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1. Introduction 

Supramolecular chemistry investigates the interactions of self-assembled systems 

consisting multiple molecules, often defined as „chemistry beyond the molecule”. In sup-

ramolecular analytical chemistry, this is applied to analytical sciences, thus creating 

chemosensors exploiting the molecular recognition ability of these systems. The application 

of this principle started in the 21st century, nowadays many analytes can be detected by these 

sensors that can be applied in vivo to advance life sciences and mainly, medical diagnostics. 

In my PhD work our goal was to explore and develop supramolecular analytical systems. 

This interdisciplinary fundamental research included organic chemistry, spectroscopy and 

theoretical calculations and required significant cooperation. The work consists of the follo-

wing topics: 

1. Application of pillararenes in supramolecular analytical systems 

2. Supramolecular modulation of fluorescence resonance energy transfer 

3. Novel functionalization of pillararenes 

4. Fluorescent nucleotide sensors: the role of base-pairing in molecular recognition 

The first three topics started from the exploration of pillar[n]arenes (n = 5,6,…), a novel 

macrocycle family as synthetic receptors. The water soluble derivatives that can recognize 

important biomolecules were applied in three different supramolecular analytical systems 

based on fluorescent indicator displacement. As a by-product of this study, we investigated 

the complexation of a new type of fluorescent molecule with a pillararene derivative. The 

fluorescence resonance energy transfer (FRET) process of this molecule can be modulated by 

the macrocycle that can result in a new mechanism for ratiometric sensing. The third topic 

was motivated by the potential application of pillararenes in direct sensing. There are several 

existing methodologies for the selective functionalization of pillararenes, however, the func-

tionalization of the water soluble derivatives was still unexplored. The functionalized, water 

soluble derivatives can be coupled with a signaling group making direct sensing possible. The 

key step of our synthesis addressing this problem is the Claisen rearrangement, which was 

already applied in calixarene chemistry. The fourth subject is related to synthetic chemosen-

sors for adenosine-5’-triphosphate (ATP). We attempted a new principle in nucleotide recog-

nition based on the selective interactions of the base pairs in DNA to enhance the performance 

of a known sensor. 
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2. Literature Overview 

 Designing a chemosensor requires not only molecular recognition, but a signal 

transduction mechanism sensitive to the recognition process. Therefore, upon binding of the 

analyte (the molecule or ion to be detected) to the receptor, a change in the output signal is 

observed.1 This signal can be either 

optical, electrochemical, mechanical, 

etc. In addition, selectivity is required 

towards the analyte over other com-

pounds present in the sample. There 

are multiple methods for signal 

transduction, one of the frequently 

used and advantageous methods is 

fluorescence. Two main strategies 

exist for the supramolecular analytical 

systems based on optical sensing, these 

operate through direct sensing or in-

dicator displacement (Figure 1). In the case of direct sensing, the recognition (receptor) and 

signaling unit (fluorophore) are held together by covalent forces. In the case of fluorescent 

indicator displacement (FID), the fluorescent molecule is complexed by the receptor and 

displaced upon analyte binding. The latter is an efficient method for the application of water 

soluble macrocycles as chemosensors, these usually consist of calixarenes and cucurbiturils.2  

Pillar[n]arenes are a new class of macrocycles, containing n hydroquinone units linked 

together in p-position with a methylene bridge. The first pillar[5]arene was synthesized by 

Ogoshi and coworkers in 2008,3 the structure of the main scaffold is shown in Figure 2. These 

compounds have significantly higher symmetry than calixarenes, their electron rich cavity 

makes them ideal for inclusion complexes. In the past few years, various applications were 

discovered mainly by the versatile host-guest chemistry and extensive 

synthetic methodologies for these compounds. The symmetry of 

cucurbiturils combined with the synthetic variability of calixarenes 

resulted in the continuing popularity of these macrocycles.4 

                                                 
1 You, L.; Zha, D.; Anslyn, E. V. Chem. Rev. 2015, 115 (15), 7840. 
2 Liu, Z.; Nalluri, S. K. M.; Stoddart, J. F. Chem. Soc. Rev. 2017, 46 (9), 2459. 
3 Ogoshi, T.; Kanai, S.; Fujinami, S.; Yamagishi, T.; Nakamoto, Y. J. Am. Chem. Soc. 2008, 130 (15), 5022. 
4 Ogoshi, T.; Yamagishi, T.; Nakamoto, Y. Chem. Rev. 2016, 116 (14), 7937. 

Figure 2. Structure of 
pillar[5]arene 

Figure 1. Principal operating mechanisms for fluo-
rescent chemosensors 
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Several water soluble derivatives exist in the current literature, two of the most important 

molecules for our research is carboxylato-pillar[5]arene (WP5) and ammonium-pillar[6]arene 

(AP6). Due to their substitution pattern and cavity, these hosts can efficiently form complexes 

with various biomolecules and can be applied in indicator displacement assays. WP5 forms 

complexes with quaternary ammonium salts, diamines and basic amino acids5 and AP6 forms 

a complex with adenosine-5’-triphosphate (ATP).6 The selective recognition properties and 

the incomplete application of this new macrocycle family motivated our research to explore 

their supramolecular analytical potential. 

The literature of fluorescent chemosensors is already extensive, tremendous effort has been 

made to detect many biomolecules of importance. However, the required aqueous operating 

conditions makes this task largely difficult due to the high polarity and H-bonding ability of 

the medium. Therefore, chemosensors operating in aqueous conditions is still an important 

research area. For the sensing of amino acids and amines, usually metal complexes or 

chemodosimeters are used.7 The latter reacts with a funcional group of the analyte thereby 

producing signal changes. The sensing of nucleotides, such as ATP, is fundamental for bio-

logy and biochemistry.8 The three main strategies for nucleotide chemosensors are the follo-

wing: 1) direct sensing by dynamic interactions 2) chemosensors using metal ion coordination 

(mainly Zn2+) 3) indicator displacement assays. In all cases, selectivity over other nucleotides 

(ADP, AMP and GTP) is essential.  

3. Experimental methods 

The syntheses of the water soluble host molecules were mostly based on the literature 

methods using classical synthetic chemistry. The indicator and sensor molecules are partially 

known and new compounds. In the work with pillararene chemistry, most of the compounds 

are new. The reactions were followed by thin layer chromatography and NMR spectroscopy, 

the compounds were characterized by NMR and HRMS techniques. The recently described 

and popular azide-alkyne cycloaddition (click reaction) was often used. The supramolecular 

systems were investigated by optical spectroscopy (UV/VIS and fluorescence), NMR spect-

roscopy and theoretical calculations. The optical spectroscopic measurements and calculations 

were performed at the Department of Physical Chemistry and Materials Science, the NMR 

                                                 
5 Li, C. J.; Ma, J. W.; Zhao, L.; Zhang, Y. Y.; Yu, Y. H.; Shu, X. Y.; Li, J.; Jia, X. S. Chem. Commun. 2013, 
49 (19), 1924. 
6 Yu, G.; Zhou, J.; Shen, J.; Tang, G.; Huang, F. Chem. Sci. 2016, 7 (7), 4073. 
7 Zhou, Y.; Yoon, J. Chem. Soc. Rev. 2012, 41 (1), 52. 
8 Dong, J.; Zhao, M. TrAC, Trends Anal. Chem. 2016, 80, 190. 
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spectra were recorded at the Department of Inorganic and Analytical Chemistry, and further 

cooperation (XRD, HRMS) was established with the Research Centre for Natural Sciences, 

Hungarian Academy of Sciences. Besides this work, two National Scientific Students' Asso-

ciations Conference dissertations and three BSc theses were prepared. 

4. Results 

4.1 Application of pillararenes in supramolecular analytical systems 

The structures and names of the host molecules mentioned in the literature overview with 

the most important indicator molecules are shown in Figure 3. These compounds were all 

synthesized by us partially based on the literature. 

 

Figure 3. The most important host and indicator molecules 

The first, model system consists of the WP5 macrocycle as host and three stilbazolium 

guests as indicators including i3 hemicyanine. In the latter case, the inclusion complexation 

was followed by a 30-fold fluorescence enhancement and a redshift of the absorption maxi-

mum (the color of the aqueous solution changed from yellow to red). Upon addition of pa-

raquat (4,4’-dimethylbipyridinium or dimethylviologen) to the aqueous solution of the 

WP5∙i3 complex, the original color of the solution reappeared as well as the weak fluorescen-

ce (turn off response) as a result of indicator displacement. This was one of the first analytical 

application of this macrocycle family as well as a sensitive method for the detection of this 

dangerous herbicide. 
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Figure 4. Indicator displacement assay based on WP5 for the detection of paraquat 

Since the WP5∙i3 complex was reasonably strong (Ka > 106 M-1), this system could not be 

applied for the sensing of basic amino acids and diamines that form somewhat weaker comp-

lexes. To overcome this drawback, we have developed a new class of indicator molecules by 

fine tuning the association constants. We used an environment-responsive fluorophore attac-

hed to different complexing moieties (anchors) in order to manipulate the association cons-

tants. The fluorophore provides the signal transduction and the anchor moeity is responsible 

for the complexation with the macrocycle. As the fluorophore, the 4-amino-1,8-naphthalimide 

group was selected and as the anchor unit, putrescine (i4), imidazolium (i5) and trimethyl-

ammonium groups were suitable. The modification of the anchor groups resulted in varying 

association constants embracing three orders of magnitude (Ka ~103– ~106 M-1) with turn-off 

fluorescence signal in each case in aqueous HEPES buffer. Two complexes were tested as 

FID assays (WP5∙i4 és WP5∙i5) that showed different sensitivity towards arginine, lysine and 

cadaverine (1,5-diaminopentane) analytes by turn-on fluorescence. This selective chemosen-

sor for basic amino acids was the first pillararene-based FID assay for biologically relevant 

analytes. The partial inclusion and FID model was evaluated by NMR and theoretical 

methods, the scheme in Figure 5 is quite accurately shows this system. 

 

Figure 5. Scheme for the anchor+fluorophore-type indicator displacement assay 

The third supramolecular analytical system exploits the selective recognition of ATP by 

the cationic AP6 macrocycle. Upon complexation of the previously synthesized DSS (Dapo-

xyl) indicator molecule with AP6 in water, the fluorescence of the guest molecule was enhan-

ced. The partial inclusion complex structure was determined by NMR and computational 
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methods. The addition of various nucleotides to the AP6∙DSS complex, ATP selective turn-

off fluorescence response was observed. The selectivity over ADP and surprisingly, GTP was 

determined to be one order of magnitude. The model of the FID assay and a photograph of the 

solutions under UV light are shown in the next figure. 

 

Figure 6. Scheme of the ATP chemosensor based on the AP6∙DSS complex and the photograph of the 
solutions with various nucleotides  

4.2 1. Supramolecular modulation of fluorescence resonance energy transfer 

Several indicators have been synthesized for the macrocycles, some resembling to i3. In-

terestingly, changing the electron donor substituent on these charge transfer dyes gave oppo-

site fluorescence response upon complexation with WP5. Linking two, differently responding 

dyes together gave dyad i9. Due to the spectral overlap and close proximity of the fluo-

rophores, this compound showed efficient fluorescence resonance energy transfer (FRET). 

The addition of WP5 to the aqueous solution of i9 resulted in intensive fluorescence en-

hancement upon excitation of both the donor and acceptor fluorophores. However, the extent 

of this enhancement was different in the two case. This is a unique ratiometric response in the 

fluorescence excitation spectra not previously known in the literature. The detailed investiga-

tion and calculations revealed the potential supramolecular structures of the complexes that 

are shown in Figure 7. 
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Figure 7: Structure of i9 and the model of complexation with WP5 

4.3 Expanding the pillararene chemistry: introduction of the 10+1 functionalization 

Many functionalization strategies exist in the literature for pillararenes,9 however, the 

monofunctionalization of the water soluble derivatives is still unknown. The suitability of 

these compounds in analytical applications clearly indicates that a water soluble, monofunc-

tionalized (with a signaling group) pillararene would be a major step forward. The direct 

synthesis is not available due to the highly symmetrical structure, therefore a novel strategy is 

required. Our goal was to develop a synthesis in which both the functional groups for the wa-

ter solubility and for the signaling group attachment are independently (orthogonally) functio-

nizable. The only solution was the phenylene substitution of the macrocycle. By the Claisen 

rearrangement of O-allyl-phenols, it can be realized straightforwardly, therefore we used this 

reaction in our synthesis depicted in Figure 8. 

 

Figure 8. Synthesis of the first 10+1 functionalized pillararene 

                                                 
9 Strutt, N. L.; Zhang, H.; Schneebeli, S. T.; Stoddart, J. F. Acc. Chem. Res. 2014, 47 (8), 2631. 
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The selective demethylation of decamethoxy-pillar[5]arene (MeP5), followed by allylation 

of the free OH group produces O-monoallyl-pillararene (34). The Claisen rearrangement of 34 

results in phenylene substituted C-monoallyl-pillararene (35). Interconversion of the functio-

nal group and complete demethylation resulted in the first 10+1, orthogonally functionalized 

pillar[5]arene (38). In addition, we synthesized a pseudo[1]rotaxane from 37 capable of sol-

vent-dependent self-complexation confirmed by NMR techniques. 

4.4 Base-pairing in nucleotide recognition 

The aim of this research was to investigate a new principle in the area of nucleotide 

chemosensor molecules. We intended to use the supramolecular interactions found in the 

double helix of DNA for the enhancement of the selectivity and sensitivity of an ATP 

chemosensor. We planned to conjugate the complementary nucleobase (uracil) to adenine 

with an existing ATP sensor to examine the effect towards molecular recognition and therefo-

re, the sensing properties. The 4’-dimethylamino-hydroxyflavone scaffold seemed ideal for 

this purpose, since the ATP complex of this simple fluorescent compound is known in the 

literature.10 The main interaction holding together this complex is -stacking (as in the DNA 

double helix), therefore, we aimed at investigating the effect of the uracil gruop on this 

scaffold. The sensor molecules synthesized by click chemistry and a reference compound wit-

hout the nucleobase are shown in Figure 9. 

 

Figure 9. Structure of the hydroxyflavone-based ATP chemosensors 

The complexation was examined by fluorescence spectroscopy and theoretical 

calculations. The result of the experiments showed that all three compounds showed similar 

turn-on fluorescence in the presence of ATP, however, no obvious change was observed 

between the uracil-appended and reference (P-HF) compounds. Nevertheless, the association 

constant of U-HF1 and ATP was increased almost twofold (Ka = 2,3∙104 M-1) in HEPES 

buffer. A greater difference occured in the selectivity of the flavones: the smallest 

fluorescence response towards other nucleotides was indeed measured in the case of U-HF1. 

                                                 
10 Yushchenko, D. A.; Vadzyuk, O. B.; Kosterin, S. O.; Duportail, G.; Mély, Y.; Pivovarenko, V. G. Anal. 
Biochem. 2007, 369 (2), 218. 
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Theoretical calculations revealed that regarding the complex structure, Watson-Crick base-

pairs are a possible conformation in our supramolecular system. 

5. Theses 

1. The structural and optical properties of the inclusion complexes of stilbazolium indica-

tors (i1-i3) with anionic carboxylato-pillar[5]arene (WP5) was first explored in water. 

The complex WP5∙i3 was used in the fluorescent indicator displacement (FID) assay 

for the detection of paraquat (toxic herbicide). [S1] 

2. By the modulation of the interactions of the host WP5 and indicator molecules (i4-i6) 

containing 4-aminonaphthalimide fluorophores with ammonium/imidazolium groups, 

we have realized the detection of basic amino acids (lysine, arginine) and diamines 

(cadaverine, putrescine) using fluorescent indicator displacement. The sensitivity of 

the chemosensors were adjusted by the association constants of the indicators. This 

was the first pillararene-based chemosensor for analytes with biological importance. 

[S2] 

3. The complexation of cationic, water soluble ammonium-pillar[6]arene (AP6) with the 

fluorescent indicator Dapoxyl (DSS) was examined by optical and NMR spectroscopic 

methods as well as theoretical calculations. This system was used for the selective de-

tection of adenosine-5’-triphosphate amongst other nucleotides. [S3] 

4. The first stilbazolium-based fluorescence resonance energy transfer (FRET) dyad (i9) 

was synthesized by the click reaction of two structurally related stilbazolium indica-

tors that show opposite fluorescence response upon complexation with WP5. The flu-

orescence of the dyad is enhanced considerably in the presence of the macrocycle, in 

addition, the ratio of the bands in the excitation spectra varies by the complexation. 

This can be considered as the supramolecular modulation of FRET, which mechanism 

is unknown in the literature. The structure of the complex was examined by NMR 

spectroscopy and computational methods. [S4] 

5. A novel synthetic strategy was developed to overcome the current drawbacks of pil-

lararene chemistry and widen the potential applications of this macrocycle family. The 

strategy is based on the Claisen rearrangement of O-monoallyl-pillar[5]arene (34) that 

results in the phenylene-substituted C-monoallyl-pillar[5]arene (35), an important in-
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termediate in orthogonal functionalization. From this, the first 10+1 functionalized pil-

lararene (38) was synthesized that enables assembling a new function (i.e. a signaling 

group or covalent attachment) besides water solubility. In addition, a pseu-

do[1]rotaxane capable of solvent-dependent self-complexation was synthesized. [S5] 

6. A known, 3-hydroxyflavone-based fluorescent adenosine-5’-triphosphate chemosensor 

was conjugated to an uracil group using click chemistry to explore the potential role of 

Watson-Crick base pairs in nucleotide recognition. By investigating the complexation 

using fluorescence spectroscopy and theoretical calculations, it was concluded that 

beside the small increase in the association constant, the uracil group enhanced the se-

lectivity towards ATP over other nucleotides. 

6. Potential applications 

Paraquat is a highly toxic herbicide and we managed to assemble a sensitive detection 

system via colorimetric and fluorescent methods. The detection and quantification of amino 

acids is of great importance due to their pivotal role in living systems. This is usually done by 

chromatographic or electrochemical methods. A simpler approach towards their sensing is 

using chemosensors often operating in vivo. The straightforward fluorescent detection of 

basic amino acids and diamines might help study biochemical processes or even medical di-

agnosis since the level of these compunds such as cadaverine is often augmented in numerous 

diseases. The selective sensing of ATP is crucial for biology, in addition it might be valuable 

for the pharmaceutical industry (i.e., activity of antibiotics). For the latter, an applicable 

system was presented as well as an important result for the fundamental research of 

nucleotide sensors. 

Expanding the current toolbox of pillararene chemistry can result in assembling novel 

structures. Considering the presently remarkable applications of this macrocycle family, we 

believe that these fascinating molecules have great potential in supramolecular chemistry and 

related fields. 
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