the analysis of bond 

lengths and angles. Furthermore, I wrote the manuscript and revised it together 

with Prof. Max von Delius. I prepared all the graphics for the manuscript and wrote 

the supporting information.  

https://doi.org/10.1039/C9CC05968G
https://doi.org/10.1039/C9CC05968G
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3.3 Self-Assembly, Adaptive Response and in,out-

Stereoisomerism of Large Orthoformate Cryptands 

H. Löw, E. Mena-Osteritz, K. M. Mullen, C. M. Jäger, M. von Delius, 

ChemPlusChem 2020, 85, 108-112. DOI: 10.1002/cplu.202000254. Reproduced 

with permission of Wiley-VCH, copyright (2020). 

This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 

International Licence (CC BY-NC 4.0), https://creativecommons.org/licenses/by-

nc/4.0/. 

 

Abstract: 

We report on triethylene glycol-based orthoformate cryptands, which adapt their 

bridgehead configurations in response to metal templates and intramolecular 

hydrogen bonding in a rather complex manner. In contrast to smaller 1.1.1 

orthoformate cryptands, the inversion from out,out-2.2.2 to in,in-2.2.2 occurs 

spontaneously via thermal homeomorphic isomerisation, i.e. without bond 

breakage. The global thermodynamic minimum, which includes the formation of a 

third in,out-2.2.2 isomer, could only be reached under conditions that facilitate 

dynamic covalent exchange. Both inversion processes were studied in detail, 

including DFT calculations and MD simulations. Unexpectedly, the system could 

be driven to the in,out-2.2.2 state by using a metal template with a size mismatch 

in respect to the out,out-2.2.2 cage. 

  

https://doi.org/10.1002/cplu.202000254
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Comments on own contributions: 

This project took almost one and a half years from the initial discovery to 

manuscript submission. I carried out more than 95% of the synthesis and 

characterisation experiments, which includes the synthesis and purification of all 

orthoester cryptands and their interconversion. I performed all the NMR 

measurements, NMR titrations, crystallisations of cryptands and the analysis of the 

solid-state structures. I carried out all the kinetic studies and interpreted the data. 

Elena Mena-Osteritz refined the solid-state structures. Kathleen Mullen provided 

valuable input on interpretation of the data. Christof M. Jäger contributed 

computational chemistry data. I wrote the manuscript and revised it together with 

Prof. Max von Delius. I prepared all graphics for the manuscript and wrote the 

supporting information. 
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3.4 Self-Assembly of Dual pH-Responsive Trialkoxysilane 

Cryptands 

H. Löw, M. Hecht, M. von Delius, in preparation.[4] 

Abstract: 

We report on the exchange reaction of trialkoxysilanes with alcohols as a new tool 

for the self-assembly of macrobicyclic hosts. Having previously studied the 

orthoester exchange reaction, we turned our attention to variation of the 

bridgehead atoms and synthesized two novel cryptands with Si-bridgeheads. Our 

comprehensive kinetic studies on the trialkoxy exchange reaction reveal insights 

on the underlying mechanism which is substantially different from orthoester 

exchange. While orthoester reactivity correlates with the polar nature of the 

substituents, trialkoxysilane exchange was found to be linked to the steric demand 

of the functional groups. With that knowledge in mind, we studied the stability 

towards hydrolysis and were able to tune the reactivity by synthesizing a 

trialkoxysilane with bulky functional group (R = -mesityl). 

Comments on own contributions: 

This project took half a year from the first synthesis to the first draft of the 

manuscript. Prof. Max von Delius had the original idea. I carried out more than 80% 

of the synthesis and characterisation experiments. Markus Hecht performed the 

self-assembly of one cryptand and most kinetic experiments during his bachelor 

thesis under my supervision. The schedule for the project and interpretation of the 

results remained in my hands. I wrote the first draft of the manuscript. I prepared 

all the graphics for the manuscript and wrote the supporting information. 
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4 Summary & Outlook 

The discovery of coronands and cryptands was a milestone in supramolecular 

chemistry that paved the way for countless applications from nanotechnology to 

catalysis and medicinal chemistry. The design of contemporary host-guest 

systems requires dynamic adaptability as well as biodegradability to tackle future 

challenges in biomedical applications. This thesis summarises our latest 

contributions to the field of purely organic, dynamic covalent hosts that are 

interesting candidates for topical drug delivery (Chapters 3.1, 3.2 and 3.3.) and the 

synthesis of a novel class of cryptands with Si-bridgeheads (Chapter 3.4). 

Figure 31. Summary of Projects I, II and III that dealt with the exploration and development of the scope of 
orthoester cryptands and their in,out-stereoisomerism. 

In Project I, we have demonstrated that orthoester cryptands equipped with a 

broad variety of substituents can be synthesised in one step via metal-templated 

self-assembly (Figure 31, top left). By establishing a novel, highly efficient post-

functionalisation methodology for orthoester cryptates, we were able to further 

diversify the cage compounds and to obtain cryptates with strongly electron-

withdrawing functional groups that are not accessible via self-assembly. 

Combination of CuAAC “click” reaction and subsequent methylation furnished a 

cryptate that is kinetically locked in respect to both orthoester exchange and 

degradation (Figure 31, top right). With our detailed kinetic studies on orthoester 

exchange and hydrolysis we could rationalise the influence of functional groups 
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attached to the orthoester bridgehead on both reactivity and stability (Figure 31, 

left hand side). The tunability of the degradation and the possibility to predict 

reactivity with the Taft LFER will prove valuable for investigations on 

biodegradability and topical delivery of ionic drugs. Overall, we obtained and 

analysed twelve new solid-state structures of orthoester cryptates (Figure 31, top). 

We believe that future work in this area will expand on ion-sensing and on the 

synthesis of orthoester carceplex cryptands, i.e. cages furnished with sterically 

demanding functional groups to trap the guest ion inside the cavity. For both 

research areas, the novel post-functionalisation strategy will be of high importance. 

Firstly, it allows facile equipment of orthoester cryptands with the desired dyes for 

sensing. Secondly, post-functionalisation of orthoester carceplexes with a 

photoacid generator (PAG) will give small container molecules with very strong 

guest binding under exclusion of light, while irradiation with UV light leads to 

development of acid from the PAG and rapid hydrolysis of the cryptand. 

Additionally, the proposed enzymatic release strategy makes orthoester cryptands 

promising candidates for studies in the area of “supramolecular medicinal 

chemistry” (for details, see Figure 21, chapter 2.1). 

The serendipitous discovery of the template-free synthesis of o-(Hin)2-1.1.1 was 

highlighted in Project II. To the best of our knowledge, this is the smallest cage 

compound ever made by fully reversible covalent reactions and we demonstrated 

the first example of a bridgehead inversion (in,in- to out,out-cryptand and vice 

versa) by dynamic covalent exchange. As supported by X-ray crystallography, this 

unique cage compound appears to be stabilised by two sets of four-centre, 

intramolecular hydrogen bonds (Figure 31, bottom right). 

Following up on the findings of Project II, we reported on the adaptive response 

and the in,out-stereoisomerism of large orthoformate cryptands in Project III. In 

contrast to smaller 1.1.1-cryptands, triethylene glycol-based orthoformate 

cryptands respond to metal templates and hydrogen bonding in a rather complex 

manner by either homeomorphic isomerisation without bond breakage or by DCvC 

isomerisation. Overall, three isomers (out,out-, in,in- and in,out-cryptands) were 

identified and we were able to selectively drive the system out-of-equilibrium. We 
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studied all underlying inversions and processes in detail, supported by DFT 

calculations and MD simulations (Figure 31, bottom). 

As a continuation of Projects II and III, we suggest that the in,out-stereoisomerism 

of orthoformate cryptands will be applied for the design of a novel class of 

organometallic cryptands at which a suitable metal (e.g. Mg2+) is encapsulated 

inside the cavity and covalently bound after deprotonation of the two orthoester 

bridgehead atoms (for details, see Figure 24, chapter 2.2). Furthermore, the ability 

of orthoformates to participate in guest molecule coordination by hydrogen bonding 

could prove valuable for anion binding (for details, see Figure 27, chapter 2.3). 

Finally, in Project IV we varied the bridgehead atoms in our cryptands by using 

other tripodal starting materials that are suitable for DCvC, such as trialkoxysilanes 

(Figure 32). Our studies on the kinetics of trimethoxysilane exchange with alcohols 

revealed insights on the underlying mechanism which proceeds via penta-

coordinated intermediates. Consequently, we could identify a correlation between 

the reactivity and the Taft steric parameter and use our knowledge to tune the 

stability of the compounds by synthesising a trialkoxysilane equipped with a 

sterically demanding functional group (R = -mesityl). Furthermore, we reported on 

the first examples of trialkoxysilane cryptates and investigated the hydrolysis rates 

of trimethoxymethylsilane (Figure 32). 

Figure 32. Summary of Project IV: Investigations on the novel trialkoxysilane exchange reaction and its 

application for the synthesis of cryptands with Si-bridgeheads.  

As a continuation of Project IV, we plan to further investigate the scope of 

trialkoxysilane cryptands which includes the synthesis of mixed trialkoxysilane and 

orthoester cages. Additionally, we aim at designing a dissipative self-assembly of 

trialkoxysilane cryptands (for further details, see Figure 30, chapter 2.4). 
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