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Chapter 1 

 

Introduction and Aim of This Thesis 

 

Specific molecular recognition is an essential prerequisite for countless processes in living 

biological systems. To name but a few examples, the activation of enzymatic reactions requires 

binding of the right substrate to the enzyme,[1] signal transduction cascades are not initiated 

unless a particular ligand is complexed by a receptor[2] or responses of the immune system are 

triggered by the interaction of antigens with antibodies.[3] Consequently, in-depth knowledge 

of the exact interplay between the participants of such recognition events including mechanistic 

details of the binding process is of paramount importance for the development of efficient drugs 

and therapies.[4] However, biological systems are of high complexity and diversity and thus, as 

of yet, our understanding of them remains unsatisfactory. Further challenges are posed by water, 

the medium in which biological systems operate. Despite great advances in elucidating how the 

unique properties of this solvent give rise to the hydrophobic effect,[5] further essential insight 

on how the thermodynamic forces connected to it drive and direct all recognition and self-

assembly processes in living organisms is still required.[6] 

In this regard, the field of supramolecular chemistry is ideally positioned to provide 

complementary details on the way molecules interact.[7] Host-guest chemistry, for example, 

which represents one of the origins and corner stones of supramolecular chemistry,[8] concerns 

itself with the design of artificial receptors which mimic or model recognition processes 

observed in living organisms. Indeed, since the 1960s, when Charles Pedersen’s discovery of 

crown ethers and their ability to bind cations[9] opened up the way for supramolecular 

chemistry, scientists have been intrigued with synthetic receptors.[10] In particular, macrocyclic 

hosts have attracted enormous interest. This fascination is equally owed to the synthetic 

challenges associated with the macrocyclic motif,[11] to unique properties that result from the 

structural arrangement of the subunits in a cyclic array[12] and, of course, to the ability to include 
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guest molecules within their void leading to molecular recognition.[10a, 10b, 13] Over the decades, 

scientists have strived to design more and more refined ring systems not only for the recognition 

of metal cations[10a] but also for the directed and selective encapsulation of a broad variety of 

organic substrates.[14] Due to promising biological and medical applications, a particular interest 

is focused on the water-soluble representatives of such artificial receptors.[15] The most 

prominent examples in this respect are cyclodextrins[16] and cucurbiturils[17] as well as 

hydrophilic pillararenes[18] and calixarenes,[19] for which a vast number of functional complexes 

are known so far.[16-19] Hydrophilic cyclophanes, where hydrophobic binding pockets are tailor-

made by diverse aromatic π-surfaces held apart by appropriate linkers, are also of high 

significance for molecular recognition.[20] When compared to the binding modes of the classic 

players, like cucurbiturils and cyclodextrins, cyclophanes additionally employ π−π-,[21] 

cation−π[22] and CH−π-interactions[23] for guest encapsulation. Such non-covalent interactions 

make cyclophanes suitable hosts not only for biologically important aromatic molecules such 

as certain amino acids,[24] nucleotides,[20a, 25] the neurotransmitters epinephrine or dopamine,[26] 

but also for carbohydrates[27] in water. 

Perylene bisimide (PBI) dyes are an outstanding class of chromophores with unique optical 

properties exhibiting absorption and emission maxima in the visible spectral range, which have 

long since secured their position among the key players in functional supramolecular 

chemistry.[28] They have also been widely applied as molecular probes for the detection and 

sensing of biological materials.[29] Recently, a PBI cyclophane host was presented by Spenst 

and Würthner which acts as a host and fluorescence turn-on/turn-off sensor for polycyclic 

aromatic hydrocarbons (PAHs) in organic solvents.[30] However, the hydrophobic nature of this 

cyclophane prohibits its use as synthetic receptor for biologically interesting guests in aqueous 

environment foreclosing possible promising biological applications.  

Inspired by the fact that sufficient solubility in aqueous media can be achieved by functional 

substitution of PBIs with polar groups,[31] one of the essential aims of this thesis was the design 

and successful synthesis of the new water-soluble PBI cyclophanes [2PBI]-1m and [2PBI]-1p, 

which are appended with branched, hydrophilic oligoethylene glycol (OEG) chains (Figure 1a). 

The letters m and p in the designation of the cyclophanes refer to the positon of the solubilizing 

OEG-chains at the aryloxy bay substituents with respect to the PBI core. Subsequently, the 

focus was set on the elucidation of properties of PBI cyclophane hosts which are also of 

relevance for recognition processes in biological systems (Figure 1b). The performance of the 
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new amphiphilic PBI cyclophane [2PBI]-1p as synthetic receptors for various natural aromatic 

alkaloids in aqueous media was thoroughly investigated. Alkaloids represent a prominent class 

of ubiquitous nitrogen containing natural compounds with a great structural variety and diverse 

biological activity.[32] As of yet, no chromophore host acting as a molecular probe for a range 

of alkaloids such as harmine or harmaline is known. In addition, the self-association behavior 

of cyclophane host [2PBI]-1m and its reference monomer in water was studied in order to gain 

insights into the thermodynamic driving forces affecting the self-assembly process of these two 

PBI systems in aqueous environment. Moreover, the chirality transfer upon guest binding 

previously observed for a PBI cyclophane was investigated further.[33] The assignment of the 

underlying mechanism of guest recognition to either the induced fit or conformational selection 

model was of particular interest.[34]  

a) 

 

b) 

 

Figure 1. (a) Molecular structures of the novel water-soluble perylene bisimide cyclophanes [2PBI]-1m and [2PBI]-1p. (b) 

Schematic representation of the properties of the structural motif [2PBI] of perylene bisimide cyclophanes which were 

investigated in this work: alkaloid recognition and self-assembly in water and chirality transfer upon binding of a chiral guest. 

 

In Chapter 2, previous results on para-xylylene-bridged PBI cyclophanes are briefly 

summarized followed by an overview on the versatility of water-soluble cyclophanes as hosts 

for natural products and biomolecules such as nucleobase derivatives or carbohydrates. 

Furthermore, the mathematic derivation of the two limiting cases of guest recognition models 

in biological systems, namely induced fit and conformational selection, is presented. 
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In Chapter 3, the results of this thesis are discussed in detail. After a brief description of the 

synthesis of the target compounds the recognition of naturally occurring aromatic alkaloids by 

a water-soluble perylene bisimide cyclophane host is elucidated along with the structure-

binding property relationship observed for the natural product guests. In addition, the 

thermodynamic bias for the self-assembly behavior of an amphiphilic PBI cyclophane and its 

reference monomer in water is described and rationalized in terms of the orientation of the 

solubilizing side chains around the respective PBI derivative. Last but not least, the chirality 

transfer of chiral guests to a PBI cyclophane host in CHCl3 is outlined together with an attempt 

to assign the guest recognition mechanism to either the induced fit or conformational selection 

model. 

Chapter 4 and Chapter 5 conclude this work with summaries both in English and in German. 

In Chapter 6, a documentation of the materials and methods used in this thesis as well as 

experimental details is provided. 
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Chapter 2 

 

Literature Survey 

 

2.1 Xylylene-Bridged Cyclic Perylene Bisimide Dimers 

Even though a variety of cyclic perylene bisimide (PBI) dimers with different covalent bridging 

units has been known for some time,[35] only recently the introduction of a rigid para-xylylene 

spacer by Spenst and Würthner resulted in a PBI cyclophane ([2PBI]-2) with appropriate 

features for the binding of guest molecules such as polyaromatic hydrocarbons (PAH) (Figure 

2).[30a] The xylylene linker is sufficiently rigid to prevent the intramolecular aggregation of the 

PBI cores,[36] keeping them at an interchromophoric distance of approximately 6.5 Å instead.[30a]  

 

Figure 2. Chemical structures of para-xylylene bridged PBI cyclophanes [2PBI]-2 and [2PBI]-3a and b.[30a, 37] For 

[2PBI]-3a and b, only one of the two possible configurational isomers, the transoid isomer, is exemplarily shown. 

 

By screening numerous PAH guest molecules for [2PBI]-2 such as perylene, carbazole or 1-

phenylnaphthyl, it was deduced that the binding strength at 298 K in CHCl3, which is indicated 

by the host-guest association constant Ka,
[38] depends on the number of guest double bonds 

interacting with the host (Figure 3a). Consequently, the tightest binding was observed for 

perylene with 4.6 × 104 L mol−1 (Figure 3b). Furthermore, cyclophane host [2PBI]-2 shows a 

higher affinity for flexible guest molecules such as 1-phenylnaphthalene, which can adapt to 

the slightly twisted nature of the tetra bay substituted PBI core,[39] than for rigid guest molecules 

with a similarly large π-scaffold such as triphenylene. Most interestingly, the electronic nature 

of the guest has remarkable impact on the fluorescence response of the cyclic PBI dimer upon 
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guest binding (Figure 3c, d). Encapsulation of carbazole and other PAHs which are more 

electron rich than host [2PBI]-2 leads to a fluorescence turn-off due to the formation of charge 

transfer complexes. In contrast, more electron-poor guests such as perylene result in a 

fluorescence enhancement as their intercalation into the cavity of the cyclophane host disturbs 

the weak electronic interaction between the chromophore subunits of [2PBI]-2 (Figure 3e).[30a]  
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Figure 3. (a) Chemical structures of selected PAHs: tightest binding guest perylene, electron-rich guest carbazole, electron-

poor, flexible guest 1-phenylnaphthyl and rather rigid guest triphenylene. (b) Calculated structure of the host-guest complex 

perylene⊂[2PBI]-2p. (c) Schematic illustration, (d) representative photograph and (e) schematic energy diagram of the “turn-

on” (1-phenylnaphthalene⊂[2PBI]-2) and “turn-off” (carbazole⊂[2PBI]-2) fluorescence sensing of electron-poor and 

electron-rich PAHs by cyclophane host [2PBI]-2. (b) – (d) are adapted with permission from Ref. [30a]. Copyright 2015 Wiley 

VCH. 

 

The unique photophysical properties of cyclophane [2PBI]-2, originating from the special 

arrangement of the PBI chromophores in the cyclic dimer, were investigated further by 

femtosecond and nanosecond transient absorption (TA) spectroscopy.[30b] After photoexcitation 

of [2PBI]-2 in the polar solvent CH2Cl2, no excimer formation is observed.[40] Instead, the 

emergence of characteristic signals for the PBI radical cation and the PBI radical anion in the 

TA spectrum indicate an intramolecular symmetry-breaking charge transfer between the two 

chromophore subunits of [2PBI]-2 (Figure 4, route A).[30b] The charge recombination to the 

ground state is relatively slow enabling population of the triplet state, which is proven by the 

generation of singlet oxygen in 27% yield, presumably by radical pair intersystem crossing. In 

the non-polar solvent toluene where charge-separated states are not well-stabilized[41] the first 

excited state of [2PBI]-2 decays by emission (Figure 4, route B).[30b] Furthermore, the 

deactivation pathway of [2PBI]-2 in CH2Cl2 is altered by intercalation of electron-poor guest 

free 
cyclophane 

electron-
rich guest 

electron-poor 
guest 

“turn-off“ “turn-on“ 
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molecules such as anthracene or perylene between the chromophore subunits as this results in 

an ultrafast electron transfer from the guest to the host (Figure 4, route C). The rates of charge 

separation between host and guest are located close to the maximum of the Marcus parabola 

whereas the rates of recombination are located in the Marcus-inverted region.[42] 

 

Figure 4. Overview on the different excited state processes of [2PBI]-2 upon photoexcitation. (A) Symmetry-breaking charge 

separation (SB-CS) and subsequent charge recombination (CR) to the PBI triplet in CH2Cl2 which can be used for singlet 

oxygen generation; (B) emission in toluene; (C) encapsulation of an electron-rich guest molecule and photo-driven charge 

separation (CS) between guest and host and recombination (CR) to the ground state. Adapted with permission from Ref. [30b]. 

Copyright 2016 The Royal Society of Chemistry. 

 

For the PBI cyclophanes [2PBI]-3a and [2PBI]-3b (Figure 2), the four 4-tert-butylphenyl 

substituents in the bay position of [2PBI]-2 are formally replaced by two 2,6-difunctionalized 

phenyl substituents which generates almost planar π-scaffolds for [2PBI]-3a, b.[37] 

Consequently, this leads to increased association constants for planar PAH guests of up to 1.6 

× 106 L mol−1 for perylene⊂[2PBI]-3a in CHCl3 at 298 K. The binding strength of 

perylene⊂[2PBI]-3b, on the other hand, is approximately tenfold decreased due to steric 

hindrance of the substituents’ aromatic side arms which can self-encapsulate inside the cavity 

of the cyclophane host. Interestingly, it is mainly due to this self-encapsulation that a drastically 

enhanced fluorescence quantum yield for [2PBI]-3b of 97% is observed when compared to 

21% for [2PBI]-2 in CHCl3.
[30a] 

 

2.2 Recognition of Small Biomolecules and Natural Products by 

Cyclophanes in Water 

Due to promising biological and medical applications, host-guest recognition phenomena in 

water, the solvent of life, are of particular interest for supramolecular chemists.[15b-d] However, 

the study of such phenomena is challenging which is owed to the unique properties of water as 

a solvent.[43] Probably the most prominent examples for artificial macrocyclic receptors in 
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aqueous environment are cyclodextrins[16] and cucurbiturils[17] as well as hydrophilic 

pillararenes[18] and calixarenes,[19] for which a vast number of functional complexes are known 

so far (Figure 5).[16-19] 

 

Figure 5. Chemical structures of cyclodextrin (n = 1 – 3)[44] and cucurbit[n]uril (n = 5 – 8, 10)[17] as well as examples of a 

water-soluble calix[n]arene (n = 4 – 8)[45] and a water-soluble pillar[n]arene (n = 5 – 10).[46] 

 

Hydrophilic cyclophanes, on the other hand, represent yet another class of versatile host 

molecules which are often endowed with deep hydrophobic cavities for molecular recognition. 

When compared to the binding modes of the classic players cucurbiturils and cyclodextrins, 

cyclophanes additionally employ π−π-,[21] cation−π-,[22] and CH−π-interactions[23] for guest 

binding. Such non-covalent interactions make cyclophanes suitable receptors for a large variety 

of natural products on which the following chapter will give an overview. Examples for water-

soluble cyclophane hosts are presented for which an aromatic cavity is created by at least two 

aromatic building blocks in the molecular structure. Moreover, in the (proposed) host-guest 

complex structure the substrate is located between these aromatic building blocks as opposed 

to flexible systems folding in a way for which no cavity is generated and other binding modes 

with guests are observed.[47] 

 

2.2.1 Nucleobase derivatives 

Nucleotides and nucleosides represent an essential class of biomolecules for example serving 

as building blocks for nucleic acids, acting as “energy currency” in metabolism or playing an 

important role in signal transduction pathways (Figure 6).[48] Consequently, specific recognition 

of nucleobase derivatives by enzymes and receptors is essential for biochemical processes in 

cells. In the design of artificial hosts for these versatile biomolecules, however, it is exactly this 

selectivity that poses a major challenge. In an ideal case, a biomimetic receptor specifically 
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recognizes only one out of the five nucleobases of which nucleic acids are comprised. Moreover, 

a preference to bind either the mono-, di- or triphosphate of the respective nucleoside should 

be achieved.[49] Thus, in addition to electrostatic attraction and hydrogen bonding, guest 

recognition by π−π-interaction as it exerted by the majority of adequately designed cyclophane 

hosts is advantageous especially when discrimination of the derivatives of pyrimidine bases 

cytosine, thymine or uracil in contrast to the derivatives of the larger purine bases adenine and 

guanine is desired.[20a] An even higher degree of selectivity is often achieved by including 

additional binding sites in the molecular structure of the cyclophane. Cationic functions, for 

instance, help by targeting the phosphate chain of a nucleotide guest which is deprotonated 

under physiological conditions.[50] 

 

Figure 6. Chemical structures of the nucleobase derivatives functioning as guests for the cyclophane hosts in this chapter. 

 

The potential of water-soluble cyclophanes as artificial receptors for nucleotides was intensely 

investigated by researchers around Jean-Marie Lehn.[51] Based on the observation that the 

naturally occurring polyamines spermine or spermidine associate with nucleotides,[52] cationic 

polyaza cyclophanes with various aromatic building blocks such as acridine (1, Figure 7) were 

investigated.[51c] Fluorescence titration studies confirmed binding of adenosine triphosphate 

(ATP) by cyclophane 1 in a 1:1 host-guest complex with Ka = 2.5 × 108 L mol−1 at pH = 6 and 

298 K. This value is 16-times higher than the affinity for guanosine triphosphate (GTP) and 

even 780-times higher than the one for uridine triphosphate (UTP). Moreover, host 1 also 

recognizes ATP 200-times better than adenosine monophosphate (AMP). The selectivity for 

the higher charged triphosphate nucleosides when compared to the guests with a di- or 

monophosphate chain, respectively, is ascribed to electrostatic attraction between a tetraanionic 

ATP guest molecule and the protonated polyaza cyclophane 1 which constitutes the major part 

of the driving force for substrate encapsulation. Additional dispersion interaction between the 

acridine subunits of 1 and the aromatic nucleobase moiety of the substrate presumably play a 
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role in the discrimination of the pyrimidine bases when compared to the purine bases. Even 

though the intercalation of the base between the acridine pair is only hinted at in the optical 

studies, encapsulation of aromatic carboxylate guests is proven by a crystal structure suggesting 

similar binding modes for other aromatic substrates.[53] Furthermore, 1 also shows a specificity 

for abasic sites in a deoxyribonucleic acid (DNA) duplex.[54] 

 

Figure 7. Chemical structures of bisacridine cyclophane host 1 (at pH = 6), bispyrene cyclophane host 2 and 

bisphenanthridinium cyclophane host 3 for the recognition of nucleotides in water.[51c, 55]  

 

Another example of a cyclophane hosts showing a preference for purine substrates when 

compared to pyrimidine derivatives due to the larger π-surface of the former is given by the 

pyrenophane 2 (Figure 7), bearing diazoniacrown residues as water-solubilizing groups.[55b] 

UV-vis and fluorescence titration experiments in water at 293 K confirm that macrocyclic 

bispyrene 2 binds nucleoside triphosphates in the order of GTP (1.3 × 106 L mol−1) ≈ ATP (1.0 

× 106 L mol−1) > UTP (7.7 × 105 L mol−1) > cytidine triphosphate (CTP) (2.6 × 105 L mol−1). 

In addition, 2 shows a higher affinity for nucleoside triphosphates when compared to the mono- 

or diphosphates by up to three orders of magnitude. This selectivity is rationalized by their 

longer phosphate chain which enables simultaneous intercalation of the nucleobase between the 

pyrene subunits and coordination of the phosphate to the diazoniacrown macrocycle (Figure 8). 

The rather rigid phenanthridinium cyclophane 3 (Figure 7) shows a selective fluorescence turn-

on upon addition of AMP (Ka = 6.3 × 105 L mol−1 at pH = 6.2) in contrast to guanosine 

monophosphate (GMP) or uridine monophosphate (UMP).[55a] Substrates with longer 

phosphate chains were not investigated. 
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Figure 8. Schematic representation of the suggested binding mode of a nucleotide guest (shown in red) to pyrenophane 

host 2.[55b] 

 

In the recent years, several groups undertook various efforts to rationalize the binding 

propensity and selectivity of different related cyclophane hosts towards nucleobase derivatives 

in terms of cavity size, linker length or aromatic subunits. Evgeny A. Kataev’s group, for 

example, studied the influence of the linkers on the recognition properties of the rather flexible 

bisanthracene macrocycles 4 – 6 for nucleoside triphosphates (Figure 9).[47b] All receptors show 

a slight selectivity for GTP (Ka (4, 5) = 1.1 × 104 L mol−1, Ka (6) = 3.8 × 103 L mol−1) in 

fluorescence titration experiments at pH = 6.2 when compared to the other four nucleoside 

triphosphates. Moreover, particular care was taken by the authors to elucidate whether the 

nucleobases of the substrates truly intercalates between the two aromatic subunits of the rather 

flexible receptors in the host-guest complex by monitoring the ratio of the excimer and the 

monomer emission band of the host. Only for the host-guest complexes ATP⊂4, thymidine 

triphosphate (TTP)⊂4 and UTP⊂6 this ratio is shifted towards monomer-like emission upon 

nucleoside addition suggesting disruption of the excited anthracene dimer by intercalation of 

the substrate between the two aromatic subunits of the host. For the other complexes, different 

binding modes with a predominance of electrostatic interactions are assumed. Further 

confirmation for true intercalation in the case of UTP⊂6 is provided by 1H, 1H ROESY NMR 

spectroscopy.  
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Figure 9. (a) Chemical structures of cyclic bisanthracene hosts 4 – 6. (b) Schematic representation of the two binding modes 

of the bisanthracene receptors; left: intercalation of the nucleobase between the anthracene dimer in the case of UTP⊂6 and 

right: predominance of electrostatic interaction in the case of TTP⊂6.[47b] 

 

For the four tetracationic cyclophanes 7 – 10, containing two 4,4’-bipyridine or two 1,2-bis(4-

pyridyl)ethene moieties, respectively, the influence of cavity size on the recognition of 

nucleoside triphosphates ATP and GTP was studied (Figure 10).[25, 56] In UV-vis absorption 

titration experiments at pH = 7.4, the binding strength of the triphosphate substrates to the 

cyclophanes, which are in the range of 2.9 × 103 L mol−1 − 4.9 × 103 L mol−1, increases in the 

order of 9 < 8 < 7. This trend can be ascribed to the well-defined cavity of the relatively small 

and rigid 7. No encapsulation is confirmed for the largest cyclophane host 10. However, 7 − 9 

bind GTP approximately only 1.2-times stronger than ATP yet no interaction of these 

cyclophanes with the respective mono- or diphosphates is observed. Application of these 

cyclophanes together with the fluorescence dye 8-hydroxy-1,3,6-pyrene trisulfonate (HPTS) in 

a fluorescence indicator displacement assay[57] for GTP sensing is demonstrated, as well. The 

fluorescence of HPTS is quenched upon binding to the cyclophane hosts. Addition of GTP or 

ATP as competitive binders releases HPTS from the host resulting in a fluorescence turn-on of 

the dye which is more pronounced for GTP than for ATP. 

 

Figure 10. Chemical structures of cyclophane hosts 7 – 10.[25, 56] 

 

Tetracationic cyclophane hosts 11 and 12 further exemplify the disadvantage of binding pockets 

which are too large for the substrate (Figure 11a).[58] 1H NMR spectroscopy and isothermal 

titration calorimetry (ITC) studies verify formation of 1:1 complexes of 11 with ATP (Ka = 1.17 

× 104 L mol−1), ADP (Ka = 5.07 × 103 L mol−1) and AMP (Ka = 1.09 × 103 L mol−1) at pH = 7.4 

and 298 K showing selectivity for the triphosphate. For 12, on the other hand, only a very weak 
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association with nucleotide guests is observed. Nucleotides other than adenosine phosphates 

are not investigated. Interestingly, shifts in the 1H NMR spectrum and 1H, 1H NOESY data 

reveal that in the complex ATP⊂11 the phosphate chain of the ATP guest is located close to 

the phenyl spacer whereas the adenosine moiety is oriented towards the tetraphenylethenyl 

spacer (Figure 11b). However, application of this host in a biological environment is most likely 

limited since binding of aromatic amino acids by 11 is demonstrated (see chapter 2.2.2), as well. 

 

Figure 11. (a) Chemical structures of cyclophane hosts 11 and 12. (b) Schematic representation of the complexation of ATP 

by 11 based on 1D and 2D NMR data. Adapted with permission from Ref. [58]. Copyright 2019 The Royal Society of Chemistry. 

 

Biphenyl and terphenyl cyclophanes 13 and 14 (Figure 12a) perform as efficient binders of 

nucleosides,[59] even though they were originally conceived for the recognition of all-equatorial 

carbohydrates (see Chapter 2.2.4),[60] once again demonstrating the challenge to design 

selective synthetic hosts for a biological environment. In 1H NMR and ITC complexation 

studies in water at 298 K, both hosts show slightly higher affinities for guanosine and adenosine 

than for pyrimidine nucleosides which is explained by the larger π-surface of the purine bases. 

The selectivity of the two cyclophanes for guanosine is tentatively rationalized by different 

contributions of hydrogen bonds between nucleobase and the spacers in the respective host-

guest complexes. In contrast to previously mentioned examples, host 14 (e. g. Ka (guanosine) = 

2.2 × 104 L mol−1) with the extended cavity binds guests more tightly than the smaller host 13 

(e. g. Ka (guanosine) = 3.7 × 103 L mol−1) which is ascribed to a partial encapsulation of the 

ribose subunit into the cavity of cyclophane 14 in addition to nucleobase intercalation (Figure 

12b). Furthermore, binding studies of host 13 with nucleotides AMP, ADP and ATP reveal 

weaker complex stabilities for higher charged substrates demonstrating selectivity for 

nucleosides over nucleotides which is attributed to electrostatic repulsion between the 

carboxylates in the side chains of the receptor and the phosphate groups of guest molecules. 

+ 

ATP 

11 

electrostatic 
interaction 

π−π stacking 
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Figure 12. (a) Chemical structures of biphenyl- and terphenyl-based cyclophanes 13 and 14, respectively. (b) Molecular model 

of the host-guest complex adenine⊂14; side view (left) and top view (right) showing the intercalation of the adenine moiety 

(orange) and partial intercalation of the ribose group (magenta) for host 14. The terphenyl units of the cyclophane are shown 

as transparent CPK surfaces. The water-solubilizing side chains are omitted for clarity. Adapted with permission from Ref. [59]. 

Copyright 2013 Taylor & Francis. 

 

In protein binding pockets, ATP recognition is often associated with coordination of the 

phosphate anions to metal cations.[61] This structural motif inspired supramolecular chemists to 

adapt such a concept in the design of artificial nucleotide receptors[62] by including metal-

coordinating units into cyclophanes.[63] In bisanthracene macrocycle 15, for example, two Zn2+-

ions are coordinated to the linkers (Figure 13a).[63b] The fluorescence of this host is quenched 

upon addition of ATP or ADP in a titration experiment at pH = 7.4 and 298 K whereas no 

response is observed for other nucleobase triphosphates. Interestingly, a 1:2-stoichiometry of 

the host-guest complexes is confirmed by a Job plot.[64] Moreover, a decrease of the excimer 

emission band of the bisanthracene host and simultaneous increase of the monomer emission 

band upon guest addition strongly suggests intercalation of the adenine moiety between the 

aromatic subunits of the cyclophane.[63b] 31P NMR spectroscopy of ATP in the presence of 

host 15 reveals stronger downfield shifts for the γ- and β-phosphate groups than for the α-

phosphate group of the nucleotide indicating predominant association of the Zn2+-ions to the 

outer two phosphates. DFT calculations were performed for structural elucidation of the host-

guest complex ATP2⊂15 demonstrating that the phosphate chain of each ATP guest coordinates 

to one of the Zn2+ cations of host 15 so that a hydrogen-bonded adenosine dimer is sandwiched 

in the aromatic cavity of the cyclophane. 
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Figure 13. (a) Chemical structure of host 15. (b) Calculated structure (DFT) of the complex ATP2⊂15 (grey: C; blue: N; red: 

O; yellow: P; cyan: zinc; white: H). The assumed hydrogen bonds between the two ATP guests are indicated by black lines. 

Other hydrogen atoms are omitted for clarity. Adapted with permission from Ref. [63b]. Copyright 2013 Wiley VCH. 

 

This last example shows that, for a suitably designed molecular receptor, the recognition of a 

base pair instead of a single nucleotide can be achieved, as well. This concept is also supported 

by cationic bisquinacridine macrocyclic host 16 (Figure 14a).[51d] UV-vis absorption and 

fluorescence titration experiments at pH = 6 and 293 K show that this cyclophane forms 1:1 

complexes with nucleoside di- and triphosphates via electrostatic and dispersion interactions. 

A preference for purines over pyrimidines is demonstrated with higher affinity for GTP (6.3 × 

106 L mol−1) than for ATP (2.5 × 105 L mol−1) which is ascribed to the hydrophobicity of GTP. 

For the monophosphates, however, 1:2 stoichiometries are observed with the overall formation 

constant increasing in the order of UMP < CMP < AMP < GMP (Figure 14b). ESI-MS is used 

for further confirmation of stoichiometries. The different host-guest complex stoichiometries 

as a function of the number of phosphate groups are explained in terms of charge. Binding of a 

highly charged di- or triphosphate guest to the cationic host decreases the overall charge of the 

complex diminishing attraction of a second substrate. Sterics might provide further restrictions. 

Even though no cooperative effect[65] is observed for the complexation of nucleoside 

monophosphates, the hydrophobic microenvironment within the cavity of 16 might favour 

hydrogen bonding interaction between the two encapsulated substrates. Furthermore, 

recognition of G-quadruplex DNA by cyclophanes such as 1 (Figure 7) and 16 (Figure 14) is 

discussed in the literature. Yet this is assumed to happen not by intercalation of nucleobases 

between the aromatic subunit of the hosts but is mainly by electrostatic interaction between the 

phosphate backbone of the DNA and the cationic linkers of the cyclophane.[66] 
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Figure 14. (a) Chemical structure of host 16 (at pH = 6). (b) Schematic representation of the 1:2 host-guest complex between 

16 and nucleoside monophosphates.[51d] 

 

The redox coenzyme nicotinamide adenine dinucleotide (NAD) is another example of 

biologically important adenosine derivatives which are of interest for supramolecular 

chemistry.[67] Cyclophane 17 with crown ether linkers was reported to bind the oxidized NAD+-

form with a moderate association constant of 2.2 × 103 L mol−1 as confirmed by ITC and 

1H NMR spectroscopy at neutral pH and 298 K (Figure 15a, b).[68] As the reduced form NADH 

is not recognized by host 17, it is assumed that the charged nicotinamide moiety of NAD+ guest 

is intercalated between the sulfonylated naphthalene subunits of the cyclophane host 

accompanied by external stacking of the adenine group (Figure 15c). 

 

Figure 15. Chemical Structure of (a) cyclophane host 17 and of (b) redox coenzyme NAD+. (c) Proposed structure of the host-

guest complex NAD+⊂17 in which the nicotine moiety of the guest molecule (shown as CPK surface) is intercalated between 

the two naphthalene subunits of the cyclophane host (green/cyan: C; blue: N; red: O; yellow: S; white: H). Adapted with 

permission from Ref. [68]. Copyright 2012 The American Chemical Society. 

 

2.2.2 Amino Acids 

α-Amino acids are the building blocks of proteins.[48a, 69] They show a great diversity in structure 

and properties because the specific side chain of an individual amino acid can be basic, acidic 

or neutral and, moreover, can be comprised of an aliphatic chain or an aromatic group (Figure 

16). The following examples will show that, depending on the characteristics of the amino acid 

guest, water-soluble cyclophane hosts are often well-suited to address these interesting 

substrates by cation−π- or π−π-interactions. 
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Figure 16. Overview on the proteinogenic amino acid guests for the cyclophane hosts presented in this chapter. 

 

The potential of cyclophanes to bind aromatic α-amino acids was recognized by J. Fraser 

Stoddart and co-workers.[24] Upon addition of the aromatic amino acid tryptophan as a racemate 

to a solution of cyclobis(paraquat-p-phenylene) (18) as a tetrachloride salt in aqueous phosphate 

buffer, a charge transfer band emerges in the UV-vis spectrum indicating the formation of the 

1:1 inclusion complex tryptophane⊂18 with a binding constant of 1.0 × 103 L mol−1 at pH = 7 

and 298 K (Figure 17a). Tyrosine is encapsulated slightly weaker with Ka = 6.1× 102 L mol−1 

whereas almost no recognition is detectable for phenylalanine (33 mol L−1) displaying the 

selectivity of the electron-poor host 18 for electron-rich aromatic amino acids (Figure 16). No 

recognition was observed for histidine or alanine. Cyclophane 11 with a structure similar to that 

of 18 also binds tryptophan in the order of 103 L mol−1 at pH = 7.4 and 298 K (Figure 17b). 

Complex formation with other amino acids was too weak to be quantified.[24] 

 

Figure 17. Chemical structures of cyclobis(paraquat-p-phenylene) as a chloride salt (18) and of cyclophane host 11.[24, 58] 

 

Host 19 is a phthalhydrazide-based cucurbituril analogue (Figure 18).[70] Compared to 

cucurbit[n]urils, the cavity of cyclophane 19 is elongated and recognizes guest molecules by 

π−π-interaction in addition to the dipole-dipole interaction inherent to cucurbit[n]uril 

scaffolds.[71] Fluorescence titration experiments of host 19 in acetate buffer at pH = 4.74 and 

295 K reveals binding of tryptophan with Ka = 3.2 × 106 L mol−1 which is two orders of 

magnitudes higher than the affinity of 19 for the other aromatic amino acids phenylalanine, 
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tyrosine and the neurotransmitter dopamine. The selectivity is ascribed to the additional 

aromatic ring of tryptophan. However, 19 also binds a large variety of ammonium derivatives 

and shows a similarly high affinity in the order of 106 L mol−1 to the dyes Nile red and Nile 

blue. 

 

Figure 18. (a) Chemical structure of cucurbituril-based host 19. (b) Representation of the host-guest complex 1,10-

decanediammonium ion⊂19 to illustrate the cavity of the host (MMFF, grey: C; blue: N, red: O; white: H). Adapted with 

permission from Ref. [68]. Copyright 2006 The American Chemical Society. 

 

Dennis A. Dougherty’s group demonstrated that cyclophanes recognize the amides of cationic 

amino acids by cation−π interactions.[72] The carboxylated derivative 20 of Dougherty’s 

cyclophane[73] preferentially binds arginine amide (Ka = 4.6 × 103 L mol−1) over lysine amide 

(Ka = 8.5 × 102 L mol−1) at pD = 9 which is ascribed to the different binding modes of the two 

amino acid derivatives as evident by 1H NMR shifts (Figure 19).[72] The results suggest that the 

guanidinium group of arginine amide is deeply buried within the cyclophane and hence 

stabilizing the host-guest complex with cation−π interactions. Lysine amide, on the other hand, 

most likely exhibits a coiled conformation which is not directed by cation−π interactions. No 

encapsulation was observed for the amino acids lysine and arginine. 

 

Figure 19. Chemical structure of host 20.[72] 

 

Synthetic hosts 21 – 23 by Marcey Waters’s group, which are inspired by the structure of 

Dougherty’s cyclophane,[73] recognize di- and trimethyl lysine[74] or dimethyl arginine 

residues[75] in post-translationally modified proteins by cation−π- and van der Waals-
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interactions (Figure 20a, b). Each of these hosts is identified by a dynamic combinatorial library 

approach in which the macrocyclic host is constructed around a guest template by reversible 

bond formation under equilibrium conditions.[76] ITC experiments at pH = 8.5 and 299 K 

confirm binding of 21 to N-methylated lysine groups in histones, which are small proteins 

around which DNA strands are ordered in the formation of nucleosomes,[48a] with Ka in the 

order of 105 L mol−1 yet with a poor selectivity for trimethylated over dimethylated lysine.[74b] 

22 with a deeper cavity (Figure 20c), however, displays a 14-fold improved selectivity for 

trimethyl lysine in histone 3 with Ka ~ 106 L mol−1 when compared to the dimethylated amino 

acid. This is ascribed to a decrease of entropic penalty for the binding of the higher methylated 

substrate to this receptor. Host 23, on the other hand, shows selectivity for asymmetric dimethyl 

arginine with an affinity of 8.3 × 105 L mol−1  for a representative histone tail.[75b] Trimethyl 

lysine and symmetric dimethyl arginine, in contrast, are discriminated by a factor of ten. This 

selectivity is reasoned by the cuboid shape of the cavity, which mimics the geometry of the 

binding pocket for asymmetrically dimethylated arginines in proteins (Figure 20d). Further 

options to target post-translationally modified lysines are provided by sulfonated calixarenes.[77] 

 

 

 

 

 

Figure 20. Chemical structures of (a) cyclophane hosts 21 – 23 and (b) methylated derivatives of the amino acids lysine and 

arginine. (c) Molecular models of the complexes Me3-lysine⊂21 (left) and Me3-lysine⊂22 (right) showing the deeper inclusion 

of the substrate for the latter. Only the specific rest of the amino acid (green) is shown. Adapted with permission from Ref. [74b]. 

Copyright 2014 The Royal Society of Chemistry. (d) Gas phase model of asymmetric Me2-arginine⊂23 illustrating the cuboid 

shape of the cavity. Adapted with permission from Ref. [75b]. Copyright 2019 Wiley VCH. 

 

Another concept for selective amino acid recognition by cyclophanes relies on electrostatic 

interactions between the solubilizing functions of the host and specific amino acid guests. 
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Water-soluble pillar[5]arene 24 with carboxylate chains at both rims reveals selective 

recognition of the basic amino acids arginine, histidine and lysine in the order of 103 L mol−1 

in 1H NMR titrations at pD = 7.4 and 298 K (Figure 21a).[78] 2D NMR experiments suggest 

threading of the amino acid guest through the cavity of the host with coordination of the NH-

groups to the carboxylate functions on the rims of the host. Other amino acids are bound with 

decreased affinity (< 20 L mol−1). As electrostatic attraction is the driving force for complex 

formation, diamine cadaverine, which corresponds to decarboxylated lysine, is bound 30-times 

more strongly than lysine. Water-soluble pillar[6]arene 25, on the other hand, is appended with 

protonable amine chains (Figure 21b).[79] Hence, host 25 displays selectivity for acidic amino 

acids glutamate and aspartate in fluorescence titration experiments at pH = 6.0 and 298 K with 

an association constant of approximately 1 × 106 L mol−1. No encapsulation of other 

proteinogenic amino acids is observed. 

 

Figure 21. Chemical structures of (a) pillar[5]arene 24 for the recognition of basic α-amino acids and (b) pillar[6]arene 25 for 

the recognition of acidic α-amino acids.[78-79] 

 

2.2.3 Neurotransmitters 

Catecholamines are important neurotransmitters in signal transduction pathways which is the 

reason why synthetic receptors for this class of biomolecules are intensely investigated (Figure 

22a).[80] Thomas Schrader’s group, for example, designed several cyclophane hosts such as 26 

which features a non-polar aromatic cavity with a p-xylylene bisphosphonate group as an amino 

alcohol binding site at one end and a catechol recognition element comprised of electron-poor 

nitroarenes and an isophthalimide moiety at the other (Figure 22b, c).[26, 81] 1H NMR binding 

studies are performed in a solvent mixture CD3OD/D2O = 1/1 due to self-association of the host 

in pure water.[81b, 81c] Formation of 1:1 complexes with associations constants of approximately 

102 L mol−1 are observed for adrenaline, noradrenaline and dopamine whereas no complexation 

is found in the case of aromatic amino acids. For non-aromatic ethanolamine, a decrease in 
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affinity is observed hinting at the presence of π−π-interactions in the host-guest complexes of 

26 and the catecholamine substrates. Indication for hydrogen bonding between the cyclophane 

host and the catecholamine guest is derived from FT-IR experiments in which the P−O and 

amide carbonyl bands of 26 display shifts to smaller wavenumbers. Some improvement of 

selectivity for dopamine and noradrenaline as compared to adrenaline is achieved by replacing 

isophthalimide head group of 26 with pyridinedicarboximide.[81c] Interestingly, in a further 

evolved macrocyclic host decorated with phosphonic acid functions for selective adrenaline 

recognition in water, the aromatic ring of the substrate does not intercalate between the aromatic 

rings of the host.[81d] 

 

Figure 22. (a) Chemical structures of catecholamine guests adrenaline, noradrenaline and dopamine and (b) of the synthetic 

receptor 26. (c) Optimized geometry of the complex noradrenaline⊂26 in water according to Monte Carlo simulations (grey: 

C; blue: N; red: O, orange: P, white: H). Adapted with permission from Ref. [81b]. Copyright 2001 Wiley VCH. 

 

Dougherty’s cyclophane (27) was studied as a host for various methylated ammonium, iminium 

and sulfonium guests to gain fundamental insight into cation−π interactions (Figure 23).[73] 

Among those guests is the neurotransmitter acetylcholine which is bound with an association 

constant of 3.5 × 104 L mol−1 in aqueous borate buffer at 298 K.[82] Yet this host is not 

outstanding in terms of selectivity for the small neurotransmitter molecule when compared to 

the various cationic guests in this extensive study.[73] Moreover, the binding of acetylcholine to 

water-soluble calixarenes[83] and pillararenes[84] has been exploited in fluorescence indicator 

displacement assays for acetylcholine sensing.  
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Figure 23. Chemical structures of the R,R,R,R-enantiomer of Dougherty’s cyclophane (27) and one of its guest molecules, the 

neurotransmitter acetylcholine.[73, 82] 

 

2.2.4 Carbohydrates 

Carbohydrates are both hydrophilic and hydromimetic due to their numerous OH functionalities 

and show only minor structural differences between several derivatives[85] which is why the 

recognition of carbohydrates in water poses many challenges even for lectins, the carbohydrate 

binding proteins in living organisms.[86] Even though having focused on boronic acid receptors 

as covalent binders for sugar guests,[87] during the recent years supramolecular chemists have 

demonstrated that water-soluble cyclophanes are ideally suited to overcome these challenges 

and can indeed be highly efficient biomimetic receptors for the non-covalent binding of 

carbohydrates in water.[85] 

In this regard, cyclophanes by A. P. Davis’s group based on a so-called “temple design” show 

great potential (Figure 24a).[85a] This specific architecture of the cyclophane host is essential for 

efficient carbohydrate encapsulation in water: Aromatic units which can develop CH−π-

interactions with a carbohydrate guest molecule represent the “roof” and the “floor” of the 

temple. Polar spacers keep the aromatic units at a defined distance and are involved in the 

formation of hydrogen bonds with the encapsulated saccharide derivative. Hydrophilic side 

chains provide solubility in water. Thus, the cavity of such a cyclophane host perfectly matches 

the polarity pattern of all-equatorial carbohydrates such as β-D-glucopyranose (Figure 24b). In 

a host-guest complex of the synthetic lectin with this guest molecule, all of the carbohydrate’s 

axial H-atoms point towards the apolar aromatic subunits of the host and all equatorial OH-

groups towards the polar spacers.  
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Figure 24. (a) Chemical structures of various carbohydrates. The functional groups are coloured according to polarity with 

regard to the synthetic lectins (red: polar, blue: apolar). (b) Schematic illustration depicting the design principle of the synthetic 

lectins by the Davis group. Adapted with permission from Ref. [88]. Copyright 2016 Wiley VCH. 

 

In one of the first examples of a water-soluble cyclophane host for carbohydrates (28), biphenyl 

units were used as aromatic building blocks which were held apart by isophthalimide spacers 

with hydrophilic side chains (Figure 25).[60a] Even though good affinity is found in 1H NMR 

titration experiments in CDCl3/CD3OD (92:8) for a hydrophilic precursor of 28 towards octyl 

β-D-glucopyranoside (Ka = 600 L mol−1, formation of 1:1 complex), in water at 296 K the 

binding propensity of D-glucose to 28 is as low as 9 L mol−1. Monosaccharides with an axial 

OH-group such as D-galactose or D-mannose (Figure 24b) yield even smaller association 

constants. Showing clear preferences for β-glucosyl units, the disaccharide D-cellobiose is 

encapsulated by host 28 whereas D-lactose or D-maltose, which contain α-glucosyl units, are 

not. The highest affinity to 28, however, is observed for β-N-acetylglucosamines (GlcNAc, 

Figure 24b) with binding constants of up to 630 L mol−1 for methylated GlcNAc in water at 

298 K as confirmed by NMR studies and ITC.[89] GlcNAc is often involved in the 

posttranslational modification of proteins.[48a] Thus, cyclophane host shows selectivity for β-N-

acetylglucosamine derivatives over other monosaccharides. Yet, as binding of aromatic guests 

such as nucleosides by 28 is also confirmed,[59] application of this synthetic lectin for selective 

carbohydrate binding in an in vivo environment is questioned by the Davis group.[90] 
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Figure 25. Chemical structures of the synthetic lectins 28 – 31.[27b, 60a, 88, 90] The aromatic subunits are coloured in blue, the 

polar spacers in red and the solubilizing side chains in green. 

 

Further optimizations, like extension of the aromatic subunits and use of larger solubilizing side 

chains, resulted in regioisomeric receptors 29a and 29b with pyrene subunits (Figure 25).[88] As 

confirmed by both ITC as well as NMR titration experiments at 298 K, staggered pyrenophane 

29b shows a remarkably high selectivity for methylated GlcNAc (Figure 24b). A binding 

constant of 1.8 × 104 L mol−1 in water is determined whereas binding of monosaccharides such 

as D-glucose, D-galactose or D-mannose is comparably weak. Eclipsed pyrenophane 29a, on the 

other hand, binds extremely tightly to a GlcNAc-functionalized peptide (Ka = 1.8 × 104 L mol−1) 

as a model compound for a glycosylated protein. The interaction between staggered 29b and 

the glycopeptide is not quantifiable due to broad signals in the 1H NMR spectrum. The 

improved binding properties of macrocyclic bispyrenes 29a and 29b when compared to 

biphenyl cyclophane 28 could be due to a better interaction of the larger, more rigid pyrene 

subunits with the axial hydrogen atoms of the all-equatorial sugar substrate.  

Moderately successful attempts to enhance the affinity of host 28 towards the biologically 

significant substrate D-glucose (Figure 24b), including variation of the cyclophane’s spacer 
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units or substitution of the biphenyl core increase the low affinity by a maximum factor of 

approximately 7,[91] which illustrates once again the challenges of carbohydrate recognition in 

water. Exchange of the twisted biphenyl building blocks of 28 for more rigid anthracene 

subunits gave receptor 30 (Figure 25) with an association constant to D-glucose of 58 L mol−1 

by 1H NMR titration at 298 K which is comparable to the affinity of previous attempts. The 

clear advantage of 30 as compared to 28, however, lies in a more convenient synthesis and the 

inclusion of fluorophore units.[27b] Moreover, the intercalation of glucose into the cavity of 30 

is proven by crystal structure.[92] On the other hand, encapsulation of aromatic guest molecules 

was confirmed, as well.[20c] Substitution of the anthracene cores with four methoxy units and 

elongation of the solubilizing dendrimer chains could double the association strength towards 

D-glucose to 120 L mol−1.[93]  

Synthetic lectin 31 (Figure 25), for which the aromatic triethylmesitylene units are connected 

by three N,N-1,2-phenylenebisurea spacers, is the result of purposeful modifications in the 

receptor’s structure to enhance affinity and selectivity for β-D-glucose (Figure 24b).[90] 

Interestingly, the cyclisation of cyclophane host 31 in the final step proves difficult unless a 

glycoside is added as template improving the yield to 50%. The stability constant for the host-

guest complex D-glucose⊂31 is as high as 1.8 × 104 L mol−1 at pH = 7.4 and 298 K which is 

rationalized by the cavity height of 8.4 Å being ideal for all-equatorial carbohydrates and by 

the formation of 10 hydrogen bonds between the linker units and β-D-glucose. This is illustrated 

by the optimized structure of the host-guest complex based on Monte Carlo simulations (Figure 

26). Further binding studies demonstrate the selectivity of biomimetic receptor 31. 

Monosaccharides with one axial OH group, for instance, such as D-galactose or D-mannose, are 

bound with an association constant as low as 102 L mol−1. Moreover, unlike 28 (Figure 25),[59, 

89] this receptor shows no affinity for GlcNAc or aromatic substrates. Encapsulation of 

D-glucose by 31 with comparable complex stability is confirmed even in biological 

environments such as human blood serum or cell culture media further elaborating the possible 

in vivo use of 31. 
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Figure 26. Structure of the host-guest complex β-D-glucose⊂31 based on Monte-Carlo molecular mechanics (OPLS2005 force 

field). The yellow dashed lines indicate the ten hydrogen bonds in the complex as predicted by the simulation method.[90] 

Adapted with permission from Ref. [90]. Copyright 2019 Springer Nature. 

 

The design of a receptor for enantioselective sugar recognition poses yet another challenge for 

saccharide binding. The asymmetric design of synthetic lectin 32 (Figure 27) with two different 

aromatic subunits, pyrene of D2-symmetry and triethylmesitylene of C3-symmetry, gives rise to 

planar chirality resulting in two possible enantiomers for 32.[94] Separation of the enantiomers 

cannot be achieved. However,1H NMR titration studies with chiral D-GlcNAc (Figure 24b) gave 

two different stability constants, 1.3 × 103 L mol−1 and 81 L mol−1, for the diastereomeric host-

guest complexes D-GlcNAc⊂pR-32 and D-GlcNAc⊂pS-32 equalling an enantioselectivity of 

16:1. Further 2D NMR studies identified pR-32 as the tighter binding host enantiomer. 

 

Figure 27. (a) Chemical structure of the pS-enantiomer of 32. See Figure 25 for definition of R2. The aromatic subunits are 

coloured in blue, the polar spacers in red. (b) Design principle and schematic representation of the synthetic lectin 32. Adapted 

with permission from Ref. [94]. Copyright 2017 The Royal Society of Chemistry.  

 

Cyclophane hosts of the “temple design” can not only be applied for the recognition of 

monosaccharides but also for di- and oligosaccharides. Introduction of two meta-terphenyl 

building blocks as aromatic cores gave synthetic lectin 33 (Figure 28), for example, which 

displays a strong binding propensity towards D-cellobiose (Figure 24b) in water of 

approximately 600 L mol−1 which is confirmed by 1H NMR spectroscopy, fluorescence 

enhancement, induced circular dichroism (CD) and ITC.[27a] The association of 33 towards 

other disaccharides or monosaccharides such as GlcNAc is considerably weaker. The affinity 
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and selectivity for D-cellobiose was further improved to 3.3 × 103 L mol−1 by using 

dimethoxylated para-terphenyl moieties in the less preorganized host 34.[60b] 

 

Figure 28. Chemical structures of the synthetic lectins 33 – 35.[27a, 60b, 95] See Figure 25 for the definitions of R1 and R2. The 

aromatic subunits are coloured in blue, the polar spacers in red, the solubilizing side chains in green. 

 

Synthetic lectin 35 (Figure 28) resembles 29a and 29b (Figure 25) but the pyrene cores are held 

by only three spacer units instead of four.[95] This more open structure turns cyclophane 35 into 

an efficient binder for small fragments of cellulose such as cellobiose (Ka = 3.6 × 103 L mol−1), 

cellotriose (Ka = 5.0 × 103 L mol−1) or cellotetraose (Ka = 1.2 × 104 L mol−1) as proven by ITC 

at 298 K. Monosaccharides, on the other hand, are comparably weakly encapsulated (Ka ~ 

102 L mol−1) demonstrating the selectivity of host 35 for longer sugar chains. The enhanced 

binding propensity for cellotetraose as compared to cellobiose is mainly due to entropic effects 

reflecting the greater translational freedom of the more extended substrates in the complex. The 

enthalpy of binding remains approximately constant for all cellulose fragments. A slight drop 

in association strength for even larger cellulose fragments is attributed to steric effects between 

the longer carbohydrates and the side chains of the receptor. No binding constant could be 

measured for polysaccharide cellulose, yet polyrotaxane formation between cyclophane 35 and 

cellulose was confirmed by induced CD effects as well as atomic force microscopy (AFM) 

images (Figure 29). 
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Figure 29. Schematic illustration of the threading of cellulose and its smaller fragments through the cavity of the 

pyrenophane 35. Adapted with permission from Ref. [95]. Copyright 2015 Springer Nature. 

 

In the host 36, a hydrophobic cavity for saccharide binding is generated by linking the porphyrin 

subunits by quasi-tetrahedral amido-azonia cryptands (Figure 30a).[96] Encapsulation of several 

mono-, di and trisaccharides is confirmed by UV-vis titration experiments. D-Glucose, for 

example, is recognized with an association constant of 1.3 × 103 L mol−1 which clearly 

outperforms synthetic lectins 28 and 30 in terms of affinity. Yet regarding selectivity for 

monosaccharides, 36 cannot compare as it binds non-all-equatorial carbohydrate D-galactose as 

strongly as D-glucose. The highest affinity of 36, however, is found for the α-1,4-linked glucose 

trimer maltotriose with Ka = 5.2 × 104 L mol−1 (Figure 30b). A suggested structure for the host-

guest complex maltotriose⊂36 is obtained by molecular modelling (Figure 30c). 

 

Figure 30. Chemical structures of (a) cyclic bisporphyrin host 36 and (b) carbohydrate guest maltotriose. (c) Energy-minimized 

structure of the host-guest complex maltotriose⊂36 (Hyperchem). 36 is depicted in blue, maltotriose in magenta. Adapted with 

permission from Ref. [96]. Copyright 2001 The American Chemical Society. 

 

Selectivity of a cyclophane host to a non-all-equatorial sugar derivative was observed by 

Francesconi et al.[97] In the cyclic anthracene dimer 37 the aromatic units for the formation of 

CH−π interactions towards a sugar guest are held apart by two 1,8-diaminocarbazole spacers 

which can develop hydrogen bonds with a substrate and which are functionalized with water-
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solubilizing phosphonate groups (Figure 31a). In the analysis of 1H NMR binding studies at pD 

= 11 ensuring full deprotonation of 37, host self-aggregation to a supramolecular dimer has to 

be considerd. Thus, 1:1, 2:1 and 2:2 host-guest complex stoichiometries are included in the 

linear regression analysis and binding constants are defined as cumulative formation constants 

or intrinsic median binding concentration. The latter describes the total amount of receptor 

necessary to bind 50% of the substrate when the amount of formed complex is 0.[98] For a 1:1 

host-guest complex, the intrinsic median binding concentration is identical to the dissociation 

constant Kd. Remarkably, receptor 37 binds carbohydrate derivatives with axial OH-groups 

such as methylated α-D-galactose as tightly as methylated α-D-glucose.[97] Yet the highest 

affinity in the range of 103 L mol−1 is observed for methylated α-L-fucose (Figure 31b) which 

was bound 30-times stronger than the corresponding β-anomer. A molecular mechanics 

analysis based on the intensity of nuclear Overhauser effect (NOE) signals between bound Me-

α-L-fucose and cyclophane host 37 reveals hydrogen bonds involving both carbazolic NH and 

three aminic NH groups of the synthetic lectin and OH-2, OH-4 and the α-anomeric O of L-

fucose (Figure 31c). Additional contributions to complex stability are provided by several 

CH−π interactions between the anthracene units of 37 and the axial hydrogen atoms of the 

carbohydrate guest molecule.  

 

Figure 31. Chemical structures of (a) the biomimetic carbohydrate receptor 37 and (b) its substrate methylated α-L-fucose. (c) 

Global minimum structure of the host-guest complex α-L-fucose⊂37 based on NOE signals. Solid lines correspond to the 

strongest intermolecular NOEs, dashed lines indicate hydrogen bonding interactions. The distances are given in Å. Adapted 

with permission from Ref. [97]. Copyright 2018 Wiley VCH. 

 

2.2.5 Alkaloids 

Alkaloids are a prominent class of ubiquitous nitrogen containing natural compounds with a 

great structural variety and diverse biological activity (Figure 32).[32] For example, the β-

carboline alkaloid harmine was found to reversibly inhibit monoamine oxidase A and possesses 

anti-cancer and anti-inflammatory properties.[99] Thus, molecular detection and host-guest 

complexes of such alkaloids in aqueous environment are of general interest.[100] For aromatic 
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alkaloids, water-soluble cyclophane hosts should be especially efficient as they can stabilize 

the host-guest complex by π−π- and cation−π-interactions. However, only a few cases of host-

guest complex formation between aromatic alkaloids and cyclophanes are reported. 

 

Figure 32. Chemical structures of selected exemplary alkaloids. 

 

Dougherty’s cyclophane (27) (Figure 33), for example, binds the protonated form of the well-

known alkaloid nicotine in borate buffer at 298 K.[73] For the S,S,S,S-enantiomer of the host, 

the binding constant of 8.5 × 102 L mol−1 for the chiral alkaloid is slightly lower than that of the 

R,R,R,R-enantiomer with Ka = 1.2 × 103 L mol−1. Yet as this cyclophane binds a large variety 

of cationic guests, the recognition of nicotine by 27 is not selective. Nicotine as a template also 

amplified the formation of host 38 in a dynamic combinatory library.[101] The binding constants 

at pH = 6.9, at which the basic guest molecule is protonated, and at pH = 9.3, at which nicotine 

exists as free base, are both determined as approximately 3 × 103 L mol−1 at 298 K, suggesting 

that the host-guest complex is stabilized by dispersion rather than by cation−π-interaction. 

Morphine, on the other hand, templated the formation of cyclophane 21 (Figure 20a) as a 

racemate from a dynamic combinatory library.[102] The association constant of the host-guest 

complex morphine⊂21 is 2.7 × 104 mol L−1 at pH = 9 and 298 K. However, 21 is also not 

selective towards the opiate. The water-soluble pillar[5]arene 24 (Figure 21) binds the alkaloid 

drug norharmane in water at pH = 7.0 and 298 K with an affinity of 3.4 × 104 L mol−1 for the 

1:1 complex.[103] Interestingly, the cell toxicity of norharmane was reduced upon encapsulation. 

Moreover, protonation of the host by acidification triggered the reversible release of the alkaloid 

guest. 
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Figure 33. Chemical structures of known cyclophane hosts for alkaloids (21 for morphine; 24 for norharmane; 27, 38 for 

nicotine).[73, 101-103]  

 

For other harmala alkaloids such as harmine, harmol or harmaline, and for benzylisoquinoline 

derivatives such as berberine, only inclusion complexes with the ubiquitous water-soluble 

macrocycle hosts cyclodextrins, cucurbiturils and calixarenes are reported.[100, 104] However, no 

chromophore-based macrocyclic hosts that exhibit absorption and emission in the visible 

spectral range have so far been applied for the recognition of these alkaloids. Moreover, no 

studies are reported on host-guest binding of a broad series of structurally different alkaloids 

with a particular host in comparative manner to explore a structure binding-property 

relationship.[100] Therefore, the design and investigation of a water-soluble cyclophane host for 

the recognition of such alkaloids in aqueous environment was one of the main aims of this 

thesis. 

 

2.3 Conformational Selection and Induced Fit 

Specific molecular recognition is ubiquitous in biological phenomena[105] including activation 

of enzymatic reactions by binding of the right substrate,[1] regulation of gene expression[106] or 

initiation of signal transduction cascades upon binding of a particular ligand to a receptor.[2] At 

the end of the 19th century in an early attempt to rationalize enzyme specificity, Emil Fischer 

compared the protein (P) to a lock in which the ligand (L) had to fit like a key (Figure 34a).[107] 

In this initial concept, biological macromolecules were defined as rigid systems neglecting their 

nowadays known structural flexibility. Hence, more refined binding models were developed 

involving conformational transitions[34] since knowledge of the binding mechanism of a specific 

receptor is advantageous for the rational design of effective drugs and therapeutics and often 

necessary to understand the functionality of biochemical pathways in cells.[108] 
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There are two limiting cases of binding models discussed in literature differing primarily in the 

order in which ligand binding and structural rearrangement of the protein occur. On the one 

hand, the induced fit concept, nowadays synonymous to the Koshland-Némethy-Filmer 

model,[34b] assumes that a ligand L first loosely associates with the protein P to the complex PL. 

Consecutively, structural rearrangements are induced in the protein until an optimal fit is 

achieved (P*L) (Figure 34b). The conformational selection model, on the other hand, which is 

based on an approach by Monod, Wyman and Changeux,[34a] states that the unbound protein 

exists in an equilibrium of various conformations (termed P and P* in Figure 34b). The ligand 

selectively binds to and stabilizes the best-fitting conformer shifting the whole equilibrium as 

a consequence. One way of differentiation between the two models is the analysis of relaxation 

experiments.[109] A chemically equilibrated system is disturbed by temperature jump or an 

increase in concentration of one of the species, for example, and the kinetic signature with 

which the system relaxes to the new equilibrium state is monitored. 

 

Figure 34. Schematic representation of a ligand (L) binding to a protein (P) according to (a) the lock and key model and (b) 

the induced fit and conformational selection models. 

 

When [L] ≫ [P] in the experiment, the concentration of the ligand is considered constant and 

pseudo first order rate kinetics are assumed for the respective ligand binding step of both the 

induced fit and conformational selection model.[110] Thus, the mechanistic pathways can be 
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sufficiently described with two rate equations when considering the mass conservation 

relationships [P]0 = [P] + [PL] + [P*L] or [L]0 = [L] + [PL] + [P*L] with [P]0 as total protein 

concentration and [P], [L], [PL] and [P*L] as the concentrations of protein, ligand and protein 

ligand complex at a given time t. 

For the induced fit model, the rate equations 

−
d[P]

dt
= kon[L][P] − koff[PL] (1) 

and 

−
d[P*L]

dt
= k-r[P*L] − kr[PL] (2) 

 

are devised. The rate constants kon and koff refer to the ligand association and dissociation 

process, respectively. kr and k-r designate the rates of conformational change in the protein 

(Figure 34b). As the relaxation of the system to the equilibrium is monitored, the relationships 

between the concentrations of a species [P], [PL] or [P*L], respectively, at a given time t and 

in the equilibrium is defined as 

[P] = [P]
e

+ ∆[P], (3) 

[PL] = [PL]
e

+ ∆[PL], (4) 

[P*L] = [P*L]
e

+ ∆[P*L]. (5) 

 

where the subscripted e refers to the concentration of the respective species in the equilibrium 

state and Δ indicates the deviation from equilibrium. When considering and Δ[P] + Δ[PL] + 

Δ[P*L] = 0 due to mass conservation and kon [L][P]e = koff [PL]e, equations (1) and (2) are 

expressed as 

−
d∆[P]

dt
= (kon[L] + koff)∆[P] + koff∆[P*L] (6) 

and  

−
d∆[P*L]

dt
= kr∆[P] + (kr + k-r)∆[P*L] (7) 

 

or in the form of the matrix 
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(
−
d∆[P]

dt

−
d∆[P*L]

dt

) = (
(kon[L] + koff) koff

kr (kr + k-r)
) (

∆[P]

∆[P*L]
). 

The non-zero eigenvalues λ of the matrix can be determined with 

0 = (kon[L] + koff − λ)(kr + k-r − λ) − (krkoff) (8) 
 

which transforms to a quadratic equation with the solutions 

λ1,2 =
1

2
((kon[L] + koff + kr + k-r)

± √(kon[L] + koff + kr + k-r)2 − 4(kon[L]k-r + kon[L]kr + koffk-r)) 

(9) 

 

with λ  corresponding to the observed rate constant kobs, with which the system relaxes to 

equilibrium. When applying the so-called rapid equilibrium approximation, which states that 

the bimolecular ligand binding step is much faster than the protein isomerization, i. e. kon[L] +

koff ≫ kr + k-r, equation (9) simplifies to 

λ1 = kobs,1 = kon[L] + koff (10) 
 

for the larger kobs and to 

λ2 = kobs,2 = kr

kon[L]

koff + kon[L]
+ k-r (11) 

 

for the smaller kobs when approximating the term under the square root according to √1 − x ≈

1 −
𝑥

2
 for x ≪ 1.[110-111] 

The conformational selection model can be treated accordingly. The two necessary rate 

equations to describe the system are 

−
d[P]

dt
= kr[P] − k-r[P*] 

and 

(12) 

−
d[P*L]

dt
= koff[P*L] − kon[L][P*]. (13) 

 

Equations (12) and (13) are modified again with equations (3) − (5) to give the matrix 
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(
−
d∆[P]

dt

−
d∆[P*L]

dt

) = (
(kr + k-r) k-r

kon[L] (kon[L] + koff)
) (

∆[P]

∆[P*L]
). 

The non-zero eigenvalues of this matrix are determined as 

λ1,2 =
1

2
((kon[L] + koff + kr + k-r)

± √(kon[L] + koff + kr + k-r)2 − 4(kon[L]koff + koffkr + koffk-r)) . 

(14) 

 

Applying the rapid equilibrium approximation yields 

λ1 = kobs,1 = kon[L] + koff (15) 
 

and 

λ2 = kobs,2 = kr

koff

koff + kon[L]
+ k-r (16) 

 

as the rate constants for the relaxation to equilibrium in case of conformational selection.[110-

111] 

The larger kobs,1 values defined by equations (10) and (15) are identical for both the induced fit 

and the conformational selection model under the rapid equilibrium approximation. They 

describe the fast-equilibrating ligand-binding step and indeed are also identical to the equation 

for a rate constant of an isolated bimolecular reaction under pseudo-first order conditions such 

as the lock and key model (Figure 34).[110, 112] However, the contribution of this fast kinetic 

process to the overall relaxation is often hardly detectable by standard measurement techniques. 

The smaller kobs,2 values defined by equations (11) and (16), on the other hand, are characteristic 

for induced fit or conformational selection, respectively, when the rapid equilibrium 

approximation is valid. The kobs,2 values are accessible from experimental data as the slope of a 

plot of ln(∆[P*L]) versus t. This relation is derived from the solution of the rate equations (2) 

and (13), which have the general shape 

∆[P*L] = A1e
−kobs,1t + A2e

−kobs,2t 
(17) 
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with constants A1 and A2 reflecting the respective boundary conditions.[110] Since kobs,1 ≫ kobs,2 

as a result of the rapid equilibrium approximation, the first term of equation (17) is negligible. 

The corresponding linearization of this exponential equation, which is valid up to 10% from 

equilibrium, is given as 

ln(∆[P*L]) = −kobs,2t+ ln(A2). (18) 

With the help of equation (18), kobs,2 values for the relaxation to equilibrium of a system can be 

determined for several concentrations of the ligand. Subsequently, these kobs,2 values are plotted 

as a function of ligand concentration [L]. For induced fit, such a plot of kobs,2 (equation (10)) 

increases hyperbolically with [L] with the asymptotic values of k-r for [L]  0 and kr + k-r for 

[L]  ∞ (Figure 35a). On the other hand, for conformational selection a plot of kobs,2 

(equation ((15))) as a function of ligand concentration yields an inverse hyperbola decreasing 

with increasing [L] with the asymptotic values of kr + k-r for [L]  0 and k-r for [L]  ∞ (Figure 

35b).[112] In both cases, the focus of the hyperbola gives the dissociation constant Kd = Ka
−1. 

Hence, the dependence of kobs,2 is indicative of whether the system follows the induced fit or 

the conformational selection model when the ligand association step is by far faster than the 

conformational changes in the protein. 
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Figure 35. Representative plots for kobs as a function of ligand concentration for (a) the induced fit and (b) the conformational 

selection model when the rapid equilibrium approximation is valid.[112] 

 

Such differentiation becomes difficult, however, when the structural rearrangement of the 

protein is not the rate-determining step. For induced fit, kobs,2 always increases as a function of 

[L]. Yet for conformational selection, such a plot can both decrease or increase depending on 

the relationships between the respective rate constants. Furthermore, the physical meanings of 

the asymptotes change. In other words, when kobs,2 increases together with [L], conformational 
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selection can unambiguously be assumed. For the inverse case, a mechanistic assignment is not 

easily possible.[111b, 112-113] Moreover, it has to be noted that induced fit and conformational 

selection represent two limiting cases of ligand binding. The actual reality of ligand binding by 

proteins is by far more complex than the schematic representation in Figure 34b. For example, 

a binding event according to the conformational selection pathway may be followed by another 

structural adjustment of the protein ligand complex.[114] Additionally, induced fit and 

conformational selection are not necessarily mutually exclusive for a certain system. What 

mechanistic pathway the recognition event follows is mainly dependent on the ratio of rate 

constants for each step depicted in Figure 34b. Indeed, the mechanism of some systems can 

change from mainly conformational selection to mainly induced fit for high ligand 

concentration.[115] 

Supramolecular host-guest chemistry has always been inspired by the selectivity and efficacy 

of substrate enzyme recognition. Like for proteins, structural rearrangements aiming for a more 

effective inclusion of a guest molecule is frequently observed for supramolecular hosts.[102, 116] 

The mechanistic duality between induced fit and conformational selection in a supramolecular 

system, however, has only recently been investigated with detailed kinetic studies by the groups 

of Bergman, Raymond and Toste.[116f] The free metallosupramolecular host 39 consisting of 

four Ga corners and four trianiline-linkers can adopt either a tetrahedral or a distorted 

conformation of S4 symmetry (Figure 36a). Upon guest binding, the tetrahedral conformation 

is stabilized. The approach to guest encapsulation equilibrium of host 39 and NEt4I was 

monitored by time-dependent 1H NMR spectroscopy for different concentrations of NEt4I 

showing decreasing relaxation rates kobs with higher guest concentrations. Hence, guest 

recognition of host 39 occurs by conformational selection (Figure 36b). 

 

Figure 36. Schematic representations of (a) metallosupramolecular host 39 and (b) the mechanistic duality of induced fit (IF) 

and conformational selection (CS) for host 39 and guest NEt4
+.[116f] 
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The group of Akine transferred the problem of induced fit vs. conformational selection, i.e. 

whether guest binding or host isomerization occurs first, to whether guest binding or ligand 

exchange reactions is faster for a cobalt(III) metallohost 40 (Figure 37a).[117] In methanol, host 

40 both accommodates a guest cation in its 18-crown-6-like cavity and an exchange of the axial 

piperidine groups for a methoxo ligand occurs. Kinetic studies, which are similar to experiments 

for the differentiation between induced fit and conformational selection, were performed to 

determine in which order these steps take place. It was shown that the solvolytic ligand 

exchange was accelerated in the presence of Na+ guest for both low and high amounts of Na+ 

due to the coordination of solvent molecules to the alkali ion guest. As the ligand exchange, i. 

e. the step analogous to host isomerization, is the rate-determining step, the rapid equilibrium 

approximation is valid and it can be concluded that host binding precedes ligand exchange. 

However, kinetic studies with one equivalent of K+ and Rb+ as guests, respectively, suggested 

that for these alkali metal ions the ligand exchange occurs prior to guest recognition, i. e. the 

reaction first mechanism is observed under these conditions. Thus, cobalt(III) metallohost 40 

represents an example for which the recognition pathway can be switched by variation of the 

cationic guests and their amount. 

 

 

Figure 37. (a) Chemical structure of host 40 and schematic representation of its reactive sites. (b) Schematic illustration of the 

metal ion-dependent switch between the mechanisms recognition first and reaction first. Adapted with permission from 

Ref. [117]. Copyright 2019 The American Chemical Society. 
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Chapter 3 

 

Results and Discussion 

 

3.1 Synthesis 

The target molecules, the macrocyclic dimers [2PBI]-1m and [2PBI]-1p as well as their 

reference monomers ref-PBI-1m and ref-PBI-1p were synthesized in a in a multistep approach 

according to the routes depicted in Scheme 1. In the first step, N,N′-dibutyl-1,6,7,12-

tetrachloro-3,4:9,10-tetracarboxylic acid perylene bisimide[118] (41) was reacted with 4-

iodophenole or 3-iodophenole in N-methylpyrrolidone (NMP) at 110 °C for 18 h to give 

literature-known PBI 42p[119] and the new PBI derivative 42m, respectively. In the next step, 

triisopropylsilyl (TIPS)-protected acetylene functionalities were introduced by Sonogashira 

coupling at the iodine atoms of the aryloxy substituents in the bay position.[120] The following 

saponification of the imide groups of 43m and p with potassium hydroxide (KOH) in tert-

butanol at 110 °C gave perylene bisanhydrides (PBA) 44m and p. Subsequent imidization of 

PBAs 44m and p with para-xylylenediamine according to Peter Spenst’s procedure,[30a] in 

which the solvent toluene presumably templates the formation of cyclic PBI dimers, afforded 

the cyclophanes [2PBI]-4m and p in yields of 15%. Cleavage of the TIPS protecting groups of 

this precursor with tetra-n-butylammonium fluoride (TBAF) gave the instable intermediates 

[2PBI]-4m and p. Immediate Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC)[121] with 

OEG azide 45 using CuOAc as catalyst and tris(benzyltriazolylmethyl)amine (TBTA) as 

ligand[122] to stabilize the Cu(I) oxidation state gave [2PBI]-1m in the yield 50% and [2PBI]-1p 

in the yield of 75%. The reduced yield for the meta-cyclophane when compared to the para-

cyclophane might be explained by the different orientation of the acetylene groups of the 

regioisomers. Close proximity of these Cu(I)-coordinating groups was reported to cause the 

removal of the CuAAC catalyst from the solution and thus impedes the reaction.[123] 
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Scheme 1. Syntheses of (a) the target molecules of this work, the macrocyclic PBI dimers [2PBI]-1m and p and (b) the 

reference monomers ref-PBI-1m and p. 

 

The respective water-soluble reference monomers ref-PBI-1m and p (Scheme 1b) were 

prepared in analogous fashion starting from PBAs 44m or p. Imidization of the PBAs with 

benzyl amine in a solvent mixture of toluene and imidazole gave PBIs 46m and p in yields of 

65% and 90%, respectively. Deprotection of the TIPS groups with TBAF resulted in the instable 

intermediates 47m and p which were immediately converted to ref-PBI-1m and p by CuAAC 

with azide 45. Like in the case of the water-soluble cyclophanes [2PBI]-1m and p, a higher 
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yield of 75% was obtained for the para-substituted derivative ref-PBI-1p when compared to 

the yield of 45% for meta-functionalized ref-PBI-1m. 

OEG azide 45, which is used as a coupling partner in the final CuAAC, was prepared by 

tosylation of the literature known branched OEG precursor 48[124] to OEG derivative 49 and 

subsequent nucleophilic substitution with NaN3 (Scheme 2). 

 

Scheme 2. Synthesis of glycerol azide 45. 
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3.2 A Water-Soluble Perylene Bisimide Cyclophane as a 

Molecular Probe for the Recognition of Aromatic Alkaloids 

 

 

 

Abstract.1 Here we report a water-soluble macrocyclic host based on perylene bisimide (PBI) 

chromophores which recognizes natural aromatic alkaloids in aqueous media by intercalating 

them into its hydrophobic cavity. The host-guest binding properties of our newly designed 

receptor with several alkaloids were studied by UV-vis and fluorescence titration experiments 

as the optical properties of the chromophoric host change significantly upon complexation of 

guests. Structural information on the host-guest complexes was obtained by 1D and 2D NMR 

spectroscopy and molecular modelling. Our studies reveal a structure binding-property 

relationship for a series of structurally diverse aromatic alkaloids with the new receptor and 

higher binding affinity for the class of harmala alkaloids. To our knowledge, this is the first 

example of a chromophoric macrocyclic host employed as a molecular probe for the recognition 

of aromatic alkaloids. 

 

3.2.1 Introduction 

About fifty years ago, the discovery of cation complexation by macrocyclic crown ethers 

marked the beginning of the field of supramolecular chemistry.[7a, 9] Since then encapsulation 

of a broad variety of organic substrates by macrocyclic hosts has been reported[62] and the 

research focus in this field has shifted towards water-soluble artificial receptors[125] due to their 

                                                 
1 This chapter has been published: M. Sapotta, A. Hofmann, D. Bialas, F. Würthner, Angew. Chem. Int. Ed. 2019, 58, 3516 – 

3520. 
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promising pharmaceutical and medical applications.[15] In this regard cyclodextrins and 

cucurbiturils as well as hydrophilic pillararenes and calixarenes evolved as universal hosts for 

the complexation of drugs, vitamins, fragrances, and other desirable guest molecules.[16-19, 71] 

For other applications, however, e.g. the detection and analysis of biomolecules, selectivity 

towards a specific analyte is required.[74d, 126] This holds in particular true for so-called 

molecular probes which, in addition to a high selectivity for the recognition of specific guest 

molecules, are required to show a specific response to the respective analyte such as a change 

in absorbance or fluorescence.[25, 127] Towards this goal, among macrocyclic receptors the class 

of cyclophanes appears to be highly promising. By additionally employing π-π- and C−H-π-

interactions for guest encapsulation, cyclophanes are suitable hosts not only for biologically 

important aromatic molecules such as certain amino acids,[24] nucleotides,[20a, 25] the 

neurotransmitters epinephrine or dopamine,[26] but also for carbohydrates[128] in water. 

However, the design of cyclophanes which possess larger cavities and are composed of dyes 

remains challenging.[25, 129] For instance, only recently Stoddart and co-workers have 

accomplished the extension of their famous viologen-based cyclophanes (“blue box”)[130] by 

additional phenyl units to achieve the encapsulation of larger π-systems such as tetracene or 

corannulene.[14c] Likewise, our efforts to synthesize cyclophanes based on the large and strongly 

aggregating perylene bisimide (PBI) fluorophores[28] only recently succeeded in the 

complexation of a variety of polycyclic aromatic hydrocarbons (PAHs) in organic solvents.[30a] 

Here we report on the refinement of this PBI cyclophane with hydrophilic oligoethylene glycol 

(OEG) groups to afford the first water-soluble macrocyclic PBI host [2PBI]-1p (Figure 38a) 

and demonstrate its successful application as a synthetic receptor for the aromatic alkaloids 

harmine and berberine. Alkaloids are a prominent class of ubiquitous nitrogen containing 

natural compounds with a great structural variety and diverse biological activity.[32b] Thus, 

comparable to the demonstration of the power of synthetic methodologies by successful natural 

product synthesis,[131] complexation of alkaloid natural products illustrates the advancement in 

supramolecular host design. Whereas the rather unspecific complexation of aromatic alkaloids 

in water by cyclodextrins and cucurbiturils as well as calixarene derivatives were already 

reported,[100, 104d] to the best of our knowledge [2PBI]-1p is the first chromophore-based 

macrocyclic host that monitors aromatic alkaloids by specific host-guest binding and 

concomitant changes in the optical properties of the host thus resembling a molecular probe. 
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3.2.2 Optical Properties of [2PBI]-1p 

The newly designed macrocyclic receptor [2PBI]-1p was synthesized in a multistep approach 

according to the route depicted in Scheme 1. The synthetic details and characterization of 

[2PBI]-1p and all unknown intermediates are provided in the Experimental Section 

(Chapter 6.2). The alkaloid guests G1 – G10 (Figure 38b) used in this work are either 

commercially available or were prepared according to literature (see Chapter 6.1). 

 

Figure 38. (a) Chemical structures of the newly developed receptor [2PBI]-1p and the monomeric reference compound ref-

PBI-1p, and (b) of the investigated alkaloid guests G1 – G10. 

 

The optical properties of cyclophane [2PBI]-1p were investigated by UV-vis and fluorescence 

spectroscopy in different solvents (see Figure A1 in the Appendix I, Chapter 3.2.7). In CHCl3, 

the absorption spectrum of [2PBI]-1p shows a regular vibronic progression with maxima at 

581 and 542 nm and a ratio of the 0−0 and 0−1 vibronic transitions (A0,0/A0,1) of 1.27. In 

comparison, the A0,0/A0,1 ratio of the monomeric reference ref-PBI-1p with benzyl groups in 

the imide positions is 1.65 in the same solvent (Figure A2). Since the A0,0/A0,1 ratio is generally 

known to decrease significantly upon interchromophoric interaction in PBI cyclophanes[30, 132] 

and folda-dimers bearing rigid spacers,[133] it can be concluded that there is a considerable 

electronic coupling between the PBI subunits of [2PBI]-1p, compared to the respective 
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monomeric chromophore, yet the close contact to form a dimer aggregate is prohibited by the 

rigid xylylene spacer. [2PBI]-1p exhibits a fluorescence quantum yield (Φfl) of 8 % in CHCl3, 

which is markedly lower than that for the previously reported para-xylylene-bridged PBI 

cyclophane ([2PBI]-2, see Chapter 2.1) bearing tert-butylphenoxy substituents in the bay 

positions (Φfl = 16 % in CHCl3).
[30a] 

In H2O, the absorption spectrum of [2PBI]-1p shows a slight redshift of 15 nm when compared 

to the spectrum in CHCl3 and a considerable decrease in intensity of about 20 % which are 

known trends for PBIs in aqueous environment.[28, 31b] In H2O, cyclophane [2PBI]-1p is 

virtually non-fluorescent (< 0.1%). Self-aggregation of [2PBI]-1p in H2O is considered 

negligible as the spectral features in organic and aqueous media are similar to each other and 

as the concentration-dependent UV-vis spectra in H2O are identical (Figure A3). Additionally, 

with regard to the host/guest titration studies, the absorption and emission spectra of [2PBI]-1p 

were measured in a mixture of H2O/CH3CN (1/1 vol%) and in pure CH3CN. In these solvents 

the absorption spectra are nearly identical and the absorption maxima are a bit blue shifted 

(21 nm) compared to that in pure H2O. The fluorescence quantum yield of [2PBI]-1p in the 

polar environments of CH3CN as well as H2O/CH3CN is ~ 0.4 %. 

 

3.2.3 Host-Guest Binding Studies of [2PBI]-1p with Aromatic Alkaloids 

Host-guest binding studies of receptor [2PBI]-1p with the aromatic alkaloids G1 – G10 (Figure 

38b) were performed in a solvent mixture of H2O/CH3CN (1/1 vol%). The advantage of this 

solvent system is the presence of a sufficiently strong emission which allowed fluorescence 

titration experiments. 2  Thus, we were able to determine the binding constants by two 

independent spectroscopic methods, UV-vis absorption and fluorescence, in order to obtain 

more credible data. All investigated alkaloids were used as salts for better solubility and 

stability in the applied solvent mixture. First, we have studied the harmala alkaloid harmine 

(G1) as a prime example. Upon addition of harmine hydrochloride to a solution of [2PBI]-1p 

in H2O/CH3CN (1/1), distinct changes in the absorption spectrum of the host are visible (Figure 

39a). The decrease in intensity with increasing amount of G1 in the region of the PBI S0-S1 

transition is accompanied by a slight shift of the maxima from 575 nm and 539 nm to 577 nm 

and 540 nm, respectively. Also the A0,0/A0,1 ratio increased from 1.20 to 1.25 upon addition of 

                                                 
2 In pure H2O, a reliable data evaluation of our host/guest titration experiments was unfortunately not possible. 
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G1 indicating a disruption of the interchromophoric interaction between the PBI subunits of the 

host.  
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Figure 39. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G1 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration fitting with a 1:1 host guest binding 

model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host guest complex. 

 

These observations suggest the formation of a host/guest complex between [2PBI]-1p and G1 

by intercalation of the aromatic alkaloid between the PBI π-surfaces of the host. The Benesi-

Hildebrand plot[134] of the UV-vis titration data confirms a 1:1 stoichiometry of the host-guest 

complex G1⊂[2PBI]-1p (Figure 39c, inset). Correspondingly, the evaluation of the UV-vis 

titration data with a 1:1 binding model (see Experimental Section)[135] gave an association 

constant of Ka = 7.0 × 103 L mol−1 (Table 1). 3  A control titration experiment with the 

monomeric reference ref-PBI-1p in the same solvent mixture did not show any changes of the 

UV-vis spectrum of ref-PBI-1p upon addition of up to 1000 equivalents (eq.) of alkaloid G1 

(Figure A5). This corroborates our conclusion that the observed alterations in the absorption 

spectra of cyclophane [2PBI]-1p in the presence of G1 are indeed due to complexation of the 

                                                 
3 To exclude any influence of possible protonation eqilibria of the alklaoid guest on complex formation, control experiments 

were performed with [2PBI]-1p and G1 in phosphate buffer (pH = 6.5). Yet the results did not differ significantly from those 

obtained in unbuffered H2O/CH3CN solution (Ka = 8.3 × 103 L mol−1, see Figure A4). 
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guest molecule within the cavity, and not due to π-π-stacking of the aromatic alkaloid to the 

outside of the PBI macrocycle. 

The recognition of G1 by [2PBI]-1p could also be followed by fluorescence titration as strong 

quenching of the host emission was observed upon addition of the guest (Figure 39b, d). On the 

basis of our previously reported studies,[30a] the observed decrease in the fluorescence intensity 

can be explained in terms of a charge transfer complex formed by encapsulation of the electron-

rich aromatic alkaloid G1 in the cavity of the electron-poor PBI cyclophane. Evaluation of the 

fluorescence titration experiments gave comparable results to the UV-vis titrations in terms of 

the 1:1-stoichiometry of the host-guest complex and association constant (Ka = 

7.6 × 103 L mol−1). 

Table 1. Comparison of the association constants Ka of G1 – G10 with [2PBI]-1p (c0 = 1 × 10−5 mol L−1) as determined based 

on UV-vis and fluorescence titration in H2O/CH3CN (1/1) at 295 K. 

Guest Ka
UV-vis  [L mol−1] Ka

fl  [L mol−1] Ø (Ka) [L mol−1][a] − ΔG0 [kJ mol−1][b] 

G1 (7.0 ± 0.05) × 103 (7.6 ± 0.03) × 103 7.3 × 103 21.8 

G1* (8.2 ± 0.10) × 103 (7.2 ± 0.05) × 103 7.7 × 103 21.9 

G2 (2.5 ± 0.01) × 103 (2.2 ± 0.01) × 103 2.4 × 103 19.1 

G3 (1.7 ± 0.01) × 103 (1.5 ± 0.01) × 103 1.6 × 103 18.1 

G4 (1.2 ± 0.01) × 103 (1.2 ± 0.01) × 103 1.2 × 103 17.4 

G5 25.2 ± 0.83 19.6 ± 0.15 22.4 7.63 

G6 (8.4 ± 0.04) × 103 (7.1 ± 0.03) × 103 7.8 × 103 22.0 

G7 ―[c] 21.6 ± 0.30 21.6 7.54 

G8 < 5 ―[c] < 5 < 4 

G9 ―[d] ―[d] ― ― 

G10 ―[d] ―[d] ― ― 

[a] Average from UV-vis and fluorescence titration experiments. [b] Gibbs free energies of complexation ΔG0 determined from 

Ø (Ka) according to ΔG0 = − RT ln(Ka). [c] Reliable evaluation of data was not possible due to negligible spectral changes. [d] 

No binding. 

 

We have continued our studies with the harmine derivative 2-methyl harmine iodide (G2) and 

harmol hydrochloride (G3), the harmala alkaloid harmaline hydrochloride (G4) and the amino 

acid derivative (S)-tryptophan methyl ester hydrochloride (G5), the latter as a model compound 

for the biosynthetic precursor of the important class of harmala alkaloids.[136] In addition, the 

study includes other naturally occurring alkaloids such as berberine chloride (G6), papaverine 

hydrochloride (G7), quinine hydrochloride (G8), vincamine hydrochloride (G9) and 



 

Chapter 3 
 

Results and Discussion 
 

 

48 

 

tetrahydropalmatine hydrochloride (G10) to explore a structure-binding property relationship. 

The UV-vis and fluorescence titration experiments with these alkaloids are shown in Figure A6 

− Figure A13. A 1:1 stoichiometry of the host-guest complexes was confirmed by Benesi-

Hildebrand plots for all of these guests. Accordingly, the association constants were determined 

by fitting the titration data with a 1:1 binding model and the estimated binding constants are 

summarized in Table 1. 

 

3.2.4 Structure Binding-Property Relationship 

In the series of structurally related guests G1 − G5 the stability of the host-guest complexes 

decreases from the strongest binder G1 (Ka = 7.3 × 103 L mol−1, averaged value) over the 

moderate substrates G2 (Ka = 2.4 × 103 L mol−1), G3 (Ka = 1.6 × 103 L mol−1) and G4 (Ka = 

1.2 × 103 L mol−1) to the weakest binder G5 (Ka = 22.4 L mol−1). The lowered association 

constant for G2 compared to G1 can be ascribed to steric effects of the additional methyl group 

at the 2-position which results in a reduced π-π-interaction between the binding partners in the 

complex. G4 with a dihydropyridine ring also shows a reduced binding constant when 

compared to G1. This can be attributed to the smaller π-scaffold of G4 (two fully conjugated 

rings) compared to G1 and the increased steric demand of the sp3 carbons in its 3- and 4-

positions in contrast to the sp2 carbons of G1. The declined binding constant of G3 when 

compared to G1 might be due to the solvation of the hydroxyl group. Tryptophan derivative 

G5 is a very poor binder indicating that the annulation to the full β-carboline scaffold is 

necessary for an enhanced association constant with the receptor [2PBI]-1p. The binding 

propensity of the isoquinoline containing alkaloid G6 (Ka = 7.8 × 103 L mol−1) is as strong as 

for the indole alkaloid harmine (G1), while papaverine hydrochloride (G7) shows only a very 

weak (21.6 L mol−1) and quinine hydrochloride (G8) a negligible interaction (< 5 L mol−1). 

Vincamine (G9) and tetrahydropalmatine (G10), on the other hand, do not show any 

recognizable binding affinity. The poor binding affinities of G4 and G7 – G10 can be ascribed, 

on the one hand, to a small π-scaffold of these guests with only up to two fused aromatic rings 

and, on the other hand, to steric hindrance as they contain bulky units. 

To assess whether different counter ions have any influence on the binding propensity, harmine 

HI (G1*) in comparison to harmine HCl (G1) was investigated as well (Figure A14). Since the 

association constants of G1* and G1 are almost identical, it can be concluded that different 
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counter ions have no considerable effect on the host-guest binding of the alkaloids with 

[2PBI]-1p. 

3.2.5 Structural Elucidation 

To gain some insight into the structural features of the host-guest complexes, we have 

performed 1D and 2D 1H NMR spectroscopic studies. NMR spectra were recorded in 

D2O/CD3CN (1/1 vol%) at 340 K to obtain intense and well resolved signals of [2PBI]-1. 

Harmine HCl (G1) was used as a guest since it showed a strong binding with the host. Upon 

addition of G1 only the mean signals of free host, free guest and the complex are observed due 

to fast exchange taking place under the applied conditions. The signals of [2PBI]-1p show 

distinct changes in chemical shifts. This is seen most clearly for the aromatic linker protons 

(Figure 40a, signal b), which are shifted downfield from 7.17 ppm for the free host to 7.44 ppm 

after the addition of 20 equivalents of G1, and for the triazole protons (signal e), which are 

moved upfield from 7.80 to 7.69 ppm. These relocations are attributed to (de)shielding effects 

caused by the proximity of the guest to these protons in the host-guest complex. In addition, all 

protons of G1 experience chemical shielding (upfield shift) to varying extents upon 

complexation with the host as can be seen by comparing the NMR spectra after the addition of 

1 equivalent (eq.) and 20 eq. of G1, when almost all of G1 is bound or free, respectively. The 

largest shifts are found for the protons in the 5 and 6 positions of G1 as well as for the CH3 

group at the 1-position of the β-carboline scaffold. 

The binding mode of G1 to the receptor [2PBI]-1p was elucidated by 1H, 1H NMR NOESY 

experiments in D2O/CD3CN (1/1) at 340 K (Figure 40b). Correlations between the host and 

aromatic guest protons are not observed (Figure A15). However, cross peaks between the 

phenyl spacer protons (b) of [2PBI]-1p and the CH3 (Figure 40b, cross signal i) as well as the 

OCH3 group of G1 (cross signal ii) show the spatial proximity of these subunits in the host-

guest complex. These findings prove once again that the alkaloid is indeed located inside of 

[2PBI]-1p. Alternative binding modes such as stacking of the guest on top of the chromophore 

scaffold of the host cannot give rise to cross signals to the aromatic linker protons of the host. 

Entanglement of the alkaloid hydrochloride by the OEG chains of the host, on the other hand, 

should generate additional correlations to the protons of the ethylene bridges which are, 

however, not observed. Based on the observed NOESY signals, the structure of the complex 

G1⊂[2PBI]-1p was modelled using the PM7 method (Figure 40c). The CH3 and OCH3 groups 

of guest G1 are located next to the xylylene linkers of [2PBI]-1p on opposite sides of the host’s 
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portal. That means, the aromatic G1 immerges into the hydrophobic cavity of [2PBI]-1p with 

a parallel orientation to the long axes of the PBI subunits. This orientation may explain the lack 

of NOESY correlations for the aromatic protons (3, 4, 5, and 6) of G1 as they are located within 

the cavity where no host protons are oriented to. This binding mode also explains why protons 

5 and 6 of G1 are the most upfield shifted in the NMR titration as they are deeply buried in the 

host’s interior.  

 

Figure 40. (a) 1H NMR titration (400 MHz, 340 K) of [2PBI]-1p (c0 = 5.0 × 10−4 mol L−1) with G1 in D2O/CD3CN (1/1 vol%). 

(b) Excerpt of the 1H, 1H NOESY NMR spectrum (600 MHz, 340 K) of [2PBI]-1p (c0 = 5.0 × 10−4 mol L−1) with G1 in 

D2O/CD3CN (1/1 vol %). (c) Front (left) and top view (right) of the proposed structure of the complex G1⊂[2PBI]-1p modelled 

using the PM7 method. The curved arrows indicate the close proximity of protons giving rise to NOESY cross signals. The 

bay substituents of [2PBI]-1p are omitted for clarity. The full spectra of the complex and of free [2PBI]-1p are shown in the 

Figure A15 and Figure A16. 

 

This proposed orientation of G1, especially with regard to the location of the CH3 and OCH3 

substituents on the same side of the cavity, is further confirmed by the 1H, 1H NMR NOESY 

spectrum of the complex of [2PBI]-1p with 2-methyl harmine iodide (G2) (Figure A 17, Figure 

A18). According to the proposed structural model, the increased sterical demand in the 2-

position of the β-carboline scaffold of G2 should force this position out of the host interior 

resulting in a displacement of the CH3 group in the 1-postion away from the xylylene wall. 
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However, the distance between the OCH3 group in the 7-position of G2 and the host xylylene 

linker should remain mostly unaffected by this structural modification of guest G2. Indeed, the 

1H, 1H NMR NOESY spectrum of G2⊂[2PBI]-1p still shows the correlation of the spacer 

protons to OCH3 but not to the CH3 group in the 1-postion (Figure A18). In its place a new 

cross peak between NCH3 of G2 in the 2-postion and the linker protons of [2PBI]-1p can be 

seen. Hence, the overall overlap between the π-surfaces of host and guest is decreased which 

leads to a smaller binding constant for G2 as compared to G1. 

 

3.2.6 Conclusion 

In summary, we accomplished the synthesis of a water-soluble PBI cyclophane supramolecular 

host [2PBI]-1p. This new synthetic receptor recognizes various natural aromatic alkaloids such 

as harmine, harmaline or berberine with good binding affinities. For efficient binding of 

alkaloids to the receptor three conjugated rings are beneficial and large substituents in alkaloids 

diminish the binding affinity. To our knowledge, [2PBI]-1p is the very first example of a 

chromophoric receptor that can be used for the recognition of aromatic alkaloids in aqueous 

media. Thus, our present study may encourage further research to develop more unique 

chromophore-based receptors for the detection and analysis of alkaloids. 
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3.2.7 Appendix I 
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Figure A1. Solvent-dependent UV-vis (c = 1 × 10−5 L mol −1) and fluorescence (c = 7 × 10−7 L mol −1, λex = 530 nm) spectra of 

[2PBI]-1p at 295 K. Fluorescence spectra are normalized to the corresponding UV-vis spectra. 
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Figure A2. Solvent dependent UV-vis (c = 2 × 10−5 L mol −1) and fluorescence (c = 1 × 10−6 L mol −1, λex = 530 nm) spectra of 

monomeric reference ref-PBI-1p at 295 K. Fluorescence spectra are normalized to the corresponding UV-vis spectra. 
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Figure A3. Concentration dependent UV-vis spectra of [2PBI]-1p in H2O at 295 K. 
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Host-Guest Binding Studies 
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Figure A4. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G1 in 

H2O/CH3CN (1/1 vol%) and phosphate buffer (pH = 6.5) at 295 K. Arrows indicate changes upon increasing guest 

concentration. (c) Plots of UV-vis (540 nm) and (d) fluorescence (620 nm) titration data points as a function of guest 

concentration and fitting with a 1:1 binding model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-

guest complex. Ka (UV) = 8.4 × 103 mol L−1; Ka (fl) = 8.1 × 103 L mol−1, Ø (Ka) = 8.3 × 103 mol L−1; − ΔG0 = 22.1 kJ mol−1. 
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Figure A5. (a) UV-vis spectrum of reference ref-PBI-1p (c0 = 1 × 10−5 mol L−1) in H2O/CH3CN (1/1 vol%) upon addition of 

G1 at 295 K. (b) Cross section at 573 nm. 
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Figure A6. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G2 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 binding model; 

insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A7. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G3 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 binding model; 

insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A8. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G4 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 binding model; 

insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A9. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G5 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 binding model; 

insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A10. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G6 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 binding model; 

insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A11. (a) Fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G7 in H2O/CH3CN (1/1 vol%) 

at 295 K. Arrows indicate changes upon increasing guest concentration. (b) Plot of the fluorescence (620 nm) titration data 

points with a 1:1 binding model fit; inset: Benesi-Hildebrand plot showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A12. (a) UV-vis titration of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G7 in H2O/CH3CN (1/1 vol%) at 295 K. Arrows 

indicate changes upon increasing guest concentration. (b) UV-vis titration (540 nm) data points with a 1:1 binding model fit; 

inset: Benesi-Hildebrand plot a 1:1 stoichiometry of the host-guest complex. 
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Figure A13. UV-vis spectra of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with (a) G9 and (b) G10 in H2O/CH3CN (1/1 vol%) at 295 K. 

No spectral changes indicating complexation were observed. 
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Figure A14. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1p (c0 = 1 × 10−5 mol L−1) with G1* in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 binding model; 

insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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2D NMR Spectra 

 

Figure A15. Full 1H,1H NOESY NMR spectrum (600 MHz, 340 K) of [2PBI]-1p (c = 5.0 × 10−4 mol L−1) in the presence of 

G1 (c = 7.5 × 10−3 mol L−1) in D2O/CD3CN (1/1 vol%). For assignment of signals see Figure 40. 
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Figure A16. 1H,1H NOESY NMR spectrum (600 MHz, 340 K) of free [2PBI]-1p (c = 5.0 × 10−4 mol L−1) in D2O/CD3CN 

(1/1 vol%). For assignment of signals see Figure 40. 
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Figure A 17. Full 1H,1H NOESY NMR spectrum (600 MHz, 340 K) of [2PBI]-1p (c = 5.0 × 10−4 mol L−1) upon complexation 

with G2 (c = 7.5 × 10−3 mol L−1) in D2O/CD3CN (1/1 vol%) 

 

 

Figure A18. (a) Excerpt of the 2D spectrum with cross signals between G2 and linker protons of [2PBI]-1p. For assignment 

of signals of [2PBI]-1p and the β-carboline scaffold see Figure 40. (b) Modelled structure of G2⊂[2PBI]-1p as calculated by 

the PM7 method. The curved arrows indicate the close proximity of protons giving rise to NOESY cross signals. The bay 

substituents of [2PBI]-1p are omitted for clarity.  
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3.3 Entropy-Driven Self-Assembly and Guest-Mediated 

Disassembly of a Perylene Bisimide Cyclophane in Water 

 

 

 

 

Abstract. Here we report on the thermodynamic bias for the self-assembly behavior of a 

perylene bisimide (PBI) cyclophane [2PBI]-1m appended with oligo ethylene glycol chains 

and its reference monomer ref-PBI-1m in aqueous environment. Concentration-dependent UV-

vis studies as well as atomic force microscopy show that both PBIs form supramolecular dimers 

in aqueous solution with a J-type excitonic coupling. Temperature-dependent UV-vis studies 

in water revealed self-assembly of both PBI derivatives yet, interestingly, with opposing 

responses of their supramolecular structures to temperature variation. Upon heating, the 

reference monomer clearly deaggregates whereas enhanced aggregation was observed for the 

cyclophane. These observations unambiguously identify different thermodynamic driving 

forces behind the aggregation processes of the two structurally related PBI derivatives in water. 

Indeed, self-assembly of the reference monomer is enthalpy-driven whereas that of the PBI 

cyclophane is entropy-driven as confirmed by thermodynamic data. Our thorough 

investigations suggest different orientations of the solubilizing oligoethylene glycol chains 

around the hydrophobic core of the respective PBI as the possible reason for the observed 

inversion of the thermodynamic driving force for the PBI monomer and cyclophane. In 

addition, we demonstrate that the uptake of the alkaloid harmine as a guest molecule into the 

cavity of the aggregated PBI cyclophane host triggers its disassembly to monomeric host-guest 

complexes. As the formation of a host-guest complex with the alkaloid out of the dimer 

aggregate is accompanied by a color change from blue to purple, this PBI cyclophane represents 

a potential molecular probe for this class of natural products. 
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3.3.1 Introduction 

Water as the solvent of life plays a pivotal role in directing self-assembly and recognition 

processes in biological systems.[6] The unique properties of this medium, resulting in the self-

sorting phenomenon[43] referred to as the hydrophobic effect,[5] govern the self-assembly of 

lipids into biological membranes,[137] drive folding of peptides into functional proteins[138] or 

control receptor-ligand interactions.[139] Despite the omnipresent involvement of water and the 

hydrophobic effect in virtually all biological processes in living systems, our understanding of 

this effect is still unsatisfactory. 

In this regard, the field of supramolecular chemistry[7a, 7b] is of great assistance and contributes 

invaluable complementary insight into the mysteries of the hydrophobic effect by purposeful 

design of artificial model systems which self-assemble and operate in aqueous solution.[140] 

Indeed, the growing knowledge on self-assembly processes in water increases the prospects for 

the development of promising aqua materials for different applications.[15b, 141] In particular, the 

way water effects thermodynamic driving forces behind self-assembly and recognition is of 

interest. A prominent example for this is the influence of water molecules solvating the cavity 

of macrocyclic hosts on the entropy and enthalpy of host-guest complex formation.[142] 

Our group has recently contributed to the understanding of the delicate balance of the 

thermodynamic driving forces in water by reporting on the self-assembly behavior of an 

amphiphilic perylene bisimide (PBI) dye functionalized at the imide groups with hydrophilic 

oligoethylene glycol (OEG) chains. Interestingly, the aggregation process of this PBI derivative 

is driven by entropy and is enthalpically even disfavored in aqueous media as indicated by 

enhanced self-assembly at elevated temperature.[143] Such a phenomenon, even though it is 

known for the self-assembly of biological systems such as collagen fibrils or β-amyloids,[144] is 

rare for supramolecular systems,[145] which in general tend to aggregate in an enthalpically 

driven manner.[146] Our understanding in thermodynamics of the self-assembly of amphiphilic 

dyes in aqueous solution could be further improved by the very recent investigation of how 

modulation of the OEG chain length contributes to the entropic driving force of the aggregation 

of naphthalene bisimide (NBI) systems.[147] Furthermore, Syamala et al. could demonstrate the 

vital role of back-folding of the OEG-appended imide substituent over the π-core in the 

thermodynamic signature of self-assembly of amphiphilic NBI dyes in water.[147]  

However, all the rylene dyes investigated so fare bear the solubilizing OEG chains in the imide 

position and are monomeric on a molecular level. Moreover, there is no report to date on the 
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self-assembly of macrocyclic PBI dyes in water. In order to gain further insight on the balance 

between entropy and enthalpy for aqueous self-assembly phenomena, we designed the water-

soluble cyclic PBI dimer [2PBI]-1m (Figure 41), which bears the solubilizing OEG groups in 

the bay position, and its reference monomer ref-PBI-m that possesses the same substitution 

pattern like cyclophane [2PBI]-1m but lacks the second chromophore building block. 

Interestingly, our thorough investigation by temperature-dependent UV-vis spectroscopy in 

water revealed a thermodynamic bias in the self-assembly of these two PBI systems despite 

their structural similarities. Reference monomer ref-PBI-m shows a common temperature 

response, i. e. it deaggregates upon heating, indicating an enthalpy-driven self-assembly 

process. In the case of macrocycle [2PBI]-1m, on the other hand, stronger aggregation is 

induced by heating, suggesting an entropically favored self-assembly process which could be 

corroborated by thermodynamic data. Concentration-dependent UV-Vis studies as well as 

atomic force microscopy (AFM) confirmed formation of supramolecular dimers for both PBI 

derivatives, thus ruling out the effect of different aggregation mechanisms as the cause for the 

observed thermodynamic bias. We propose that the extend of back-folding of the OEG-chain 

over the hydrophobic PBI core is the source for the observed thermodynamic bias. 

 

Figure 41. Chemical structures of water-soluble PBI cyclophane [2PBI]-1m and reference monomer ref-PBI-1m as well as 

harmala alkaloid guest harmine hydrochloride (G1). 

 

3.3.2 Solvent-Dependent UV-vis Studies of [2PBI]-1m and ref-PBI-1m 

The synthesis of PBI cyclophane [2PBI]-1m and monomeric reference ref-PBI-1m is 

presented in Chapter 3.1. For experimental details, see Chapter 6. 

The optical properties of PBI cyclophane [2PBI]-1m and reference monomer ref-PBI-1m were 

probed by solvent-dependent UV-vis studies (Figure 42). In CHCl3 at 298 K, ref-PBI-1m (c = 

2.0 × 10−5 mol L−1) shows the usual vibronic progression for PBIs with four bay-substituents 
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with maxima at 577 and 538 nm[148] and a regular ratio of the 0−0 and 0−1 vibronic transitions 

(A0,0/A0,1) of 1.62[149] suggesting the monomeric nature of ref-PBI-1m in this solvent (Figure 

42a). In the more polar solvents acetone and acetonitrile, a blueshift of approximately 20 nm is 

observed along with a minimal loss in intensity. In CHCl3 cyclophane [2PBI]-1m (c = 1.0 × 

10−5 mol L−1, T = 298 K) shows the common optical features of para-xylylene-bridged PBI 

cyclophanes, which were discussed previously (see Chapter 3.2), with absorption maxima at 

574 and 538 nm and an A0,0/A0,1 ratio of 1.21 indicating the weak intramolecular interaction of 

the PBI cores within the cyclophane (Figure 42b).[30, 150] In acetone or acetonitrile, a drop in 

intensity of 12% and a hypsochromic shift of about 10 nm are observed. The minor change of 

A0,0/A0,1 from 1.21 in CHCl3 to 1.17 in acetone can be ascribed to solvent effects. Most 

importantly, though, no spectral attributes are observed for both PBI derivatives hinting at the 

formation of aggregates under these conditions. In H2O at 298 K, on the other hand, both PBI 

cyclophane [2PBI]-1m (1.0 × 10−5 mol L−1) and reference monomer ref-PBI-1m (2.0 × 

10−5 mol L−1) display a hypochromic shift with prominent additional transitions at 651 and 

638 nm, respectively, which strongly indicate aggregation in aqueous environment probably 

promoted by the hydrophobic effect (Figure 42).[5] 
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Figure 42. Solvent-dependent UV-vis spectra of (a) ref-PBI-1m (c = 2 × 10−5 mol L−1) and (b) [2PBI]-1m (c = 1 × 

10−5 mol L−1) in CHCl3 (black), CH3CN (cyan), acetone (red) and H2O (blue) at 298 K. 

 

In order to get further insight into the self-assembly behavior of PBI cyclophane [2PBI]-1m 

and reference monomer ref-PBI-1m in aqueous environment, solvent composition-dependent 

spectra were recorded in different acetone/water mixtures at a concentration of 

1.25 × 10 4 mol L−1 at 298 K (Figure 43). For both compounds, the monomeric spectral features 

observed in pure acetone gradually change upon increasing water content. For PBI reference 

monomer ref-PBI-1m, the spectrum apparently shifts to higher wavelengths (Figure 43a) 

whereas for cyclophane [2PBI]-1m the emergence of a new band at 652 nm is observed (Figure 
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43b). Obviously, these changes can be ascribed to aggregation behavior of both PBI derivatives, 

which is exclusive to water or to aqueous mixtures with a high water content. 
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Figure 43. Solvent-dependent UV-vis spectra of (a) ref-PBI-1m and (b) [2PBI]-1m in water/acetone mixtures (c = 1.25 × 

10−4 mol L−1, T = 298 K) of varying vol%-compositions. 

 

3.3.3 Temperature-Dependent Spectroscopic Studies of [2PBI]-1m and ref-PBI-1m in 

Water 

The aggregation behavior of PBI cyclophane [2PBI]-1m and its monomeric reference ref-PBI-

1m was investigated further by temperature-dependent UV-vis spectroscopy in H2O. Upon 

increasing the temperature from 278 K to 333 K, the UV-vis spectrum of reference monomer 

ref-PBI-1m in H2O (c = 4 × 10−5 mol L−1) shows significant changes (Figure 44a). Upon 

heating from 278 K to 333 K, its spectral properties gradually become more monomer-like with 

the A0,0 transition shifting from 645 nm to 590 nm and displaying isosbestic points at 486 nm 

and 458 nm. These observations confirm that ref-PBI-1m aggregates in H2O at lower 

temperatures with a bathochromically shifted aggregate band indicating the J-type exciton 

coupling between the PBI chromophores in the aggregated species.[151] The plot of the degree 

of aggregation αagg as a function of temperature shows that at a concentration of 4.0 × 

10−5 mol L−1 at 278 K, the fully aggregated state of ref-PBI-1m is not reached (Figure 44a, 

inset). Performing temperature-dependent UV-vis studies at 5.0 × 10−4 mol L−1, a higher degree 

of self-assembly is achieved as shown by the more intense A0,0 band of the aggregate at 645 nm 

(see Figure A20 in Appendix II, Chapter 3.3.9). Yet at this concentration, the monomer state 

can no longer be observed due to precipitation at elevated temperature (vide infra). 
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Figure 44. Temperature-dependent UV-vis spectra of (a) ref-PBI-1m (c = 4.0 × 10−5 mol L−1) and (b) [2PBI]-1m (c = 5.0 × 

10−6 mol L−1) in pure H2O. Arrows indicate spectral changes upon heating. Insets: Plots of the degree of aggregation (αagg) as 

a function of temperature (see Figure A20 for the spectrum of the fully aggregated state of ref-PBI-1m).  

 

Likewise, the UV-vis properties of cyclophane [2PBI]-1m (c = 5 × 10−6 mol L−1) are subject to 

temperature-induced changes in H2O upon increasing the temperature from 278 K to 343 K 

(Figure 44b). At 278 K, the A0,0 and A0,1 transitions of the cyclic PBI dimer at 580 nm and 

555 nm, respectively, are well-resolved and of almost equal intensity, resembling the 

monomeric spectral features of para-xylylene-bridged PBI cyclophanes observed in CHCl3 or 

acetone yet suggesting increased intramolecular coupling of the PBI subunits in [2PBI]-1m in 

H2O. Interestingly, the band at 580 nm is enhanced upon heating to 343 K whereas the band at 

555 nm decreases. Moreover, an additional transition emerges simultaneously at 652 nm. 

Isosbestic points are present at 559 nm, 533 nm and 498 nm. Clearly, these temperature-

induced spectral changes indicate aggregation of cyclophane [2PBI]-1m at elevated 

temperatures with a J-type intermolecular excitonic coupling of the chromophores in the 

supramolecular assembly.[151] This uncommon temperature response contradicts that of 

conventional PBI aggregates and many other supramolecular assemblies in organic 

solvents.[146] However, it is in accordance with the self-assembly behavior of some PBI and 

naphthalene diimide (NDI) derivatives bearing OEG chains in water.[31b, 143, 147] Most notably, 

PBI cyclophane [2PBI]-1m shows the opposite temperature response compared to the 

structurally related reference monomer ref-PBI-1m, as the monomer deaggregates upon 

heating whereas the cyclophane aggregates upon heating. This observation suggests that, 

despite similarities in structure, the self-assembly of the PBI systems discussed here is driven 

by different thermodynamic parameters, that is enthalpy in the case of reference monomer ref-

PBI-1m and entropy in the case of [2PBI]-1m.[143, 147] 
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As the spectral changes upon aggregation for both [2PBI]-1m and ref-PBI-1m hint at a J-type 

excitonic coupling of the chromophores in the supramolecular assembly, which typically 

enhances the fluorescence of the coupled chromophores,[152] the temperature response was 

additionally probed by fluorescence spectroscopy in a qualitative manner.4 For cyclophane 

[2PBI]-1m, almost no fluorescence signal (λex = 533 nm) is detectable in water at 278 K even 

at a large slit width of 12 nm (Figure A21a). Indeed, it has been shown previously that the 

fluorescence of a similar PBI cyclophane is strongly quenched in water.[150] Upon increasing 

the temperature gradually from 278 to 343 K to induce the aggregation process, the emission 

of [2PBI]-1m is enhanced by a factor of ~ 5 which is accompanied by a considerable sharpening 

of the spectrum and a redshift of the fluorescence maximum from 673 nm at 278 K to 691 nm 

at 343 K. Since ref-PBI-1m shows an inverted temperature response when compared to the 

cyclophane, its fluorescence intensity should accordingly exhibit the opposite response to the 

temperature change. This is indeed confirmed, i. e. a higher fluorescence is observed at lower 

temperature when ref-PBI-1m is aggregated compared to elevated temperature where ref-PBI-

1m is present in a monomeric state (Figure A21b).  

For both cyclophane [2PBI]-1m and for reference monomer ref-PBI-1m precipitation was 

observed above specific temperatures (also referred to as lower critical solution temperature 

(LCST) behavior) which can be ascribed to dehydration of the OEG chains due to weakening 

of the hydrogen bonds to solvent molecules at higher temperatures.[141a, 143] The LCST can be 

characterized by the onset of this behavior, the so-called cloud point. Reference monomer ref-

PBI-1m shows a cloud point at 58 °C (Figure A22), whereas for cyclophane [2PBI]-1m a cloud 

point of 75 °C was determined. This trend does not surprise since the onset of the LCST 

behavior of a system is related to the extent of solvation of this system in H2O. As PBI monomer 

ref-PBI-1m is appended with half the number of solubilizing OEG side chains per openly 

accessible π-surface when compared to the cyclophane [2PBI]-1m, the former is obviously less 

solvated in H2O (vide infra) as reflected by its lower cloud point compared to the cyclophane. 

 

                                                 
4 As the measurements were performed at concentrations of 5.0 × 10−6 mol L−1 and 2.5 × 10−5 mol L−1for [2PBI]-1m and ref-

PBI-1m, respectively, to monitor a significant part of the assembly process, the optical density of the sample was above 0.5. 

Thus, the spectral shape is likely influenced by inner filter effects. 
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3.3.4 Concentration-Dependent UV-vis Studies of [2PBI]-1m and ref-PBI-1m 

To further explore the aggregation mechanism of the OEG-substituted [2PBI]-1m and 

ref-PBI-1m, concentration-dependent UV-vis studies were performed at 298 K. As the self-

assembly of both PBI derivatives is too strong in pure water to monitor a significant range of 

the transition from monomer to aggregated species, a small amount of acetone (8 vol%) was 

added as cosolvent. For reference cyclophane [2PBI]-1m, an increase in concentration from 

1.1 × 10−6 mol L−1 to 1.2 × 10−3 mol L−1 in H2O/acetone (92/8 vol%) resulted in an 

enhancement of the A0,0 band with a slight redshift from 570 nm to 581 nm (Figure 45a). 

Concomitantly, a new band at higher wavelengths (λmax = 650 nm) emerged, which is in 

accordance with the temperature-dependent UV-vis studies in pure H2O, indicating self-

assembly of [2PBI]-1m in a J-type arrangement.[151] For the assignment of the aggregation 

process to either the isodesmic or the dimer model, the transformations in the absorption spectra 

as a function of concentration were fitted globally (Figure 45a, Figure A23) as well as locally 

at 650 and 620 nm (Figure A24) to the two aggregation models.[153] By comparison, the dimer 

model obviously describes the observed spectral changes more accurately than the isodesmic 

model, yielding a global dimerization constant (Kdim) of 2.7 × 104 L mol−1 for [2PBI]-1m in 

H2O/acetone (92/8) at 298 K (Table 2). 
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Figure 45. Concentration-dependent UV-vis spectra at 298 K of (a) [2PBI]-1m (1.1 × 10−6 − 1.2 × 10−3 mol L−1) and (b) ref-

PBI-1m (4.6 × 10−6 – 4.9 × 10−3 mol L−1) in H2O/acetone (92/8) (solid lines) and calculated spectra according to global fit 

analyses to the dimer model (dashed lines). Arrows indicate spectral changes upon increasing concentration. The insets show 

the analyses of the absorption data according to the dimer model at (a) 650 nm or (b) 640 nm. 

 

When the concentration of reference monomer ref-[2PBI]-1m is increased from 4.6 × 

10−6 mol L−1 to 4.9 × 10−3 mol L−1 in H2O/acetone (92/8 vol%), a strong bathochromic shift of 

the A0,0 transition from 587 nm to 637 nm was observed (Figure 45b). This indicates the 

formation of a J-type aggregate species as already suggested by the temperature-dependent UV-

vis study of this PBI in pure H2O.[151] In this solvent composition, however, an insufficient 



 

Chapter 3 
 

Results and Discussion 
 

 

72 

 

range of the transition from monomer to aggregated species is covered for the differentiation 

between the aggregation models. Thus, an additional concentration-dependent UV-vis study in 

H2O/acetone (97/3 vol%) was performed (Figure A25), where analogous changes in the optical 

properties of ref-PBI-1m were observed upon increasing the concentration (2.2 × 10−6 – 3.2 × 

10−3 mol L−1). A comparison of a global fit analysis to both the isodesmic and the dimer model 

(Figure 45b and Figure A26) yielded better conformity with the latter which is also supported 

by the results of exemplary local fits at selected wavelengths (641 and 620 nm) (Figure A27). 

Thus, supramolecular dimerization was confirmed for the reference monomer. Conclusively, in 

H2O/acetone (92/8) a global dimerization constant of 1.8 × 103 L mol−1 for ref-PBI-1m at 

298 K was obtained (Table 2) which is one order of magnitude smaller than that of cyclophane 

[2PBI]-1m (Kdim = 2.7 × 104 L mol−1). The results from our concentration-dependent 

experiments clearly imply that the self-assembly processes of PBI monomer ref-PBI-1m and 

cyclophane [2PBI]-1m follow the same aggregation model yet with opposite temperature 

responses. The formation of supramolecular dimers for both PBIs instead of aggregates is also 

crucial for the explanation of the unusual band shape of the self-assembled structure for 

cyclophane [2PBI]-1m. Since only half of the PBI dyes in [2PBI]-1m are aggregated and thus 

experience J-type coupling, the J-band remains low with a similar extinction coefficient (~ 40 

× 103 L mol−1 cm−1) and λmax value (640 – 650 nm) as for ref-PBI-1m whereas the other half 

of the PBI dyes still absorbs at around 570 nm as expected for non-aggregated PBIs. 

Table 2. Comparison of the thermodynamic data of PBI cyclophane [2PBI]-1m and reference monomer ref-PBI-1m in 

H2O/acetone (92/8) at 298 K. 

 Kdim [L mol−1] ΔGdim
0 [kJ mol−1][a] ΔHdim [kJ mol−1] ΔSdim [J mol−1 K−1] 

[2PBI]-1m 2.7 × 104 − 25.3 − 21.2 − 155 

ref-PBI-1m 1.8 × 103 − 18.6 − 35.8 − 58.5 

[a] Gibbs free energies of dimerization ΔGdim
0 determined from Kdim at 298 K according to ΔGdim

0 = − RT ln(Kdim). 

 

To characterize the thermodynamic parameters for the supramolecular dimerization of PBI 

cyclophane [2PBI]-1m and monomer ref-PBI-1m, concentration-dependent UV-vis studies 

were performed in H2O/acetone (92/8 vol%) at variable temperatures from 288 − 313 K in steps 

of 5 K (Figure A28, Figure A29,). For ref-PBI-1m, which disassembles upon heating (Figure 

44a), a van’t Hoff analysis gave a dimerization enthalpy (ΔHdim) of −35.8 kJ mol−1 and a 

dimerization entropy (ΔSdim) of −58.5 J mol−1 K−1 (Figure A30a, Table 2). Thus, the 

enthalpically driven nature of the dimerization of ref-PBI-1m, which is governed mainly by 

intermolecular interaction between the hydrophobic π-scaffolds is confirmed.[154] In contrast, 
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for cyclophane [2PBI]-1m which self-assembles upon heating (Figure 44b), the dimerization 

process is endothermic as the ΔHdim value is positive (21.2 kJ mol−1). Due to the likewise 

positive entropy contribution (ΔSdim = 155 J mol−1 K−1), however, the overall process is 

energetically favored with a Gibbs free energy of dimerization (ΔGdim
0) of −25.3 kJ mol−1 at 

298 K (Figure A30b, Table 2). This is a clear thermodynamic signature for an entropy-driven 

self-assembly mechanism of [2PBI]-1m which is mainly directed by dehydration of the OEG 

chains at higher temperature.[143, 147] 

 

3.3.5 Atomic Force Microscopy of [2PBI]-1m and ref-PBI-1m 

For further confirmation of the supramolecular dimerization of PBI cyclophane [2PBI]-1m and 

monomer ref-PBI-1m in aqueous media, atomic force microscopy (AFM) studies were 

performed by spin-coating of the respective solution on the polar substrate mica. 5  Using 

solutions of [2PBI]-1m (H2O/acetone = 92/8) and ref-PBI-1m (H2O/acetone = 97/3) at a 

concentration of 2 × 10−6 mol L−1, where both compounds are predominantly non-aggregated, 

the parameters of the monomeric units were obtained. Solutions of higher concentrations in the 

same solvents were employed for the estimation of the respective aggregate sizes. For 

ref-PBI-1m at 2 × 10−6 mol L−1, the AFM image shows small nanoparticles with a height (h) 

of approximately 0.2 ± 0.02 nm and a diameter (d) of 3.6 – 4.5 nm (Figure A31), which can be 

ascribed to isolated molecules with the π-core lying flat on the surface.[155] The relatively large 

diameter is attributed to the extension of OEG chains on the AFM substrate as well as to 

contributions of the tip broadening effect. In contrast, at a higher concentration of 5 × 

10−5 mol L−1 larger, spherical nanoparticles were observed with h = d = 0.95 ± 0.15 nm (Figure 

46a, c and Figure A32). The dimensions of these nanoparticles corroborate the presence of 

supramolecular dimers of ref-PBI-1m when considering that a dimer stack of ref-PBI-1m 

should have approximately twice the height of the monomeric unit in addition to at least 

0.35 nm for the π−π-distance. The OEG chains are probably wrapped around the molecular 

assembly which explains the reduced diameter of the nanoparticles when compared to 

monomeric ref-PBI-1m. Most importantly, no larger structures were found, which precludes 

an isodesmic or a cooperative aggregation mechanism.6 The height of the nanoparticles of 

                                                 
5 AFM measurements were kindly performed by Dr. Vladimir Stepanenko. 
6 As the nanoparticles of ref-PBI-1m tend to agglomerate on the AFM substrate especially at higher concentrations (1 × 

10−4 mol L−1), a highly anti-cooperative aggregation mechanism cannot be ruled out under the conditions of the spin-coating 

process. As these conditions cannot be applied to monitor the self-assembly process by UV-vis studies, only the first step of 
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0.95 nm is further supported by a geometry-optimized structure of the supramolecular dimer of 

ref-PBI-1m in aqueous solution (PM6), where the distance between the lower PBI core, with 

which the dimer lies on the AFM substrate, and a triazole group of the upper PBI was 

determined as 0.88 nm (Figure A34a). 

 

Figure 46. Height AFM images of a sample prepared by spin-coating of a solution of (a) reference monomer ref-PBI-1m in 

H2O/acetone (97/3) and (b) PBI cyclophane [2PBI]-1m in H2O/acetone (92/8) at c = 5 × 10−5 mol L−1 on mica. Z scale is 4 nm. 

(c) Cross-section analysis of the yellow dashed line in (a). (d) Cross-section analysis of the yellow dashed line in (b). 

 

For cyclophane [2PBI]-1m at lower concentration (2 × 10−6 mol L−1), small nanoparticles with 

h = 0.46 ± 0.02 nm and d = 4.6 – 5.6 nm were observed by AFM (Figure A33). The height of a 

cyclophane similar to [2PBI]-1m was calculated as 0.65 nm.[30a] Correspondingly, and since 

the height of these nanoparticles is approximately twice the height of the nanoparticles of 

monomeric ref-PBI-1m, they likely represent isolated, slightly tilted [2PBI]-1m molecules 

with one π-surface lying flat on the substrate and the OEG chains spread around the molecule. 

At a concentration of 5 × 10−5 mol L−1, the AFM image of [2PBI]-1m shows a thin film 

comprised of larger nanoparticles with a height and a diameter of 1.7 ± 0.2 nm (Figure 46c, d 

and Figure A35). These parameters are in accordance with the minimum dimensions of a 

stacked cyclophane dimer estimated based on twice the height of monomeric [2PBI]-1m in 

addition to the intermolecular π−π-distance, thus corroborating the supramolecular dimerization 

of [2PBI]-1m. No evidence of extended aggregate structures was found in the AFM images.7 

In a geometry-optimized structure of the dimer stack of [2PBI]-1m in water (PM6), the distance 

                                                 
this possible highly anti-cooperative aggregation can be analyzed, which corresponds to the supramolecular dimerization of 

ref-PBI-1m as proven previously by the UV-vis studies. 
7 At a higher concentration of 1 × 10−4 L mol−1 a thin film of nanoparticles of similar dimensions as at 5 × 10−5 L mol−1 is 

observed. 

a) 

c) 

ref-PBI-1m b) 

d) 

[2PBI]-1m 
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between the bottommost PBI core and one of the triazole rings lying over the topmost PBI core 

was determined as 1.8 nm further corroborating the results from the AFM measurement (Figure 

A34b). 

 

3.3.6 Discussion of the Thermodynamic Bias 

The preference of ref-PBI-1m and [2PBI]-1m to form supramolecular dimers instead of 

extended aggregates, as confirmed by both UV-vis and AFM studies, is in accordance with 

previous results obtained with a fourfold aryl bay-functionalized PBI derivative in cyclohexane 

and can be explained in terms of steric features.[156] Prior to dimerization, the bay-substituents 

including the solubilizing OEG chains are distributed uniformly around the hydrophobic π-

surfaces of the corresponding monomeric unit, thereby screening the core from the aqueous 

environment. Upon formation of a supramolecular dimer, the substituents have to rearrange 

away from the core making one π-surface accessible to interact with the other monomer unit 

and most likely sterically shielding the second accessible π-surface impeding further 

aggregation. The aggregation processes of PBI monomer ref-PBI-1m and PBI cyclophane 

[2PBI]-1m can even be considered as limiting cases of anti-cooperative chain growth in which 

the dimerization step is favored over the elongation process to such a strong extent that the 

latter does not occur.[157]  

In the following, the thermodynamic bias observed for the supramolecular dimerization of PBI 

monomer ref-PBI-1m and cyclophane [2PBI]-1m in water is discussed more elaborately. We 

assume that the OEG chains of both PBI systems are back-folded to a certain extent over the 

(outer) π-surfaces of the chromophores in the monomeric state screening the apolar PBI cores 

from the bulk water.[147, 158] Evidence for this back-folding is indeed found in a 2D NMR 

spectrum of ref-PBI-1m in the polar solvent CD3CN, where this PBI does not aggregate as 

indicated by UV-vis spectroscopy (Figure 42) and sharp 1H NMR signals. Cross signals are 

observed in the 1H, 1H ROESY spectrum of ref-PBI-1m indicating close proximity of the PBI 

core protons of the reference monomer and the protons of the OEG chain which are close to the 

triazole ring corroborating back-folding of these groups over the PBI moiety (Figure 47 and 

Figure A36). In the case of cyclophane [2PBI]-1m, 1H NMR peaks at room temperature are 

broad due to the thermodynamic equilibrium between its stereoisomers (see Chapter 3.4).[159] 

Likewise, for both PBIs in water broad 1H NMR signals are observed due to aggregation 

precluding performance of analogous studies in this solvent.  
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Figure 47. Excerpt of the 1H, 1H ROESY NMR spectrum (600 MHz, 295 K) of ref-PBI-1m in CD3CN showing the cross 

signals (indicated by red arrows) between the PBI core proton a and the protons 1 and 2 of the OEG chain. See Figure A36 for 

the full spectrum. 

 

Calculations8 performed on the monomeric species with back-folded OEG-chains show in case 

of the reference monomer that the solubilizing groups do not suffice to cover all of the 

hydrophobic parts of the chromophore core, leaving some of them exposed to the bulk water 

(Figure 48a and b, see black arrow in Figure 48b). For the PBI cyclophane, which is appended 

with twice as many polar OEG chains per solvent-exposed π-surface when compared to 

reference monomer ref-PBI-1m, this screening from bulk water becomes more efficient 

burying the apolar building blocks of the PBI completely under hydrophilic residues (Figure 

48c and d). 

The shell of OEG chains around the chromophore cores forms hydrogen bonds with the solvent 

which have to be broken upon aggregation. The necessity to break these hydrogen bonds is 

reflected in the enthalpic cost for the aggregation of [2PBI]-1m which cannot be compensated 

by the gain of dispersion interaction between the chromophores in the aggregate. Hence, the 

driving force of the dimerization originates in the gain of entropy upon release of the hydrogen-

bonded water molecules into the bulk solvent (Figure 49a).[143] 

                                                 
8 Calculations were kindly performed by Dr. Joachim Lindner. 
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Figure 48. Top view on the calculated monomeric structures (PM6) with back-folded OEG-chains of (a, b) ref-PBI-1m and 

(c, d) [2PBI]-1m. The left-hand side shows only the mostly hydrophobic parts of the molecules (yellow carbon atoms: PBI 

core; grey carbon atoms: imide and bay substituents) and right-hand side includes the solubilizing OEG chains (cyan) to the 

same view of the molecules. See Chapter 6.1 for a detailed description of the calculations. 

 

As ref-PBI-1m possesses half as many OEG chains less hydrogen bonds have to be broken 

upon dimerization reducing the enthalpic cost but also the entropic gain by water release 

declines. On the other hand, facilitated dispersion interaction between two monomeric units of 

ref-PBI-1m by less steric hindrance contributes to the enthalpic gain. Furthermore, the exposed 

hydrophobic core of monomeric ref-PBI-1m is surrounded by energetically frustrated water 

molecules with an unfavorable hydrogen-bond count.[43, 158] The release of this so-called “high 

energy water”[142a] to the bulk solvent upon self-assembly of ref-PBI-1m should be 

accompanied by an enthalpy gain, as well. As a result, the overall dimerization of ref-PBI-1m 

is an enthalpically driven process (Figure 49). 
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Figure 49. Schematic illustration of the proposed dimerization process of (a) [2PBI]-1m and (b) ref-PBI-1m. Only a 

representative number of OEG chains is shown, the rest is omitted for clarity. Water molecules which are hydrogen-bonded to 

the OEG chains are shown in dark blue, energetically frustrated water molecules in the proximity of hydrophobic surfaces are 

displayed in cyan. The implied homochiral conformation in the racemic dimer aggregates is a tentative assumption.[159-160] 

 

Another factor influencing the self-assembly tendency of both PBI systems and the entropy of 

dimerization is the higher degree of preorganization in the cyclophane due to the proximity of 

the second PBI core within the cyclic bis-chromophore. PBIs with four bay functionalities are 

not planar but twisted and undergo a fast interconversion of the P and M atropisomers.[39] We 

have shown previously that the energy barrier for the interconversion is slightly higher for a 

PBI cyclophane than for a corresponding monomer.[159] Thus, we reason that in a 

supramolecular dimer of ref-PBI-1m, in which both PBI cores have a favored conformation to 

maximize dispersion forces,[160] it is energetically easier for one of the two molecules to 

interconvert and, consequently, weaken the intermolecular interaction. In a supramolecular 

assembly of [2PBI]-1m, on the other hand, such an interconversion (P ⇌ M) is more restricted 

resulting in a stabilization of the cyclophane dimer with respect to a stacked dimer of ref-PBI-

1m, contributing to the higher stability of the supramolecular dimer when compared to the 

reference monomer. 
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3.3.7 Host-Guest Binding Properties of [2PBI]-1m in Water 

In Chapter 3.2, it was shown by UV-vis and fluorescence titration experiments that cyclophane 

[2PBI]-1p, which is a regioisomer of [2PBI]-1m, acts as a molecular probe for naturally 

occurring aromatic alkaloids such as the harmala alkaloid harmine hydrochloride (G1, Figure 

41).[150] Since the only structural difference between the two PBI cyclophane derivatives is the 

position of the solubilizing groups in the aryl substituents at the bay positions, the cavity of 

[2PBI]-1m is similar to the one of [2PBI]-p. It is, therefore, reasonable to assume comparable 

host-guest binding properties for the two regioisomers. Indeed, under the same conditions that 

were applied for [2PBI]-1p (H2O/CH3CN (1/1 vol%), chost = 1 × 10−5 mol L−1, T = 295 K), 

[2PBI]-1m binds G1 with an almost identical binding strength of 5.6 × 103 mol L−1 (Figure 

A37) when compared to 7.3 × 103 mol L−1 for [2PBI]-1p. Yet, due to the self-assembly of 

[2PBI]-1m to discrete supramolecular dimers in aqueous solution, the interplay of aggregation 

and guest encapsulation of a PBI cyclophane can be investigated. Such studies have been 

performed before with molecular clips and tweezers or a calixarenes derivative indicating 

competitive disassembly of host aggregates upon guest encapsulation.[161] Harmine 

hydrochloride (G1), one of the best performing alkaloid guests for [2PBI]-1p,[150] was chosen 

as an exemplary guest for [2PBI]-1m. 

Upon addition of G1 (up to 200 equivalents (eq.)) to a highly diluted solution of essentially 

non-aggregated [2PBI]-1m (c = 1.0 × 10−6 mol L−1) in H2O/acetone (92/8 vol%) at 298 K 

(Figure 50a), distinct changes in the UV-vis properties of the cyclophane were observed which 

clearly hint at the formation of a host-guest complex between G1 and [2PBI]-1m. For example, 

at 298 K, the A0,0 (~ 573 nm) and A0,1 (~ 553 nm) transitions for the free cyclophane host are 

not easily distinguishable from each other due to signal broadening. Yet with increasing 

concentration of guest G1, the vibronic structure of the S0−S1 absorption band of the host 

becomes clearly discernible. Moreover, this is accompanied by a prominent red shift of the A0,0 

band. The presence of several isosbestic points at 541 nm, 552 nm, 579 nm and 618 nm 

indicates the equilibrium between the free host and the host-guest complex. The 1:1 

stoichiometry of the host-guest complex G1⊂[2PBI]-1m was assessed by a Benesi-Hildebrand 

plot (Figure A38).[134] Accordingly, fitting of the titration data to a 1:1 host-guest binding 

model[135] gave an estimated host-guest binding constant (Ka) of 2.2 × 104 L mol−1 (Figure 50a, 

inset and Figure A38b).9 As a control experiment, the UV-vis titration of reference monomer 

                                                 
9 As the fluorescence of non-aggregated [2PBI]-1m is strongly quenched in H2O/acetone = 92/8, additional verification of the 

binding constant by fluorescence titration is not possible. 



 

Chapter 3 
 

Results and Discussion 
 

 

80 

 

ref-PBI-1m with G1 was performed (Figure A39a). At a concentration of 1.0 × 10−6 mol L−1 

in H2O/acetone (97/3) at 298 K, the UV-vis spectrum of ref-PBI-1m barely changes upon 

addition of G1 (up to 400 eq.) confirming that there is virtually no specific interaction between 

monomer ref-PBI-1m and alkaloid G1. 
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Figure 50. UV-vis titration of [2PBI]-1m at (a) c0 = 1 × 10−6 mol L−1 and (b) c0 = 1 × 10−3 mol L−1 with G1 in H2O/acetone 

(92/8 vol%) at 298 K. Spectra are normalized to the most intense band of the supramolecular dimer of [2PBI]-1m. Arrows 

indicate changes upon increasing guest concentration. The inset in (a) shows a plot of UV-vis titration data points at 565 nm 

as a function of guest concentration and fitting with a 1:1 host guest binding model. (c) Comparison of the degree of aggregation 

αagg of PBI monomer ref-PBI-1m and PBI cyclophane [2PBI]-1m as a function of the concentration of alkaloid G1 [2PBI]-

1m (c0 = 1 × 10−3 mol L−1). (d) Representative photographs of solutions of [2PBI]-1m (1 × 10−3 mol L−1) in 0.10 mm cuvettes 

without guest (left) and in the presence of 100 eq. of G1 (right). 

 

To explore the impact of guest addition on the dimer aggregate of the PBI cyclophane, UV-vis 

titration experiments with [2PBI]-1m (c0 = 1.0 × 10−3 mol L−1) in H2O/acetone (92/8) were 

conducted (Figure 50b). Note that at high concentrations of a host H, smaller amounts of a guest 

G are needed to shift the equilibrium H + G ⇌ HG towards the host-guest complex HG than at 

low concentrations.[162] Prior to guest addition, [2PBI]-1m is strongly aggregated at this 

concentration (αagg ≈ 0.8, see Figure 50c, black squares) and shows the distinct 

bathochromically shifted band of the supramolecular dimer at 650 nm. Upon addition of up to 

100 eq. of guest G1, this band gradually disappears, which, as discussed previously, indicates 

disassembly of [2PBI]-1m. Moreover, the A0,0 band at 582 nm decreases and redshifts to 
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587 nm while the A0,1 band (552 nm) becomes more pronounced. Remarkably, the spectrum 

corresponding to the titration end point at high host concentration (1 × 10−3 mol L−1, Figure 

50b) strongly resembles the spectrum of the titration end point at lower concentration of [2PBI]-

1m (1 × 10−6 mol L−1, Figure 50a). Therefore, it can be concluded that the disassembly of the 

supramolecular host dimer of [2PBI]-1m upon addition of G1 yields neither the free 

cyclophane monomer nor any aggregated host-guest complexes but monomeric 

G1⊂[2PBI]-1m. This transition from dimer-aggregate to monomeric host-guest complex can 

even be followed by the naked eye, as the solution of the supramolecular dimer of [2PBI]-1m 

is bluish whereas the solution of G1⊂[2PBI]-1m is purple (Figure 50d).  

UV-vis titration experiments with the supramolecular dimer of reference monomer ref-PBI1m 

(c0 = 1 × 10−3 mol L−1) revealed that with increasing the concentration of G1 the A0,0 transition 

at 640 nm decreases and is hypsochromically shifted (Figure A39b). These spectral changes 

towards a more monomer-like spectrum of ref-PBI-1m indicate deaggregation upon addition 

of G1 even though no specific host-guest interaction was observed for non-aggregated ref-PBI-

1m. Yet for ref-PBI-1m, the full monomeric state is not reached even after the addition of 

100 eq. of G1,10 which led to a quantitative disassembly in the case of cyclophane [2PBI]-1m. 

A plot of the degree of aggregation (αagg) as a function of the concentration of alkaloid G1 for 

[2PBI]-1m and ref-PBI-1m shows that the effect of deaggregation is indeed more pronounced 

for the PBI cyclophane than for the PBI monomer (Figure 50c), especially when considering 

that the tendency to dimerize in the respective solvent mixtures is higher for [2PBI]-1m (Kdim 

=2.7 × 104 mol L−1) than for ref-PBI-1m (Kdim = 8.3 × 103 mol L−1). 

Thus, we assume that in the case of ref-PBI-1m the disassembly of the supramolecular dimer 

is caused by disruption of the intermolecular dispersion attraction by unspecific association of 

the aromatic guest to the π-surface of the PBI, which should be more favorable for higher 

concentrations of both ref-PBI-1m and G1. Such effects apparently do not account for the 

deaggregation of cyclophane [2PBI]-1m upon addition of G1, particularly since the degree of 

deaggregation upon alkaloid addition is more pronounced even though its overall dimerization 

propensity is stronger than for ref-PBI-1m. It should be noted that the π-core of tetra-bay-

functionalized PBIs such as [2PBI]-1m and ref-PBI-1m is not planar due to steric effects of 

the bay substituents.[39] For the supramolecular dimer of [2PBI]-1m, we reason that a specific 

twist angle of the naphthalene subunits of the chromophores is assumed in the aggregate to 

                                                 
10 The addition of higher amounts of G1 was not possible due to solubility issue. 
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maximize attractive intermolecular interactions. However, in the host-guest complex 

G1⊂[2PBI]-1m, this angle changes to effectively accommodate the guest molecule within the 

cyclophane cavity. Apparently, this conformational alteration of the PBI core is then no longer 

suited for the cohesion in a dimer aggregate. Interestingly, host self-association (Kdim = 2.7 × 

104 mol L−1) and guest uptake (Ka = 2.2 × 104 L mol−1) are of comparable strength. At higher 

concentrations of [2PBI]-1m these two processes are in competition with each other (Figure 

51), yet the increasing concentration of G1 during the titration shifts the equilibrium from the 

dimerized host towards the monomeric host guest complex G1⊂[2PBI]-1m.[161] 

 

Figure 51. Schematic representation of the equilibrium of PBI cyclophane [2PBI]-1m between its dimer aggregate and the 

host-guest complex with alkaloid guest G1. The OEG chains are omitted for clarity. The implied homochiral conformation in 

the racemic dimer aggregate is a tentative assumption.[159-160]  

 

3.3.8 Conclusion 

In summary, by temperature-dependent UV-vis studies in water we demonstrated the 

thermodynamic bias behind the self-assembly process of PBI cyclophane [2PBI]-1m and its 

reference monomer ref-PBI-1m. For ref-PBI-1m, a common temperature response of the 

aggregate was observed leading to deaggregation at elevated temperature. In the case of the 

cyclophane, however, enhanced aggregation was observed upon increasing the temperature. 

These findings corroborate an enthalpically-favored self-assembly process for the reference 

monomer whereas for the PBI cyclophane this process is entropically driven and enthalpically 

even disfavored according to a van’t Hoff plot in water/acetone (92/8 vol%). This 

thermodynamic bias reflects the higher extent of solubilization of the cyclophane which is 

caused by the doubled number of solubilizing OEG chains appended to the hydrophobic 

chromophore core. Indeed, our results support the notion that an entropy-driven self-assembly 

is observed for such cases where a high degree of back-folding of the solubilizing side chains 

occurs resulting in complete screening of the hydrophobic PBI core from the bulk water.[147, 158] 

Furthermore, UV-vis dilution experiments and AFM studies were performed to demonstrate 
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that the self-assembly process of both ref-PBI-1m and [2PBI]-1m follows the dimerization 

model. Interestingly, the dimerization tendency in H2O/acetone (92/8 vol %) is approximately 

an order of magnitude higher for the cyclophane (Kdim = 2.7 × 104 mol L−1) than for the 

reference monomer (Kdim = 1.8 × 103 mol L−1) which can be rationalized based on a favorable 

statistics as well as on the higher conformational rigidity of cyclophane [2PBI]-1m when 

compared to ref-PBI-1m. Cyclophane host [2PBI]-1m in its monomeric state binds the 

harmala alkaloid harmine hydrochloride (G1) in water with a binding strength of 2.2 × 

104 L mol−1. When [2PBI]-1m is aggregated, host self-association and guest encapsulation 

become competing processes with the equilibrium being shifted towards the host-guest complex 

G1⊂[2PBI]-1m upon addition of higher amounts of G1. Due to the color change accompanying 

the host-guest complex formation out of the dimer aggregate from blue to purple, [2PBI]-1m 

represents a potential molecular probe for this class of natural products. 
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3.3.9 Appendix II 
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Figure A19. Solvent-dependent UV-vis (solid lines) and fluorescence spectra (dashed lines, λex = 530 nm) of (a) [2PBI]-1m 

(c = 1 × 10−5 mol L−1) and (b) ref-PBI-1m (c = 2 × 10−5 mol L−1) in CHCl3 (black), CH3CN (orange) and acetone (red). The 

fluorescence spectra are normalized to the respective UV-vis spectra. 
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Figure A20. Temperature-dependent UV-vis spectra of ref-PBI-1m at a concentration of (a) 5.0 × 10−4 mol L−1 and (b) 1.5 × 

10−5 mol L−1 in pure H2O, heating rate = 0.5 K min−1. Arrows indicate spectral changes upon heating. 
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Figure A21. Temperature-dependent fluorescence spectra of (a) [2PBI]-1m (c = 5.0 × 10−6 mol L−1, λex = 533 nm) and (b) ref-

PBI-1m (c = 2.5 × 10−5 mol L−1, λex = 597 nm) in H2O. The spectra are normalized to the most intense spectrum. Arrows 

indicate spectral changes upon increasing temperature. 
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Figure A22. Comparison of the temperature-dependent transmittance of PBI cyclophane [2PBI]-1m and PBI monomer ref-

PBI-1m in H2O at 800 nm (c = 2.5 × 10−4 mol L−1, heating rate 0.1 K min−1). 
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Figure A23. Comparison of the concentration-dependent UV-vis spectra of [2PBI]-1m (1.0 × 10−3 mol L−1 – 1.2 × 

10−6 mol L−1) in H2O/acetone (92/8 vol%) at 298 K (grey solid lines) to calculated spectra obtained (a) by a global fit analysis 

to the dimer model (black dashed lines) and (b) by a global fit analysis to the isodesmic model (black dashed lines), respectively. 

The calculated monomer and dimer/aggregate spectra are displayed in red and blue dashed lines, respectively. Arrows indicate 

spectral changes upon increasing concentration. 
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Figure A24. Extinction coefficients of [2PBI]-1m at (a) 650 nm and (b) 620 nm as a function of concentration in H2O/acetone 

(92/8 vol%) at 298 K. The red solid lines represent a local fit to the dimer model, the grey dashed lines a local fit to the 

isodesmic model. 
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Figure A25. Concentration-dependent UV-vis spectra of ref-PBI-1m (2.2 × 10−6 – 3.2 × 10−3 mol L−1) in H2O/acetone (97/3) 

(solid lines) and calculated spectra according to global fit analyses to the dimer model (dashed lines) at 298 K. Arrows indicate 

spectral changes upon increasing concentration. The insets show the analyses of the absorption data according to the dimer 

model at 641 nm. The global dimerization constant is determined as 8.3 × 103 L mol−1 for ref-PBI-1m in H2O/acetone (97/3) 

at 298 K. 
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Figure A26. Comparison of the concentration-dependent UV-vis spectra of ref-PBI-1m (3.2 × 10−3 mol L−1 – 2.2 × 

10−6 mol L−1) in H2O/acetone (97/3 vol%) at 298 K (grey solid lines) to calculated spectra obtained by (a) a global fit analysis 

to the dimer model (black dashed lines) and (b) a global fit analysis to the isodesmic model (black dashed lines). The calculated 

monomer and dimer/aggregate spectra are displayed in red and blue dashed lines, respectively. Arrows indicate spectral changes 

upon increasing concentration. 
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Figure A27. Extinction coefficients of ref-PBI-1m at (a) 641 nm and (b) 620 nm as a function of concentration in H2O/acetone 

(97/3 vol%) at 298 K. The red solid lines represent a local fit to the dimer model, the grey dashed lines a local fit to the 

isodesmic model. 
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Figure A28. Concentration-dependent UV-vis spectra of ref-PBI-1m (4.6 × 10−3 mol L−1 – 4.9 × 10−6 mol L−1) in H2O/acetone 

(92/8 vol%) at (a) 288 K, (b) 293 K, (c) 298 K, (d) 303 K, (e) 308 K and (f) 313 K. The insets show the data points at 641 nm 

as a function of concentration and fitting to the dimer model. Arrows indicate changes upon increasing the concentration. 
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Figure A29. Concentration-dependent UV-vis spectra of [2PBI]-1m (1.0 × 10−6 mol L−1 − 9.0 × 10−4 mol L−1) in H2O/acetone 

(92/8 vol%) at (a) 218 K, (b) 293 K, (c) 298 K, (d) 303 K, (e) 308 K and (f) 313 K. Arrows indicate spectral changes upon 

increasing concentration. The insets show the absorption data at 644 nm as a function of concentration and fitting to the dimer 

model. 
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Figure A30. Van’t Hoff analysis of (a) ref-PBI-1m and (b) [2PBI]-1m in H2O/acetone (92/8 vol%). 

 

 

Figure A31. (a, b) Height AFM images of a sample prepared by spin-coating of a solution of PBI monomer ref-PBI-1m in 

H2O/acetone (97/3) at c = 2 × 10−6 mol L−1 on mica. Z scale is 0.6 nm. (c) Cross-section analysis of the yellow dashed line in 

(a). 



 

Chapter 3 
 

Results and Discussion 
 

 

90 

 

 

Figure A32. (a, b) Height AFM images of a sample prepared by spin-coating of a solution of PBI monomer ref-PBI-1m in 

H2O/acetone (97/3) at c = 5 × 10−5 mol L−1 on mica. Z scale is 4 nm. (c) Cross-section analysis of the yellow dashed line in (b). 

 

 

Figure A33. (a, b) Height AFM images of a sample prepared by spin-coating of a solution of PBI cyclophane [2PBI]-1m in 

H2O/acetone (92/8) at c = 2 × 10−6 mol L−1 on mica. Z scale is 0.6 nm. (c) Cross-section analysis of the yellow dashed line in 

(b). 
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Figure A34. Geometry-optimized structures of the supramolecular dimers of (e) ref-PBI-1m and (f) [2PBI]-1m. The distance 

measurements between the PBI core at the bottom and a triazole group over the top-most PBI core should represent the height 

of the nanoparticles observed in the AFM measurements. 

 

 

Figure A35. (a – b) Height AFM images of a sample prepared by spin-coating of a solution of PBI cyclophane [2PBI]-1m in 

H2O/acetone (92/8) at c = 5 × 10−5 mol L−1 on mica. Z scale is 4 nm. (c) Cross-section analysis of the yellow dashed line in (b).  

a) b) 
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Figure A36. Full 1H, 1H ROESY NMR spectrum (600 MHz, 295 K) of ref-PBI-1m in CD3CN showing the cross signals 

between the PBI core proton (a) and the protons 1 and 2 of the OEG chain. 
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Figure A37. (a) UV-vis and (b) fluorescence titration (λex = 520 nm) of [2PBI]-1m (c0 = 1 × 10−5 mol L−1) with G1 in 

H2O/CH3CN (1/1 vol%) at 295 K. Arrows indicate changes upon increasing guest concentration. (c) Plots of UV-vis (540 nm) 

and (d) fluorescence (620 nm) titration data points as a function of guest concentration and fitting with a 1:1 host guest binding 

model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A38. (a) UV-vis titration of [2PBI]-1m (c0 = 1 × 10−6 mol L−1) with G1 in H2O/acetone (92/8 vol%) at 298 K. Arrows 

indicate changes upon increasing guest concentration. (b) Plot of UV-vis titration data points (565 nm) as a function of guest 

concentration and fitting with a 1:1 host guest binding model; inset: Benesi-Hildebrand plot showing a 1:1 stoichiometry of the 

host-guest complex. 
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Figure A39. UV-vis spectrum of ref-PBI-1m at (a) c0 = 1 × 10−6 mol L−1 and (b) c0 = 1 × 10−3 mol L−1 in H2O/acetone (97/3 

vol%) upon addition of G1 at 298 K. 
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3.4 Guest-Mediated Chirality Transfer in Host-Guest Complexes 

of an Atropisomeric Perylene Bisimide Cyclophane Host 

 

 

 

Abstract.11 The dynamic equilibrium of stereoisomers of a cyclophane, which is comprised of 

two atropisomeric perylene bisimide (PBI) subunits, and its host-guest binding with an achiral 

and a series of chiral guests have been studied. Temperature-dependent 1H NMR spectroscopic 

studies have shown that at higher temperature all three stereoisomers ((M,M) and (P,P) 

enantiomers and mesomer (M,P)/(P,M)) of the cyclophane are in a dynamic equilibrium as only 

one set of proton signals was observed. However, at a lower temperature (260 K) two sets of 

signals in a ratio of 2:1, instead of the theoretically expected 1:1 ratio, were observed for the 

diastereomers (M,M)/(P,P) and (M,P)/(P,M) of the cyclophane presumably due to chiral 

recognition for the enantiomeric (M,M)/(P,P) conformers. The 1H NMR studies further 

revealed that the achiral guest perylene mostly selects the (M,M)/(P,P) enantiomeric pair of the 

host for encapsulation. The induction of chirality in host-guest complexes of the cyclophane 

with chiral guests has been investigated by circular dichroism (CD) spectroscopy. A distinct 

CD effect was observed upon addition of chiral guests to the solution of racemic cyclophane 

host, indicating a pronounced preference of the chiral guests for one of the two homochiral 

stereoisomers, (M,M) and (P,P), for encapsulation. Kinetic studies by time-dependent NMR 

spectroscopy did not lead to conclusive results to assign the recognition process of chiral guests 

to either the induced fit or the conformational selection model.  

                                                 
11 This chapter has been published: M. Sapotta, P. Spenst, C. R. Saha-Möller, F. Würthner, Org. Chem. Front. 2019, 6, 892–

899. 
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3.4.1 Introduction 

For over a century, Emil Fischer’s lock-and-key principle has been a plausible and popular 

concept to describe protein-substrate interactions and to explain their high specificity.[107, 163] 

During the rapid development of supramolecular chemistry in the last decades,[7a] for which 

biological processes have always been a guiding inspiration, this seminal principle has been 

adapted in host-guest chemistry.[62] Even though molecular receptors and their substrates are 

nowadays known to be more flexible than the proverbial “lock” and “key” and, indeed, are 

subject to conformational changes upon guest recognition,[102, 116a-h] shape complementarity 

may still be considered as a basic requirement for substrate binding.[164] In this regard, 

cyclophanes, for example, which possess a well-defined cavity ideal for the encapsulation of 

geometrically compatible guests play an eminent role.[14c, 90, 129a, 130, 165] In this context, our 

group has demonstrated that a cyclophane based on bay-substituted perylene bisimide (PBI) 

dyes efficiently binds polyaromatic hydrocarbons (PAHs).[30] Interestingly, however, rigid flat 

PAHs such as pyrene showed a lower affinity (Ka = 1.1 × 102 L mol−1 in CHCl3) compared to 

more flexible π-scaffolds such a phenylnaphthalene (Ka = 1.1 × 104 L mol−1 in CHCl3) which 

is obviously a consequence of a better structural match of the latter to the core-twisted PBI 

cyclophane host. In our most recent work, this PBI cyclophane has been further elaborated 

towards a water-soluble receptor for alkaloids such as harmine or berberine.[150] Another 

complementary example of a cyclophane host, which is comprised of “blue box” derivatives, 

has been reported by Stoddart and Siegel et al.[166] Here, the flat cavity of this cyclophane does 

not provide an ideal fit for the bowl-shaped corannulene guest in its ground state but for the 

planarized transition state of the bowl-to-bowl inversion of corannulene. Thus, the inversion 

rate of the guest can be accelerated in a way that is reminiscent of the catalytic activity of an 

enzyme. These recent results suggest that meanwhile available larger cyclophane hosts are 

highly promising for research beyond the traditional host-guest chemistry. Here we elucidate 

new phenomena originating from the (M)/(P)-atropisomerism of bay-substituted PBI subunits 

of the cyclophane upon interaction with achiral and chiral guests. 

The transmission of chiral information is considered as an essential step in the emergence of 

homochirality in nature[167] and is a key process in total synthesis.[131] The induction and transfer 

of chirality is also exemplified by supramolecular helical assemblies, where the chiral 

information stored in the asymmetric building blocks direct the overall helicity of the 

aggregate.[168] In smaller more defined systems such as host-guest complexes, chirality can also 

be relayed from the guest to the host.[169] Core-twisted PBIs bearing substituents in the bay 
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positions are a unique class of dyes which are equipped with inherent conformational 

chirality.[170] Accordingly, they are suitable recipients of chiral information, for instance, from 

homochiral side chains to create (M)- or (P)-handed assemblies.[160, 171] However, to date 

chirality transfer from homochiral guests to PBI cyclophane receptors has not been reported. 

Herein we report for the first time on chirality transfer upon host-guest binding from homochiral 

guest molecules (S)-G12 − (S)-G14 to a PBI cyclophane host ([2PBI]-2), which is comprised 

of two atropisomeric PBI subunits (Figure 52a). Since each of the PBI subunits can display (M) 

or (P) conformation by core twist, this dimeric PBI cyclophane can have three stereoisomers, 

these are the homochiral enantiomeric pair (M,M) and (P,P) and heterochiral mesomer 

(M,P)/(P,M) (Figure 52b). As the equilibrium between the stereoisomers is fast at room 

temperature, [2PBI]-2 is racemic. Our studies have shown that this conformational equilibrium 

can be shifted by addition of guest molecules and that host-guest binding either results in the 

enrichment of the homochiral enantiomeric pair for achiral guests or in the distinct preference 

for one specific homochiral enantiomer for chiral guests. The latter leads to circular dichroism 

(CD) active host-guest complexes by chirality transfer from the guest to the PBI cyclophane. 

 

 
 

Figure 52. (a) Structures of perylene bisimide cyclophane [2PBI]-2, achiral guest perylene (G11) and homochiral guests (S)-

G12, (S)-G13 and (S)-G14. (b) Schematic representation of the conformational equilibrium between the (M,M), (P,M)/(M,P) 

and (P,P) stereoisomers of [2PBI]-2. 

 

3.4.2 Synthesis of Chiral Guests (S)-G13 and (S)-G14 

The atropisomeric cyclophane [2PBI]-2 was synthesized according to the previously reported 

procedure.[30a] Chiral guest (S)-G12 was obtained from a commercial source. For the guest 



 

Chapter 3 
 

Results and Discussion 
 

 

98 

 

molecules (S)-G13 and (S)-G14, the amino group of enantiomerically pure (S)-1-(3-

bromophenyl)ethylamine, which is commercially available, was protected with di-tert-butyl 

dicarbonate or acetic anhydride, respectively, to give the homochiral bromophenyl derivatives 

50 and 51 in excellent yields.[172] By subsequent Suzuki coupling[173] with (1-naphthyl)boronic 

acid, the target guest molecules (S)-G13 and (S)-G14 were obtained in yields of 69% and 56%, 

respectively (Scheme 3). (R)-G14 was prepared applying the same procedure as for (S)-G14. 

 

Scheme 3. Synthesis of the chiral guests (a) (S)-G13 and (b) (S)-G14. 

 

3.4.3 Temperature-dependent 1H NMR studies of [2PBI]-212 

The conformational flexibility of cyclophane [2PBI]-2 was probed by variable temperature (T) 

1H NMR spectroscopy from 360 K – 260 K in C2D2Cl4 in steps of 10 K (Figure 53).[33] At 

360 K, only one set of relatively sharp proton signals was observed. Upon decreasing T, the 

signals broadened and became less intense until a coalescence temperature (Tc) is reached at 

around 320 K. Upon cooling down further to 260 K, the proton resonances were split into two 

sets of signals with a ratio of 2:1. Within each set further splitting into two peaks occurs as the 

protons are no longer chemically equivalent in twisted PBI conformation which can be seen 

best for the protons b/b′ of the phenoxy substituents and the diastereotopic benzylic CH2 protons 

e/e′ of the linker unit (Fig. 3a). The observed temperature-dependent changes of the 1H NMR 

spectra can be rationalized based on the conformational equilibrium between the stereoisomers 

of cyclophane [2PBI] (Fig. 1b). At higher temperature (360 K), the dynamic interconversion 

process is fast when compared to the NMR time scale giving rise to a spectrum which shows 

                                                 
12 These temperature-dependent 1H NMR studies as well as data analysis and interpretation were performed by Dr. Peter Spenst: 

P. Spenst, Xylylene-Bridged Perylene Bisimide Cyclophanes and Macrocycles, doctoral thesis, Julius-Maximilians-Universität 

Würzburg, 2016. 
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only the mean proton signals for all isomers. At Tc, the proton peaks are hardly visible since the 

rate of conformational exchange is reduced to values similar to the difference in the peak 

frequency. Below that temperature, the interconversion between the stereoisomers becomes 

sufficiently slow so that two separate sets of signals were observed for the diastereomers 

(M,M)/(P,P)-[2PBI] and (M,P)/(P,M)-[2PBI].13 Since a differentiation between the enantio-

mers (M,M)-[2PBI] and (P,P)-[2PBI] by NMR is naturally not possible, the additional signal 

splitting for each of the diastereomers is apparently caused by the twist in the PBI subunits as 

the protons are oriented either into the direction of the cavity or away from it and thus 

experience different shielding effects. Accordingly, in total four sets of signals were observed 

at lower temperature. Now the question arises why a 2:1 ratio for the diastereomers is observed 

at 260 K. If there were no transfer of chiral information between the subunits of [2PBI], the 

signals for the homochiral (M,M)/(P,P) and mesomeric (M,P)/(P,M) diastereomers should 

appear in a theoretically expected 1:1 ratio. Instead, a ratio of 2:1 is found, indicating a clear 

preference for one conformation. Chiral self-recognition of core-twisted PBIs has been reported 

for the assembly of chiral PBI monomers,[160] and in preorganization of linear bis-PBI 

intermediates in cyclization into homochiral dimers.[174] Thus, we assume that the homochiral 

(M,M)/(P,P) conformations of [2PBI] prevail at lower temperature due to chiral recognition of 

one PBI subunit in the cyclophane by the other. 

For the conformational interconversion of the diastereomers an activation energy ΔG‡ of 

68.7 kJ mol−1 was calculated according to the equation (19)[175] where R = universal gas 

constant, NA = Avogadro constant, h = Planck constant, using the value for the coalescence 

temperature Tc = 320 K and the difference in frequencies Δν = 18.1 Hz for the mean shifts of 

the PBI core proton a of the diastereomers at 260 K. This value is slightly higher than the 

activation energy of ~ 60 kJ mol−1 reported for the (M) ⇌ (P) interconversion of a core tetra-

phenoxy substituted PBI monomer,[170a, 176] which could be explained by steric restrictions 

imposed by the cyclophane structure of [2PBI]-2. 

                                                 
13 Note that the meso-isomers (M,P) and (P,M) are achiral and conformationally identical. 
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Figure 53. Temperature-dependent 1H NMR spectra (C2D2Cl4, 400 MHz) of [2PBI]-2 (c = 1 × 10−4 mol L−1) from 360 K to 

260 K. See Figure 54 for signal assignments. The signal at 5.20 ppm originates from CH2Cl2.[33] 

 

ΔG
‡ 

=RTc ∙ ln (
RTc√2

πNAh∆ν
) (19) 

 

As there is apparently some chiral recognition between the PBI subunits of free cyclophane 

[2PBI]-2 across a fairly large interchromophoric distance of 6.5 Å,[30a] it is reasonable to ask 

what effect the bridging of this gap by an encapsulated aromatic guest molecule would have on 

this process. Therefore, we have performed temperature-dependent 1H NMR studies in C2D2Cl4 

with [2PBI]-2 in the presence of achiral guest perylene (G11) which was reported to bind 

strongly to [2PBI]-2 (Ka = 4.6 × 104 L mol−1 in CHCl3).
[30a] For the purpose of comparability, 

we have determined the binding constant for G11 in C2H2Cl4 by UV-vis and fluorescence 

titration at 298 K (Figure A43 in Appendix III, Chapter 3.4.7). An average Ka value of 

1.2 × 105 L mol−1 was obtained by fitting the titration data with a 1:1 binding model (for details 

see Chapter 6.1).  



 

Chapter 3 
 

Results and Discussion 
 

 

101 

 

 

 

 

Figure 54. Excerpts of the temperature-dependent 1H NMR spectra (400 MHz, C2D2Cl4) of (a) [2PBI]-2 (c = 1 × 10−4 mol 

L−1) and (b) [2PBI]-2 (c = 1 × 10−4 mol L−1) in the presence of eight equivalents of achiral guest G11 at 360 K (red spectra) 

and at 260 K (blue spectra). The signals of encapsulated guest G11 at 260 K are assigned with 1c, 2c and 3c.[33] For the full 

temperature range (360 K – 260 K) spectra in the presence of guest see Figure A40 in the Appendix. 

 

Our temperature-dependent 1H NMR studies in the presence of eight equivalents (eq.) of G11 

revealed only one set of signals for [2PBI]-2 at 360 K like in the case of the pure host (Figure 

54 and Figure A40). Both the signals of G11 and of [2PBI]-2 are broadened, suggesting a fast 

guest in-out exchange at this elevated temperature. Upon cooling down to 260 K, a sharpening 

of the protons of G11 was observed since the guest in-out exchange slows down with decreasing 

temperature so that encapsulated guest molecules become distinguishable from the free ones in 

solution. Signal integration revealed the presence of a 1:1 host-guest complex. Due to chemical 

shielding by the cavity of [2PBI]-2, the signals of encapsulated G11 experience a strong upfield 

shift of roughly 0.4 ppm for proton 1c and 1 ppm for proton 2c, respectively, and more than 

3 ppm for proton 3c. Moreover, each single signal of [2PBI]-2 at 360 K splits in two signals 

when cooled down to 260 K as can be seen best for protons b/b′, c/c′ or e/e′ (Figure 54b). When 

compared to the pattern of signals observed for free [2PBI]-2 at this temperature (Figure 54a), 

this indicates that the equilibrium between the stereoisomers of [2PBI]-2 is shifted to one 

conformation of the host, either (M,M)/(P,P) or (M,P)/(P,M), which provides a better fit for 

G11. Due to geometrical restrictions imposed by the planar and rigid aromatic scaffold of G11, 

we assume that the homochiral (M,M)/(P,P) enantiomeric pair of host [2PBI]-2 is favored. 
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Since G11 is achiral, the racemic host-guest complexes G11⊂(M,M)-[2PBI]-2 and 

G11⊂(P,P)-[2PBI]-2 cannot be differentiated by NMR. Thus, the splitting of the signals of 

cyclophane [2PBI]-2 in two sets at 260 K is again due to different shielding/deshielding effects 

of the cyclophane protons by the host cavity (vide supra). 

 

3.4.4 Host-Guest Binding Studies of [2PBI]-2 with Chiral Guests 

Since perylene is achiral, encapsulation of this guest by [2PBI]-2 leads to a racemic mixture of 

the enantiomeric host-guest complexes G11⊂(M,M)-[2PBI]-2 and G11⊂(P,P)-[2PBI]-2. 

Chiral guests, on the other hand, may differentiate between (M,M)-[2PBI]-2 and 

(P,P)-[2PBI]-2 for encapsulation. Thus, enantiomerically enriched host-guest complexes might 

be formed where chirality is transferred from the homochiral guest to the host.[169a] Therefore, 

we have investigated the binding behavior of [2PBI]-2 towards the chiral guests (S)-G12,14 

(S)-G13 and (S)-G14 (for structures see Figure 52). First, UV-vis and fluorescence titration 

experiments were performed in CHCl3 to estimate the binding constants (Figure 55 and Figure 

A44 − Figure A46). The homochiral naphthylethylamine (S)-G12 showed only a weak binding 

strength of Ka = 15.1 L mol−1, which is attributed to its small aromatic surface and steric 

hindrance imposed by the adjacent chiral group.[33] For (S)-G13 and (S)-G14 with a larger and 

flexible phenyl-naphthyl scaffold, more than ten times higher association constants of 

167 L mol−1and 247 L mol−1 were observed, respectively (Table 3). 
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Figure 55. (a) UV-vis and (b) fluorescence titration (lex = 530 nm) of [2PBI]-2 (c0 = 1 × 10−5 mol L−1) with (S)-G14 in CHCl3 

at 298 K. Insets: Plots of UV-vis (586 nm) and fluorescence (635 nm) titration data points as a function of guest concentration 

and fitting with a 1:1 binding model (for details see Experimental Section). 

 

                                                 
14 The host-guest titration experiments of [2PBI]-2 with (S)-G12 as well as data analysis and interpretation were performed by 

Dr. Peter Spenst: P. Spenst, Xylylene-Bridged Perylene Bisimide Cyclophanes and Macrocycles, doctoral thesis, Julius-

Maximilians-Universität Würzburg, 2016. 
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Subsequently, CD spectroscopic studies were performed to explore the possible chirality 

induction by (S)-G12 – (S)-G14. Indeed, upon addition of the chiral guests to a solution of 

[2PBI]-2 in CHCl3 at room temperature, the emergence of a CD signal for each of these guests 

was observed in the region of the optical transitions of the PBI cyclophane (Figure 56). As free 

[2PBI]-2 is racemic, it does not display any CD activity. The host-guest complexes of [2PBI]-2 

with homochiral guests (S)-G12 – (S)-G14 show a small bisignate Cotton effect at higher 

wavelengths with a negative sign for the first couplet with zero crossings at around 600 nm and 

a positive CD signal for the S0−S1 transitions (480 – 600 nm) of the PBI chromophore. The 

latter results from the induced chirality to [2PBI]-2 by the chiral guests rather than from 

excitonic coupling.[177] By comparison of the CD spectra of the host-guest complexes with those 

of literature-reported chiral PBI monomers[170a, 177] and homochiral dimers of conformationally 

fixed PBIs,[160] it can be assumed that chiral guests (S)-G12 – (S)-G14 prefer the (P,P) 

enantiomer of [2PBI]-2. The bisignate Cotton effect at higher wavelengths could originate from 

chiral exciton coupling due to a minor helical displacement of the chromophores.[178] Its 

negative sign is indicative of the left-handed helicity of the assumed supramolecular complex 

(S)-G⊂(P,P)-[2PBI]-2.[179] 
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Figure 56. CD (top) and UV-vis titration (bottom) of [2PBI]-2 (c0 = 5 × 10−5 mol L −1) with (left) (S)-G12[33] (excess (exc.) = 

2 × 104 equivalents (eq.)), (middle) (S)-G13 (exc. = 1 × 103 eq.), and (right) (S)-G14 (red curve) and (R)-G14 (orange curve) 

(exc. = 2 × 103 eq.) in CHCl3 at 298 K. The arrows indicate changes upon increasing guest concentration. 

 

For (S)-G12 the extent of chirality induction is almost negligible with Δε = + 2 L mol−1 cm−1 at 

580 nm, while an almost 15-fold signal increase was found for (S)-G13 with Δε = 

+ 27 L mol−1 cm−1 (581 nm) and (S)-G14 conferred the strongest CD effect with Δε = 

+ 38 L mol−1 cm−1 (585 nm). Interestingly, the increasing CD effect in the order of (S)-G12 < 

(S)-G13 < (S)-G14 nicely correlates with the binding constant of these guests with [2PBI]-2 
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(Table 3). Thus, the distinctly stronger CD effect for (S)-G14 can be ascribed to the higher host-

guest complex stability and, to a certain extent, to the enhanced stereodifferentiation of (S)-G14 

when compared to (S)-G12. 

Table 3. Comparison of the binding constants Ka and the CD effects of the chiral guests (S)-G12 − (S)-G14 towards host 

[2PBI]-2 in CHCl3 at 298 K.  

guest Ka
UV(L mol−1) Ka

fl (L mol−1) Ø Ka
[a] (L mol−1) Δε (L mol−1 cm−1) g[b] 

(S)-G12 14.7 15.4 15.1 + 2 (580 nm) + 4.3 × 10−5 

(S)-G13 139 194 167 + 27 (581 nm) + 3.7 × 10−4 

(S)-G14 285 208 247 + 38 (585 nm) + 6.1 × 10−4 

(R)-G14 344 267 306 − 36 (585 nm) − 5.7 × 10−4 

[a] Average from UV-vis and fluorescence titration experiments. [b] Dissymmetry factor g = Δε/ε. 

 

The stereodifferentiation of [2PBI]-2 by (R)-enantiomers of the guest molecules should have 

the reversed CD effect in reference to the (S)-enantiomers. To verify this, CD titration 

experiments were conducted with (R)-G14 as a representative example since its (S)-enantiomer 

showed the strongest CD effect. Indeed, mirror image CD spectra compared to those of (S)-G14 

were observed for (R)-G14 implying that (R)-G14 binds to the opposite enantiomer of 

[2PBI]-2. The observed Δε values for G14, even though it displayed the most pronounced CD 

effect among the investigated guest molecules, are slightly smaller than those of previously 

reported homochiral π-stacked dimers of conformationally fixed PBIs.[160] This might suggest 

that the encapsulation of G14 can significantly, yet not fully, shift the equilibrium between 

(M,M)-[2PBI]-2 and (P,P)-[2PBI]-2. However, it has to be taken into account that the 

amplitude of the bisignate CD spectrum of chromophores decreases with increasing 

interchromophoric distance and when the angle between the transition dipole moments of the 

chromophores approaches 0° or 180°.[179] Therefore, the lower Δε value of the host-complexes 

of chiral (S)-G14 (Δε = + 38 L mol−1 cm−1) and (R)-G14 with the homochiral conformer of 

[2PBI]-2 when compared to π-stacked dimers of conformationally fixed homochiral PBI 

monomers (Δε ≈ + 55 L mol−1 cm−1)[180] could be ascribed to the geometrical features of 

cyclophane [2PBI]-2. 

 

3.4.5 Kinetic Studies 

For recognition processes in biological systems such as protein-ligand binding two different 

mechanistic models, namely induced fit (or Koshland-Némethy-Filmer model)[181] and 
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conformational selection (or Monod-Wyman-Changeux model),[34a] are discussed in 

literature.[111b, 114a, 182] Although there are a few reports on conformational changes of synthetic 

supramolecular receptors upon guest binding and for some of these systems induced fit has 

been implied,[102, 116a, 116d, 116e] only very recently the first detailed mechanistic investigation has 

been reported for host-guest encapsulation of a conformationally flexible metallo-

supramolecular host for which a conformational selection was confirmed by kinetic studies.[116f] 

The host-guest binding process of [2PBI]-2 with chiral guests (S)-G12 – G14 can in principle 

also follow one of these mechanistic models (Figure 57). According to the induced fit 

mechanism the guest would bind to any of the stereoisomers of [2PBI]-2 ((M,M), (P,P) or 

(M,P)/(P,M)) and consecutively induce structural rearrangements in the cyclophane until the 

conformation is adopted which fits best to the chiral guest. On the other hand, for the 

conformational selection mechanism the guest would select the most compatible stereoisomer 

of [2PBI]-2 out of the isomerization equilibrium for binding and thus shift the whole 

equilibrium. Hence, the difference between the two mechanisms is the order in which guest 

binding and host isomerization take place. A differentiation between these two mechanistic 

models is possible based on the rate constant kobs with which the system approaches the 

equilibrium between free [2PBI]-2, unbound guest and the complex after the addition of the 

guest. When kobs decreases with increasing guest concentration, the system follows the 

conformational selection model.[112, 116f] On the other hand, induced fit can be assumed when 

kobs increases as a function of guest concentration but only under rapid equilibrium 

approximation, i. e. the isomerization of [2PBI]-2 is the rate limiting step.[112] If in the latter 

case the rapid equilibrium approximation is not fulfilled, no unequivocal assignment of the 

mechanism is possible. 

 

Figure 57. Schematic representation of the induced fit and the conformational selection model for [2PBI]-2 and chiral guest 

(S)-G14. 
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To approach such mechanistic elucidation, time-dependent 1H NMR measurements with 

[2PBI]-2 and the strongest-binding guest (S)-G14 were performed to estimate kobs as a function 

of guest concentration. As the underlying kinetic processes are extremely fast at room 

temperature, the measurements were recorded in CDCl3 at 217 K. Prior to the kinetic studies, 

1H NMR host-guest titration and 1H-1H ROESY studies were performed (Figure A48 − Figure 

A49) in CDCl3 for signal assignment.15 After the addition of (S)-G14 to [2PBI]-2 new proton 

signals appeared, besides those of free (S)-G14, which are attributed to the host-guest complex 

(S)-G14⊂(P,P)- [2PBI]-2 (Figure A48). The intensity of the signals for the host-guest complex 

increased with increasing amounts of (S)-G4 while the signals for the protons of free [2PBI]-2 

gradually vanished as the equilibrium is shifted towards the complex. As encapsulation of 

asymmetric guest (S)-G14 reduces the symmetry of the cyclophane, a strong splitting of the 

signals of the complex occurs. The two signals for core protons of the free cyclophane at 

8.18 ppm (a) and 8.02 ppm (a′) of the homochiral (M,M)/(P,P)-dimer, for example, each split 

into four separate signals at 8.20, 7.73, 7.24 and 6.85 ppm and at 7.89, 7.84, 7.68 and 7.57 ppm, 

respectively. Remarkably, all aromatic protons of (S)-G14 experienced shielding to various 

extents upon complexation. Integration of the resonances for bound [2PBI]-2 and bound (S)-

G14 confirmed the formation of a 1:1 complex. 

For the kinetic 1H NMR studies a particular amount (2 eq., 5 eq. or 10 eq.) of (S)-G14 was 

added to a solution of free [2PBI]-2 in CDCl3 and the formation of signals corresponding to the 

host-guest complex was monitored as a function of time until the equilibrium between complex, 

unbound (S)-G14 and free [2PBI]-2 has been reached. Throughout this process, the proton 

peaks of the complex gradually increased while the proton peaks for the free host decreased. 

For signal integration dimethyl sulphone was added as internal standard. The first 1H NMR 

spectrum of such a kinetic study, recorded 140 s after addition of 10 eq. of (S)-G14 to a solution 

of [2PBI]-2 in CDCl3 at 217 K revealed that the host-guest complex has already been formed 

in significant amounts even after such a short time (Figure 58a and Figure A50). With 

progressing time, the concentration of free [2PBI]-2 decreases as indicated by the reduced 

integral of the signals at 8.18 ppm (a) and 8.02 ppm (a′) with respect to the used integration 

standard dimethyl sulphone. Concomitantly, the concentration of the complex went up as 

indicated by the increase of the corresponding signals, for example at 8.20 ppm. With these 

                                                 
15 The 1H, 1H ROESY NMR spectrum for signal assignment was recorded at 250 K. At 217 K, no distinct exchange peaks were 

observed, presumably because the underlying dynamic process is too slow at this temperature. For temperature-dependent 

shifts of the spectra, see Figure A42. 
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signals, the complex concentration was calculated16 and plotted as a function of time (Figure 

58b). This kinetic process is of pseudo first order, therefore the rate constant kobs can be 

determined by evaluation of the slope of the linear part of a corresponding natural logarithm 

plot and a value of kobs = 0.006 s−1 was obtained (Figure 58c). Similar measurements were 

performed after addition of 5 and 2 eq. of (S)-G14 (Figure A52 – Figure A55) giving kobs = 

0.005 s−1 and kobs = 0.003 s−1, respectively. Thus, kobs values are increased with increasing 

amounts of guest from 2 to 10 eq. for the present system (Figure 58d).  
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Figure 58. (a) Excerpts of the time-dependent 1H NMR spectra (600 MHz, CDCl3, 217 K, dimethyl sulphone as integration 

standard) of [2PBI]-2 (c0 = 5 × 10−4 mol L−1) showing the development of the signals of PBI core protons a and a′ (free host) 

and ac (bound host) after the addition of 10 eq. of (S)-G14. (b) Plot of the complex concentration (S)-G14⊂[2PBI]-2 as a 

function of time after addition of 10 eq. of (S)-G14. (c) Plot showing the first order kinetics for the approach to the complexation 

equilibrium as a function of time after addition of 10 eq. of (S)-G14. (d) Dependence of kobs on the initial concentration of (S)-

G14. 

 

For the unequivocal assignment to a mechanistic model, either to induced fit or to 

conformational selection, the premise of the rapid equilibrium approximation must be fulfilled. 

Therefore, temperature-dependent 1H NMR experiments in CDCl3 of the free host (Figure A41) 

and in the presence of 5 eq. of (S)-G14 (Figure A42) were performed to roughly estimate the 

rate constants of host isomerization kiso and guest in-out exchange kex. In both experiments, Tc 

                                                 
16 As the signals at 8.19 (1 proton of bound [2PBI]) and 8.18 ppm (4 protons of free [2PBI]) overlap significantly, they were 

integrated as one signal. The integral of the signal at 8.02 ppm (4 protons of free [2PBI]) was then substracted. 
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was observed at 295 K. Using equation (19) and the signal splitting Δν = 94.5 Hz of the core 

protons of [2PBI]-2 in CDCl3 at 217 K the activation energy for the host isomerization was 

calculated as ΔG‡ = 59.1 kJ mol−1. Accordingly, the activation energy for guest in-out exchange 

was determined as 57.9 kJ mol−1. For Δν, the difference between the free [2PBI]-2 core proton 

at 8.03 ppm and the mean shifts of the corresponding four signals of the complex (7.89, 7.84, 

7.68 and 7.57 ppm) as assigned by the ROESY spectrum (Figure A49) were used. With 

equation (20) the rate constants were determined as kiso = 0.027 s−1 and kex = 0.053 s−1. 

k = 
kbT

h
e

−
∆G

‡

RT  (20) 

 

Since kex is not significantly larger than kiso, the rapid equilibrium approximation (i. e. kiso << 

kex) is not sufficiently fulfilled by our system and thus no definite mechanistic conclusion can 

be made at this point. However, since [2PBI]-2 shows conformational dynamics prior to guest 

binding, it is reasonable to propose the conformational selection model for the host-guest 

binding of cyclophane [2PBI]-2. 

 

3.4.6 Conclusion 

In summary, we could show by temperature-dependent 1H NMR measurements in C2D2Cl4 that 

the cyclic PBI dimer [2PBI]-2 exhibits a dynamic equilibrium of its (M,M), (P,P) and 

(M,P)/(P,M) stereoisomers. Further investigations indicated that achiral guest perylene 

preferentially selects the enantiomeric pair (M,M)-[2PBI]-2 and (P,P)-[2PBI]-2 over the 

mesomer (M,P)/(P,M). For the first time, we could show that homochiral guests (S)-G12 − (S)-

G14 induce chirality to a PBI cyclophane by host-guest binding. Chiral guests preferentially 

bind to one conformer of [2PBI]-2 thus leading to a shift in the conformational equilibrium 

between the stereoisomers. Kinetic experiments to elucidate the underlying mechanism 

(conformational selection versus induced fit) for the host-guest binding did not yield 

unambiguous results as the rapid equilibrium approximation is not fulfilled by our system. 

However, owing to the conformational dynamics of the host [2PBI]-2, we assume that the 

conformational selection model is more reasonable for the present system. 
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3.4.7 Appendix III 

Temperature-dependent 1H NMR spectra 

 

 

 

Figure A40. Temperature-dependent 1H NMR spectra (C2D2Cl4, 400 MHz) of [2PBI]-2 (c = 1 × 10−4 mol L−1) in the presence 

of 8 equivalents of G11 from 360 K to 260 K in steps of 10 K. Signals of the encapsulated guest G11 are assigned as 1c, 2c and 

3c.[33] 
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Figure A41. Temperature-dependent 1H NMR spectra (CDCl3, 600 MHz) of [2PBI]-2 (c = 5 × 10−4 mol L−1) from 324 K to 

217 K. 
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Figure A42. Excerpt of the temperature-dependent 1H NMR spectra (CDCl3, 600 MHz) of [2PBI]-2 (c = 5 × 10−4 mol L−1) in 

the presence of 5 eq. of (S)-G14 from 324 K to 217 K. Signals of the host in the host-guest complex (S)-G14⊂[2PBI]-2 are 

assigned with ac − ec. Peaks assigned with a * correspond to aromatic signals of bound (S)-G14. 
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Host-guest titration experiments 
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Figure A43. (a) UV-vis and (b) fluorescence titration (lex = 530 nm) of [2PBI]-2 (c0 = 1 × 10−5 mol L−1) with G11 in C2H2Cl4 

at 298 K. (c) Plots of UV-vis (598 nm) and (d) fluorescence (641 nm) titration data points as a function of guest concentration 

and fitting with a 1:1 binding model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-guest complex. 
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Figure A44. (a) UV-vis and (b) fluorescence titration (lex = 530 nm) of [2PBI]-2 (c0 = 1 × 10−5 mol L−1) with (S)-G12 in 

CHCl3 at 298 K. (c) Plots of UV-vis (586 nm) and (d) fluorescence (635 nm) titration data points as a function of guest 

concentration and fitting with a 1:1 binding model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-

guest complex.[33] 
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Figure A45. (a) UV-vis and (b) fluorescence titration (lex = 530 nm) of [2PBI]-2 (c0 = 1 × 10−5 mol L−1) with (S)-G13 in 

CHCl3 at 298 K. (c) Plots of UV-vis (586 nm) and (d) fluorescence (635 nm) titration data points as a function of guest 

concentration and fitting with a 1:1 binding model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-

guest complex. 
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Figure A46. (a) UV-vis and (b) fluorescence titration (lex = 530 nm) of [2PBI]-2 (c0 = 1 × 10−5 mol L−1) with (S)-G14 in 

CHCl3 at 298 K. (c) Plots of UV-vis (586 nm) and (d) fluorescence (635 nm) titration data points as a function of guest 

concentration and fitting with a 1:1 binding model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-

guest complex. 
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Figure A47. (a) UV-vis and (b) fluorescence titration (lex = 530 nm) of [2PBI]-2] (c0 = 1 × 10−5 mol L−1) with (R)-G14 in 

CHCl3 at 298 K. (c) Plots of UV-vis (586 nm) and (d) fluorescence (635 nm) titration data points as a function of guest 

concentration and fitting with a 1:1 binding model; insets: Benesi-Hildebrand plots showing a 1:1 stoichiometry of the host-

guest complex. 
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Figure A48. 1H NMR titration (CDCl3, 600 MHz, 217 K,) of [2PBI]-2 (c0 = 5 × 10−4 mol L−1) with (S)-G14. Signals of the 

host in the host-guest complex (S)-G14⊂[2PBI]-2 are assigned with ac − ec. Peaks assigned with a red * correspond to aromatic 

signals of bound (S)-G14. 
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Figure A49. 1H-1H ROESY (600 MHz, CDCl3, 250 K) of [2PBI]-2 (c = 5 × 10−4 L mol−1) in the presence of 5 eq. of (S)-G14. 
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Kinetic 1H NMR studies 

 

Figure A50. Time-dependent 1H NMR spectra (600 MHz, CDCl3, 217 K, dimethyl sulphone as integration standard) of [2PBI]-

2 (c0 = 5 × 10−4 mol L−1) after the addition of 10 eq. of (S)-G14 (right). Excerpt thereof showing the PBI core protons (left). 
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Figure A51. (a) Plot of the complex concentration (S)-G14⊂[2PBI]-2 as a function of time after the addition of 10 eq. of (S)-

G14. (b) Plot showing the first order kinetics for the approach to the complexation equilibrium after the addition of 10 eq. of 

(S)-G14. 
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Figure A52. Time-dependent 1H NMR spectra (600 MHz, CDCl3, 217 K, dimethyl sulphone as integration standard) of [2PBI]-

2 (c0 = 5 × 10−4 mol L−1) after the addition of 5 eq. of (S)-G14 (right). Excerpt thereof showing the PBI core protons (left). 
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Figure A53. (a) Plot of the complex concentration (S)-G14⊂[2PBI]-2 as a function of time after the addition of 5 eq. of (S)-

G14. (b) Plot showing the first order kinetics for the approach to the complexation equilibrium after the addition of 5 eq. of 

(S)-G14. 
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Figure A54. Time-dependent 1H NMR spectra (600 MHz, CDCl3, 217 K, dimethyl sulphone as integration standard) of [2PBI]-

2 (c0 = 5 × 10−4 mol L−1) after the addition of 2 eq. of (S)-G14 (right). Excerpt thereof showing the PBI core protons (left). 
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Figure A55. (a) Plot of the complex concentration (S)-G14⊂[2PBI]-2 as a function of time after the addition of 2 eq. of (S)-

G14. (b) Plot showing the first order kinetics for the approach to the complexation equilibrium after the addition of 2 eq. of 

(S)-G14. 
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Chapter 4 

 

Summary 

 

In this thesis, several new properties of perylene bisimide cyclophane hosts were elucidated 

such as guest recognition in aqueous environment (Chapter 3.2) or the self-assembly process of 

one of these hosts in water (Chapter 3.3). Furthermore, the chirality transfer upon guest 

recognition and the mechanistic model behind host-guest complex formation were investigated 

(Chapter 3.4). 

The synthesis of the first water-soluble PBI cyclophanes [2PBI]-1m and [2PBI]-1p as well as 

their reference monomers, ref-PBI-1m and ref-PBI-1p was presented (Figure 59). Solubility 

of the hydrophobic chromophores in aqueous environment is provided by four branched 

oligoethylene glycol chains per PBI core which were attached by copper(I)-catalyzed alkyne-

azide cycloaddition.  

 

Figure 59. Molecular structures of water-soluble PBI cyclophane hosts [2PBI]-1m and [2PBI]-1p and their reference 

monomers ref-PBI-1m and ref-PBI-1p. 
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The property of water-soluble cyclophane host [2PBI]-1p to recognize natural aromatic 

alkaloids such as harmine, harmaline or berberine by intercalation into the hydrophobic cavity 

of the cyclic PBI dimer was investigated in detail (Figure 60). UV-vis and fluorescence titration 

studies confirmed good binding affinities in the order of 103 L mol−1 in H2O/acetonitrile 

(1/1 vol%). A structure-binding property relationship for host [2PBI]-1p was devised showing 

that three conjugated rings in the π-skeleton of the alkaloid guests are beneficial and large 

substituents in alkaloids diminish the binding affinity. [2PBI]-1p represents the very first 

example of a chromophore macrocyclic receptor that can be used for the recognition of aromatic 

alkaloids in aqueous media. 

 

Figure 60. Calculated structure of the host-guest complex harmine⊂[2PBI]-1m (PM7). 

 

The thermodynamic bias of the supramolecular dimerization of PBI cyclophane [2PBI]-1m and 

its reference monomer ref-PBI-1m in water was explored by temperature dependent UV-vis 

spectroscopy. For ref-PBI-1m, a common temperature response of the self-assembled structure 

was observed leading to deaggregation at elevated temperature. In the case of the cyclophane, 

however, enhanced aggregation was observed upon increasing the temperature. These findings 

corroborate an enthalpically-favored self-assembly process for the reference monomer whereas 

for the PBI cyclophane this process is entropically driven and enthalpically even disfavored 

(Figure 61). The inversion of the thermodynamic driving force for the supramolecular 

dimerization processes of [2PBI]-1m and ref-PBI-1m is ascribed to the higher degree of 

solvation of the cyclophane in water when compared to the reference monomer as the former 

is appended with twice as many polar OEG side chains per openly accessible, hydrophobic π-

surface. In its monomeric state cyclophane host [2PBI]-1m binds the harmala alkaloid harmine 

(G1) in water with good affinity. As for [2PBI]-1m in the aggregated state, host self-association 

and guest encapsulation become competing processes with the equilibrium being shifted 

towards the host-guest complex G1⊂[2PBI]-1m upon addition of higher amounts of G1. 
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Figure 61. Schematic representation of the equilibrium of PBI cyclophane [2PBI]-1m between its dimer aggregate and the 

host-guest complex with alkaloid guest harmine in water.  

 

The dynamic equilibrium of the (M,M), (P,P) and (M,P)/(P,M) stereoisomers of the cyclic PBI 

dimer [2PBI]-2 which was observed previously by Dr. Peter Spenst was elucidated further. The 

greater stability of the homochiral (M,M)/(P,P)-enantiomeric pair when compared to the 

(M,P)/(P,M)-mesomer and the fact that achiral guest molecule perylene preferentially selects 

the enantiomeric pair (M,M)-[2PBI]-2 and (P,P)-[2PBI]-2 over the mesomer for formation of 

host-guest-complexes were reported previously.[33] In this work, it was proven that the induced 

CD-effect observed upon addition of homochiral guests is considerably enhanced when 

compared to initial studies by new guest molecules (S)-G13 and (S)-G14 with increased affinity 

for [2PBI]-2. Due to a more stable host-guest-binding to preferentially one conformer of 

[2PBI]-2 the conformational equilibrium between the stereoisomers is shifted more efficiently 

to the host-guest complex of this conformer with (S)-G13 and (S)-G14 (Figure 62). Kinetic 

experiments to elucidate the underlying mechanism (conformational selection versus induced 

fit) for the host-guest binding process did not yield unambiguous results as the rapid equilibrium 

approximation is not fulfilled by the present system. However, owing to the conformational 

dynamics of cyclophane [2PBI]-2, conformational selection is assumed to be the more 

reasonable model. 

 

Figure 62. Schematic representation of the dynamic equilibrium of the (M,M), (P,P) and (M,P)/(P,M) stereoisomers of the 

cyclophane [2PBI]-2 which can be shifted to one specific stereoisomer by encapsulation of a chiral guest within the cavity of 

the host. 
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In conclusion, in this thesis a broad range of properties of perylene bisimide cyclophane hosts, 

which are also of great relevance for molecular recognition processes in biological systems, 

was discussed. The investigations covered host-guest binding properties of a water-soluble PBI 

cyclophane in aqueous environment, the role of water in self-association processes of an 

amphiphilic PBI cyclophane in comparison to its reference monomer, chirality transfer and 

mechanistic studies on the formation of host-guest complexes. Hence, some of these insights 

can help to further our understanding of highly complex molecular recognition phenomena in 

living systems. 
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Chapter 5 

 

Zusammenfassung 

 

Diese Arbeit befasste sich mit der Erforschung neuer Eigenschaften von Perylenbisimid-

cyclophanwirten, zum Beispiel der Gast-Komplexierung in wässriger Umgebung (Kapitel 3.2) 

oder dem Einfluss von Wasser beim Selbstassemblierungsprozess einer dieser Wirte in Wasser 

(Kapitel 3.3). Weiterhin wurden der Chiralitätstransfer durch Gasterkennung und das der Wirt-

Gast-Komplexbildung zugrunde liegende mechanistische Modell untersucht (Kapitel 3.4).  

Die Synthese der ersten wasserlöslichen PBI-Cyclophane [2PBI]-1m und [2PBI]-1p sowie 

deren Referenzmonomere ref-PBI-1m und ref-PBI-1p wurde vorgestellt (Abbildung 1). Die 

Löslichkeit der unpolaren Chromophore im wässrigen Medium wird von vier verzweigten 

OEG-Substituenten pro PBI-Einheit sichergestellt, die mittels Kupfer(I)-katalysierter Alkin-

Azid-Cycloaddition am PBI-Gerüst eingeführt wurden. 

 

Abbildung 1. Molekülstrukturen der wasserlöslichen PBI-Cyclophanwirte [2PBI]-1m und [2PBI]-1p und deren monomeren 

Referenzverbindungen ref-PBI-1m und ref-PBI-1p. 

 

Die Fähigkeit des wasserlöslichen Cyclophanwirts [2PBI]-1p, natürlich vorkommende 

aromatische Alkaloide, wie zum Beispiel Harmin, Harmalin oder Berberin, im wässrigen 
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Medium durch Einlagerung in seine hydrophobe Kavität zu erkennen, wurde ausführlich 

untersucht. Mittels UV-Vis- und Fluoreszenztitrationsstudien konnten gute Affinitäten im 

Bereich von 103 L mol−1 zu den oben aufgeführten Alkaloidgästen in H2O/Acetonitril 

(1/1 vol%) nachgewiesen werden. Dabei wurde eine Struktur-Bindungseigenschaftsbeziehung 

abgeleitet, die besagt, dass sich drei konjugierte Ringe im Molekülskelett der Alkaloide positiv 

auf die Bindung zu [2PBI]-1p auswirken und dass große Substituenten am Alkaloidmolekül 

die Komplexstabilität verringern. [2PBI]-1p stellt das erste Beispiel eines farbstoffbasierten 

Makrozyklus’ zur Erkennung aromatischer Alkaloide in wässriger Umgebung dar. 

 

Abbildung 2. Berechnete Struktur des Wirt-Gast-Komplexes Harmin⊂[2PBI]-1m (PM7). 

 

Die gegensätzlichen thermodynamischen Triebkräfte hinter den supramolekularen Dimeri-

sierungen des PBI-Cyclophans [2PBI]-1m und dessen Referenzmonomers ref-PBI-1m in 

Wasser wurden mittels temperaturabhängiger UV-Vis-Studien untersucht. Bei ref-PBI-1m 

wurde das übliche Temperaturverhalten von selbstassemblierten Strukturen festgestellt, für die 

Deaggregation bei erhöhter Temperatur verzeichnet wird (Abbildung 3). Im Fall des 

Cyclophans [2PBI]-1m wurde jedoch verstärkte Aggregation bei höheren Temperaturen 

nachgewiesen. Diese Beobachtungen deuten darauf hin, dass beim Referenzmonomer ein von 

der Enthalpie begünstigter Selbstassemblierungsprozess vorliegt wohingegen dieser Prozess für 

das Cyclophan entropiegetrieben ist und enthalpisch nicht bevorzugt wird. Die Umkehr der 

thermodynamischen Triebkräfte für die supramolekularen Dimerisierungsprozesse von 

[2PBI]-1m und ref-PBI-1m wird dem erhöhten Grad der Solvatisierung des Cyclophans 

verglichen mit dem Referenzmonomer in Wasser zugeschrieben, da ersteres mit der doppelten 

Anzahl an polaren OEG-Ketten je frei zugänglicher hydrophober π-Oberfläche ausgestattet ist. 

Im monomeren Zustand bindet das Cyclophan [2PBI]-1m das Alkaloid Harmin (G1) in seiner 

Kavität in Wasser. Im aggregierten Zustand befinden sich Wirt-Selbsterkennung und 

Gasterkennung in Konkurrenz, wobei das Gleichgewicht auf die Seite des Wirt-Gast-

Komplexes G1⊂[2PBI]-1m durch erhöhte Gastzugabe verschoben werden kann. 
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Abbildung 3. Schematische Darstellung des Geleichgewichts des PBI-Cyclophans [2PBI]-1m zwischen dem Dimeraggregat 

und dem Wirt-Gast-Komplex mit dem Alkaloidgast Harmin in Wasser.  

 

Das von Dr. Peter Spenst beobachtete dynamische Gleichgewicht zwischen den (M,M)-, (P,P)- 

und (M,P)/(P,M)-Stereoisomeren des zyklischen PBI-Dimers [2PBI]-2 wurde weiter 

untersucht. Dass das thermodynamische Gleichgewicht aufseiten des homochiralen 

(M,M)/(P,P)-Enantiomerenpaars liegt und dass der achirale Gast Perylen das homochirale 

Enantiomerenpaar (M,M)-[2PBI]-2 und (P,P)-[2PBI]-2 dem (M,P)/(P,M)-Mesomer zur Wirt-

Gast-Komplexbildung vorzieht, war bereits aus vorangegangenen Arbeiten bekannt.[33] In 

dieser Arbeit wurde nachgewiesen, dass der durch Zugabe homochiraler Gäste zum Racemat 

von [2PBI]-2 hervorgerufene induzierte CD-Effekt, im Vergleich zu früheren Studien, durch 

die neuen Gastmoleküle (S)-G13 und (S)-G14 mit erhöhter Affinität zu [2PBI]-2 deutlich 

verstärkt wird. Durch die stabilere Wirt-Gast-Bindung mit bevorzugt einem Konformer von 

[2PBI]-2 lässt sich das konformative Gleichgewicht zwischen den Stereoisomeren effektiver 

zum Wirt-Gast-Komplex dieses einen Konformers mit (S)-G13 und (S)-G14 verschieben. 

Weiterhin wurden zeitabhängige 1H NMR-Studien zur Ermittlung des der Wirt-Gast-

Erkennung zu Grunde liegenden Mechanismus’ (induzierte Anpassung oder konformative 

Auslese) durchgeführt, die jedoch keine eindeutige Aussage zuließen, da die Annahme des 

schnellen Gleichgewichts für dieses System keine Gültigkeit besitzt. Jedoch wird aufgrund der 

konformativen Flexibilität des Cyclophans [2PBI]-2 die konformative Auslese als der 

wahrscheinlichere Mechanismus angenommen. 
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Abbildung 4. Schematische Darstellung der Verschiebung des konformativen Gleichgewichts zwischen den (M,M)-, (P,P)- 

und (M,P)/(P,M)-Stereoisomeren von Cyclophan [2PBI]-2p durch Einlagerung eines chiralen Gasts in die Kavität. 

 

Zusammenfassend wurden in dieser These eine breite Vielfalt von Eigenschaften von 

Perylenbisimidcyclophanwirten erläutert, die auch für molekulare Erkennungsprozesse in 

biologischen Systemen von großer Bedeutung sind. Die Untersuchungen deckten Wirt-Gast-

Bindungsstudien eines PBI-Cyclophanwirts in wässriger Umgebung, die Rolle von Wasser im 

Selbstassoziationsprozess eines PBI-Cyclophans im Vergleich zu dessen Referenzmonomer, 

Chiralitätstransfer und mechanistische Studien zur Bildung der Wirt-Gast-Komplexe ab. Somit 

können einige dieser Erkenntnisse zu einem tiefgreifenderen Verständnis von hochkomplexen 

molekularen Erkennungsphänomenen in lebenden Organismen beitragen. 
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Chapter 6 

 

Experimental Section 

 

6.1 Materials and Methods 

Melting points. Melting points were determined with an Olympus BX41 polarization 

microscope (Linkam Scientific) with a TP-94-heating stage and are uncorrected. 

NMR spectroscopy. NMR spectra were recorded on a Bruker Avance III HD 400 or 600 MHz 

spectrometer in deuterated solvents. Chemical shifts () are internally referenced to the residual 

proton solvent resonances or to natural abundance carbon resonances. The abbreviations for 

signal multiplicities are s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = 

sextet, m = multiplet. 

Mass spectrometry. MALDI-TOF mass spectrometry was performed on a Bruker Daltonic 

Autoflex II mass spectrometer using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propen-

ylidene]malononitrile (DCTB) as matrix. High resolution ESI-TOF mass spectrometry was 

performed on a Bruker Daltonic microTOF focus spectrometer. 

UV-vis spectroscopy. UV-vis absorption spectra were recorded on a JASCO V670 or V770 or 

a Perkin Elmer Lambda 950 spectrometer. The temperature was controlled by an NCP-706 

thermostat (JASCO) or a PTP-1 Peltier element (Perkin Elmer). Either solvents of spectroscopic 

grade or Millipore water (ELGA Purelab Classic system ( = 18.2 MΩcm) was used. The 

measurements in organic solvents were performed in conventional quartz cells (Hellma 

Analytics). For measurements in aqueous media, these cuvettes were silanized (see procedure 

below) to minimize errors in sample concentrations due to adsorption of the compounds to the 

glass walls. 
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Fluorescence spectroscopy. Fluorescence spectra for titration experiments were recorded on a 

PTI QM4-2003 spectrometer. Quantum yields were determined on an Edinburgh Instruments 

FLS 980 spectrometer by optical dilution method (ODmax < 0.05) as the average value of four 

different excitation wavelengths using N,N’-di(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-

perylen-3,4:9,10-tetracarboxylic acid bisimide (Φfl = 0.96 in CHCl3)
[183] as reference. 

Conventional quartz cells (10 mm, Hellma Analytics) and solvents of spectroscopic grade were 

used. 

Circular dichroism spectroscopy. CD spectra were recorded on a JASCO J-810 spectrometer 

equipped with a CDF-242 Peltier element using conventional quartz cells and solvents of 

spectroscopic grade. 

Atomic force microscopy. AFM measurements were performed under ambient conditions 

using a Bruker Multimode 8 SPM system operating in tapping mode. Silica cantilevers (OMCL-

AC200TS, Olympus) with a resonance frequency of ~ 150 kHz and a spring constant of 

~ 10 N m−1 were used. The samples were prepared by spin-coating of a sample solution in a 

given solvent onto mica. 

Chromatography. Column chromatography was performed with glass columns using silica 

gel (Silica 60, particle size 0.04 – 0.063 mm, Macherey Nagel) as stationary phase. CH2Cl2 and 

ethyl acetate were distilled prior to use. Thin layer chromatography for reaction monitoring was 

carried out on pre-coated silica gel plates 60 with fluorescence indicator UV254 (Macherey 

Nagel or Merck). For preparative thin layer chromatography, pre-coated plates without 

fluorescence indicator were used. Recycling gel permeation chromatography was performed on 

a Shimadzu chromatography system (LC-20AD Prominence Pump, SPD-MA20A Prominence 

diode array detector) with three preparative JAIGEL columns (Japan Analytical Industries, 2 × 

2H, 1 × 2.5H) in a row using CHCl3 stabilized with ethanol and of HPLC grade as eluent. Flash 

chromatography was performed on a PuriFlash-XS 420+ (Interchim) using SilicaHP F0040 

(30 µm) columns. 

Silanization of cuvettes and glass vials. In the following, the procedure for the silanization of 

one commercial 1 cm cuvette in an unsilanized 250 mL flask is described.[184] Under nitrogen 

atmosphere, the cuvette was immersed into a mixture of freshly distilled trimethylsilylchloride 

(4.6 mL, 50.0 mmol) and NaI (7.50 g, 50.0 mmol) in dry acetonitrile (200 mL) and heated to 

90 °C overnight. After cooling down, the cuvette was washed thoroughly with distilled water, 
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acetone and CH2Cl2. For silanization of other glassware, the amounts in this procedure were 

adapted by taking into account the approximated outer and inner surfaces of the respective 

cuvettes and glass vials as well as the inner sphere volume of the reaction flask. 

Guest molecules. The alkaloid guests G1, G4 – G8 as well as G11 and (S)-G12 are 

commercially available and were used without further purification. G2 was prepared by 

methylation of harmine with CH3I,
[185] G3 was prepared according to literature[186] and G9 and 

G10 were obtained by precipitation of the corresponding, commercially available free base 

from CH3OH with concentrated hydrochloric acid. (S)-G13 and (S)-G14 were synthesized in 

two steps as described in Chapter 6.2. 

Host-guest titration experiments. For the titration experiments, a solution of both the 

respective PBI cyclophane (c = 1.0 × 10−5 mol L−1) and the guest in excess in the corresponding 

solvent was titrated to a solution of pure PBI cyclophane of the same concentration in the same 

solvent keeping the host concentration constant during the experiment. The UV-vis and 

fluorescence titration data were fitted globally ([2PBI]-1p: 575 – 530 nm (UV-vis) and 610 – 

680 nm (fluorescence). [2PBI]-2: 540 – 588 nm (UV-vis) and 625 – 685 nm (fluorescence)) to 

equation (21)[135] with εh, εhg and εobs as extinction coefficients at a given wavelength of the 

free host, the host-guest complex and the measured extinction coefficient, ch
0 and cg

0 as total 

concentrations of the host and the guest and Ka as binding constant. Ka was treated as shared 

variable. 

εobs =  εh +
εhg − εh

2ch
0

(ch
0 + cg

0 +
1

Ka

± √(ch
0 + cg

0 +
1

Ka

)
2

− 4ch
0cg

0) (21) 

 

UV-vis dilution studies. For the concentration-dependent aggregation studies, stock solutions 

in the respective solvent mixture of Millipore water and spectroscopic grade acetone were 

prepared in silanized glassware and allowed to equilibrate at room temperature overnight. The 

stock solutions were diluted with the solvent mixture to the desired concentration and again 

equilibrated overnight. Data were fitted locally at three different wavelengths to either the 

dimerization (22) or the isodesmic growth model (23).[153a] Here, εmon , εdim , εagg  and εobs 

represent the extinction coefficient of the monomer, the dimer, the aggregate or measured 

extinction coefficient, respectively. Kdim  and Kagg  are the dimerization and the aggregation 

constant and cT is the total concentration of the sample. 
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εobs =
4KdimcT + 1 − √8KdimcT + 1

4KdimcT

(εdim − εmon) + εmon (22) 

εobs = (1 −
2KaggcT + 1 − √4Kagg + 1

2Kagg
2cT

2
) (εagg − εmon) + εmon (23) 

For further confirmation of the aggregation mechanism and for obtaining the dimer or aggregate 

and the monomer spectrum, the data were also fitted to these models in a global fitting 

routine.[153b] 

Time-dependent host-guest 1H NMR studies. For the-time dependent NMR studies, an NMR 

tube with a solution of free [2PBI] in CDCl3 (0.5 mL) with the integration standard dimethyl 

sulphone as well as a solution of (S)-G14 of the desired concentration in CDCl3 were cooled to 

217 K in an acetone/dried ice bath. Directly before the measurement the guest solution (0.2 mL) 

was added to the NMR tube with the host, so that in the measured samples the concentrations 

were c0 ([2PBI]) = 5 × 10−4 mol L−1 and c0 ((S)-G14) = 1.0 × 10−3 mol L−1, 2.5 × 10−3 mol L−1 

or 5.0 × 10−3 mol L−1, respectively. The sample was immediately placed in a cooled and 

shimmed NMR spectrometer where consecutive proton spectra were measured automatically 

(number of scans: 40, acquisition time: 2.5 s). Data treatment was carried out according to 

literature.[116f] 

Molecular Modelling. Geometry optimization for the host-guest complexes of cyclophane 

[2PBI]-1p was performed by employing the semi-empirical Hamiltonian PM7[187] as 

implemented in the MOPAC program,[188] which also accounts for dispersion interactions. 

Geometries for [2PBI]-1m and ref-PBI-1m have been optimized employing the semi-empirical 

PM6 Hamiltonian[189] with D3H4 correction[190] for dispersion interactions and hydrogen 

bonding as implemented in MOPAC2016.[191] Solvent effects have been included implicitly 

using the COSMO model for water.[192] 
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6.2 Synthesis and Characterization 

Synthesis of N,N′-dibutyl-1,6,7,12-tetra(3-iodophenoxy)-3,4:9,10-tetracarboxylic acid 

perylene bisimide (42m) 

 

Under nitrogen atmosphere, anhydrous K2CO3 (1.94 g, 14.1 mmol) and 3-iodophenole (6.18 g, 

28.1 mmol) were dissolved in freshly distilled NMP (390 ml). After the addition of N,N-

dibutyl-1,6,7,12-tetrachloro-3,4:9,10-tetracarboxylic acid perylene bisimide[118] (3.00 g, 

4.69 mmol) the reaction was stirred at 110 °C for 18 h The crude product was precipitated by 

addition of 2 N HCl, filtered and washed with 2 N HCl and distilled water. Purification by 

column chromatography (silica gel, CH2Cl2/cyclohexane = 7/3) and subsequent precipitation 

from CH2Cl2 solution with CH3OH yielded 3.94 g (2.87 mmol, 61%) of a red solid. Mp: > 

350 °C. 1H NMR (CDCl3, 400 MHz):  = 8.21 (s, 4 H, CHPBI), 7.45 (ddd, 4 H, 3J = 7.8 Hz, 4J 

= 1.6 Hz, 4J = 1.0 Hz, CHaryl), 7.22 (dd, 4 H, 4J = 2.3 Hz, 4J = 1.6 Hz, CHaryl), 7.01 (t, 4 H, , 3J 

= 8.1 Hz, CHaryl), 6.91 (ddd, 4 H, 3J = 8.2 Hz, 4J = 2.4 Hz, 4J = 1.0 , CHaryl), 4.11 (t, 4 H, 3J = 

7.5 Hz, NCH2), 1.67 (quint, 4 H, 3J = 7.3 Hz, NCH2CH2), 1.41 (sext, 4 H, 3J = 7.3 Hz CH2CH3), 

0.95 (t, 6 H, 3J = 7.2 Hz CH3) ppm. 13C NMR (CDCl3, 100 MHz):  = 163.1, 155.9, 155.2, 

133.8, 132.9, 131.3, 129.0, 123.3, 120.8 8 (2 signals), 120.24, 119.0, 94.7, 40.6, 30.3, 20.5, 

13.9 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1396.86942 [M+Na]+, calculated for 

C100H122N2NaO8Si4: 1396.86993. UV-vis (CHCl3), λmax (εmax): 564 nm (43 × 103 L mol−1 cm−1), 

525 nm (28 × 103 L mol−1 cm−1). Fluorescence (CHCl3), λmax (λex): 599 nm (530 nm), Φfl = 

94%. 
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Synthesis of N,N′-dibutyl-1,6,7,12-tetra[3-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-

tetracarboxylic acid perylene bisimide (43m) 

 

Under nitrogen atmosphere, a degassed solution of triisopropylsilyl acetylene (1.43 mL, 1.16 g, 

6.27 mmol) in NEt3 (52.5 mL) was added to a mixture of N,N′-dibutyl-1,6,7,12-tetra(3-

iodophenoxy)-3,4:9,10-tetracarboxylic acid perylene bisimide (42m) (875 mg, 637 µmol), 

Pd(PPh3)2Cl2 (44.7 mg, 63.7 µmol) and CuI (24.3 mg, 127 µmol) in dry DMF (85.0 mL) and 

CH2Cl2 (44.0 mL) at room temperature. The reaction mixture was stirred at 55 °C for 16 h. 

After being cooled down to room temperature, the organic phase was washed successively with 

2 N HCl, concentrated NH4Cl solution and H2O and dried over Na2SO4. Purification by column 

chromatography (silica gel, CH2Cl2/cyclohexane = 6/4) and precipitation from CH2Cl2 solution 

with CH3OH yielded 839 mg (527 µmol, 83%) of a violet solid. Mp: 285 – 287 °C. 1H NMR 

(CD2Cl2, 400 MHz):  = 8.12 (s, 4 H, CHPBI), 7.28 – 7.23 (m, 8 H, CHaryl), 6.97 – 6.92 (m, 8 H, 

CHaryl), 4.08 (t, 4 H, 3J = 7.3 Hz NCH2), 1.64 (quint, 4 H, 3J = 7.3 Hz, NCH2CH2), 1.38 (sext, 

4 H, 3J = 7.4 Hz, CH2CH3), 1.10 (s, 84 H, SiCH(CH3)3), 0.93 (t, 6 H, 3J = 7.4 Hz CH3) ppm. 

13C NMR (CD2Cl2, 100 MHz):  = 163.3, 155.8, 155.7, 133.1, 13.2, 128.6, 125.7, 123.6, 123.5, 

120.9, 120.7, 120.5, 120.3, 106.3, 92.0, 40.7, 30.5, 20.7, 18.8, 14.0, 11.7 ppm. HRMS (ESI, 

pos. mode, CH3CN/CH3Cl): m/z 1613.80951 [M+Na]+, calculated for C100H122N2NaO8Si4: 

1613.81705. UV-vis (CHCl3), λmax (εmax): 571 nm (38 × 103 L mol−1 cm−1), 533 nm (25 × 103 L 

mol−1 cm−1). Fluorescence (CHCl3), λmax (λex): 605 nm (530 nm), Φfl = 92%. 
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Synthesis of N,N′-dibutyl-1,6,7,12-tetra[4-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-

tetracarboxylic acid perylene bisimide (43p) 

 

Under nitrogen atmosphere, a degassed solution of triisopropylsilyl acetylene (1.63 mL, 1.33 g, 

7.28 mmol) in NEt3 (60.0 mL) was added to a mixture of N,N-dibutyl-1,6,7,12-tetra(4-

iodophenoxy)-3,4:9,10-tetracarboxylic acid perylene bisimide (42p)[119] (1.00 g, 728 µmol), 

Pd(PPh3)2Cl2 (51.1 mg, 72.8 µmol) and CuI (27.7 mg, 146 µmol) in dry DMF (100 mL) and 

CH2Cl2 (50.0 mL) at room temperature. The reaction mixture was stirred at 55 °C for 16 h. 

After being cooled down to room temperature, the organic phase was washed successively with 

2 N HCl, concentrated NH4Cl solution and H2O and dried over Na2SO4. Purification by column 

chromatography (silica gel, CH2Cl2/cyclohexane = 7/3) and precipitation from CH2Cl2 solution 

with CH3OH yielded 893 mg (560 µmol, 77%) of a violet solid. Mp: 326 – 328 °C. 1H NMR 

(CDCl3, 400 MHz):  = 8.13 (s, 4 H, CHPBI), 7.44 – 7.41 (m, 8 H, CHaryl), 6.86 – 6.83 (m, 8 H, 

CHaryl), 4.11 (t, 4 H, NCH2), 1.64 (quint, 4 H, NCH2CH2), 1.39 (sext, 4 H, CH2CH3), 1.15 (s, 

84 H, SiCH(CH3)3), 0.94 (t, 6 H, CH3) ppm. 13C NMR (CDCl3, 100 MHz):  = 163.1, 155.6, 

155.3, 134.1, 132.8, 123.1, 120.4, 120.4, 120.2, 120.0, 119.9, 106.2, 91.0, 40.6, 30.2, 20.4, 18.8, 

13.9, 11.4 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1613.8161 [M+Na]+, calculated 

for C100H122N2NaO8Si4: 1613.8171. UV-vis (CHCl3), λmax (εmax): 573 nm (44 × 103 L mol−1 

cm−1), 534 nm (28 × 103 L mol−1 cm−1). Fluorescence (CHCl3), λmax (λex): 605 nm (530 nm), 

Φfl = 92%. 
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Synthesis of 1,6,7,12-tetra[3-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-tetracarboxylic 

acid perylene bisanhydride (44m) 

 

A solution of N,N′-dibutyl-1,6,7,12-tetra[3-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-tetra-

carboxylic acid perylene bisimide (43m) (1.21 g, 760 µmol) in tert-butylalcohol (90 mL) was 

heated to 110 °C. Finely ground KOH (852 mg, 15.2 mmol) was added and the reaction mixture 

was stirred at 110 °C for 15 min. The crude product was precipitated from the warm reaction 

mixture by addition of 2 N HCl, filtered, washed with H2O and dried in vacuo. Purification by 

column chromatography (silica gel, CH2Cl2/cyclohexane = 6/4) and precipitation from CH2Cl2 

solution with CH3OH yielded 285 mg (192 µmol, 25%) of a violet solid. Mp.: 274 – 276 °C. 

1H NMR (CD2Cl2, 400 MHz):  = 8.14 (s, 4 H, CHPBI), 7.30 – 7.26 (m, 8 H, CHaryl), 6.99 – 

6.93 (m, 8 H, CHaryl), 1.10 (s, 84 H, SiCH(CH3)3) ppm. 13C NMR (CD2Cl2, 100 MHz):  = 

159.9, 156.3, 155.1, 133.7, 130.5, 129.2, 126.0, 123.7, 122.2, 122.1, 121.8, 120.6, 119.6, 106.0, 

92.5, 18.8, 11.6 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1503.65318 [M+Na]+, 

calculated for C92H104NaO10Si4: 1503.65988. UV-vis (CHCl3), λmax (εmax): 573 nm (35 × 103 L 

mol−1 cm−1), 533 nm (21 × 103 L mol −1 cm−1). Fluorescence (CHCl3), λmax (λex): 603 nm 

(530 nm), Φfl = 93%. 

 

Synthesis of 1,6,7,12-tetra[4-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-tetracarboxylic 

acid perylene bisanhydride (44p) 

 

A solution of N,N′-dibutyl-1,6,7,12-tetra[4-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-tetra-

carboxylic acid perylene bisimide (43p) (100 mg, 62.8 µmol) in tert-butylalcohol (6.0 mL) was 
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heated to 110 °C. Finely ground KOH (70.5 mg, 1.26 mmol) was added and the reaction 

mixture was stirred at 110 °C for 15 min. The crude product was precipitated from the warm 

reaction mixture by addition of 2 N HCl, filtered, washed with H2O and dried in vacuo. 

Purification by column chromatography (silica gel, CH2Cl2/cyclohexane = 7/3) and 

precipitation from CH2Cl2 solution with CH3OH yielded 40.0 mg (27.0 µmol, 43%) of a violet 

solid. Mp.: 311 – 312 °C. 1H NMR (CDCl3, 400 MHz):  = 8.12 (s, 4 H, CHPBI), 7.47 – 7.44 

(m, 8 H, CHaryl), 6.88 – 6.84 (m, 8 H, CHaryl), 1.14 (s, 84 H, SiCH(CH3)3) ppm. 13C NMR 

(CDCl3, 100 MHz):  = 159.4, 156.2, 154.6, 134.4, 133.4, 121.9, 121.7, 121.3, 121.0, 120.1, 

119.3, 105.9, 91.7, 18.8, 11.4 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1503.6652 

[M+Na]+, calculated for C92H104NaO10Si4: 1503.6499. UV-vis (CHCl3), λmax (εmax): 576 nm (35 

× 103 L mol−1 cm−1), 535 nm (21 × 103 L mol−1 cm−1). Fluorescence (CHCl3), λmax (λex): 

605 nm (530 nm), Φfl = 85%. 

 

Glycerolether azide 45 

 

Under nitrogen atmosphere, a mixture of tosylate 49 (200 mg, 320 µmol) and NaN3 (104 mg, 

1.60 mmol) in ethanol (1.00 mL) was heated to 85 °C for 14 h. The salts were separated by 

filtration and the solvent was evaporated under reduced pressure. The residue was purified by 

column chromatography (silica gel, CH2Cl2/CH3OH = 100/10) to obtain 156 mg (314 µmol, 

94%) of a pale yellow oil. 1H NMR (400 MHz, CDCl3):  = 3.77 – 3.72 (m, 1 H, CHN3), 3.67 

– 3.52 (m, 36 H, OCH2), 3.38 (s, 6 H, OCH3) ppm. 13C NMR (100 MHz, CDCl3):  = 72.1, 

71.1 (2 signals), 70.8, 70.7 (3 signals), 70.6, 70.5, 69.8, 60.7, 59.2 ppm. HRMS (ESI, pos. 

mode, CH3CN/CH3Cl): m/z 520.28549 [M+Na]+, calculated for C21H43N3NaO10: 520.28407. 
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Synthesis of N,N′-dibenzyl-1,6,7,12-tetra[3-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-

tetracarboxylic acid perylene bisimide (46m) 

 

Under nitrogen atmosphere, 1,6,7,12-tetra[3-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-

tetracarboxylic acid perylene bisanhydride (44m) (80.0 mg, 54.0 µmol) was reacted with 

benzylamine (224 µL, 221 mg, 1.62 mmol) in imidazole (170 mg) and toluene (4 mL) at 120 °C 

for 4 h. The crude product was precipitated by addition of 2 N HCl, collected by filtration and 

washed with H2O. Further purification by column chromatography (CH2Cl2/hexane = 7/3) and 

precipitation from CH2Cl2 with CH3OH yielded 70.3 mg (35.1 µmol, 65%) of a red solid. Mp.: 

275 – 277 °C. 1H NMR (CD2Cl2, 400 MHz):  = 8.13 (s, 4 H, CHPBI), 7.42 – 7.39 (m, 4 H, 

CHaryl), 7.28 – 7.19 (m, 14 H, CHaryl), 6.96 – 6.91 (m, 8 H, CHaryl), 5.27 (br s, 4 H CH2), 1.09 

(s, 84 H, SiCH(CH3)3) ppm. 13C NMR (CD2Cl2, 100 MHz):  = 163.3, 155.9, 155.6, 137.6, 

133.2, 130.2, 129.0, 128.7 (2 signals), 127.8, 123.7, 123.4, 121.0, 120.8, 120.6, 120.4, 120.3, 

106.2, 92.1, 44.0, 18.8, 11.6 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1681.78174 

[M+Na]+, calculated for C106H118NNaO8Si4: 1681.78575. UV-vis (CHCl3), λmax (εmax): 575 nm 

(46 × 103 L mol−1 cm−1), 536 nm (28 × 103 L mol−1 cm−1). Fluorescence (CHCl3), λmax (λex): 

608 nm (530 nm), Φfl = 93%. 
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Synthesis of N,N′-dibenzyl-1,6,7,12-tetra[4-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-

tetracarboxylic acid perylene bisimide (46p) 

 

Under nitrogen atmosphere, 1,6,7,12-tetra[4-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-

tetracarboxylic acid perylene bisanhydride (44p) (30.0 mg, 20.2 µmol) was reacted with 

benzylamine (66.2 µL, 65.1 mg, 607 µmol) in imidazole (300 mg) and toluene (15 mL) at 

120 °C for 4 h. The crude product was precipitated by addition of 2 N HCl, collected by 

filtration and washed with H2O. Further purification by column chromatography 

(CH2Cl2/hexane = 7/3) and precipitation from CH2Cl2 with CH3OH yielded 30.5 mg 

(18.4 µmol, 90%) of a red solid. Mp.: > 350 °C. 1H NMR (CD2Cl2, 400 MHz):  = 8.13 (s, 4 

H, CHPBI), 7.43 – 7.40 (m, 12 H, CHaryl), 7.29 – 7.20 (m, 6 H, CHaryl), 6.87 – 6.85 (m, 8 H, 

CHaryl), 5.27 (br s, 4 H CH2), 1.14 (s, 84 H, SiCH(CH3)3) ppm. 13C NMR (CD2Cl2, 100 MHz): 

 = 163.3, 155.9, 155.7, 137.6, 134.2, 133.1, 129.0, 128.7, 127.8, 123.4, 121.1, 120.4, 120.2, 

120.1, 106.2, 91.1, 44.0, 18.8, 11.4 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 

1681.7817 [M+Na]+, calculated for C106H118NNaO8Si4: 1681.7858. UV-vis (CHCl3), λmax 

(εmax): 576 nm (42 × 103 L mol−1 cm−1), 537 nm (26 × 103 L mol−1 cm−1). Fluorescence 

(CHCl3), λmax (λex): 607 nm (530 nm), Φfl = 92%. 

 

Synthesis of glycerolether 48 

 

This literature-known compound was prepared according to a modified procedure.[124b] Under 

nitrogen atmosphere sodium (0.19 g, 8.07 mmol) was dissolved in tetraethylene glycol 

monomethyl ether (5.00 g, 24.3 mmol) at 100 °C. After cooling to 80 °C epichlorohydrin 

(0.63 mL, 0.75 g, 8.85 mmol) was added dropwise. The reaction mixture was heated overnight 
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at 100 °C. Precipitated salts were removed by filtration and the crude product was purified by 

column chromatography (ethyl acetate/CH3OH = 100/10) to obtain 1.25 g (2.64 mmol, 32%) 

of the product as a colorless oil. 1H-NMR (400 MHz, CDCl3): 4.00 – 3.94 (m, 1 H, CHOH), 

3.67 – 3.63 (m, 30 H, OCH2), 3.56 – 3.53 (m, 6 H, OCH2), 3.38 (s, 6 H, OCH3), 2.44 (br s, 1 H, 

OH). HRMS (ESI, pos. mode, CH3OH): m/z 495.27782 [M+Na]+, calculated 

for C21H44NaO11: 495.27758. The characterization data are in accordance with literature.[124a] 

 

Synthesis of glycerolether tosylate 49 

 

This unknown compound was prepared according to a modified literature procedure.[124b] Under 

nitrogen atmosphere, NaH (60% dispersion in mineral oil, 0.08 g, 3.15 mmol) was added to a 

solution of alcohol 48 (1.24 g, 2.62 mmol) in dry THF (20 mL) at room temperature. After the 

hydrogen evolution ceased, the reaction mixture was cooled to 0 °C and a solution of tosyl 

chloride (0.75 g, 3.94 mmol) in dry THF (10 mL) was added dropwise. After stirring at room 

temperature for 16 h, the solvent was evaporated and the residue was purified by column 

chromatography (silica gel, CH2Cl2/CH3OH = 100/10). The product (1.28 g, 2.03 mmol, 77%) 

was obtained as a colorless oil. 1H NMR (400 MHz, CDCl3):  = 7.82 – 7.79 (m, 2 H, CHTs), 

7.33 – 7.31 (m, 2 H, CHTs), 4.68 (pent, 1 H, CHOTs), 3.65 – 3.58 (m, 24 H, OCH2), 3.55 – 3.49 

(m, 12 H, OCH2), 3.37 (s, 6 H, OCH3), 2.44 (s, 3 H, CH3) ppm. 13C NMR (100 MHz, CDCl3): 

 = 144.7, 134.2, 129.7, 128.2, 79.8, 72.1, 71.0, 70.7 (3 signals), 70.5, 69.8, 59.2, 21.8 ppm. 

HRMS (ESI, pos. mode, CH3OH): m/z 649.28619 [M+Na]+, calculated for C28H50NaO13S: 

649.28643. 

 

Synthesis of acetyl-protected (S)-1-(3-bromophenyl)ethylamine (51) 

 

The reaction conditions were adopted from literature.[172b] Under nitrogen atmosphere, (S)-1-

(3-bromophenyl)ethylamine (714 µL, 1.00 g, 5.00 mmol, 1 eq.) was dissolved in dry CH2Cl2 

(5 mL). After the addition of Ac2O (708 µL, 765 mg, 7.50 mmol, 1.5 eq) and NEt3 (1.04 mL, 
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759 mg, 7.50 mmol, 1.5 eq.) the reaction was stirred overnight at room temperature. Then it 

was successively washed with 2 N HCl (1x), saturated aqueous NaHCO3 solution (1x) and brine 

(1x). The organic phase was dried over Na2SO4. After removal of the solvent the crude product 

was purified by column chromatography (silica gel, CH2Cl2/CH3OH = 100/5) to give 1.10 g 

(453 mmol, 91%) of a colorless oil. 1H NMR (CD2Cl2, 400 MHz): = 7.46 – 7.35 (m, 1H, 

CHaryl), 7.40 – 7.38 (m, 1H, CHaryl), 7.27 – 7.20 (m, 2H, CHaryl), 5.83 (br s, 1H, NH), 4.99 

(quint, 1H, , 3J = 7.1 Hz, CH), 1.94 (s, 3H, CH3) 1.43 (d, 3J = 7.0 Hz,  3H, CH3) ppm. 13C NMR 

(CD2Cl2, 100 MHz): = 169.3, 146.8, 130.6, 130.5, 129.4, 125.3, 122.9, 48.8, 23.5, 22.2 ppm. 

HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 264.00005 [M+Na]+, calculated for 

C10H12BrNNaO+: 263.99945. 

 

Synthesis of Cyclophane [2PBI]-1m via [2PBI]-5m 

 

[2PBI]-5m: Under nitrogen atmosphere, cyclophane [2PBI]-4m (30.0 mg, 9.48 µmol) was 

dissolved in dry THF (5 mL) and cooled to 0 °C. Tetrabutyl ammonium fluoride was added as 

1 M solution in THF (950 µmol in 950 µL). After 10 min, the reaction was quenched by 

addition of 2 N HCl (5 mL) upon which the crude product precipitated. The precipitate was 

collected by filtration, washed with H2O and further purified by column chromatography (silica 

gel, CHCl3). Precipitation from CHCl3 solution with CH3OH yielded 8.30 mg (4.34 µmol, 43%) 

of a red solid. Some of the starting material could be recovered (2.50 mg, 790 nmol). As [2PBI]-

5m is instable it was immediately converted. MS (MALDI, pos. mode, DCTB 1:3 in CHCl3): 

1913.526 [M]+, calculated for C128H64N4O16: 1913.932. 
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[2PBI]-1m: [2PBI]-5m (8.3 mg, 4.34 µmol) and azide 45 (38.8 mg, 78.1 µmol) were dissolved 

in dry THF (2 mL) and degassed by the freeze pump thaw procedure. Under nitrogen 

atmosphere, a mixture of CuOAc (213 µg, 1.73 µmol) and sodium ascorbate (6.87 mg, 

34.7 µmol) in dry THF (0.5 mL) and tris(benzyltriazolylmethyl)amine (1.84 mg, 3.47 µmol) 

were added. The reaction was stirred for 20 h at 60 °C. The solvent was evaporated under 

reduced pressure and the residue was redissolved in CHCl3. The organic phase was washed 

successively with 10 % NH3 aqueous solution, concentrated NH4Cl solution and H2O. The 

crude product was purified first by gravity coloumn chromatography (silica gel, 

CH2Cl2/CHCl3/CH3OH = 5/5/1) and then by preparative thin layer chromatography (silica gel, 

CH2Cl2/CH3OH = 92/8). Slow precipitation from CHCl3 with cyclohexane yielded 12.7 mg 

(2.15 µmol, 50 %) of a soft violet solid. Mp.: > 100 °C (decomposition). 1H NMR ((CD3)2CO), 

400 MHz):17  = 8.29 (s, 4 H, CHPBI), 8.27 (s, 4 H, CHPBI), 8.07 (s, 4 H, CHtriazol), 7.97 (s, 4 H, 

CHtriazol), 7.76 – 7.69 (m, 16 H, CHaryl), 7.34 (s, 8 H, CHaryl + 8 H, CHlinker), 7.05 (br s, 8 H, 

CHaryl), 6.83 (br s, 8 H, CHaryl), 5.31 (br s, 4 H, CH2 linker), 5.05 (br s, 4 H, CH2 linker), 4.99 (br s, 

8 H, NCH), 4.00 – 3.99 (m, 32 H, NCHCH2), 3.61 – 3.35 (m, 224 H, OCH2), 3.35 (m, 32 H, 

OCH2), 3.19 (2 s, 48 H, OCH3) ppm. 13C NMR (CD3CN, 150 MHz, 340 K):  = 163.9, 157.3, 

156.5, 147.1, 139.0, 134.7, 133.6, 131.6, 131.0, 124.3, 122.8, 122.2, 121.0, 118.1, 73.0, 72.1, 

71.7, 71.6 (3 signals), 71.5 (2 signals), 71.4, 71.3 (2 signals), 62.5, 59.2, 43.6 ppm. HRMS 

(ESI, pos. mode, CH3CN/CH3Cl): m/z 1495.69096 [M+4Na]4+, calculated for 

C296H408N28Na4O96
4+: 1495.68684. UV-vis λmax (εmax): CHCl3: 574 nm (65 × 103 L mol−1 cm−1), 

538 nm (54 × 103 L mol−1 cm−1); CH3CN: 574 nm (65 × 103 L mol−1 cm−1), 537 nm (53 × 103 L 

mol−1 cm−1). Fluorescence λmax (λex): CHCl3: 614 nm (530 nm), Φfl = 15%; CH3CN: 609 nm 

(530 nm), Φfl = 1%. 

 

                                                 
17 The dynamic equilibrium caused by the inversion of the PBI core twist of [1PBI]-1m as discussed in chapter 3.4 is 

considerably slowed down at room temperature. Thus, signal splitting is observed between the protons oriented either into the 

direction of the cavity or away from it as they experience different shielding effects.  
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Synthesis of Cyclophane [2PBI]-1p via [2PBI]-4p 

 

[2PBI]-5p: Under nitrogen atmosphere, cyclophane [2PBI]-4p (45.0 mg, 14.2 µmol) was 

dissolved in dry THF (5 mL) and cooled to 0 °C. Tetrabutyl ammonium fluoride was added as 

1 M solution in THF (142 µmol in 142 µL). After 10 min, the reaction was quenched by 

addition of 2 N HCl (5 mL) upon which the crude product precipitated. The precipitate was 

collected by filtration, washed with H2O and further purified by column chromatography (silica 

gel, CHCl3). Precipitation from CHCl3 solution with CH3OH yielded 20.1 mg (10.7 µmol, 75%) 

of a red solid. As [2PBI]-5p is instable it was immediately converted. MS (MALDI, neg. mode, 

DCTB 1:3 in CHCl3): 1913.436 [M]−, calculated for C128H64N4O16: 1913.432. 

 

[2PBI]-1p: [2PBI]-5p (20.1 mg, 10.7 µmol) and azide 45 (95.9 mg, 193 µmol) were dissolved 

in dry THF (5 mL) and degassed by the freeze pump thaw procedure. Under nitrogen 

atmosphere, a mixture of CuOAc (525 µg, 4.28 µmol) and sodium ascorbate (17.0 mg, 

85.7 µmol) in dry THF (0.5 mL) and tris(benzyltriazolylmethyl)amine (4.55 mg, 8.57 µmol) 

were added. The reaction was stirred for 20 h at 50 °C. The solvent was evaporated under 

reduced pressure and the residue was redissolved in CHCl3. The organic phase was washed 

successively with 10 % NH3 aqueous solution, concentrated NH4Cl solution and H2O. The 

crude product was purified first by gravity column chromatography (silica gel, 

CH2Cl2/CHCl3/CH3OH = 5/5/1) and then by preparative thin layer chromatography (silica gel, 

CH2Cl2/CH3OH = 92/8). Slow precipitation from CHCl3 with cyclohexane yielded 45.1 mg 

(7.65 µmol, 75%) of a soft violet solid. Mp.: > 100 °C (decomposition). 1H NMR (CD3CN, 

600 MHz, 340 K):  = 8.28 (s, 8 H, CHPBI), 7.95 (s, 8 H, CHtriazol), 7.86 (br s, 16 H, CHaryl), 
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7.31 (s, 8 H, CHlinker), 7.06 (br s, 16 H, CHaryl), 5.22 (br s, 8 H, CH2 linker), 5.02 – 5.00 (m, 8 H, 

NCH), 4.04 – 3.97 (m, 32 H, NCHCH2), 3.63 – 3.53 (m, 192 H, OCH2), 3.50 – 3.48 (m, 32 H, 

OCH2), 3.40 – 3.38 (m, 32 H, OCH2), 3.21 (2 s, 2 × 24 H, OCH3) ppm. 13C NMR (CD3CN, 

150 MHz, 340 K):  = 163.8, 156.2, 147.3, 138.9, 133.8, 131.0, 129.5, 128.5, 124.2, 122.0, 

121.3, 120.8, 73.0, 72.1, 71.7, 71.6 (4 signals), 71.4 (2 signals), 71.3 (2 signals), 62.4, 59.2, 

43.6 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1964.5889 [M+3H]3+, calculated for 

C296H411N28O96
3+: 1964.6041. UV-vis λmax (εmax): CHCl3: 581 nm (69 × 103 L mol−1 cm−1), 

542 nm (54 × 103 L mol−1 cm−1); CH3CN: 575 nm (64 × 103 L mol−1 cm−1), 537 nm (53 × 

103 L mol−1 cm−1); H2O: 596 nm (49 × 103 L mol−1 cm−1), 555 nm (41 × 103 L mol−1 cm−1). 

Fluorescence λmax (λex): CHCl3: 620 nm (530 nm), Φfl = 8%; CH3CN: 615 nm (530 nm), Φfl < 

1%. 

 

Synthesis of Cyclophane [2PBI]-4m 

 

Under nitrogen atmosphere, 1,6,7,12-tetra[3-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-tetra-

carboxylic acid perylene bisanhydride (44m) (350 mg, 236 µmol), para-xylylenediamine 

(32.2 mg, 236 µmol) and imidazole (3.50 g) were dissolved in toluene (650 mL). The reaction 

was heated to 120 °C for 17 h. Toluene was removed by evaporation and the residue was 

dissolved in CHCl3. The organic phase was washed with 2 N HCl (2x) and with H2O (1x) and 

dried over Na2SO4. After evaporation of the solvent, the crude product was purified by column 

chromatography (silica gel, CH2Cl2/cyclohexane = 6/4) and recycling gel permeation 

chromatography (CHCl3). Precipitation from CHCl3 with CH3OH yielded 56.4 mg (17.8 µmol, 

15%) of a red solid. Mp.: > 350 °C. 1H NMR (C2D2Cl4, 600 MHz, 360 K):  = 8.08 (s, 8 H, 

CHPBI), 7.37 (s, 8 H, CHlinker), 7.29 – 7.24 (m, 16 H, CHaryl), 6.94 (br s, 8 H, CHaryl), 6.85 (br s, 

8 H, CHaryl), 5.29 (br s, 8 H, CH2), 1.24 (s, 168 H, SiCH(CH3)3) ppm. 13C NMR (C2D2Cl4, 

150 MHz, 360 K):  = 162.4, 155.3, 154.7, 136.8, 131.9, 129.7, 129.5, 128.5, 125.6, 122.7, 

120.6, 120.2, 119.8, 119.4, 105.9, 99.5, 91.9, 42.6, 18.5, 11.3 ppm. HRMS (ESI, pos. mode, 

CH3CN/CH3Cl): m/z 1603.73654 [M+2Na]2+, calculated for C200H224N4Na2O16Si8
2+: 
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1603.73880. UV-vis (CHCl3), λmax (εmax): 571 nm (60 × 103 L mol−1 cm−1), 534 nm (50 × 

103 L mol−1 cm−1). Fluorescence (CHCl3) λmax (λex): 612 nm (530 nm), Φfl = 22%. 

 

Synthesis of Cyclophane [2PBI]-4p 

 

Under nitrogen atmosphere, 1,6,7,12-tetra[4-(triisopropylsilylethinyl)phenoxy]-3,4:9,10-tetra-

carboxylic acid perylene bisanhydride (44p) (261 mg, 176 µmol), para-xylylenediamine 

(23.9 mg, 176 µmol) and imidazole (2.60 g) were dissolved in toluene (485 mL). The reaction 

was heated to 120 °C for 16 h. Toluene was removed by evaporation and the residue was 

dissolved in CHCl3. The organic phase was washed with 2 N HCl (2x) and with H2O (1x) and 

dried over Na2SO4. After evaporation of the solvent, the crude product was purified by column 

chromatography (silica gel, CH2Cl2/cyclohexane = 6/4) and recycling gel permeation 

chromatography (CHCl3). Precipitation from CHCl3 with CH3OH yielded 42.0 mg (13.3 µmol, 

15%) of a red solid. Mp.: > 350 °C. 1H NMR (C2D2Cl4, 600 MHz, 360 K):  = 8.09 (s, 8 H, 

CHPBI), 7.48 – 7.46 (m, 16 H, CHaryl), 7.38 (s, 8 H, CHlinker), 6.84 – 6.82 (m, 16 H, CHaryl), 5.29 

(br s, 8 H, CH2), 1.24 (s, 168 H, SiCH(CH3)3) ppm. 13C NMR (C2D2Cl4, 150 MHz, 360 K):  

= 162.3, 154.9, 136.8, 133.7, 131.7, 129.8, 122.7, 120.7, 120.3, 120.2, 119.4, 119.3, 106.1, 91.2, 

42.6, 18.5, 11.3 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1603.7345 [M+2Na]2+, 

calculated for C200H224N4Na2O16Si8
2+: 1603.7388. UV-vis (CHCl3), λmax (εmax): 575 nm (69 × 

103 L mol−1 cm−1), 537 nm (55 × 103 L mol−1 cm−1). Fluorescence (CHCl3) λmax (λex): 613 nm 

(530 nm), Φfl = 16%. 

 

 

 

 



 

Chapter 6 
 

Experimental Section 
 

 

147 

 

Synthesis of ref-PBI-1m via PBI 47m 

 

PBI 47m: Under nitrogen atmosphere, PBI 46m (32.3 mg, 19.5 µmol) was dissolved in dry 

THF (6 mL) and cooled to 0 °C. Tetrabutyl ammonium fluoride was added as 1 M solution in 

THF (117 µmol in 117 µL). After 15 min, the reaction was quenched by addition of 2 N HCl 

(6 mL), upon which the crude product precipitated. The precipitate was collected by filtration, 

washed with H2O and further purified by column chromatography (silica gel, 

CH2Cl2/cyclohexane = 8/2). Precipitation from CH2Cl2 solution with CH3OH yielded 14.9 mg 

(14.3 µmol, 78%) of a red solid. Intermediate 47m is instable and was immediately converted. 

1H-NMR (CD2Cl2, 400 MHz):  = 8.16 (s, 4 H, CHPBI), 7.43 – 7.41 (m, 4 H, CHaryl), 7.29 – 

7.22 (m, 14 H, CHaryl), 7.03 – 7.02 (m, 4 H, CHaryl), 6.97 – 6.92 (m, 4 H, CHaryl), 5.27 (br s, 4 

H CH2), 3.12 (s, 4 H, C≡CH) ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 1034.25625 

[M] +, calculated for C70H38N2O8: 1034.26282. 

 

ref-PBI-1m: PBI 47m (14.9 mg, 14.4 µmol) and azide 45 (43.0 mg, 86.3 µmol) were dissolved 

in dry THF (3 mL) and degassed by the freeze pump thaw procedure. Under nitrogen 

atmosphere, a mixture of CuOAc (353 µg, 2.88 µmol) and sodium ascorbate (5.70 mg, 

28.8 µmol) in dry THF (0.5 mL) and tris(benzyltriazolylmethyl)amine (1.53 mg, 2.88 µmol) 

were added. The reaction was stirred for 20 h at 60 °C. The solvent was evaporated and the 
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residue was redissolved in CHCl3. The organic phase was washed successively with 10 % NH3 

aqueous solution, concentrated NH4Cl solution and H2O. The crude product was purified first 

by gravity coloumn chromatography (silica gel, CH2Cl2/CH3OH = 100/6) and then by 

preparative thin layer chromatography (silica gel, CH2Cl2/CH3OH = 100/6). Slow precipitation 

from CHCl3 solution with cyclohexane yielded 19.5 mg (14.4 µmol, 45%) of a soft violet solid. 

Mp.: > 100 °C (decomposition). 1H NMR ((CD3)2CO, 400 MHz):  = 8.31 (s, 4 H, CHPBI), 

8.20 (s, 4 H, CHtriazol), 7.73 – 7.71 (m, 4 H, CHaryl), 7.62 – 7.61 (m, 4 H, CHaryl), 7.41 – 7.37 

(m, 8 H, CHaryl), 7.26 – 7.16 (m, 6 H, CHaryl), 7.08 – 7.05 (m, 4 H, CHaryl), 5.21 (br s, 4 H, 

NCH2), 5.00 – 4.94 (m, 4 H, NCH), 4.02 – 3.92 (m, 16 H, NCHCH2), 3.62 – 3.59 (m, 16 H, 

OCH2), 3.56 – 3.53 (m, 16 H, OCH2), 3.50 – 3.49 (m, 80 H, OCH2), 3.41 – 3.38 (m, 16 H, 

OCH2), 3.22 (s, 24 H, OCH3) ppm. 13C NMR (CD3CN, 150 MHz):  = 163.8, 156.8, 156.4, 

146.6, 138.2, 134.1, 133.6, 131.4, 129.3, 128.9, 128.9, 123.7, 122.4, 121.9, 121.3, 120.8, 120.6, 

119.9, 117.6, 72.5, 71.4, 71.0 (3 signals), 70.8 (2 signals), 70.7, 61.7, 58.8, 44.3 ppm. HRMS 

(ESI, pos. mode, CH3CN/CH3Cl): m/z 1512.73436 [M+2H]2+, calculated for C154H212N14O48
2+: 

1512.72837. UV-vis λmax (εmax): CHCl3: 577 nm (40 × 103 L mol−1 cm−1), 538 nm (25 × 103 L 

mol−1 cm−1); CH3CN: 565 nm (38 × 103 L mol−1 cm−1), 529 nm (24 × 103 L mol−1 cm−1), 

acetone: 566 nm (38 × 103 L mol−1 cm−1), 529 nm (25 × 103 L mol−1 cm−1). Fluorescence λmax 

(λex): CHCl3: 609 nm (530 nm), Φfl = 93%; CH3CN: 600 nm (530 nm), Φfl = 87%; acetone: 

599 nm (530 nm), Φfl = 90%. 

 

Synthesis of ref-PBI-1p via PBI 47p 

 

PBI 47p: Under nitrogen atmosphere, PBI 46p (24.0 mg, 14.5 µmol) was dissolved in dry THF 

(4 mL) and cooled to 0 °C. Tetrabutyl ammonium fluoride was added as 1 M solution in THF 

(90 µmol in 90 µL). After 15 min, the reaction was quenched by addition of 2 N HCl (4 mL), 

upon which the crude product precipitated. The precipitate was collected by filtration, washed 
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with H2O and further purified by column chromatography (silica gel, CH2Cl2/hexane = 9/1). 

Precipitation from CH2Cl2 solution with CH3OH yielded 9.70 mg (9.37 µmol, 65%) of a red 

solid. Intermediate 47p is instable and was immediately converted. 1H-NMR (CD2Cl2, 

400 MHz):  = 8.15 (s, 4 H, CHPBI), 7.41 – 7.39 (m, 12 H, CHaryl), 7.28 – 7.20 (m, 6 H, CHaryl), 

6.88 – 6.86 (m, 8 H, CHaryl), 5.25 (br s, 4 H CH2), 3.14 (s, 4 H, C≡CH) ppm. HRMS (ESI, pos. 

mode, CH3CN/CH3Cl): m/z 1034.2582 [M] +, calculated for C70H38N2O8: 1034.2623. 

 

ref-PBI-1p: PBI 47p (9.70 mg, 9.37 µmol) and azide 45 (28.8 mg, 57.9 µmol) were dissolved 

in dry THF (5 mL) and degassed by the freeze pump thaw procedure. Under nitrogen 

atmosphere, a mixture of CuOAc (236 µg, 1.93 µmol) and sodium ascorbate (3.83 mg, 

19.3 µmol) in dry THF (0.5 mL) and tris(benzyltriazolylmethyl)amine (1.00 mg, 1.93 µmol) 

were added. The reaction was stirred for 20 h at 50 °C. The solvent was evaporated and the 

residue was redissolved in CHCl3. The organic phase was washed successively with 10 % NH3 

aqueous solution, concentrated NH4Cl solution and H2O. The crude product was purified first 

by gravity coloumn chromatography (silica gel, CH2Cl2/CH3OH = 100/5) and then by 

preparative thin layer chromatography (silica gel, CH2Cl2/CH3OH = 100/6). Slow precipitation 

from CHCl3 solution with cyclohexane yielded 11.3 mg (3.71 µmol, 38%) of a soft violet solid. 

Mp.: > 100 °C (decomposition). 1H NMR (CD3CN, 400 MHz):  = 8.19 (s, 4 H, CHPBI), 7.99 

(s, 4 H, CHtriazol), 7.75 – 7.73 (m, 8 H, CHaryl), 7.31 – 7.30 (m, 4 H, CHaryl), 7.26 – 7.17 (m, 6 H, 

CHaryl), 7.01 – 6.99 (m, 8 H, CHaryl), 5.14 – 5.11 (m, 4 H, NCH2), 4.97 – 4.91 (m, 4 H, NCH), 

3.96 – 3.85 (m, 16 H, NCHCH2), 3.59 – 3.54 (m, 16 H, OCH2), 3.51 – 3.45 (m, 96 H, OCH2), 

3.39 – 3.37 (m, 16 H, OCH2), 3.21 (s, 24 H, OCH3) ppm. 13C NMR (CD3CN, 100 MHz):  = 

163.8, 156.4, 156.0, 146.8, 138.2, 133.6, 129.4, 128.9, 128.8, 128.3, 128.0, 123.7, 121.5, 121.3, 

120.7, 120.6, 72.5, 71.5, 71.1 (3 signals), 70.9, 70.8, 61.8, 58.9 ppm. HRMS (ESI, pos. mode, 

CH3CN/CH3Cl): m/z 1512.7269 [M+2H]2+, calculated for C154H212N14O48
2+: 1512.7284. UV-

vis λmax (εmax): CHCl3: 582 nm (40 × 103 L mol−1 cm−1), 541 nm (24 × 103 L mol−1 cm−1); 
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CH3CN: 569 nm (37 × 103 L mol−1 cm−1), 531 nm (23 × 103 L mol−1 cm−1). Fluorescence λmax 

(λex): CHCl3: 614 nm (530 nm), Φfl = 53%; CH3CN: 604 nm (530 nm), Φfl = 1%. 

 

Synthesis of (S)-G13 

 

The reaction conditions were adopted from literature.[173] Under nitrogen atmosphere, 51[172a] 

(800 mg, 2.66 mmol, 1 eq.), 1-naphthylboronic acid (550 mg, 3.20 mmol, 1.2 eq.), Pd2dba3 

(11.8 mg, 12.9 µmol, 0.5 mol%) and PPh3 (140 mg, 532 µmol, 0.2 eq.) were dissolved in dry 

toluene (10.8 mL). The mixture was stirred at room temperature. After 10 min, Na2CO3 (1.13 g, 

10.7 mmol, 4 eq.) and a mixture (1/1 vol%) of H2O/EtOH (3 mL) were added and the reaction 

was heated to 95 °C for 24 h. After cooling down to room temperature, the mixture was 

extracted with CH2Cl2 (3x). The organic extracts were combined, washed with H2O (1x) and 

dried over Na2SO4. After evaporation of the solvent, the crude product was purified by column 

chromatography (silica gel, CH2Cl2) and flash chromatography (silica gel, CH2Cl2/pentane 

80/20  100/0). The product (638 mg, 1.84 mmol, 69%) was obtained as a colorless, glassy 

solid. Mp: 44 – 45 °C. 1H NMR (CDCl3, 400 MHz): = 7.93 – 7.86 (m, 3H, CHaryl), 7.55 – 

7.37 (m, 8H, CHaryl), 5.06 – 4.56 (br m, 2H, NH, CH), 1.51 (d, 3J = 6.2 Hz,  3H, CH3), 1.44 (s, 

9H, (CH3)3) ppm. 13C NMR (CDCl3, 100 MHz): = 155.2, 144.2, 141.1, 140.3, 133.9, 131.7, 

129.0, 128.6, 128.4, 127.8, 127.5, 127.1, 126.2, 126.1, 125.9, 125.5, 125.0, 79.6, 50.3, 28.5, 

23.0 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 370.17736 [M+Na]+, calculated for 

C23H25NNaO2
+: 370.17775. 

 

Synthesis of (S)-G14 

 

The reaction conditions were adopted from literature.[173] Under nitrogen atmosphere, 51 

(1.00 g, 4.13 mmol, 1 eq.), 1-naphthylboronic acid (852 mg, 4.96 mmol, 1.2 eq.), Pd2dba3 
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(19 mg, 20.7 µmol, 0.5 mol%) and PPh3 (21.7 mg, 82.6 µmol, 0.02 eq.) were dissolved in dry 

toluene (12.0 mL). The mixture was stirred at room temperature. After 10 min, Na2CO3 (876 g, 

8.26 mmol, 2 eq.) and a mixture (1/1 vol%) of H2O/EtOH (4 mL) were added and the reaction 

was heated to 95 °C for 24 h. After cooling down to room temperature, the mixture was 

extracted with CH2Cl2 (3x). The organic extracts were combined, washed with H2O (1x) and 

dried over Na2SO4. After evaporation of the solvent, the crude product was purified by column 

chromatography (silica gel, CH2Cl2) and flash chromatography (silica gel, CH2Cl2/pentane 

80/20  100/0). The product (705 mg, 2.44 mmol, 59%) was obtained as a colorless, glassy 

solid. Mp: 52 – 54 °C. 1H NMR (CDCl3, 400 MHz): = 7.92 – 7.86 (m, 3H, CHaryl), 7.55 – 

7.36 (m, 8H, CHaryl), 5.92 (d, 1H, 3J = 7.3 Hz, NH), 5.22 (quint, 1H, , 3J = 7.3 Hz, CH), 1.98 

(s, 3H, CH3) 1.53 (d, 3J = 6.9 Hz,  3H, CH3) ppm. 13C NMR (CDCl3, 100 MHz): = 169.3, 

143.4, 141.2, 140.1, 133.9, 131.6, 129.2, 128.7, 128.4, 127.9, 127.8, 127.1, 126.2, 126.0, 125.9, 

125.5, 125.3, 48.9, 28.5, 23.6, 22.1 ppm. HRMS (ESI, pos. mode, CH3CN/CH3Cl): m/z 

312.13575 [M+Na]+, calculated for C20H19NNaO+: 312.13588. 
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