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Abstract 

Rotaxane organocatalysis is a new direction towards controlled catalytic reactions in 

one pot. By combining molecular shuttling and catalysis, a fluorescence and 

pH-responsive switchable rotaxane dual organocatalyst with exclusive selectivity of 

catalytic reactions in two or three-component system are demonstrated. The new 

design of a [2]rotaxane catalyst containing an anthracene group was to visualize the 

process of the catalytic reaction upon switching of macrocycle. Two catalytic moieties, 

secondary amine and thiourea, are chosen in this work. Both moieties act as 

organocatalysts and the binding sites for the crown ether macrocycle. Four sets of 

catalytic reaction of acetylacetone or dibenzoylmethane with trans-β-nitrostyrene and 

crotonaldehyde were catalysed by the rotaxane with high selectivity. In situ ON-OFF 

switching of the [2]rotaxane catalyst has also been demonstrated. 

Type III-B rotaxane dendrimers (T3B-RDs) are hyperbranched macromolecules 

with mechanical bonds on every branching unit. First to third (G1–G3), and up to the 

fourth (G4) generation (MW>22,000 Da) of pure organic T3B-RDs and dendrons 

were successfully synthesized through the copper catalyzed alkyne–azide 

cycloaddition (CuAAC) reaction. By utilizing multiple molecular shuttling of the 

mechanical bonds within the sphere-like macromolecule, a collective 

three-dimensional contract-extend molecular motion was demonstrated by diffusion 
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ordered spectroscopy (DOSY). The discrete T3B-RDs were further observed and 

characterized by atomic force microscopy (AFM), dynamic light scattering (DLS), 

and mass spectrometry (MS). The binding of chlorambucil and pH-triggered 

switching of the T3B-RDs were also characterized by 
1
H NMR spectroscopy. 

Type III-C rotaxane dendrimer is a new type of rotaxane dendrimer where in the 

mechanical bonds are in between and constituing the branchning point to form the 

macromolecules. First and second (G1–G2) type III-C rotaxane dendrimers were 

synthesized successfully as a prototypical example. Two different shuttling processes 

have been deomostrated by the non-methylated and methylated type III-C rotaxane 

dendrimers, and characterized by 
1
H NMR spectroscopy. 
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Figure 3-33. a) AFM images of G1–G3 type III-B rotaxane dendrimers on mica 

surface (1 μm x 1 μm), b) 3-D surface plot of G1–G3 type III-B rotaxane dendrimers 

(2 μm x 2 μm), and c) height profiles of G1–G3 type III-B rotaxane dendrimers. 

Figure 3-34. a) AFM images of Neutral G1–G3 type III-B rotaxane dendrimers on 

mica surface (1 μm x 1 μm), b) 3-D surface plot of Neutral G1–G3 type III-B rotaxane 

dendrimers (2 μm x 2 μm), and c) height profiles of Neutral G1–G3 type III-B 

rotaxane dendrimers. 

Figure 3-35. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G1 [3]rotaxane 

dendrimer after cumulative addition of chlorambucil (Concentration: 1 mM). Red 

color represents the guest molecules, green color represents the protons adjacent to 

DBA, blue color represents the triazole protons. 

Figure 3-36. The chemical shift of triazole in G1 rotaxane dendrimer with a 1:2 

binding model. 

Figure 3-37. Illustration of calculated structures of G1 T3B-RD and their sizes: a) 

fully extended; b) partially folded. 

Figure 3-38. Optimized truncated structures of [2]rotaxane in different states: a) ionic 

state; b) deprotonated neutral state at the sec-amine site; c) deprotonated neutral state 

at the triazole ring. 

Figure 3-39. Energy diagram of three optimized truncated structures of [2]rotaxane in 

different states. 

Figure 3-40. Optimized truncated structures of neutral [2]rotaxane in the presence of a 

chlorambucil molecule (highlighted with the red ellipse) which binds to the DBA and 

expels the macrocycle to the triazole. 

Figure 4-1. Divergent approach towards the synthesis of type III-C rotaxane 

dendrimers. 

Figure 4-2. Convergent approach towards the synthesis of type III-C rotaxane 

dendrimers. 

Figure 4-3. 
1
H NMR spectra (400 MHz, CD3CN) of (a) G1 type III-C rotaxane 

dendrimer, and (b) G2 type III-C rotaxane dendrimer. 
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Figure 4-4. 
1
H NMR spectra of (400 MHz, CD3CN) (a) G1 type III-C rotaxane 

dendrimer, and (b) methylated G1 type III-C rotaxane dendrimer. 

Figure 4-5. ESI-MS of G2 type III-C rotaxane dendrimer. 

Figure 4-6. 
1
H NMR spectra of (a) (400 MHz, CD2Cl2) G1 type III-C rotaxane 

dendrimer, and (b) Neutral G1 type III-C rotaxane dendrimer. 

Figure 4-7. 
1
H NMR spectra of (a) (400 MHz, CD2Cl2) G2 type III-C rotaxane 

dendrimer, and (b) Neutral G2 type III-C rotaxane dendrimer. 

Figure 4-8. 
1
H NMR spectra (400 MHz, CD2Cl2) of (a) Methylated G1 type III-C 

rotaxane dendrimer, and (b) Deprotonated methylted G1 type III-C rotaxane 

dendrimer. 

Figure 4-9. 
1
H NMR spectra (400 MHz, CD2Cl2) of (a) Methylated G1 type III-C 

rotaxane dendrimer, and (b) Deprotonated methylted G1 type III-C rotaxane 

dendrimer. 

Figure 4-10. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 [4]rotaxane dendrimer 

after cumulative addition of DBU (Concentration: 1 mM). Blue color represents the 

triazole, red color represents the protons adjacent to DBA. 

Figure 4-11. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G1 [4]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the benzyl protons next to triazoles. 

Figure 4-12. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 methylated [8]rotaxane 

dendrimer after cumulative addition of DBU (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the methyl protons on triazollium. 

Figure 4-13. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 methylated [8]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the methyl protons on triazollium. 
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Chapter 1 – Introduction 

1.1 Introduction of Mechanically Interlocked Molecules 

Interlocked architectures are everywhere around our life, from the macroscopic 

perspective of the artworks, toys, daily tools and knots to microscopic perspective, 

interlocked DNA and proteins are found in bacteria in our mother nature. Scientists 

have devoted lots of endeavours of making interlocked structures in molecular level 

artificially. Such interlocked molecules are known as mechanical interlocked 

molecules (MIMs).
[1]

 Every MIM contains one or more mechanical bonds, which 

refers to the entanglement of two or more molecular entities through space, making 

the molecule cannot be separated from each other without breaking or distorting 

chemical bonds from either one components. The MIMs are unique molecules and 

generally not a supramolecule. 

              

Figure 1-1. Basic structures of [2]rotaxane and [2]catenane 

  Rotaxanes and Catenanes (Figure 1-1) are the two major architectures of MIMs. 

The very first successful synthesis of MIMs – [2]catenane was back into 1960 by 

Wasserman et al. using an acyloin condensation for clipping the acyclic diester into 

the pre-synthesized deuterated macrocycle in about 1% yield.
[2]

 Later in 1967, 
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Harrison et al. prepared the first example of [2]rotaxane using the resin-bound 

macrocycle column for a reaction with diol and triphenylmethyl chloride in about 6% 

yield.
[3]

 The successful synthesis of the first example of [2]catenane and [2]rotaxane 

was relied on statistical probability of the reaction, leading to the synthesis of the 

targeted MIMs in very low yield. Gottfried Schill first published a book entitled 

Catenanes, Rotaxanes, and Knots in 1971 defining the nomenclature and structures on 

these interesting interlocked molecules.
[4]

 Two or more rings interlocked together to 

become one molecules are known as catenanes. The molecules consist of rings 

threaded through the rod, stoppering with two dumbbell-shaped molecules preventing 

the escape of the rings also known as rotaxanes. 

  From the earliest synthesis of MIMs, chemists did not realized the importance of 

non-covalent interaction between molecules or using a recognition site approach to 

make MIMs. Twenty years later after the first successful synthesis of [2]catenane, 

Jean-Pierre Sauvage described the first non-covalent interaction approach (Figure 1-2) 

in making [2]catenate which uses copper(I) ion as a template for two 

1,10-phenanthroline followed by the closing of the macrocycle to form [2]catenate up 

to 42% yield.
[5]
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Figure 1-2. The first synthesis of [2]catenate using the Cu
+
 template approach by 

Sauvage et al. 

  Since then, much more attention was gained by chemists to synthesize MIMs 

through various approaches. In 1989, Stoodart et al. presented another important 

donor–acceptor concept (Figure 1-3) in making MIMs, where as electron-rich crown 

ether was used as a template to interact with electron deficient 4,4-bipyridinium ion to 

form [2]catenane in 70% yield.
[6]

 From this donor-acceptor approach, Stoddart et al. 

realized the molecular shuttling process (Figure 1-4) of cyclobis(paraquat-p-phenylen) 

(CBPQT
4+

) between two hydroquinone in [2]rotaxane.
[7]

 The research in synthesizing 

MIMs and utilizing the molecular shuttling process in MIMs were then growed 

exponentially in the past two decades. 
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Figure 1-3. The synthesis of [2]catenane using a donor-acceptor approach by Stoddart 

et al.
[6] 

 

 

Figure 1-4. The demonstration of first molecular shuttling process in [2]rotaxane by 

Stoddart et al.
[7]

 

  Many more other complicated MIMs were later synthesized and developed, 

including Olympiadane (Figure 1-5),
[8]

 daisy-chain,
[9]

 molecular knots,
[10]

 and 
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molecular machines
[11] 

that could perform task upon different stimuli. 

  

Figure 1-5. Olympiadane synthesized by Stoddart et al.
[8]

 

  A series of sophisticated molecular machines has been developed by Leigh et al., 

which could be used to synthesize small peptide molecules, consuming chemical fuel 

to move the rings, and perform catalysis.
[12] 

The Leigh group was also interested in 

synthesizing various complicated knots, wherein the tightest knot - molecular 819 knot 

(Figure 1-6) was synthesized in 2017.
[13]

 Stoddart et al. recently also developed the 

molecular pump (Figure 1-7) that could pump up the CBPQT
4+

 into the rotaxane upon 

the redox control.
[14]
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Figure 1-6. Synthetic Molecular 819 Knot by Leigh et al.
[13]

 

 

 

Figure 1-7. Molecular pump developed by Stoddart et al.
[14]

 

  The development of MIMs into molecular machine plays an important role in the 

chemical society, and the 2016 Nobel Prize in chemistry was awarded to Jean-Pierre 
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Sauvage, Fraser Stoddart, and Ben Feringa for their development of molecular 

machinery. 

 

1.2 Rotaxane 

Rotaxanes (derived from Latin words ‘rota’ and ‘axis’, which mean ‘wheel’ and ‘axle’ 

respectively) is the most common MIMs that consist of a linear dumbbell-shaped 

component known as ‘rod’, at the both end of the rod linked by bulky groups known 

as stoppers, from which one or more macrocycles encircling inside the rod. 

[n]Rotaxanes are the common representation, which n is the number of separate 

components in the mechanically interlocked architectures. Pseudorotaxanes are 

rotaxanes without the two end stoppers group on the rod. The most unique 

characteristic of rotaxane is the reversible switching and dynamic interaction taking 

place between the rod and the macrocycles components. With this property, 

macrocycles can be shuttled from one station to another station, or even multi stations, 

allowing the ‘on-off switching’ by reversible binding and dissociation. 

  The synthesis of rotaxane has long been the challenge for chemists. The first 

rotaxane synthesis was achieved by Schill and Zollenkopf in 1967, using the 

statistical approach.
[3]

 However, the yield of the desired rotaxane product was low 

usually, and chemists are keen on developing a more efficient way for the preparation 
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of rotaxane. Traditionally, the synthesis of rotaxane follow the classic synthetic 

approaches (Figure 1-8), by 1.) ‘threading-follow-stoppering’, 2.) ‘stoppering 

follow-clipping’ and 3.) ‘slippage’.
[3]

 Among these approaches, the recognition 

between dibenzo-24-crown-8 (DB24C8) with dialkyl / dibenzyl ammonium (DBA) 

ion to form the pseudo-rotaxane, followed by the stoppering process is the most 

common way for synthesizing rotaxane. In 2006, Leigh and co-workers developed an 

active-metal template directed synthesis (Figure 1-9) of rotaxane using copper 

catalyzed alkyne azide cycloaddition (CuAAC) reaction with 94% yield.
[15]

 In the 

approach, Cu
+
 not only acted as a catalyst for click reaction, but also acted as the 

template for the rotaxane synthesis. 

 

Figure 1-8. The three general synthetic strategies of [2]rotaxane. 
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Figure 1-9. Active-metal template directed synthesis of rotaxane using copper 

catalyzed alkyne azide cycloaddition (CuAAC) by Leigh et al.
[15]

 

  Other than the normal rotaxane, more complicated rotaxane architectures have 

been synthesized. Dendritic rotaxane, for example, has been prepared by Stoddart and 

co-workers, in which the stoppering group was replaced by very large dendron 

molecules.
[16]

 More recently, Leung and co-workers synthesized the type III-B 

rotaxane dendrimer, with the rotaxane periphery on the every branching unit, giving 

the globular three-dimensional (3D) structure.
[17] 

Liu and co-workers also 

demonstrated the synthesis of complicated twin-axial hetero[7]rotaxane, with more 

rotaxane moiety in one molecule.
[18] 
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1.3 Molecular Shuttling 

The most unique property of rotaxanes, is the translation of external signal into the 

system to trigger the movement of marcocycle within the molecule, such movement is 

known as molecular shuttling. 

  The shuttling process of rotaxane can be governed by various external stimuli to 

the system, including pH, redox, radiation, metal ion, temperature, ultrasound, etc. 

Stoddart and co-workers first demonstrated the acid-base switching of [2]rotaxane in 

1997, in which the DB24C8 marcocycle was originally interacted with the ammonium 

center (DBA) switch to the bipyridinium unit upon addition of base.
[24]

 Sauvage and 

co-workers later established the redox controlled switching of rotaxane from 

tetra-dentate coordination site to penta- dentate coordination site by changing the 

oxidation state of copper(I) to copper(II).
[25]

 Another common redox switch using 

‘blue box’ CBPQT
4+

 as the macrocycle with redox active tetrathiafulvalene (TTF) and 

electron rich naphthalene has been demonstrated by Stoddart et al.
[26]

 The shuttling 

process with rotaxane of CBPQT
4+

 can be further involved with radical chemistry.
[27]

 

Other than acid-base and redox switching, light controlled rotaxane switching has 

been developed by Nakashima and co-workers, the cyclodextrin ring switching from 

azobenzene to methylene spacer under 360 nm radiation.
[28]
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Figure 1-10. The electrochemical driven molecule shuttling of CBQPT between TTF 

and naphthalene by Stoddart et al.
[26]

 

1.4 Applications of Rotaxane Molecule 

In the application aspect, rotaxane base molecular structures have been used in 

various applications. Stoddart, Venturi and co-workers developed a ‘photoinduced 

memory’ rotaxane for information storage in which data can be written base on 

oxidation and UV light radiation.
[19]

 Fluorescent is important in imaging science, and 

a two chromophores based fluorescent rotaxane was constructed by Li and co-workers, 

showing that under different pH value, switching occurred and changed the 

photo-physical properties.
[20]

 Rotaxane can also be used as gel formation. Chiu and 

co-workers used the urea base rotaxane to demonstrate the organogel formation upon 

acid base and anion switching.
[21]

 More importantly, Stoddart, Zink and co-workers 

have prepared a series rotaxane-based control-release systems, known as ‘nanovavles’ 

(Figure 1-10) on the surface of silica or magnetic iron oxide nanoparticles for drug 

delivery system. Under different external stimuli like pH, temperature, redox reaction, 
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competitive binding, and radiation, the nanovalves can be switched on and off to 

control the drug releasing profile.
[22]

 Recently, a ribosome mimic processive rotaxane 

catalyst (Figure 1-11) was synthesized by Leigh and co-workers, which a small 

peptide molecule can be generated base on the rotaxane architecture.
[23] 

 

Figure 1-11. Application of pseudo-rotaxane moiety on the surface of mesoporous 

silica nanoparticles as nanovales.
[22]

 

 

 

Figure 1-12. An artificial small-molecule machine used for the synthesis of 
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sequence-specific peptide by Leigh et al.
[23]

 

 

1.5 Aim of the Thesis 

In this thesis, utilization of molecular shuttling process within rotaxanes will be 

studied for switchable organocatalysis, and the controlling particle sizes of the 

globular structure. With the wide application of thiourea and secondary amino group 

as organocatalyst in organic synthesis, simple [2]rotaxane switchable organocatalyst 

with two catalytic sites will give the chance for the one-pot synthesis of the targeted 

molecules under control and in cooperative manner. Also, with the fluorescent stopper 

group, the process of the catalytic site switch on and off can be visualized in an 

indirect way. More complicated [n]rotaxane catalyst could finally be made based on 

the simplest components. 

  Type III-B rotaxane dendrimer exhibits the most complicated molecular structure 

among the three main types of rotaxane dendrimer. Back into 2013, the synthesis of 

type III-B rotaxane dendrimer has been demonstrated by our group, but stopped at G2 

dendron. In this thesis, we anticipate to break the synthetic challenge of this 

macromolecules by emplying new synthetic strategy. Design, synthesis, 

characterization and potential application of type III-B rotaxane dendrimer are 

presented in the thesis. Meanwhile, prototypical example of new type III-C rotaxane 

dendrimers are also synthesized and characterized. 
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Chapter 2 – Fluorescent and Switchable 

Rotaxane Dual Organocatalyst 

2.1 Introduction 

Switchable catalysis is an emerging research area for the development of new 

synthetic strategy, where two or more reactions can take place under control and 

one-pot synthesis. The idea of the switchable catalyst is inspired by the mother nature 

of what enzymes can do. To achieve the goal of stimuli responsive and controllable 

catalysis, conformational flexibility of the molecule is critical, like what enzyme does. 

Allosteric regulation is the main concept that applys to the switchable catalysis. Under 

different allosteric effectors, including pH, light, temperature, ion binding, the original 

inactive molecule can be activated to achieve their catalytic property. With the use of 

dynamic switchable catalyst, the stereoseletivity, regioseletivity, and the reactivity of 

the chemical reaction can be regulated.
[1]

 

A dynamic molecular motor used for the asymmetric catalysis was developed by 

Feringa and co-workers, where under light radiation, the catalytic site can be switched 

on and off, and control the sterochemistry.
[2]

 With also the light activation, Hecht and 

co-workers have constructed are azobenzene containing switchable catalyst, which 

was based on the photocontrolled steric shielding of the catalytic site.
[3]

 Other than the 

light control, a metal-ligand binding based toggle nanoswitch was synthesized by 
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Schmittel and co-workers, which catalyze Knoevenagel condensation and click 

reaction, base on the external addition of substrate.
[4] 

 

Figure 2-1. The conceptual diagram of switchable rotaxane catalysis. 

  Rotaxane catalysis is a new growing area that has not been well studied yet 

(Figure 2-1). Until now, only few papers have demonstrated the usage of rotaxane in 

catalysis. According to the definition by Leigh, rotaxane catalyst can be 

sub-categorized to (i) catalytic moiety on the rotaxane scaffolds, (ii) switchable 

rotaxane catalyst, and (iii) processive rotaxane catalyst.
[5]

 To further classify, catalytic 

moiety on the rotaxane scaffolds meaning the catalytic site is placed on the rotaxane 

either on the rod, or on the marcocycle. However, this type of catalyst is not 

switchable, and only the rotaxane architecture can be used to achieve the targeted 

catalytic properties. Switchable rotaxane catalyst is one type of switchable catalysis, 

where the catalytic site on the rotaxane can be switched on and off through external 

stimuli. Processive rotaxane catalyst is like what ribosome, DNA polymerases, 

exonucleases do, which the pseudorotaxane will catalysize several rounds of catalytic 

reaction before dissociation. 
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In 2004, Takata and co-workers first utilized the rotaxane in asymmetric benzoin 

condensations, which thiazolium salt in the rod acted as the catalytic site, and the 

chiral binaphthyl marcocycle induced the stereoselectivity.
[6]

  ern  and co-workers 

then synthesized an azodicarboxamide containing rotaxne that was able to be attacked 

and switched on by triphenylphosphene for catalyzing Mitsunobu reaction.
[7]

 Other 

than catalyzing organic reaction, Mizoroki−Heck cross-coupling reaction using 

rotaxane catalysis has been demonstrated by Osakada and co-workers.
[8]

 The 

[3]rotaxane contains the dinuclear palladium on the marcocycle, and the purpose of 

using rotaxane architecture is to reach the optimal distance for macrocyclization. 

Recently, Leigh and co-workers have first constructed three different kinds of 

rotaxane-based switchable organocatalysts. The first example was using secondary 

amine as catalyst for Michael addition, achieving about 66% yield when the catalyst 

was switched on.
[9a]

 The second example was using a chiral acyclic secondary amine 

derived from D-phenylalanine for asymmetric Michael addition with up to 9:1 er.
[9b]

 

The third example was two catalytic sites rotaxane catalyst with secondary amine and 

squaramide, in which different product could be formed in the reaction mixture when 

the catalytic site is different
[9c]

 All three rotaxane catalysts were acid-base switchable, 

using NaOH solution and TFA for the switching. 

Fluorescent tagged rotaxane catalyst is a brand new idea that combines 
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fluorescent and switchable catalysis together in the catalysis research area (Figure 

2-2). From the literature, only two papers were found that the fluorescent group was 

used to monitor the stage of the reaction. Plenio and co-workers first reported the 

fluorophore tagged cross-coupling catalysts, that a fluorescent dye was tagged inside 

the palladium catalyst, which change of fluorescence signal was observed at different 

stage of the reaction.
[10]

 Zhao and co-workers later synthesized a novel fluorescent 

NADH Model for chiral reduction.
[11]

 

 

2.2 Design and Synthesis of a [2]Rotaxane catalyst 

Urea-based rotaxane was first synthesized by Stoddart and co-workers in 1999
[12]

 and 

was studied by Chiu’s group.
[13]

 The urea moiety within the rotaxane structure acted 

as a weak binding site
[13a] 

for switching controllable organogels
[13b]

 and a template for 

rotaxane synthesis.
[13c]

 This process has not been applied in organocatalysis. We 

question whether it is possible to (1) synthesize a (thio)urea-based rotaxane and (2) 

employ thiourea in rotaxane organocatalysis. The design of thiourea-based rotaxane 

includes an anthracene fluorescent moiety with two potential catalytic sites, a 

secondary amine and thiourea. Theoretically, the secondary amine/ammonium group 

can be used as an iminium catalyst,
[14]

 which is also a well-known binding site for the 

dibenzo[24]crown-8 (DB24C8) macrocycle. The thiourea group acted as another 
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catalytic site in hydrogen-bond donor catalysis.
[15]

 The [2]rotaxane catalyst consists of 

a traditional DB24C8 macrocycle, a secondary amine/ammonium, a triazole ring, and 

a thiourea moiety and is stoppered with anthracene and 

3,5-bis(trifluoromethyl)-benzene. The two chosen catalysts finally used the 

cooperative relation together in the organic synthesis, especially in total synthesis. 

 

Figure 2-2. Schematic diagram of fluorescent [2]rotaxane catalyst. 

Anthracene is a common fluorescent group emitting a blue fluorescence with an 

excitation wavelength of 368 nm in which the change in the fluorescence property can 

be concurrently correlated with catalysis. The design of the [2]rotaxane catalyst 

containing the anthracene group aimed to visualize the process of the catalytic 

reaction upon switching. Originally, the nearby amine group would have strong 

photo-induced electron transfer (PET) to the anthracene group, and quenching the 

fluorescent.
[16]

 Once the amine group was protonated, the amine group was no longer 

be able to have PET to anthracene group, and the fluorescence was switched on. It is 

proposed that if the reaction would generate the base, the fluorescent will be switched 

off automatically and open up the secondary amine catalytic site. Even if reaction will 

not generate base, the addition of base can also visualize the switching process. The 
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whole reaction progress can be visualized by naked eye under 368 nm radiation 

excitation. However, the radiation excitation should not last too long due to the 

dimerization of anthracene moiety. 

Although the DB24C8 is able to bind with the methylated triazole proton,
[17]

 due 

to the stronger double-hydrogen-bonding interactions property, thiourea is proposed to 

be able to bind stronger with the marcocycle DB24C8 than the triazole proton through 

hydrogen bonding, and acts as the second catalytic site. The synthesis of rotaxane 

followed the traditional way in which by ‘threading-follow-stoppering’. The 

anthracene stopper side contains the secondary amine (S4-H·PF6), and thiourea is on 

the other side, stoppering with 3,5-bis(trifluoromethyl)phenyl group (3). Firstly, the 

anthracene side containing the acetylene end group, and the thiourea side with the 

azide group is synthesized. The [2]rotaxane formation employed the modified 

CuAAC reaction.
[18]

 The DB24C8 first binds with the ammonium-H·PF6 salt 

(S4-H·PF6) in non-polar solvent DCM on the anthracene side, forming the 

[2]pseudorotaxane (S4-H·PF6⊂DB24C8) (Scheme 2-1). Then, addition of the thiourea 

side containing the azide group, and the acid-base jointly promoted CuAAC reaction 

took place with addition of AcOH/DIPEA (2/1 equive.) and Cu(MeCN)PF6. Scheme 

2-1 shows the detail synthesis of the anthracene thiourea [2]rotaxane catalyst 

(1-H·PF6). 
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Scheme 2-1. Threading-follow-stoppering approach of [2]rotaxane catalyst synthesis. 

The [2]rotaxane catalyst is acid-base switchable (Scheme 2-2). Upon addition of 

base such as NaOH solution or triethylamine (TEA) to 1-H.PF6, ammonium will be 

deprotonated and DB24C8 will be shuttled to the thiourea site. The switching is 

characterized by 
1
H NMR, 

13
C NMR, ESI-MS and fluorescent spectroscopy. 

Scheme 2-2. Acid-base switching process of [2]rotaxane catalyst. 

 

2.2.1 Click Reaction In The Presence of Thiourea 

One major drawback of the synthesis of [2]rotaxane in the presence of thiourea is that 

the thiourea itself will complex with the Cu
+
 ion, and has been reported using the 

S4-H·PF6⊂DB24C8 

1-H·PF6 

S4-H·PF6 

3 
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Cu(MeCN)PF6.
[19]

 We discovered that in the presence of thiourea, the CuAAC click 

reaction could still proceed. This is because thiourea could be easily hydrolyzed to 

urea via catalysis with a copper ion. In terms of mechanism (Scheme 2-3), we 

presumed that the thiourea first coordinated with d
10

 Cu
+
, forming the homoleptic 

[Cu
I
(thiourea)2(MeCN)2]

+
. An observed color change from yellow to orange-red upon 

the addition of Cu
+
 to the reaction mixture indicated the formation of copper-thiourea 

complexes without the presence of free Cu
+
 (green) in the reaction mixture. At this 

stage, the acetylene displaced the MeCN ligand(s), thereby forming acetylide to 

continue the click reaction. This discovery can be further applied to the design and 

synthesis of new functional materials and biomolecules. The thiourea-copper complex 

can finally be worked up by washing with aqueous NaCN solution. 

 

Scheme 2-3. Proposed mechanism of CuAAC in the presence of thiourea. 
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2.2.2 Selected Organocatalysis using Dual Rotaxane Catalyst 

Recently, Leigh’s group reported a rotaxane that contains two catalytic sites
[9c]

 bearing 

secondary amine and squaramide in the thread, catalyzes the Michael reaction 

between dibenzoylmethane, crotonaldehyde and trans-β-nitrostyrene selectively in 

protonated and unprotonated form. The secondary amine/ammonium group used as 

iminium catalysis (Scheme 2-5), while thiourea group acts as another catalytic site as 

hydrogen-bond donor catalysis (Scheme 2-4). 

By applying the concept developed by Leigh, the catalyst can catalyze different 

reactions within a mixture of substrates, at the same time different positions of 

rotaxane’s macrocycle with respect to operating the specific catalytic site can be 

visualized by fluorescence under UV irradiation (Figure 2-3). 
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Figure 2-3. Schematic diagram of rotaxane catalyst in three component system, 

yielding the corresponding product according to the different form of rotaxane. 
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Scheme 2-4. Reaction mechanism of Michael addition between acetylacetone (A)/ 

dibenzoylmethane (B) and trans-β-nitrostyrene (C). 

 

 

Scheme 2-5. Reaction mechanism of Michael addition between acetylacetone (A)/ 

dibenzoylmethane (B) and crotonaldehyde (D). 
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2.3 Characterization of [2]rotaxane catalyst 

2.3.1 
1
H NMR Spectroscopy 

The successful synthesis of 1-H·PF6 was confirmed by 
1
H NMR and electrospray 

ionization-mass spectrometry (ESI-MS). By comparing the 
1
H NMR spectra of the 

click thread (2), protonated click thread (2-H·PF6), and rotaxane (1-H·PF6) (Figure 1a, 

b, e), the signals revealed the interaction of DB24C8 with ammonium within the 

rotaxane molecule. The protons adjacent to the ammonium (Hf and Hg) were shifted 

downfield (ΔδHf = 0.76 ppm and δHg = 1.13 ppm) in 1-H·PF6, corresponding to a 

strong hydrogen bond interaction between ammonium and the oxygen of DB24C8. 

Meanwhile, the Hf and Hg signals changed from a singlet to a triplet, indicating that 

the ammonium became less labile. Additionally, the split signals of the DB24C8 

aromatic (H1, H2) and aliphatic (H3, H4, H5) protons ensured that the macrocycle was 

encircled in rotaxane due to the facing of two nonsymmetrical ends. 

Although thiourea is a weaker binding site for DB24C8 compared with common 

rotaxane secondary sites, such as triazolium
[17]

 and 4,4’-bipyridinium,
[20]

 we found 

that thiourea can act as a switching station for DB24C8 upon base treatment in our 

[2]rotaxane molecule. When rotaxane 1-H·PF6 was subjected to deprotonation by 

washing with an aqueous NaOH solution, significant signal shifts were noticed in the 

1
H NMR spectrum (Figure 2-4). The protons adjacent to the amine (Hf and Hg) shifted 
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upfield (ΔδHf = –0.94 ppm and ΔδHg = –1.26 ppm) to the same positions as those in 

thread 2. Protons next to the thiourea Ho were downfield shifted (ΔδHo = 0.35 ppm), 

and thiourea protons Hp and Hq appeared in the downfield area, suggesting the 

formation of hydrogen bonds with the crown ether oxygen atoms. Triazole proton Hk 

showed a similar chemical shift after deprotonation, indicating that the macrocycle 

was not located in the triazole ring. Interestingly, the protons adjacent to triazole HI 

shifted downfield (ΔδHI = 0.49 ppm), which could be due to the folding of the 

ethylene glycol toward the crown ether protons. The protons of 

3,5-bis(trifluoromethyl)benzene Hr, Hs and Ht were shifted upfield, resulting in 

shielding by the ring current of the DB24C8 aryl groups. Moreover, the aromatic 

protons of anthracene shifted back to the same positions as those in thread 2, assuring 

that the macrocycle is no longer localized next to the anthracene end group. When 1 

was reprotonated with AcOH/NH4PF6, all signals were identical to the original 

spectrum, indicating that the macrocycle shuttled back to the original site. The 

binding constant (Ka) between DB24C8 and the thiourea complex was calculated as 

4.0 x 10
3
 M

-1
 using a single-point determination method. The use of the simple, 

commercially available macrocycle (DB24C8) and the straightforward synthetic 

scheme provides advantages for further applications in the catalysis, design and 

modification of the molecules, as well as the future development of rotaxane catalysis. 
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Figure 2-4. 
1
H NMR spectra (400 MHz, CD3CN, 298 K) of (a) thread 2-H·PF6; (b) 

rotaxane 1-H·PF6; (c) rotaxane 1-H·PF6 after deprotonation with NaOH(aq) converted 

to rotaxane 1; (d) rotaxane 1 reprotonation with AcOH/NH4PF6; and (e) thread 2. 

2.3.2 UV-Vis Spectroscopy and Fluorescence Spectroscopy 

After confirming the successful synthesis and switching of [2]rotaxane, we moved to 

investigate the fluorescence property of the [2]rotaxane. Anthracene quenching with 

the rotaxane moiety that is based on dynamic covalent chemistry, has been reported 

previously.
[21]

 The anthracene group is adjacent to benzylamine group, in which, the 

amino group will have a strong photo-induced electron transfer (PET) to the 

anthracene group, and quenching the fluorescent. Once the amine group is protonated, 

the amine group no longer be able to have PET to anthracene group, and the 

fluorescent is switched on. The [2]rotaxane is subjected to be acid-base switchable, 
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triethylamine (TEA) was chosen to be the base for the deprotonation of 1-H·PF6. 

After addition of one equivalent of TEA to 1-H·PF6, the anthracene fluorescence 

intensity decreases slightly, the decrease of anthracene fluorescence intensity 

continues when more equivalents of TEA were added (Figure 2-5 and Figure 2-6). 

The decrease of the fluorescent intensity initially followed a linear relationship with 

the addition amount of TEA until 10 equivalents; and tend to be equilibrium from 20 

equivalents to 100 equivalents (Figure 2-7). 

 

Figure 2-5. Fluorescence spectra of 1-H·PF6 (λexc = 368 nm, 1 x 10
-6

 M) in MeCN 

with various equivalents of TEA addition (0 to 100 equiv) 
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Figure 2-6. UV/Vis spectrum of rotaxane 1-H·PF6 in MeCN with addition of 100 eq. 

of TEA. A blue shift was observed. 

 

 

Figure 2-7. The plot of the relative fluorescence intensity I/Io at 421 nm after the 

addition of TEA to 1-H·PF6. 

When [2]rotaxane was dissolved in absolute TEA, the fluorescence quenched 

completely. While using the base-treated rotaxane 1, addition of acetic acid (AcOH) 

switched back on the fluorescence of [2]rotaxane, implying the amine group to be 

re-protonated and the macrocycle shuttled back to the original site (Figure 2-8 – 

Figure 2-10). 



 

–34– 

 

 

 

Figure 2-8. Fluorescence spectra of 1 (λexc = 368 nm, 1 x 10
-6

 M) in MeCN with 

various equivalents of AcOH addition (0 to 100 equiv). 

 

 

Figure 2-9. UV/Vis spectrum of rotaxane 1 in MeCN with addition of 100 eq. of 

AcOH. A red shift was observed. 
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Figure 2-10. The plot of the relative fluorescence intensity I/Io at 421 nm after the 

addition of AcOH to 1. 

Other than studying the fluorescent properties of rotaxane, the corresponding 

thread and thread 2 and thread 2-H·PF6 were also investigated. (Fig 2-11 – 2-14) By 

comparing the fluorescence spectra of rotaxane 1 and thread 1-H·PF6, the thread 

needed lesser equivalent of acid/base to switch ON-OFF the fluorescence, due to the 

different chemical environment of the secondary a ammonium group stabilized by the 

“rotaxane effect”.
[22]
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Figure 2-11. UV/Vis spectrum of thread 2-H·PF6 in MeCN with addition of 1 eq. of 

TEA. A blue shift was observed. 

 

 

Figure 2-12. Fluorescence spectrum of thread 2-H·PF6 (λexc = 368 nm, 1 x 10
-5

 M) in 

MeCN with addition of various equivalents TEA (0 to 1 equiv). 
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Figure 2-13. UV/Vis spectrum of thread 2 in MeCN with addition of 1 eq. of TFA. A 

red shift was observed. 

 

 

Figure 2-14. Fluorescence spectrum of thread 2 (λexc = 368 nm, 1 x 10
-5

 M) in MeCN 

with addition of various equivalents TFA (0 to 1 equiv). 

The red-shift of anthracene bands of rotaxane 1 (Figure 2-9) and thread 2 (Figure 

2-13) in UV-Vis upon addition of acid, and the blue-shift of rotaxane 1-H·PF6 (Figure 

2-6) and thread 2-H·PF6 (Figure 2-11) upon addition of base were in agreement with 

the literature report.
[16]
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The ‘ON-OFF’ switching of fluorescence of [2]rotaxane can finally be applied to 

visualize the organocatalytic reactions in two different switching states with a 

conventional UV lamp. 

 

2.4 Rotaxane as a Dual Organocatalyst 

The catalytic usage of [2]rotaxane (1-H·PF6 and 1) and the thread (2-H·PF6 and 2) as 

dual organocatalysts in a mixture of two and three components were investigated. The 

use of the specific mode of rotaxane catalyst (1-H·PF6, 1) can selectively catalyze 

different types of Michael addition reactions to give the desired products exclusively. 

Thiourea was used to activate the nitro-olefin of C via hydrogen-bond-donor catalysis 

to react with A/B (Scheme 2-4). The secondary amine/ammonium group was 

expected to catalyze the reaction between A/B and α,β-unsaturated aldehyde D via 

iminium catalysis (Scheme 2-5). The catalysis entries were summarized in the 

following Table 2-1. 
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Table 2-1. Catalysis entry using 1-H·PF6, 1, 2-H·PF6, and 2 in the two-component 

and three-component systems.
[a]

 

 

[a] Yields were determined by 
1
H NMR spectroscopy. [b] Reaction conditions: 0.1 

mmol of A/B, D, 0.05 mmol of C, 15 mol % of catalyst and 20 mol % of NaOAc in 

125 μL of CH2Cl2 for 5 days at rt; [c] 0.1 mmol of A/B, D, and C, 15 mol % of 

catalyst and 20 mol % of NaOAc in 125 μL of CH2Cl2 for 5 days; [d] 0.05 mmol of 

A/B, 0.1 mmol of C/D, 15 mol % of catalyst and 20 mol% of NaOAc in 125 μL of 

CH2Cl2 for 3 days at rt; [e] after stirring for 5 days. The designation ‘trace’ means the 

conversion was <5%. 
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2.4.1 Three-component System 

For a three-component system, initially, 1-H·PF6 (thiourea exposed) catalyzed the 

reaction between A and C to give E in a yield of up to 81% with a trace amount of G 

(Figure 2-16). When using 1 (secondary amine exposed) as the catalyst in entry 2, a 

trace amount of product E and approximately 50% of G were observed. In entries 5 

and 7, similar results were obtained in which F and H were observed with moderate 

yields (55-73%) and with high selectivity (only a trace amount of the other product 

was observed) using 1-H·PF6 and 1, respectively. However, when using the 

non-interlocking threads (2-H·PF6 and 2) as the catalyst, different results were 

obtained. From entries 3 and 4, only a trace amount of E was obtained with a 

moderate yield of G. In entries 7 and 8 (Figure 2-16), a moderate yield of H, and a 

lower yield of F were observed. In entries 3, 4, 7, and 8, an equal amount of substrates 

was used, thus revealing the competition between substrates and catalyst by 

contrasting the yield of the two products. The amine/ammonium catalytic moiety was 

found to be dominant in the catalysis and reacted faster than that of the thiourea in the 

mixture of three substrates without selectivity. 
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Figure 2-15. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of: a) 
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trans-β-nitrostyrene (C); b) crotonaldehyde (D); c) reaction mixture of acetylacetone 

(A) (2 equiv), C (1 equiv), D (1 equiv), 1-H·PF6 (15 mol%), and NaOAc (20 mol%), 

after stirring for 5 days.; d) reaction mixture of acetylacetone (A) (2 equiv), C (1 

equiv), D (1 equiv), 1 (15 mol%), and NaOAc (20 mol%), after stirring for 5 days.; e) 

reaction mixture of acetylacetone (A) (2 equiv), C (1 equiv), D (1 equiv) and NaOAc 

(20 mol%) without catalyst, after stirring for 5 days.; f) reaction mixture of 

acetylacetone (A) (1 equiv), C (1 equiv), D (1 equiv), 2-H·PF6 (15 mol%), and 

NaOAc (20 mol%), after stirring for 5 days.; g) Product E.; h) Product G. The 

color-coding of the peaks represents the starting materials as well as the products. 
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Figure 2-16. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of: a) 

trans-β-nitrostyrene (C); b) crotonaldehyde (D); c) reaction mixture of 

dibenzoylmethane (B) (2 equiv), C (1 equiv), D (2 equiv), 1-H·PF6 (15 mol%), and 

NaOAc (20 mol%), after stirring for 5 days.; d) reaction mixture of dibenzoylmethane 

(B) (2 equiv), C (1 equiv), D (2 equiv), 1 (15 mol%), and NaOAc (20 mol%), after 

stirring for 5 days.; e) reaction mixture of dibenzoylmethane (B) (2 equiv), C (1 
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equiv), D (2 equiv) and NaOAc (20 mol%) without catalyst, after stirring for 5 days.; 

f) reaction mixture of dibenzoylmethane (B) (1 equiv), C (1 equiv), D (1 equiv), 

2-H·PF6 (15 mol%), and NaOAc (20 mol%), after stirring for 5 days.; g) Product F.; h) 

Product H. The color-coding of the peaks represents the starting materials as well as 

the products. 

 

2.4.2 Two-component System 

Rotaxane can also be applied to a two-component system (A+C, A+D, B+C, or B+D) 

(Figure 2-17 – Figure 2-20), giving the corresponding products with good yield within 

a shorter period compared with a three-component system (Table 2-1). Yields of 71 to 

98% were observed in entries 9 to 12, readily giving the desired product within three 

days (except for entry 9, which required five days). This could be due to (1) no 

competition in a two-component system between the substrates’ interaction with the 

catalyst and (2) no undesirable side reactions between the substrates with the 

intermediates, as well as the products. 
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Figure 2-17. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of: a) 

dibenzoylmethane (B); b) trans-β-nitrostyrene (C); c) reaction mixture of B (1 equiv), 

C (2 equiv), 1-H·PF6 (15 mol%), and NaOAc (20 mol%), after stirring for 5 days.; d) 

Product F. The color-coding of the peaks represents the starting materials as well as 

the products. 
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Figure 2-18. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of: a) 

acetylacetone (B); b) crotonaldehyde (D); c) reaction mixture of B (1 equiv), D (2 

equiv), 1 (15 mol%), and NaOAc (20 mol%), after stirring for 3 days.; d) Product H. 

The color-coding of the peaks represents the starting materials as well as the products. 
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Figure 2-19. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of: a) 

acetylacetone (A); b) trans-β-nitrostyrene (C); c) reaction mixture of A (1 equiv), C 

(2 equiv), 1- H·PF6 (15 mol%), and NaOAc (20 mol%), after stirring for 3 days.; d) 

Product E. The color-coding of the peaks represents the starting materials as well as 

the products. 
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Figure 2-20. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of: a) 

acetylacetone (B); b) crotonaldehyde (D); c) reaction mixture of B (1 equiv), D (2 

equiv), 1 (15 mol%), and NaOAc (20 mol%), after stirring for 3 days.; d) Product G. 

The color-coding of the peaks represents the starting materials as well as the products. 
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2.4.3 In situ switching 

For both system, in situ ‘ON-OFF’ switching of the rotaxane catalyst were 

demonstrated (Figure 2-21 – Figure 2-24). In the three-component system, In situ 

rotaxane catalyst switching experiment of substrates B+C+D was achieved by adding 

20 mol% of triethylamine (TEA) with 1-H·PF6, revealing that the catalyst can be 

deprotonated and activated the secondary amine catalytic site of 1 (Figure 2-21). 

Table 2-2. Summary of in situ experiment of entries 8, 12, 15 and 18. 

In two-component system, in situ experiments of entries 10 and 12 demonstrated 

that the amine catalytic activity of 1 could be switched OFF by an addition of 

trifluoroacetic acid (TFA) (Figure 2-23 – 2-24). For entry 10 with 1-H·PF6 as catalyst, 

the amine catalytic activity could be re-switched ON by addition of triethylemine 

(TEA) (Figure 2-22 – Figure 2-23). 

In control 8, TEA catalyzed the reaction between A and C readily.
 
Therefore, 

TEA not only acted as a switching agent (base), but also as a co-catalyst in the 

Entry Catalyst Switching 

agent 

Yield before 

switching (%) 

Yield after 

switching (%) 

8 1-H·PF6 TEA 34 (F) 80 (F), 41 (H) 

Control 8 – TEA – 78 (F) 

9 1-H·PF6 TEA – 72 (H) 

Control 9 – TEA – – 

12 1 TFA 39 (G) 39 (G) 

Control 12 – TFA – – 

10 1 TFA 69 (H) 70 (H) 

Control 10 – TFA – – 
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three-component system entry 8, where the percentage yield of F increase from 34% 

to 80 %. 

 

 

Figure 2-21. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of in situ 

experiment of entry 8: a) reaction mixture of B (2 equiv), C (1 equiv), D (1 equiv), 

1-H·PF6 (15 mol%), and NaOAc (20 mol%), after stirring for 3 days.; b) addition of 

TEA (20 mol%) to the reaction mixture of a) stirring for 4 days more.; c) reaction 

mixture of B (2 equiv), C (1 equiv), D (1 equiv), and NaOAc (20 mol%) without 

catalyst after stirring for 3 days, showing no reaction, and addition of TEA (20 mol%) 

stirring for 4 days more.; d) Product F.; e) Product H. The color-coding of the peaks 

represents the starting materials as well as the products. Blue color represents the 

peaks of TEA. However, at the same time, TEA catalyzes the reaction between B and 
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C readily, indicating in this system that, TEA not only acts as a base for switching, but 

also as a co-catalyst for the reaction between B and C. 

 

 

 

Figure 2-22. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of in situ switch 

on of entry 10: a) dibenzoylmethane (B); b) crotonaldehyde (D); c) reaction mixture 

of B (1 equiv), D (2 equiv), 1-H·PF6 (15 mol%), and NaOAc (20 mol%), after stirring 

for 2 days.; d) addition of TEA (20 mol%) to the reaction mixture of c) stirring for 3 

days more.; e) reaction mixture of B (1 equiv), D (2 equiv), and NaOAc (20 mol%) 

without catalyst, after stirring for 2 days, addition of TEA (20 mol%) stirring for 3 

days more; f) Product H. The color-coding of the peaks represents the starting 

materials as well as the products. Blue color represents the peaks of TEA. 
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Figure 2-23. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of in situ switch 

off of entry 12: a) acetylacetone (A); b) crotonaldehyde (D); c) reaction mixture of A 

(1 equiv), D (2 equiv), 1 (15 mol%), and NaOAc (20 mol%), after stirring for 2 days.; 

d) addition of TFA (20 mol%) to the reaction mixture of c) stirring for 3 days more.; e) 

reaction mixture of A (1 equiv), D (2 equiv), and NaOAc (20 mol%) without catalyst, 

after stirring for 2 days, addition of TFA (20 mol%) stirring for 3 days more; f) 

Product G. The color-coding of the peaks represents the starting materials as well as 

the products. 
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Figure 2-24. Stacked 
1
H NMR spectrum (400 MHz, CDCl3, 298K) of in situ switch 

off of entry 10: a) dibenzoylmethane (B); b) crotonaldehyde (D); c) reaction mixture 

of A (1 equiv), D (2 equiv), 1 (15 mol%), and NaOAc (20 mol%), after stirring for 2 

days.; d) addition of TFA (20 mol%) to the reaction mixture of c) stirring for 3 days 

more.; e) reaction mixture of A (1 equiv), D (2 equiv), and NaOAc (20 mol%) without 

catalyst, after stirring for 2 days, addition of TFA (20 mol%) stirring for 3 days more.; 

f) Product H. The color-coding of the peaks represents the starting materials as well as 

the products. 
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2.4.4 Kinetics Studies of Selected Organocatalysis 

The kinetic study of rotaxane catalyst was to indicate how efficient the rotaxane 

would catalyze the reaction. Kinetics studies (Figures 2-25 – 2-29) showed a similar 

reaction rate (2.56–4.55 mMh
-1

) in the presence of 1-H·PF6 or 1 in two- or three- 

component system, except entry 11, due to the higher reactivity of the reaction. 

Normally, the reactivity of rotaxane organocatalyst was lower than that of the 

traditional organocatalyst,
[14,15]

 such as L-proline, or simple thiourea, and more time 

was needed for the reaction (several days). The relatively low reactivity of rotaxane 

catalyst maybe due to the more complicated interlocked structure, that may weaken 

the interaction with the substrates molecules. Nonetheless, the interesting in-situ 

switching property of rotaxane catalyst to give one deried product selectively will be 

beneficial in the development on new smart catalyst. 
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Figure 2-25. Partial 
1
H NMR spectrum of entry 1 with respect to time, and the 

kinetics study of product E. 

 



 

–56– 

 

 

Figure 2-26. Partial 
1
H NMR spectrum of entry 6 with respect to time, and the 

kinetics study of product H. 

 

 

Figure 2-27. Partial 
1
H NMR spectrum of entry 9 with respect to time, and the 

kinetics study of product F. 
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Figure 2-28. Partial 
1
H NMR spectrum of entry 11 with respect to time, and the 

kinetics study of product E. 

 

 

Figure 2-29. Partial 
1
H NMR spectrum of entry 12 with respect to time, and the 

kinetics study of product G. 
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2.4.5 Dual Catalysis monitored by Fluorescence 

Catalytic reaction entry 1 shows an intense (local maximum) anthracene fluorescence, 

while entry 2 only shows a weakened (local minimum) anthracene fluorescence. Thus, 

[2]rotaxane is acid-base switchable. The pH switching processes of 1-H·PF6 and 1 

with an acid/base were characterized by UV/Vis spectroscopy and fluorescence 

spectroscopy (Figure 2-30 – Figure 2-31)). The switching of the macrocycle of 

[2]rotaxane, which is correlated to their corresponding fluorescence and catalytic 

properties, can be visualized by conventional UV lamp irradiation. 

 

Figure 2-30. Fluorescence spectrum of 1-H·PF6 and 1 in the catalytic reaction entries 

1 and 2 (λexc = 368 nm, 1 x 10
-5

 M) in CH2Cl2. Insert: UV/Vis spectrum of 1-H·PF6 

and 1 in the reaction entries 1 and 2. 
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Figure 2-31. Fluorescence spectrum of 1-H·PF6 and 1 in the catalytic reaction entry 5 

and 6 (λexc = 368 nm, 1 x 10
-5

 M) in CH2Cl2. Insert: UV/Vis spectrum of 1-H·PF6 and 

1 in the reaction entry 5 and 6. 

 

2.5 Conclusion 

In conclusion, a novel fluorescence-tagged switchable [2]rotaxane catalyst with two 

catalytic sites (secondary amine and thiourea) was synthesized. The fluorescence of 

[2]rotaxane can be reversibly switched ‘ON’ and ‘OFF’ upon the addition of AcOH 

and TEA, which correlates to the position of the rotaxane’s macrocycle and the 

catalytic properties of either thiourea (ON) or amine (OFF). The rotaxane catalyst was 

also found to be acid-base switchable, exclusively masking the secondary amine or 

thiourea from DB24C8 in different pH environments. The rotaxane catalyst can be 

applied to a two- or three-component system, selectively giving the desired product. 
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Four sets of three-component catalytic reaction systems of acetylacetone (A) or 

dibenzoylmethane (B) with trans-β-nitrostyrene (C) and (E)-crotonaldehyde (D) were 

catalyzed by the protonated rotaxane 1-H·PF6 and deprotonated rotaxane 1 with 

moderate conversion and high selectivity. Four sets of two-component catalytic 

reaction systems were reported with a better yield in a shorter period. In situ ON-OFF 

switching of rotaxane catalyst has also been demonstrated. 

 

2.6 Future Aspects 

The successful synthesis and demonstration of fluorescent switchable catalyst could 

further be explored by inducing two chiral center to the rotaxane structure for 

asymmetric organocalatysis. In the substrate scope, more combination of substrates 

could be used in such switchable system to give a single product by cascade reaction 

using the switchable rotaxane catalyst. The complexity of the substrate could increase. 

A recyclable switchable rotaxane catalyst could also be fabricated by attaching the 

rotaxane catalyst onto a magnetic Fe3O4 nanoparticles. 
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Chapter 3 –Higher-Generation Type III-B 

Rotaxane Dendrimers with Controlling 

Particle Size in Three Dimensional 

Molecular Switching 

3.1 Introduction 

Rotaxanes are mechanically interlocked molecules composing of a linear dumbbell 

shaped component and a bulky end groups which is known as “stopper”, within the 

rotaxane molecule, one or more macrocycles trapped. Dendrimers are hyperbranched 

macromolecules with well-defined three-dimensional structures. Dendron is a highly 

branched sector with surface groups, branching unit and focal point. 

By combing the concept of rotaxane and dendrimer, chemists can synthesize a 

new type of rotaxane dendrimer where the (marco)molecule have both characteristics. 

Rotaxane dendrimer is a type of molecule in which a dendrimer incorporates within a 

rotaxane structure inside the molecule. It was first defined by Lee and Kim in 2003 

and can be classified into three types.
[1]

 Each type of the rotaxane dendrimers can be 

further divided into sub-categories (Figure 3-1). 
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Figure 3-1. The general structures of three different types of rotaxane dendrimers. 

Type I rotaxane dendrimers are dendrimers with a rotaxane core. The dendron 

units attached on the thread are Type I-A rotaxane dendrimers. The dendron units 

attached on the marcycle ring are Type I-B rotaxane dendrimers. The dendron units 

attached on both marcycle ring and thread are Type I-C rotaxane dendrimers. 

Type I rotaxane dendrimers are the most common structure among three types. 
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Stoddart and co-workers first demonstrated the synthesis of series of Type I-A 

rotaxane dendrimers in 1996.
[2a]

 Later other groups synthesized the remaining two 

A-types.
[2b]

 Smith’s group recently utilized the Type I-A rotaxane dendrimers as a 

fluorescent probe in fluorescence microscopy.
 [2c]

 

Type II rotaxane dendrimers are (pseudo)rotaxane-decorated periphery. 

(Pseudo)rotaxanes terminated covalently attached through thread at the periphery are 

Type II-A rotaxane dendrimers. (Pseudo)rotaxanes terminated covalently attached 

through marcocyle ring at the periphery are Type II-B rotaxane dendrimers. Tyep II-C 

rotaxane dendrimers are defined by Stoddart recently, as the rotaxane components 

(threads and macrocycles) are both attached at the periphery. The usage of Type II 

rotaxane dendrimers are on the surface and polymer chemistry.
[3]

 

The first example of type II-A rotaxane dendrimers was reported by Gibson et al. 

forming a crown ether surface coated dendrimer for the pseudo-rotaxane formation.
[3a]

 

Yang and co-workers recently reported a core G>2 type II-A rotaxane dendrimers 

using an organometallic approach.
[8]

 Vögtle et al.,
[4x]

 Loeb et al.,
[4x]

 and Anderson et 

al.
[4x]

 reported the type II-B rotaxane denderimers with three different G1 cores 

respectively. The type II-C rotaxane dendrimers are demonstrated by Crowley et al. 

with unusual [1]rotaxane with silver.
[5]

 

Type III rotaxane dendrimers are dendritic polyrotaxanes, which rotaxane units 
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grow like dendrimers. Dendritic polyrotaxane incorporating ring on the branches are 

Type III-A rotaxane dendrimers, while incorporating ring at the branches are Type 

III-B rotaxane dendrimers. Stoddart recently defined a new Type III-C rotaxane 

dendrimers, in which the mechanical bonds are constituted and in between the 

branching points.
[6]

 Stoddart and co-workers first described the synthesis of stereotype 

G1 Type III-B rotaxane dendrimers.
[7a]

 Recently, our group reported the synthesis of 

G1 and G2 Type III-B rotaxane dendrimerons/dendrimers.
[7b]

 Yang and co-workers 

later reported the synthesis of Type III-A rotaxane dendrimers up to fourth-generation 

through plantinum-acetylide complexation.
[8]

 

 

3.1.1 Type III-B Rotaxane Dendrimer 

Type III-B rotaxane dendrimer (T3B-RDs) possessed the most complicated structure 

among the three categories and is rather difficult to be synthesized. Due to its 

complexity, it gives some fascinating structural features of a hyperbranched 

switchable 3D globular structure and potential applications. With such features, it 

could change the size or the conformation of rotaxane dendrimers upon external 

stimuli such as pH,
[9]

 light,
[10]

 temperature,
[11] 

ultrasound
[12]

 etc. Muscle-like 

extension-contraction molecular motion within the molecules have been demonstrated 

by several types of small molecules such as daisy-chains,
[13]

 rotamacrocycles,
[14]
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helical systems,
[15]

 and triggered by pH, redox, ligand/ion binding. Type III-B 

rotaxane dendrimers could utilize this motion within the discrete macromolecule. 

The first example of G1 type III-B rotaxane dendrimer was reported by Vögtle et al in 

2001.
[16]

 Later, Stoddart and co-workers in 2002 synthesized another examples of 

Type III-B rotaxane dendrimer by threading-followed-by-stoppering followed by 

dendron stopper exchange.
[7a]

 However, with their approach, it was impossible to 

synthesize higher generation type III-B rotaxane dendrimer dual to the lacking of 

functionalized branching point. Only few examples of G1 type III-B rotaxane 

dendrimer was reported. Our group recently successfully synthesized up to G1.5 Type 

III-B rotaxane dendrimer (G2 Type III-B rotaxane dendron) using the same 

threading-followed-by-stoppering approach with CuAAC reaction.
[7b]

 To date, the 

only example of G>2 type III rotaxane dendrimers was reported by Yang et al 
[8]

 using 

the oragnometallic approach in the synthesis of a G4 type III-A rotaxane dendrimers 

in 2015. The scope of preparing higher generation type III-B rotaxane dendrimers still 

remain a challenge. 
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Figure 3-2. Chemical structures of G1–G3 type III-B rotaxane dendrimers. 

In this chapter, higher generation (up to G3) Type III-B rotaxane dendrimers are 

the main target (Figure 3-1). 

 

3.2 Design and Synthesis of Type III-B Rotaxane Dendrimer 

 

Figure 3-3. a) Schematic diagram of the growing type III-B rotaxane dendrimers 

(T3B-RDs) via a convergent approach. 

G1 and G1.5 rotaxane dendrimers have been successfully synthesized previously by 

our group.
[7b]

 G1 rotaxane dendrimers were synthesized through the homo-coupling 
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reaction through two acetylene terminated dendrons. Since the size of G2 rotaxane 

dendron is already bulky, the steric hindrance between two bulky G2 dendron make it 

difficult for homo-coupling. Previously, our group have tried to use the same 

Glaser-Hay’s acetylene homo-coupling to synthesize G2 rotaxane dendrimers, 

however, G2 T3B-RD cannot be achieved (Scheme 3-1), presumably due to 1) low 

reactivity of the reaction; 2) steric hindrance by dendrons; 3) the length of the linking 

part. We also consider the organometallic approach
[8]

 using platinum(II) acetylide 

complex with two dendrons. Since the trizaole inside the dendrons itself can act as a 

ligand
[17]

 to coordinate with those noble metal ions (Pd, Pt etc.), this could lead to the 

complex formation thus rather complicated in terms of synthesis. The method could 

also greatly increase the cytotoxicity of the rotaxane dendrimers itself thus offsetting 

the potential substrates encapsulation property. Therefore, a pure organic synthetic 

approach was preferred and employed (Figure 3-3). 

In order to solve the problems, we encountered previously, the synthetic strategy 

was modified by reacting an acetylene dendron and an azide dendron by CuAAC 

reaction instead of a homo-coupling between two dendrons acetylene (Figure 3-4). 
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Scheme 3-1. Attempt synthesis of G2 [7]Rotaxane Dendrimer through Glaser-Hay's 

acetylene homo-coupling. Conditions: Cu(MeCN)4PF6, TMEDA, O2, THF, 24h. 

CuAAC reaction has long been a versatile method to couple two components 

together by functionalizing the terminal group with azide/acetylene. Examples 

included bulky dendrimers,
[18]

 protein,
[19]

 nanoparticles,
[20]

 surface and polymers.
[21]

 

All the rotaxanes in this thesis are synthesized via CuAAC reaction. We can then to 

think coupling the two G2 rotaxane dendrons by CuAAC reaction. To also solve the 

steric hindrance at the reaction point, a lengthen linker of benzyl azide and benzyl 

acetylene were also incorporated in this new strategy. 
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Figure 3-4. The strategy of synthesizing G1 [3]rotaxane dendrimers via CuAAC 

approach. 

 

 

 

Scheme 3-2. Threading-followed-by-stoppering synthetic approach to synthesize G1 

rotaxane dendron (3-4-H·PF6) 

Ammonium thread, DB24C8-OSu, and dendron-N3 were synthesized following 

the reported method.
[3a]

 G1 rotaxane dendrons-OSu were synthesized using the 

previous method through CuAAC reaction developed by our group (Scheme 3-2).
[7b]

 

3-1-H·PF6 
3-2 

3-1-H·PF6⊂3-2 

3-1-H·PF6⊂3-2 
3-3 3-4-H·PF6 
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New G1 rotaxane dendrimers synthetic scheme was demonstrated through CuAAC 

reaction. The G1 rotaxane dendrons-OSu were substituted with azide and acetylene 

derivatives by reacting with 4-azidomethyl-benzylamine and 

(4-(prop-2-yn-1-yloxy)phenyl)methanamine respectively (Scheme 3-3). The 

azide/acetylene functionalized rotaxane dendrons were then couple together by 

CuAAC reaction (Scheme 3-4). 

 

 

 

Scheme 3-3. G1 rotaxane dendron (3-4-H·PF6) exchange from –NHS to azide 

(3-5-H·PF6) and acetylene (3-6-H·PF6). 

3-4-H·PF6 

3-4-H·PF6 

3-5-H·PF6 

3-6-H·PF6 
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Scheme 3-4. CuAAC synthetic approach to synthesize G1 rotaxane dendrimer 

(3-7-H·PF6). 

3-5-H·PF6 3-6-H·PF6 

3-7-H·PF6 
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G1 rotaxane dendron azide (3-5-H·PF6) and G1 rotaxane dendron acetylene 

(3-6-H·PF6) were used for synthesizing the G1 rotaxane dendrimer (3-7-H·PF6). 

CuAAC strategy was applied in this thesis. G1 rotaxane dendrimer (3-7-H·PF6) was 

successfully synthesized with about 83% yield. 

The synthetic methodology and the development of a robust route allow us to 

continue the synthesis of higher generation T3B-RDs by (1) 1:1 molar equivalent of 

both starting dendron materials, and (2) suitable linker core length to avoid excessive 

steric hindrance from the dendrons themselves. In the growing of the second 

generation, by repeating the same CuAAC reaction, G2 [7]rotaxane dendrimer 

(3-10-H·PF6) was synthesized in 84% yield (Scheme 3-5). In the synthesis of the third 

generation G3 [8]rotaxane dendrons (3-11-H·PF6, 3-12-H·PF6), the yield decreased to 

approximately 41%. G3 [15]rotaxane dendrimer (3-13-H·PF6) was obtained via the 

same CuAAC reaction with a moderate yield (71%) (Scheme 3-6). To boost the limit 

of synthesizing T3B-RDs, a fourth generation G4 dendron is presented as a 

prototypical example. This molecule involved even greater steric hindrance from G3 

dendrons that could render the reaction unfavorable and also difficult to isolate the 

targeted product. With the promising CuAAC reaction, G4 [16]rotaxane dendron 

(3-15-H·PF6) was finally successfully synthesized, for a first time with an acceptable 

yield of 41% (Scheme 3-7). 
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Scheme 3-5. CuAAC synthetic approach to synthesize G2 rotaxane dendrimer. 

3-10-H·PF6 

3-9-H·PF6 3-8-H·PF6 
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Scheme 3-6. Synthesis of G3 [15]Rotaxane Dendrimer. 

 

3-11-H·PF6 
3-12-H·PF6 

3-13-H·PF6 
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Scheme 3-7. Synthesis of G4 [16]Rotaxane Dendron-NHS. 

 

3-14-H·PF6 

3-15-H·PF6 
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3.3 Characterization 

3.3.1 
1
H NMR Spectroscopy 

All the type III-B rotaxane dendrimers and the G4 dendron were characterized with 

1
H NMR and 

13
C NMR in CD3CN. By taking G1 [1]rotaxane dendron-NHS as an 

example of the formation of rotaxane (Figure 3-5), DBA Hl on the thread shifted 

downfield (ΔδHl = 0.51 ppm) and split to a triplet because of the formation of 

hydrogen bonding with the oxygen atom on DB24C8. The splitting of glycol DB24C8 

protons was due to of the different orientation of DB24C8. The aromatic protons Hk 

and Hj experienced an upfield shifted with Δδ of −0.31 and −0.10 ppm due to the 

shielding effect of DB24C8. All the aromatic protons of the macrocycle (Hq, Hr, Hp, 

Hm, Hn) shifted upfield, as the stabilizing effect by forming the hydrogen bonding 

with the thread. 
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Figure 3-5. Stacked partial 
1
H NMR spectra (400 MHz, CD3CN) of a) A-S19, b) G1 

[2]rotaxane dendron-NHS, and c) DB24C8-NHS. 

The proton and carbon signals of both G1 dendrons, and G1 [3]rotaxane 

dendrimers were well identified with sharp peaks. The disappearance of succinimide 

protons Hm (δ = 2.77 ppm), and two new sets of linker peaks (Hm, Hp) in the two 

dendrons were found, suggesting a complete exchange of the activated ester on the 

crown ether (Figure 3-6). The new triazole proton Hw (δ = 7.70 ppm), Hs and Haa in 

G1 [3]rotaxane dendrimer spectrum indicated the core was linked with new triazole 

formed by the two G1 azide and acetylene dendrons (Figure 3-6). 
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Figure 3-6. Stacked 
1
H NMR spectra (400 MHz, CD3CN) of a) G1 [2]rotaxane 

dendron azide, b) G1 [2]rotaxane dendron acetylene, and c) G1 [2]rotaxane dendron 

NHS. The peaks highlight as blue corresponding to the characteristic peaks. Asterisk: 

solvent residue signal. 

Secondly, in G2, similar NMR protons differences were observed, except for the 

G2 [4]rotaxane dendrons azide (Figure 3-7). Hjj next to the amide merged with the Ht 

proton signals. In G2 [7]rotaxane dendrimer, the proton next to the amide merged to 

one peak. Finally, the proton signals in G3 [8]rotaxane dendrons were still able to be 

fully characterized by 
1
H NMR. The integrations of new succinimide protons, amide 

protons, and acetylene proton were consistent with the calibrated value even with 

large differences (Figure 3-8). 
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Figure 3-7. Stacked partial 
1
H NMR spectra (400 MHz, CD3CN) of a) G2 [4]rotaxane 

dendron NHS, b) G2 [4]rotaxane dendron acetylene, and c) G2 [4]rotaxane dendron 

azide. 
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Figure 3-8. Stacked partial 
1
H NMR spectra (400 MHz, CD3CN) of a) G3 [8]rotaxane 

dendron NHS, b) G3 [8]rotaxane dendron acetylene, and c) G3 [8]rotaxane dendron 

azide. 

The 
1
H NMR peaks of G3 [15]rotaxane dendrimers became broader, but still, the 

same pattern was observed. Thereby, it is consistent with the G1 and G2 rotaxane 

dendrimers, with reasonable integrations. In view of stack 
1
H NMR of G1–G3 type 

III-B rotaxane dendrimers (Figure 3-9), peak broadening increased sequentially, 

because of the large number of repeating units, and the high molecular weight. 
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Figure 3-9. Stacked 
1
H NMR spectra (400 MHz, CD3CN, 298 K) of a) G1 [3]rotaxane 

dendrimer, b) G3 [7]rotaxane dendrimer, and c) G3 [15]rotaxane dendrimer. 

For G4 [16]rotaxane dendrons, interestingly the variation of peak area of each NMR 

signal became very large (Figure 3-10). One reliable information that we obtained, is 

the presence of the terminal new functionalized group. The signal (δ = 2.72 ppm) in 

G4 [16]rotaxane dendrons-NHS’s 
1
H NMR spectrum corresponded to the succinimide 

protons. This result indicated that the compound was terminated with the right 

functionalized DB24C8, and the rotaxane moiety was successfully facilitated. 
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Figure 3-10. 
1
H NMR spectrum (400 MHz, CD3CN) of G4 [16]Rotaxane Dendron. 

Insert is the enlarged region from 2.58 – 2.8 ppm (Asterisk: solvent residual signal). 

The choice of deuterated solvent also influence the resolution of the resulted 
1
H NMR 

spectra. If CD2Cl2 was used instead of CD3CN, the peaks became much boarder and 

more overlapping (Figure 3-11). This means that G1–G3 had better solubilities in a 

more-polar solvent (CD3CN), especially in the presence of the hexafluorophosphate 

(PF6
–
) salt. 
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Figure 3-11. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) of a) G1 [3]rotaxane 

dendrimer, b) G3 [7]rotaxane dendrimer, and c) G3 [15]rotaxane dendrimer. 

 

3.3.2 Two-dimensional NMR 

Other than 1-D NMR, 2-D nuclear overhauser effect spectroscopy (NOESY) was used 

to figure out the position of the macrocycles within the type III-B rotaxane 

dendrimers. Clear cross peaks between the crown ether aliphatic protons and the 

aromatic protons of DBA were observed in the NOESY spectra of G1–G3 (Figure 

3-12 – 3-14). They show that the DB24C8 rings were located at the DBA sites 

respectively. 
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Figure 3-12. NOESY NMR spectrum (400 MHz, CD3CN, 298 K) of G1 [3]rotaxane 

dendrimer. 
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Figure 3-13. NOESY NMR spectrum (400 MHz, CD3CN, 298 K) of G2 [7]rotaxane 

dendrimer. 
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Figure 3-14. NOESY NMR spectrum (400 MHz, CD3CN, 298 K) of G3 [15]rotaxane 

dendrimer. 

To further confirm the purity of the product, 2-D 
1
H diffusion ordered 

spectroscopy (DOSY) was performed. One set of signal was clearly observed from 

DOSY spectra of G1–G3 (Figure 3-15 – 3-17), indicating only one species of 

component existed in the final product with a good purity. 
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Figure 3-15. DOSY NMR spectrum (500 MHz, CD2Cl2, 298 K) of G1 [3]rotaxane 

dendrimer. 

 

Figure 3-16. DOSY NMR spectrum (500 MHz, CD2Cl2, 298 K) of G2 [7]rotaxane 

dendrimer. 
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Figure 3-17. DOSY NMR spectrum (500 MHz, CD2Cl2, 298 K) of G3 [15]rotaxane 

dendrimer. 

 

3.3.3 Mass Spectrometry 

As rotaxane dendrimers are growing with repeating units by generation, the final 

NMR spectra were nearly identical, which cannot provide enough evidence to support 

the successful synthesis. High-resolution MALDI-TOF and ESI were the powerful 

tool used to confirm all the dendrons and dendrimers in mass to charge ratio (m/z). 

HR MALDI-TOF was performed on all single charged G1 dendrons. Starting from G1 

dendrimers, all the following compounds were multiple charged thus ESI was chosen 

for the mass analysis. By way of an example for G1 [4]rotaxane dendrimers, 

[M–2PF6]
2+

 ion was found (m/z = 1857.4723) in agreement with the theoretical value 
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(m/z = 1857.4788). [M–3PF6]
3+

 ion was found in all G2 dendrons spectra, confirming 

all the targeted structures. Small rational deviation of m/z [M–6PF6]
6+

 from 

theoretical value (m/z = calcd 1552.9567) was found in G2 [7]rotaxane dendrimers 

(m/z = 1552.7983) with the increasing molecular weight and charge number. 

Moreover, G3 dendrons have even higher MW and charges, and that similar rational 

deviation of m/z were found. Finally, [M–13PF6]
13+

 (m/z = 1588.96254) ion was 

observed in G3 [15]rotaxane dendrimer mass spectrum. For G4 [16]rotaxane 

dendron-NHS, a clear [M–13PF6]
13+

 species (m/z = 1668.9801) was found in the mass 

spectrum (Figure 3-18) comparing to the calculated value (m/z = 1669.9046). With 

such a high charge number and molecular weight, it indicates the largest G4 

[16]rotaxane dendron was successfully synthesized and purified by column 

chromatography. All the G(n) rotaxane dendrons and dendrimers were clearly 

identified in mass spectra and consistent with the theoretical value, confirming all the 

successful synthesis of T3B-RDs. 



 

–93– 

 

 

 

Figure 3-18. a) High resolution electrospray ionization mass spectrometry 

(HR-ESI-MS) analysis of G4 [16]rotaxane dendron-NHS. b) Expanded HR-ESI-MS of 

G4 [16]rotaxane dendron-NHS showing the [M–13PF6]
13+

 ion. 

 

3.4 Deprotonation of Rotaxane Dendrimers 

One of the most fascinating property of our type III-B rotaxane dendrimer is that all 

the mechanical bonds inside is pH switchable. After we fully characterized the G1–G3 

type III-B rotaxane dendrimers, we wanted to deprontonate them and isolate the 

a 

b 
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neutral G1–G3 rotaxane dendrimer (Figure 3-19 – Figure 3-21). The ammonium 

within the rotaxane moiety is not easily to be deprotonated by traditional base, as it is 

highly stabilized by the macrocycle.
[22]

 Several common bases (NaOH(aq), Et3N, 

DIPEA) were selected to deprotonate the G1–G3 type III-B rotaxane dendrimers, but 

none of them were able to completely deprotonate the ammonium groups. The only 

base that was able to perform a complete deprotonation of all G1–G3 rotaxane 

dendrimers was DBU. However, DBU was hard to be removed after the deprotonation 

procress, due to its high boiling point. We have tried to remove the DBU through 

silica gel column chromatography, but the deprotonated T3B-RDs re-protonated by 

the acidic silica gel. We then changed to use phosphazene based BEMP resin
[23]

 to 

deprotonate the G1–G3 rotaxane dendrimer eventually, and we obtained the neutral 

G1–G3 rotaxane dendrimers simply by filtration of the reaction mixture after the 

treatment with BEMP resin. 

 

Figure 3-19. Structure of Neutral G1 [3]rotaxane dendrimer. 
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Figure 3-20. Structure of Neutral G2 [7]rotaxane dendrimer. 

 

 

Figure 3-21. Structure of Neutral G3 [15]rotaxane dendrimer. 

  After the deprotonation of G1–G3 rotaxane dendrimers, their physical property 

also changed. Originally, all G1–G3 rotaxane dendrimers were soluble readily in 

either MeCN or DCM. After deprotonation, all neutral G1–G3 rotaxane dendrimers 

were not soluble in MeCN. As MeCN is a relatively polar solvent, the ionic PF6
–
 salt 

can be readily dissolved in MeCN. Since our type III-B rotaxane dendrimers were 
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stopperd with Fréchet-type benzyl ether based dendrons, in polar MeCN, the 

hydrodynamic volume of dendrimer would decrease as the increase of intramolecular 

π-π stacking of dendrons. Therefore, without the ionic character (PF6
–
), neutral G1–3 

rotaxane dendrimers were not soluble in MeCN. The spectroscopic characterization of 

all deprotonated rotaxane dendrimers were then performed in CD2Cl2. 

 

Figure 3-21. Movement of DB24C8 with rotaxane from DBA to N-methyltriazolium 

upon addition of base. 

  Positively charged N-methyltriazolium is a common secondary recognition site 

in pH switchable bistable rotaxane (Figure 3-21).
[24]

 In our design of type III-B 

rotaxane dendrimers, the number of triazole increases from 5 (G1) to 29 (G3). If all 

the triazole were transformed into N-methyltriazolium, the final product will carry 

many charges. The highly charged dendrimers inside the macromolecules might 

develop intramolecular repulsion, minimize the effect of potential binding properties 

and influence the solubility. In addition, the methylation might not be completed with 

so many triazoles thus difficult to isolate the pure product. Hence, we investigate the 

possibility of triazole as a secondary station for DB24C8 within the rotaxane. Several 



 

–97– 

 

reports have demonstrated in sec-ammonium and DB24C8 rotaxane system, the ring 

will no longer stay at the sec-amine side upon the deprotonation of sec-ammonium. 

Instead, it will move to the benzyl, ester, or amide site.
[25]

 We then postulated that the 

proton on the triazole could be able to form hydrogen bond with DB24C8 even 

without the methylation, and the macrocycle will then shuttle to it after deprotonation. 

The 
1
H NMR spectra of all neutral G1–G3 rotaxane dendrimers showed significant 

shifts of protons in comparison to the original G1–G3 rotaxane dendrimers (Figure 

3-22 – 3-24). In the case of G1 (Figure 3-22), proton adjacent to DBA Hl, shifted 

upfield significantly (ΔδHl = −0.83 ppm) after the deprotonation, indicating Hl was 

not hydrogen bonded with DB24C8 oxygen atom anymore. The aromatic protons next 

to DBA shifted downfield, resulted from a deshielding effect after the movement of 

macrocycle. Those peak shifts directly confirmed that the ring was not located at the 

sce-amine site after the deprotonation. Conversely, the triazole Hh experienced a 

significant downfield shift (ΔδHh = 0.48 ppm) and boarding owing to interaction of 

Hh with DB24C8 through hydrogen bonding and the shuttling of the marcocycle 

between two triazoles. Meanwhile, Hg signal became smaller, Hi shifted upfield, and 

the aromatic protons on the dendrons shifted slightly upfield as the shielding effect of 

the macrocycle, confirming the DB24C8 preferentially resided at the triazole rings 

after deprotonation. 
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Figure 3-22. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) of a) G1 [3]rotaxane 

dendrimer and b) Neutral G1 [3]rotaxane dendrimer. 

 

Figure 3-23. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) of a) G2 [7]rotaxane 

dendrimer and b) Neutral G2 [7]rotaxane dendrimer. 
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Figure 3-24. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) of a) G3 [15]rotaxane 

dendrimer and b) Neutral G15 [15]rotaxane dendrimer. 

To prove our hypothesis, 2-D NOESY was performed. Clear cross peaks of Hh 

with the glycol protons of DB24C8 were found because of the correlation through 

space, while no cross peak was observed of the glycol protons with the middle 

triazole Hw. This NMR results showed that the ring was encircled on the triazole 

without methylation undoubtedly. Deprotonated G2 and G3 rotaxane dendrimers 

showed similar peak shifts as of G1. The only difference was that the sec-amine peak 

was identified on G2 and G3 at δ = 4.68 ppm. Same cross signals of Htriazole was also 

observed in both G2 and G3 NOESY NMR (Figure 3-25 – 3-27). 
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Figure 3-25. Partial NOESY NMR spectrum (400 MHz, CD2Cl2 298 K) of Neutral G1 

[3]rotaxane dendrimer. 
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Figure 3-26. Partial NOESY NMR spectrum (400 MHz, CD2Cl2, 298 K) of Neutral 

G2 [7]rotaxane dendrimer. 

 



 

–102– 

 

 

Figure 3-27. Partial NOESY NMR spectrum (400 MHz, CD2Cl2, 298 K) of Neutral 

G3 [15]rotaxane dendrimer. 

All the neutral type III-B rotaxane dendrimers only showed one set of peak, 

indicating the shuttling of macrocycle between the two triazoles was faster than the 

NMR timescale. Other than 1-D and 2-D NMR, 
31

P NMR and MALDI-TOF were 

used to confirm the complete removal of PF6
-
. Before the treatment with BEMP resin, 

the peak (δ = −144 ppm) on 
31

P NMR corresponding to PF6
–
 for all G1–G3 rotaxane 

dendrimers. Once they were deprotonted, no signal could be found on 
31

P NMR, 

confirming a complete removal of all PF6
–
, from 2 (G1) to 14 (G3). 

Since the deprotonated type III-B rotaxane dendrimers did not carry any charge, 

the mass data was obtained from HR MALDI-TOF. The peak of neutral G1 was 
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observed clearly. But in G2 (m/z = 9305), additional masses of fragments were found 

due to a stronger laser power used. For G3, MALDI-TOF MS spectrum could not be 

obtained, possibly because of the high molecular weight (theoretical m/z = 20496 

(20kDa)), making the ionization step very difficult. DOSY NMR was also used to 

determine the purity of all deprotonated compounds, and the result showed that only 

single component was presence, meaning the complete deprotonation with high purity. 

(Figure 3-28 – 3-29) 

 

Figure 3-28. HRMS MALDI-TOF of Neutral G1 [2]Rotaxane Dendrimer 
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Figure 3-29. HRMS MALDI-TOF of Neutral G2 [7]Rotaxane Dendrimer 

 

3.5 Acid-base Responsive Switching 

We hve investigated the acid-base triggered switching of type III-B rotaxane 

dendrimers. The whole switching process was monitored by 
1
H NMR carefully. 

Triflouroacetic acid (TFA) and DBU were the two sources of acid and base. First of 

all, we tested the acid-base reversibility of all ionic G1–G3 rotaxane dendrimers. In 

the case of ionic G1 (Figure 3-30), Upon the deprotonation by 2.0 equiv of DBU, 

significant NMR chemical shift was observed. DBA protons Hl were shifted upfield, 

and the resonance triazole protons Hh were shifted downfield, confirming the shuttling 

of macrocycle from DBA to the triazoles. Same chemical shift were observed, the 

same as we described in the BMEP resin deprotonation. When a slight excess of TFA 
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(2.1 equiv) was added to the deprotonated solution, the whole spectrum was restored 

back and identical to the original one, indicating the macrocycle shuttled back to the 

DBA sites. As proved by 
1
H NMR, G1 spectrum still can be restored with only a 

slight degradation after 7 complete cycles. The DBA protons and triazole protons in 

G2–G3 also experienced the same chemical shift and restoration as the case of G1. 

However, since more DBA sites (6 for G2, 14 for G3) were present in G2 and G3, 

much more base and acid were needed for triggering the shuttling process. As a result, 

large accumulation of the acid and base residue somehow interrupted the switching 

cycles, with an acceptable degradation after 7 complete cycles. 

 

Figure 3-30. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 [2]rotaxane dendrimer 

after alternatively addition of DBU and TFA with 7 cycles (Concentration: 1 mM). 
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  All G1–G3 rotaxane dendrimers consist of a number of DBA sites. To further 

investigate the influence of acid and base in the system, stepwise cumulative addition 

of acid/base to reprotonate/deprotonate the DBA was studied. When TFA (depending 

on the number of DBA) was added gradually in all neutral G1–G3 rotaxane 

dendrimers, ratiometric peaks of triazole (free and bonded) were found (Figure 3-31). 

This ratiometric peak corresponded to the incomplete protonation of DBA sites. part 

of the molecules were shifted back to DBA, and the other remained at the triazole 

(shuttling between two triazole). Once excess TFA was added, all the macrocycles 

shuttled back to DBA. When DBU was added stepwise to the ionic G1–3, triazole 

peaks broadened gradually and shifted downfield, and the DBA protons shifted up 

field gradually. This phenomenon was similar to the addition of TFA to neutral G1–3 

rotaxane dendrimers, suggesting the shuttling of macrocycles in the rotaxane 

dendrimer depended on the amount of acid/base added into the system. 
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Figure 3-31. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G1 [3]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Red color 

represents the triazole, and green color represents the protons adjacent to DBA. 

 

3.6 Structural Characterization of Type III-B Rotaxane Dendrimers 

3.6.1 DOSY and DLS 

Having the fully characterization by NMR, the next step was to determine the 

structural parameters of the discrete type III-B rotaxane dendrimers. The 

hydrodynamic size of the type III-B rotaxane dendrimers were characterized by 

dynamic light scattering (DLS) in dichloromethane (DCM) (Figure 3-32). The 

hydrodynamic size (Table 3-1) of G1 was about 1.80 ± 0.14 nm, and progression 

increase by generation (G2 = 3.50 ± 0.21 nm), (G3 = 4.57 ± 0.81 nm). The increase of 
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the hydrodynamic size was nearly doubled by generation.  

 

Figure 3-32: Dynamic light scattering (DLS) diagram of G1–G3 in CH2Cl2. 

 

Table 3-1. The hydrodynamic diameter measurement of G1–G3 rotaxane dendrimers 

from DLS. 

G(n) rotaxane dendrimer Diameter (nm) 

G1 1.80 ± 0.14 

G2 3.50 ± 0.21 

G3 4.57 ± 0.81 

Apart from the purity determination of the product by DOSY, we also utilized the 

diffusion coefficient obtained to calculate the hydrodynamic radius. By substituting 

the diffusion coefficient into Stokes-Einstein equation, the hydrodynamic radius (Rh) 

was estimated accordingly (Table 3-2). 
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Table 3-2. The summary of ionic and neutral G1–G3 rotaxane dendrimers diffusion 

coefficient and radius calculated from Stokes-Einstein equation. 

G(n) rotaxane dendrimer Diffusion coefficient (m
2
/s) Radius (nm) 

G1 3.42 x 10
-10

 0.78 

G2 2.69 x 10
-10

 0.99 

G3 1.98 x 10
-10

 1.35 

G1 deprotonated 3.05 x 10
-10

 0.87 

G2 deprotonated 2.44 x 10
-10

 1.09 

G3 deprotonated 1.79 x 10
-10

 1.49 

For G1, the radius value was close to DLS, while the calculated value of G2 and 

G3 were smaller than DLS. Since the calculation assumes the molecule is spherical in 

size, thus generated error. Nonetheless, the increase in radius was also in consistence 

with DLS. The hydrodynamic radius of deprotonation was estimated in the same 

manner. Interestingly, the calculated radius of all deprotonated neutral G1–G3 showed 

slightly larger values (ΔR = 0.09 – 0.14 nm) than the ionic state. This result suggested 

that after the deprotonation of type III-B rotaxane dendrimers by altering the pH, it 

could induce a conformational change from the contract state to the extend state. With 

the higher generation (e.g G3), the size change increase, because of more rotaxanes 

(14 for G3) inside the macromolecules were switched together, leading to higher 

extension. 
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3.6.2 AFM analysis 

Another useful technique to visualize the rotaxane dendrimer was atomic force 

microscopy (AFM).
[26]

 The morphology and the height of the type III-B rotaxane 

dendrimers can be obtained from AFM technique. Tapping mode and negatively 

charged mica surface was used for the analysis. Uniform single near-spherical 

morphologies were observed in all G1–G3 T3B-RDs. Other surface such as highly 

oriented pyrolytic graphite (HOPG) could not give satisfactory result, due to the 

hydrophobic surface which makes the dendrimer-dendrimer interaction stronger than 

dendrimer-surface interaction.
[26b]

 From the AFM images (Figure 3-33), uniform 

single spherical morphology was observed in both G2 and G3 rotaxane dendrimers, 

except that G1 would be slightly aggregated together to form cluster on mica surface. 

The factor of T3BRDs monodisperity was usually governed by the size, as smaller 

size tend to have better hydrophobic-hydrophobic interaction with each others in 

organic solvent, thus it more easily tend to aggrate together. The average height of 

rotaxane dendrimers was increased from ~1.15nm (G1) to ~3.94nm (G2) and 

~10.96nm (G3). Traditional dendrimers like poly(amidomaine) dendrimers (PAMAM), 

or poly(propylene imine) dendrimers (PPI) tended to spread out and flatten on the 

mica surface based on their flexibility. The introduction of rotaxane in type III-B 

rotaxane dendrimer greatly enhanced the rigidity of the molecules, meaning that it 
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would not easily be flatten on the surface, thus increasing greatly in the average 

height by generations and the number of rotaxane moieties. 

Since T3B-RDs were acid-base switchable, the morphologies of corresponding 

neutral G1–G3 T3B-RDs were also be visualized (Figure 3-34). The height difference 

between the ionic and neutral G1–G3 T3B-RDs were ranging from 20–22%, height 

increase progressively from G1 (Δh = 0.23 nm), to G2 (Δh = 0.87 nm) and G3 (Δh = 

2.29 nm). As G3 T3B-RD contains 28 triazoles, the ring shuttling between the 

triazoles were significant, and that the molecules would tend to form the most stable 

conformation, avoiding the steric hindrance from dendrons after the deprotonation 

(relaxed state). By the increases of generation, a larger height difference was observed 

due to the number of switching state and the size of the molecules were also 

increased. 
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Figure 3-33. a) AFM images of G1–G3 type III-B rotaxane dendrimers on mica 

surface (1 μm x 1 μm), b) 3-D surface plot of G1–G3 type III-B rotaxane dendrimers 

(2 μm x 2 μm), and c) height profiles of G1–G3 type III-B rotaxane dendrimers. 
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Figure 3-34. a) AFM images of Neutral G1–G3 type III-B rotaxane dendrimers on 

mica surface (1 μm x 1 μm), b) 3-D surface plot of Neutral G1–G3 type III-B rotaxane 

dendrimers (2 μm x 2 μm), and c) height profiles of Neutral G1–G3 type III-B 

rotaxane dendrimers. 

 

3.7 Potential Application as a Drug Carrier 

Poly(amidoamine) dendrimer (PAMAM) was one of the most common and 

commercialized dendrimer as been widely used as drug carrier.
[27]

 Large number of 

amine groups on the surface and the hydrophobic interior cavities of PAMAM provide 

special chemical environment for the drug delivery application. Several types of 

molecules (e.g. drugs, amino acids, gene etc.) have been reported that can bind with 

the amine group on PAMAM through different interaction. In our type III-B rotaxane 

dendrimer, it also contains a number of amine groups that are capable for binding 
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guest molecules through electrostatic interaction. We hypothesize that those bound 

molecules can be actively released from the dendrimers after the molecular shuttling 

of macrocycle back to the DBA. As a proof of concept, we use chlorambucil, a 

carboxylic acid small drug molecule to prove whether it could protonate and bind 

with the ammonium group in type III-B rotaxane dendrimers. 
1
H NMR titration is the 

usual method to determine the host-guest supramolecular interaction.
[28]

 When 0.3 

equiv of chlorambucil was added to the neutral G1 T3B-RD, the triazole proton Hh 

disappeared (peak coalesce) (Figure 3-35). This is because the electrostatic interaction 

of ammonium and carboxylate blocked the shuttling of the macrocycle between two 

triazoles, thereby the shuttling of macrocycle between two triazoles became slower in 

NMR timescale. For neutral G2 T3B-RD, very similar chemical shifts could be found, 

and all amino groups in G2 were capable to bind with 4 guest molecules. The largest 

G3 T3B-RD could bind with 8 guest molecules out of the 14 DBA sites, possibly due 

to the large steric hindrance inside the core of the molecules by the DB24C8 the guest 

molecules might only be able to bind on the outer layer of T3B-RDs. Chlorambucil 

could be unbound from T3B-RDs when an excess of acid was added. At pH 4, 

G1-guest complex would release the two bindings guests immediately, while for 

G2-guest and G3-guest, the releasing pH was 5 and 6 respectively. This indicated that 

different generation T3B-RDs-complexes would have different releasing pH. As 
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proved by 
1
H NMR spectroscopy, the macrocycles shuttled back to DBA sites and 

restored the original NMR signals of chlorambucil. 

 

Figure 3-35. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G1 [3]rotaxane 

dendrimer after cumulative addition of chlorambucil (Concentration: 1 mM). Red 

color represents the guest molecules, green color represents the protons adjacent to 

DBA, blue color represents the triazole protons. 

Thread was used as a model for the study once guest (chlorambucil) was added, 

the proton adjacent to DBA shifted downfield slightly, due to the protonation and the 

ionic interaction with the guest molecules. On the other hand, when titrating the guest 

molecules with the ionic G1–G3 rotaxane dendrimers, no any chemical shift was 

observed in addition of guest molecules, in both dendrimer and guest molecules, 

indicating no any interaction between the two components. 
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Association constant (Ka) was calculated by monitoring the chemical shift of 

triazole protons in G1 rotaxane dendrimer. The experimental chemical shift was in 

agreement with the calculated 1:2 binding model, and the binding constant (Ka) was 

calculated to be 5.2 x 10
5 

M
-1

 with online software BindFit v0.5 (Figure 3-36) 

demonstrated by Throdarson el al.
[29]

 

 

Figure 3-36. The chemical shift of triazole in G1 rotaxane dendrimer with a 1:2 

binding model. 

 

3.8 Computational Study 

We have employed the first-principles computational tool DFTB+
[30]

 (which adopts 

the density functional based tight binding approach
[31]

) to calculate molecular 

structures and compare them with the experimental observations of molecular size. 

The Lennard-Jones dispersion model
[32]

 implemented in the DFTB+ code is used to 

describe the intermolecular interactions. Due to the molecular complexity and 

7.7 

7.8 

7.9 

8 

8.1 

8.2 

0 0.1 0.2 0.3 0.4 

δ
 (

p
p
m

) 

Equivalent total [G]0/[H]0 

Experimental 

1:2 Binding Model 



 

–117– 

 

near-infinite possibilities for optimizing their structures, we will present partially 

optimized results here. It is expected that further optimization would fold the resulting 

molecular structures more tightly than it is presented here. 

 

 

Figure 3-37. Illustration of calculated structures of G1 T3B-RD and their sizes: a) 

fully extended; b) partially folded. 

 

We will take an example of the structure of G1 T3B-RD (Figure 3-37). The maximum 

size of the fully extended molecule is ~6.0 nm, while the partially-folded G1 T3B-RD 

has a diameter of ~3.1 nm. This partially-folded calculated diameter is larger than the 

experimental result, indicating that the actual structure of G1 T3B-RD is likely tightly 

folded into a 3-D globular structure in solution. 
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Figure 3-38. Optimized truncated structures of [2]rotaxane in different states: a) ionic 

state; b) deprotonated neutral state at the sec-amine site; c) deprotonated neutral state 

at the triazole ring. 

 

 

Figure 3-39. Energy diagram of three optimized truncated structures of [2]rotaxane in 

different states. 

 

To give support for the ability of triazole to bind with DB24C8, a simplified 

truncated [2]rotaxane model (based on our T3B-RD design and retaining the relevant 

segments) was used for computational study. In the three different states (Figure 
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3-38 – Figurte 3-39), the calculated total energies are, respectively: a) -292.1911 

Hartree in an ionic state, b) -291.9903 Hartree in a deprotonated neutral state at the 

sec-amine site, and c) -292.0420 Hartree in a deprotonated neutral state at the triazole 

ring. In the ionic state, the geometry optimization result showed that the DB24C8 

robustly bound to the DBA, with the lowest total energy. Conversely, in the 

deprotonated neutral state, the DB24C8 tended to bind with the triazole ring, with 

lower total energy compared with the sec-amine site, which is consistent with the 

T3B-RDs 
1
H NMR studies. 

 

 

Figure 3-40. Optimized truncated structures of neutral [2]rotaxane in the presence of a 

chlorambucil molecule (highlighted with the red ellipse) which binds to the DBA and 

expels the macrocycle to the triazole. 

We also conducted a computation in the presence of the guest chlorambucil 

molecule. The geometry optimization showed that the chlorambucil would bind with 

the DBA robustly and the macrocycle was thus expelled to the triazole site (Figure 
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3-40). The electrostatic interaction between the DBA and carboxylate (chlorambucil) 

would be stronger than the intra-molecular interaction (hydrogen bonding) with 

DB24C8. Consequently, the existence of the chlorambucil prohibits the shuttling of 

the macrocycle between two triazole rings. 

 

3.9 Conclusion 

In conclusion, higher generation (up to G4) type III-B rotaxane dendrimers (T3B-RDs) 

were successfully synthesized and unambiguously characterized by various 

spectroscopic techniques, including 
1
H, 

13
C, 

31
P NMR, NOESY and DOSY, as well as 

HR-MALDI-TOF and HR-ESI mass spectrometries. DLS and AFM were used to 

determine their structural sizes and mophologies, showing their discrete and rigid 

nature. A total of six species of dendrimers (G1–G3 and neutral G1–G3) were studied. 

All T3B-RDs were found to be acid-base switchable, and the triazole could be the site 

for the molecular shuttling of DB24C8. The sizes of deprotonated neutral G1–G3 

T3B-RDs were slightly larger than G1–G3 demonstrated by the DOSY study, showing 

the observable and characterizable, reversible contract-extend state within the 

T3B-RDs. Chlorambucil was used as a guest model in the host-guest binding system 

with the neutral T3B-RDs, and it was shown that the dendrimers could bind several 

guest molecules within their structures. The largest deprotonated neutral G3 T3B-RD 
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would bind with 11 guest molecules. We have developed a facile synthetic approach 

of T3B-RDs, demonstrated their potential applications in guest binding by molecular 

shuttling in 3-D manner. This study provides important information for chemist to 

further develop different versions and higher generations of type III-B rotaxane 

dendrimers with various properties and potential applications in smart molecular 

machines, materials and nanotechnology. 
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Chapter 4 – Type III-C Rotaxane 

Dendrimers 

4.1 Introduction 

In chapter 3, higher-generation type III-B rotaxane dendrimers were successfully 

synthesized and characterized. To expand the scope of type III rotaxane dendrimers, 

the synthesis of type III-C rotaxane dendrimer will be presented in this chapter. Type 

III-C rotaxane dendrimer was first defined by Stoddart in 2017,
[1]

 as the branches 

extended from the rings rather than the rods, which is different from type III-A and 

type III-B where the branches are both extended from the rods. (Figure 3-1) Also, the 

mechanical bonds are in between and constituted the branching points. The only 

example of first generation type III-C rotaxane dendrimer was reported by Liu, Yoon 

and Yin et al.
[2]

 in 2013, as a hetro[4]rotaxane. The construction of hetro[4]rotaxane  

began with the synthesis of a DB24C8 bearing two DBA recognition sites, followed 

by the clipping of two rings through dynamic covalent chemistry, and finally the 

formation of middle mechanical bond. However, it is unable to generate G>2 rotaxane 

dendrimers from their strategy. In this chapter, synthesis of G1 and G2 type III-C 

rotaxane dendrimers will be presented. Also, the different switching modes of the new 

type III-C rotaxane dendrimers will be discussed. 
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4.2 Design and Synthesis of Type III-C Rotaxane Dendrimers 

From the structure of type III-C rotaxane dendrimer, there are two approaches toward 

their synthesis, which are convergent and divergent approaches. Just like the 

traditional dendrimer synthesis, the synthesis grows from the core to the 

hyper-branched type III-C rotaxane dendrimer defining as divergent approach. On the 

other hand, the linkage of two dendrons with a core group is a convergent approach. 

In the divergent synthesis (Figure 4-1) of type III-C rotaxane dendrimers, the first 

step is the formation of a simple [2]rotaxane with the the bi-functionalized 

macrocycle, which is also the branching point of the rotaxane dendrimers. After the 

formation of simple di-functionalized [2]rotaxane, formation of two more mechanical 

bonds from the functionalized branching would lead to the formation of G1 type III-C 

[4]rotaxane dendrimer. If the step is replaced with two di-functionalized macrocycle, 

it will generate a tetra-functionalized [4]rotaxane dendrimer. With the 

tetra-functionalized [4]rotaxane dendrimer, it can further grow to G2 type III-C 

[8]rotaxane dendrimer. The synthesis of higher generation type III-C rotaxane 

dendrimers can be grown further by repeating the same strategy in this divergent 

synthesis approach. 
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Figure 4-1. Divergent approach towards the synthesis of type III-C rotaxane 

dendrimers. 

In another convergent approach (Figure 4-2), a very different strategy is applied. 

The key point in the convergent approach is the formation of dendrons. To form the 

dendron component, the removal of the core mechanical bond is needed. Therefore, 

the starting [2]rotaxane is different from divergent approach, where the mechanical 

bond should be cleavable. After the formation of G1 [4]rotaxane dendrimer, the 

removal of core mechanical bond will give a G2 [3]rotaxane dendron. With the G2 

dendron, the formation of two new mechanical bonds with one bi-functionalized 
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[2]rotaxane will give a G2 rotaxane dendrimer. The synthetic step can be repeated to 

form higher generation type III-C rotaxane dendrimers. 

 

Figure 4-2. Convergent approach towards the synthesis of type III-C rotaxane 

dendrimers. 

By comparing these two approaches, both have pros and cons. The advantages of 

divergent approach is straight forward and involving simple synthetic pathway than 

the convergent approach, by removing the core mechanical bond in each dendron 

formation. However, by applying the divergent approach, the number in forming new 

mechanical bonds will be doubled in each generation. This may lead to the incomplete 

formation of the resulting rotaxane dendrimers. While using the convergent approach, 
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every generation will only need two new mechanical bond formations in which may 

favor the formation of higher generation type III-C rotaxane dendrimers than the 

divergent approach. In this chapter, a divergent approach towards the synthesis of G1 

and G2 type III-C rotaxane dendrimers is demonstrated. 

The general backbone structure of type III-C rotaxane dendrimers is somewhat 

similar to our previous type III-B rotaxane dendrimer.
[3]

 The only difference is the 

usage of bi-functionalized crown ether. Two new components were synthesized. A 

bi-functionalized cis-DB24C8-NHS,
[4]

 and a dendron stopper molecules with DBA 

group (4-2-H·PF6) were synthesized for the type III-C rotaxane dendrimer. The 

bi-functionalized [2]rotaxane was synthesized in about 67% yield. The NHS moiety 

was then inter-converted to an azide moiety (4-1-H·PF6) and further formation of two 

new mechanical bonds through CuAAC reaction (Scheme 4-1) giving the G1 

[4]rotaxane dendrimer (4-3-H·PF6) in 54% yield. If the two macrocycles changed to 

bi-functionalized DB24C8, bi-functionalized G1 [4]rotaxane dendrimer was 

synthesized with 40% yield. The four NHS groups on the bi-functionalized G1 

[4]rotaxane dendrimer was changed to azide, to give the azide-terminated 

bi-functionalized G1 [4]rotaxane dendrimer (4-4-H·PF6), and used in the formation of 

G2 [8]rotaxane dendrimer (4-5-H·PF6). The G2 type III-C rotaxane dendrimer was 

successfully synthesized in 55 % yield, with the formation of four new mechanical 
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bonds in one pot CuAAC reaction (Scheme 4-2). After the synthesis of G1 and G2 

rotaxane dendrimers, they were subjected to the methylation of all triazole rings for 

further switching investigation. 

 

Scheme 4-1. Synthesis of type III-C G1 [4]rotaxane dendrimer. 

4-1-H·PF6 

4-2-H·PF6 

4-3-H·PF6 
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Scheme 4-2. Synthesis of type III-C G2 [8]rotaxane dendrimer. 

 

4.3 Characterization of Type III-C Rotaxane Dendrimers 

4.3.1 NMR Spectroscopy 

All the type III-C rotaxane dendrimers were well characterized by 
1
H and 

13
C NMR 

spectroscopy. The bi-functionalized G0 [2]rotaxanes were characterized by 
1
H NMR, 

whereas the total number of NHS protons in di-NHS [2]rotaxane was 8 and when it 

changed to azide, the original peak at δ = 2.76 ppm was disappeared and two sets of 

4-4-H·PF6 

4-5-H·PF6 
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new peaks at  δ = 4.27 ppm, and δ = 4.45 ppm corresponding to the azide moiety 

was appeared. The 
1
H NMR spectrum of G1 [4]rotaxane dendrimer was clearly 

identified, the DBA He and Hk shared the same chemical shift at δ = 4.54 ppm, and the 

chemical shift at δ = 4.42 ppm corresponded to the protons next to amide. Three 

triazoles peak were found at down field area corresponding to three different triazole 

rings. Similar 
1
H NMR pattern also were found on both di-functionalized (–NHS 

and –N3) G1 [4]rotaxane dendrimer. In the case of final G2 [8]rotaxane dendrimer, 

peak broadening phenomenon was observed because of the repeating unit, and similar 

to type III-B rotaxane dendrimer (Figure 4-3). Nonetheless, G1 and G2 type III-C 

rotaxane dendrimer shared the same pattern of NMR spectrum, indicating the 

successful synthesis of G1 and G2 rotaxane dendrimer. 

 
Figure 4-3. 

1
H NMR spectra (400 MHz, CD3CN) of (a) G1 type III-C rotaxane 

dendrimer, and (b) G2 type III-C rotaxane dendrimer. 
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Both G1 and G2 type III-C rotaxane dendrimers were subjected to methylation of all 

the triazole to triazollium ion after the synthesis. The total number of triazole were 6 

in G1, while 14 in G2. Although there were lots of triazole within both G1 and G2 

rotaxane dendrimers, the successful methylation of all triazoles were confirmed 

clearly by 
1
H NMR (Figure 4-4). All the triazole protons in both G1 and G2 

experienced a significant down field shifted (ΔδHtriazole = 0.54 – 0.63 ppm), while 

three new Me peaks at δ = 4.15 – 4.22 ppm were found and the integration was 

consistent with the number of triazollium, indicating all the triazole changed to 

triazollium. 

 

Figure 4-4. 
1
H NMR spectra of (400 MHz, CD3CN) (a) G1 type III-C rotaxane 

dendrimer, and (b) methylated G1 type III-C rotaxane dendrimer. 
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4.3.2 ESI-MS 

All the type III-C rotaxane dendrimers were further confirmed by HR ESI-MS. The 

G0 [2]rotaxane were performed with MALDI-TOF as it only carried a single charge. 

The remaining species containing multiple charges were also analyzed by ESI-MS. 

[M–3PF6]
3+

 species were observed in all G1 and di-functionalized G1 rotaxane 

dendrimers, a which is consistent with the calculated values. In G2 (Figure 4-5), two 

ion species representing [M–7PF6]
7+

 and [M–6PF6]
7+

 with m/z = 1439.1611 and m/z = 

1703.0207 were found and also consistent with their theoretical values, indicating all 

the G1 and G2 type III-C rotaxane dendrimers were successfully synthesized and 

characterized by mass spectrometry. In the case of methylation, [M–8PF6–HPF6]
8+

 

was found in methylated G1, while [M–10PF6]
10+

 was found in methylated G2. 

 

Figure 4-5. ESI-MS of G2 type III-C rotaxane dendrimer. 
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4.4 Switching Process 

All the synthesized type III-C rotaxane dendrimers were acid-base switchable. The 

deprotonation of rotaxane dendrimers were performed with BEMP 

(2-tert-Butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine) 

resin.
[5]

 The use of  After the deprotonation, significant NMR peak shifts were 

observed in all rotaxane dendrimers. Similar to type III-B rotaxane dendrimers, the 

deprotonated neutral type III-C rotaxane dendrimers were not dissolved in MeCN, but 

readily dissolved in DCM. The completion of deprotonating G1 and G2 was further 

confirmed by 
31

P NMR. The methylated rotaxane dendrimers exhibited a different 

switching process in comparison to the original one. In the non-methylated rotaxane 

dendrimers, the macrocycles at the periphery moved to the amide rather than the 

triazoles, and only the core macrocycle shuttled between the two triazoles. Taking G1 

as an example (Figure 4-6), He and Hk shifted upfield significantly (ΔδHe,k = −0.84 

ppm) after the deprotonation, indicating that the macrocycles were not located at the 

amine groups. Whereas, Hi experienced a downfield shifted (ΔδHi = 0.32 ppm), 

indicaing that the macrocycles resided around the amides. In the triazoles region, only 

the triazoles protons at the core Hm shifted as two sets of resonances, as the shuttling 

between two triazoles. The shuttling was slow on the NMR timescale, while the 

chemical shift of the other two triazole protons Hc and Hg were similar to the original 
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spectrum. Similar NMR shifts were also observed in neutral G2 rotaxane dendrimers 

(Figure 4-7), indicating the molecular shuttling process occurred after the 

deprotonation. Since the strength of hydrogen bonding between DB24C8 with amide
[6]

 

was much stronger than triazole, the periphery macrocycles were shuttled to amides. 

Since the core rotaxane unit without the amide site, the macrocycle shuttled between 

two triazoles. 

 

Figure 4-6. 
1
H NMR spectra of (a) (400 MHz, CD2Cl2) G1 type III-C rotaxane 

dendrimer, and (b) Neutral G1 type III-C rotaxane dendrimer. 

 



 

–138– 

 

 

Figure 4-7. 
1
H NMR spectra of (a) (400 MHz, CD2Cl2) G2 type III-C rotaxane 

dendrimer, and (b) Neutral G2 type III-C rotaxane dendrimer. 

If it was methylated, different shuttling process exhibited. After the deprotonation 

of methylated rotaxane dendrimers, they were only slightly soluble in DCM, therefore, 

the NMR signals are broad. After the methylation with MeI, the triazole changed to 

triazollium, and it was the best secondary station after the deprotonation of DBA in 

comparison to amide.
[7]

 In the case of methylated G1 (Figure 4-8), after the 

deprotonation, DBA protons He and Hk shifted upfielded (ΔδHe,k = −0.86 ppm), and 

all the triazollium protons Hc, Hm, Hg, shifted as two sets of resonances, revealing the 

macrocycles were oscillating between two equivalent triazollium. The CH3 protons of 

the triazollium shifted dramatically and disappeared, as the shielding effect by the 

cavity of the aromatic macrocycles. Amide protons Hi were not shifted, indicating that 
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the macrocycles were not moving to amide sites. In the case of methylated G2 (Figure 

4-9), very similar chemical shifts could be found, except the triazollium protons 

shifted as one set of peaks. G1–G2 and methylated G1–G2 rotaxane dendrimers 

exhibited different switching behaviors. The sizes of the non-methylated rotaxane 

dendrimers became smaller after, as the mechanical bonds moved toward the core, 

whereas, the methylated rotaxane dendrimers became larger, as they would tend to 

avoid the steric hindrance of the dendrons, thus became larger in size. 

 

Figure 4-8. 
1
H NMR spectra (400 MHz, CD2Cl2) of (a) Methylated G1 type III-C 

rotaxane dendrimer, and (b) Deprotonated methylted G1 type III-C rotaxane 

dendrimer. 
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Figure 4-9. 
1
H NMR spectra (400 MHz, CD2Cl2) of (a) Methylated G1 type III-C 

rotaxane dendrimer, and (b) Deprotonated methylted G1 type III-C rotaxane 

dendrimer. 

To look more precisely about the switching process of type III-C rotaxane 

dendrimers, a cumulative stepwise addition of acid/base to the corresponding rotaxane 

dendrimers was performed. In G1, the DBA protons He, Hk shifted gradually upfield, 

and Hi shifted downfield upon the gradual addition of DBU (Figure 4-10). Only the 

core triazole Hm shifted downfield as the macrocycle oscillating between two triazoles. 

Very similar NMR peak shifts were found in G2 DBU titration (Figure 4-12), with the 

gradual shifted of DBA protons on the addition of base. The experiment clearly 

showed that the macrocycles were located at the amides rather than the triazoles, 

except the core mechanical bond. In the methylated rotaxane dendrimers, the three 
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triazollium peaks shifted to be two sets of resonances upon the start of addition of 

DBU, while the methyl peaks disappeared gradually, indicating the shuttling between 

the triazolliums. The protons next to amide remained the same chemical shift 

revealing no macrocycles sites at amide in the methylated rotaxane dendrimers. 

 

Figure 4-10. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 [4]rotaxane dendrimer 

after cumulative addition of DBU (Concentration: 1 mM). Blue color represents the 

triazole, red color represents the protons adjacent to DBA. 
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Figure 4-11. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G1 [4]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the benzyl protons next to triazoles. 
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Figure 4-12. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 methylated [8]rotaxane 

dendrimer after cumulative addition of DBU (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the methyl protons on triazollium. 
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Figure 4-13. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 methylated [8]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the methyl protons on triazollium. 

The switching process of rotaxane dendrimers was shown more clearly from the 

stepwise addition of TFA (Figure 4-11, Figure 4-13). In G1 and G2 rotaxane 

dendrimers, ratiometric peak shift of triazoles and the Hh protons were observed, 

indicating that the rotaxane dendrimers were changing from amide sites back to DBA 

gradually. Similar ratiometric peak shifts of methylated rotaxane dendrimers were 

also observed. The NMR titration experiments suggested all the synthesized rotaxane 

dendrimers were acid-base switchable. 
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4.5 Conclusion 

In conclusion, type III-C G1 [4]rotaxane dendrimers and G2 [8]rotaxane dendrimers 

were successfully synthesized through a divergent approach. The structures were 

characterized by 
1
H NMR, 

13
C NMR, 

31
P NMR and ESI-MS. The methylated version 

of type III-C rotaxane dendrimers were also synthesized. Both dendrimers were 

acid-base switchable, but having different switching behaviors. The different 

switching behaviors were indicated by 
1
H NMR. The mechanical bonds in the original 

type III-C rotaxane dendrimers were moved toward the core to the amide as the 

secondary station, while the methylated type III-C rotaxane dendrimers were 

oscillating between the triazollium sites. The development of type III-C rotaxane 

dendrimers may finally demonstrate the dual controlling pathways of particles size 

with the same dendrimer type and generation. 
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Chapter 5 – Conclusion Remarks and 

Future Work 

In Chapter 2, a fluorescent rotaxane dual catalyst has been synthesized, from which in 

two different states, it can perform the iminium/thiourea catalysis selectively, whereas 

the fluorescence can also be switched on and off. The most important finding for this 

work is the in situ switching of three components in one pot catalysis. To explore 

more on the rotaxane-based organocatalysis, a more efficient, functional, and chiral 

rotaxane organocatalysis will need to be developed. The reaction that was catalyzed 

by the rotaxane will also be needed to explore. 

In Chapter 3, a higher-generation (up to G4 dendrons) type III-B rotaxane 

dendrimers were successfully synthesized through CuAAC reaction. All the type III-B 

rotaxane dendriemrs were well characterized by 1-D NMR, 2-D NMR, MS, DLS, and 

AFM. The type III-B rotaxane dendrimers were acid-base switchable. Upon the 

addition of base or acid, the size of the molecules have been changed. The collective 

3-D switching in controlling the particles size of rotaxane dendrimers were visualized 

by AFM analysis. As the macromolecules have a number of amine groups, they are 

able to bind with the guest molecules, such as small drug molecules. The binding 

between type III-B rotaxane dendrimers with chlorambucil was also characterized by 

NMR spectroscopy. In the future, more higher generation (>G4) rotaxane dendrimers 
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are needed to be synthesized. In addition, by varying the outersphere dendron groups, 

or the core groups, scientists can develop more sophisticated rotaxane dendrimersthat 

are water soluble and triggered by different external stimuli, for wider applications in 

different perspectives. 

In Chapter 4, new G1–G2 type III-C rotaxane dendrimers were synthesized 

through a divergent approach. The synthesized rotaxane dendrimers were methylated 

after the reaction. Two different switching behavior was observed for the original and 

methylated rotaxane dendrimers. The type III-C rotaxane dendrimers are new class of 

molecules that can be synthesized by different approaches, and in higher generation 

for different applications. 

The 2016 Nobel Prize in chemistry was awarded to Prof. Jean-Pierre Sauvage, 

Prof. Fraser Stoddart, and Prof. Ben Feringa for their development of molecular 

machinery. Even the Nobel Prize had been going to this field, the journey and 

adventure of developing more elegant, sophisticated and useful molecular machinery 

and supramolecular chemistry will never stop. 
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Chapter 6 – Experimental Procedures 

6.1 General Information 

Unless otherwise stated, all the chemicals were purchased from Sigma-Aldrich, Acros, 

IL, Fluka, J&K, and Dieckmann. The AR grade solvents were purchased 

commercially and used without further purification. All the reactions were conducted 

under anhydrous, high purity nitrogen atmospheric protection. Thin-layer 

chromatography (TLC Silica gel 60, Merck) was performed on aluminum plate. The 

plates were observed under 254 nm UV light, visualized by staining with 

phosphomolybdic acid (PMA) solution or ninhydrin solution with general heating. 

Column chromatography was carried out on silica gel SiO2 60F (Merck 9385, 

0.040–0.063 mm, Germany) as the stationary phase. 
1
H NMR, 

13
C NMR, 

31
P NMR, 

Nuclear Overhauser Effect Spectroscopy (NOESY) spectra were recorded at 298K 

with Bruker Avance-III (
1
H: 400 MHz, 

13
C: 101 MHz, 

31
P: 162 MHz). 

Diffusion-Ordered Spectroscopy (DOSY) was recorded at 298K with Bruker 

Avance-III HD 500 MHz spectrometer. Chemical shifts of solvent were calibrated to 

the solvent residue reference peak, for 
1
H NMR (CDCl3 = 7.26 ppm, CD2Cl2 = 5.32 

ppm, CD3CN = 1.94 ppm, DMSO-d6 = 2.50 ppm), for 
13

C NMR (CDCl3 = 77.16 ppm, 

CD2Cl2 = 54.00 ppm, CD3CN = 1.39 ppm, DMSO-d6 = 39.51 ppm). Coupling 

constants (J) are reported in hertz (Hz). Standard abbreviations indicate the 
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multiplicity of the peaks (s = singlet, d = doublet, t = triplet, q = quartet, quin = 

quintet, m = multiplet, br = broad, dd = doublet of doublets, ddd = doublet of doublet 

of doublets etc.). High-resolution mass spectrometry (HRMS) was carried out with 

Bruker Autoflex spectrometer (MALDI-TOF), and Thermofinnigan MAT 95 XL 

spectrometer (ESI-MS) with quadrupole ion trap (QIT) and fourier-transform ion 

cyclotron resonance (FTICR). Melting points of the compounds were recorded with 

Electrothermal 9100 digital melting point apparatus. Dynamic light scattering (DLS) 

was performed by Beckman Coulter DelsaMax CORE. Atomic force microscopy 

(AFM) was performed with scanning probe microscope (SPM) Veeco MultiMode IVa. 

 

6.2 Experimental Procedures of Chapter 2 

6.2.1 General Catalytic Information 

Catalyst (1, 1-H·PF6 or 2-H·PF6 (15 μmol, 0.15 equiv.)) , acetylacetone (A)/ 

dibenzoylmethane (B) (0.1 mmol, 2 equiv.), trans-β-nitrostyrene (C) (0.05 mmol, 1 

equiv.), (E)-crotonaldehyde (D) (0.1 mmol, 2 equiv.) and NaOAc (20 μmol, 0.2 equiv.) 

were dissolved in 125μL of CH2Cl2, stirring for 5 days at ambient temperature in an 

ordinary vial. Sodium acetate was acted as a weak base to activate the 1,3-diketone 

derivative A or B. The reaction progress of was monitored and analyzed by 
1
H NMR 

spectroscopy, taking 1 μL of the reaction mixture, diluting with 600 μL of CDCl3. 
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6.2.2 Detailed Synthetic Procedures 

 

Synthesis of S4 

S3 (3.00 g, 18.0 mmol), and 9-anthracenecarboxaldehyde (3.80 g, 18.0 mmol), were 

dissolved in MeOH and refluxed overnight. Upon cooling to room temperature, 

yellow solid was filtered and redissolved in MeOH. NaBH4 (2.80 g, 72.0 mmol) was 

added portionwise at 0 °C, and warm to room temperature. The reaction mixture was 

stirred overnight. H2O (30 mL) was added to quench the excess NaBH4 and the 

solvent was removed under reduced pressure. The suspension was extracted with 

DCM (3 x 100 mL) and water. The combined organic layers were dried over 

anhydrous MgSO4 and concentrated under reduced pressure. The yellow solid was 

purified by column chromatography (SiO2; DCM) yielding a pale yellow solid (4.23 g, 

65%). M.p. = 99 °C. 
1
H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 8.27 – 8.18 (m, 2H), 

8.01 (dd, J = 8.3, 1.6 Hz, 2H), 7.53 – 7.45 (m, 4H), 7.38 (d, J = 8.6 Hz, 2H), 7.01 (d, J 

= 8.7 Hz, 2H), 4.73 (d, J = 2.4 Hz, 2H), 4.68 (s, 2H), 3.99 (s, 2H), 2.55 (t, J = 2.4 Hz, 

1H) (missing of amine proton peak). 
13

C NMR (101 MHz, CDCl3) δ 156.7, 133.5, 

131.6, 131.6, 130.3, 129.6, 129.1, 127.2, 126.1, 124.9, 124.2, 114.9, 78.7, 75.6, 55.9, 

53.7, 44.8. HRMS (MALDI-TOF): C25H21NO: m/z = 351.1590 [M]
+
 (calcd. 
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351.1618). 

 

 

Synthesis of S4-H·PF6 

S4 (1.00 g, 2.80 mmol) was dissolved in DCM (10 mL), hexafluorophosphoric acid 

(1.50 mL) was added and the reaction mixture was stirred for 30 min. Then, H2O (20 

mL) was added, and the aqueous layer was extracted with DCM (3 x 50 mL). The 

combined organic layers were dried over anhydrous MgSO4 and concentrated under 

reduced pressure, yielding a yellow glassy solid (0.80 g, 57%), and was pure enough 

to use without further purification. 
1
H NMR (400 MHz, CD3CN) δ 8.61 (s, 1H), 

8.14 – 8.08 (m, 4H), 7.62 – 7.51 (m, 4H), 7.45 (d, J = 8.7 Hz, 2H), 7.05 (d, J = 8.7 Hz, 

2H), 4.97 (s, 2H), 4.78 (d, J = 2.4 Hz, 2H), 4.24 (s, 2H), 2.84 (t, J = 2.4 Hz, 1H). 

 

 

Synthesis of 3 

S7 (5.00 g, 38.4 mmol) was dissolved in DCM, and 3,5-bis(trifluoromethyl)phenyl 

S4-H·PF6 
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isothiocyanate (7.00 mL, 38.4 mmol) was added dropwise and stirred at ambient 

temperature overnight. The solvent was removed by reduced pressure, yielding a pale 

yellow solid (14.2 g, 92 %), and was pure enough without further purification. M.p. = 

81 °C. 
1
H NMR (400 MHz, CD3CN) δ 8.54 (br, 1H), 8.11 (s, 2H), 7.73 (s, 1H), 7.05 

(br, 1H), 3.75 (br, 2H), 3.76 – 3.51 (m, 4H), 3.40 (s, 2H). 
13

C NMR (101 MHz, CDCl3) 

δ 181.4, 140.8, 130.8 (q, JCF = 32.3 Hz), 124.4, 123.2, 121.7, 69.1, 50.2, 43.9. HRMS 

(MALDI-TOF): C13H13F6N5OS: m/z = 402.0823 [M]
+
 (calcd. 402.0818). 

 

 

Synthesis of Thread 2 

S4 (300 mg, 0.85 mmol) and 3 (350 mg, 0.85 mmol) was dissolved in degassed DCM 

(5 mL), Cu(CH3CN)4PF6 (320 mg, 0.85 mmol) and DIPEA (140 μL, 0.85 mmol), 

were added to the reaction mixture, and stirred overnight at ambient temperature. 

After that, DCM was added to dilute the reaction mixture, and was washed with 

NaCN solution. The aqueous layer was extracted with DCM twice. The combined 

organic layers were dried over anhydrous MgSO4 were concentrated under reduced 

pressure. The residue was purified by column chromatography (SiO2; EtOAc) 

yielding a yellow solid (300 mg, 47%). M.p. = 93 °C. 
1
H NMR (400 MHz, CD3CN) δ 
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8.45 (s, 1H), 8.31 – 8.23 (m, 2H), 8.14 (s, 2H), 8.02 (dd, J = 6.7, 2.8 Hz, 2H), 7.93 (s, 

1H), 7.69 (s, 1H), 7.53 – 7.43 (m, 4H), 7.32 (d, J = 8.5 Hz, 2H), 7.13 (s, 1H), 6.96 (d, 

J = 8.6 Hz, 2H), 5.14 (s, 2H), 4.59 (s, 2H), 4.56 – 4.50 (m, 2H), 3.92 (s, 2H), 3.89 – 

3.81 (m, 2H), 3.64 (br, 2H), 3.59 (t, J = 4.5 Hz, 2H) (missing of one thiourea proton 

peak). 
13

C NMR (101 MHz, CD3CN) δ 181.1, 157.0, 143.3, 141.0, 133.3, 131.9, 

131.2, 130.9, 130.5, 129.9, 129.2, 128.5, 126.5, 125.5, 124.7, 124.4, 124.3, 122.8, 

121.7, 114.3, 68.5, 61.1, 52.8, 49.6, 44.3, 43.6 (1 peak is missing/overlapping). 

HRMS (ESI): C38H34F6N6O2S: m/z = 753.2440 [M+H]
+
 (calcd. 753.2368). 

 

 

Synthesis of Thread 2-H·PF6 

Thread 2 (100 mg, 0.13 mmol) was dissolved in DCM (8 mL), hexafluorophosphoric 

acid (1 mL) was added and the reaction mixture was stirred for 30 mins. Then, H2O 

(20 mL) was added, and the aqueous layer was extracted with DCM (3 x 50 mL). The 

combined organic layers were dried over anhydrous MgSO4 and concentrated under 

reduced pressure, yielding a yellow glassy solid, and was pure enough without further 

purification (70 mg, 60 %). 
1
H NMR (400 MHz, CD3CN) δ 8.72 (s, 1H), 8.62 (s, 1H), 

8.14 (d, J = 7.2 Hz, 4H), 8.08 (d, J = 8.7 Hz, 2H), 7.97 (s, 1H), 7.70 (s, 1H), 7.66 – 
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7.55 (m, 4H), 7.47 (d, J = 8.6 Hz, 2H), 7.08 (d, J = 8.7 Hz, 2H), 5.20 (s, 2H), 5.18 (s, 

2H), 4.57 – 4.52 (m, 2H), 4.43 (s, 2H), 3.90 – 3.82 (m, 2H), 3.65 (s, 2H), 3.61 (d, J = 

4.3 Hz, 2H). (missing one thiourea proton peak). 

 

Preparation of Rotaxane 1-H·PF6 

 

Synthesis of Rotaxane 1-H·PF6 

S4-H·PF6 (500 mg, 1.0 mmol) and DB24C8 (450 mg, 1.0 mmol) were dissolved in 

degassed DCM (8 mL), and stirred for 1 hour at ambient temperature. 3 (400 mg, 1.0 

mmol), Cu(CH3CN)4PF6 (370 mg, 1.0 mmol), premixed AcOH (70 μL, 1.22 mmol) 

and DIPEA (106 μL, 0.61 mmol) in DCM (0.5 mL) were added to the reaction 

mixture, and stirred for 2 days at ambient temperature. After that, DCM (30 mL) was 

added to dilute the reaction mixture, and was washed with NaCN solution. Then, the 

reaction mixture was reprotonated by AcOH (2 mL), and final washed with NH4PF6 

solution (20 mL, 2 M). The combined organic layers were dried over anhydrous 

MgSO4 and concentrated under reduced pressure. The residue was purified by column 

chromatography (SiO2; EtOAc, then Acetone, then to Acetone with NH4PF6 (0.30 
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gL
-1

)) yielding a pale yellow glassy solid (800 mg, 59%). M.p. = 122 °C. 
1
H NMR 

(400 MHz, CD3CN) δ 8.62 (s, 1H), 8.47 (d, J = 8.9 Hz, 2H), 8.15 (d, J = 11.4 Hz, 3H), 

7.95 (s, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.70 (s, 1H), 7.59 (ddd, J = 8.8, 5.0, 1.1 Hz, 

2H), 7.49 – 7.42 (m, 4H), 6.95 (d, J = 8.8 Hz, 2H), 6.64 – 6.60 (m, 4H), 6.37 – 6.32 

(m, 4H), 5.55 (t, J = 6.8 Hz, 2H), 5.21 (t, J = 7.2 Hz, 2H), 5.09 (s, 2H), 4.55 (br, 2H), 

3.87 (s, 2H), 3.84 – 3.77 (m, 6H), 3.77 – 3.70 (m, 6H), 3.68 – 3.63 (m, 11H), 3.46 – 

3.38 (m, 4H) (missing of one thiourea proton and two ammonium proton peaks). 
13

C 

NMR (101 MHz, CD3CN) δ 181.1, 173.1, 157.9, 153.9, 146.3, 142.7, 141.2, 130.4, 

130.2, 129.0, 128.5, 126.8, 125.4, 124.7, 124.4, 124.2, 123.6, 122.7, 122.4, 121.2, 

120.7, 114.4, 111.5, 70.5, 69.9, 68.4, 67.5, 61.1, 51.9, 49.6, 44.8, 43.7 (a peak is 

missing/overlapping). HRMS (ESI): C62H67F6N6O10S
+
: m/z = 1201.4571 [M–PF6]

+
 

(calcd. 1201.4538). 

 

Switching of [2]Rotaxane 

 

Deprotonation: 1-H·PF6 (50 mg, 0.37 mmol) was dissolved in DCM (5 mL), NaOH 

solution (2 M, 5 mL) was then added to the reaction mixture and was stirred for one 
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hour at ambient temperature. Two layers were separated, and the aqueous layer was 

extracted with DCM twice. The combined organic layer were dried over anhydrous 

MgSO4 and concentrated under reduced pressure, yielding a pale yellow glassy solid. 

(40 mg, quantitative). 

Reprotonation: 1 (40 mg, 0.33 mmol) was dissolved in DCM (5.00 mL), glacial 

AcOH (2.00 mL) was added to the reaction mixture and was stirred for one hour at 

ambient temperature. After that, water and NH4PF6 (0.10 g) was added, the reaction 

mixture was stirred for 30 minutes. Two layers were separated, and the aqueous layer 

was extracted with DCM twice. The combined organic layer were dried over 

anhydrous MgSO4 and concentrated under reduced pressure, yielding a pale yellow 

glassy solid. (40 mg, quantitative). 

 

Synthesis of F 

 

Dibenzoylmethane (B) (450 mg, 2.0 mmol) and trans-β-nitrostyrene (C) (290 mg, 2.0 

mmol) were dissolved in 3 mL DCM, 3 (120 mg, 0.30 mmol) and sodium acetate (30 

mg, 0.4 mmol) were added. The reaction mixture was stirred at room temperature for 

48 hours. After that, the solvent was concentrated under reduced pressure, giving a 
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yellow residue. Diethyl ether was added to the residue, yielding a white precipitate. 

The precipitate was filtered and washed with diethyl ether twice, yielding F (520 mg, 

70%) as a white solid. The 
1
H NMR was in agreement with previously literature 

reported data. 
1
H NMR (400 MHz, CDCl3) δ 7.86 (dd, J = 8.3, 1.3 Hz, 2H), 7.78 (dd, 

J = 8.3, 1.3 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.4 Hz, 1H), 7.41 – 7.35 (m, 

4H), 7.25 – 7.15 (m, 5H), 5.84 (d, J = 8.0 Hz, 1H), 5.00 (d, J = 6.8 Hz, 2H), 4.62 (q, J 

= 7.1 Hz, 1H). 

 

Synthesis of E 

 

Acetylacetone (A) (200 μL, 2.0 mmol) and trans-β-nitrostyrene (C) (290 mg, 2.0 

mmol) were dissolved in 3 mL DCM, 3 (120 mg, 0.30 mmol) and sodium acetate (30 

mg, 0.4 mmol) were added. The reaction mixture was stirred at room temperature for 

48 hours. After that, the solvent was concentrated under reduced pressure, giving a 

yellow residue. Diethyl ether was added to the residue, yielding a pale-yellow 

precipitate. The precipitate was filtered and washed with diethyl ether twice, yielding 

F (370 mg, 75%) as a pale-yellow solid. The 
1
H NMR was in agreement with 

previously literature reported data. 
1
H NMR (400 MHz, CDCl3) δ 7.38 – 7.24 (m, 3H), 
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7.22 – 7.14 (m, 2H), 4.70 – 4.56 (m, 2H), 4.37 (d, J = 10.8 Hz, 1H), 4.24 (ddd, J = 

10.7, 7.7, 4.9 Hz, 1H), 2.30 (s, 3H), 1.94 (s, 3H). 

 

Synthesis of H 

 

Dibenzoylmethane (B) (450 mg, 2.0 mmol) and crotonaldehyde (D) (330 μL, 4.0 

mmol) were dissolved in 3 mL DCM, dibenzylamine (77 μL, 0.40 mmol) and sodium 

acetate (30 mg, 0.40 mmol) were added. The reaction mixture was stirred at room 

temperature for 48 hours. After that, the reaction mixture was extracted with water, 

the combined organic layers were dried over anhydrous MgSO4 and concentrated 

under reduced pressure. The residue was purified by column chromatography (SiO2; 

Hex/EtOAc 5:1) affording H (460 mg, 78%) as a pale yellow oil. The 
1
H NMR was in 

agreement with previously literature reported data. 
1
H NMR (400 MHz, CDCl3) δ 

9.73 (s, 1H), 7.98 (m, 4H), 7.54 (m, 2H), 7.43 (m, 4H), 5.52 (d, J = 7.5 Hz, 1H), 3.19 

(m, 1H), 2.77 (dd, J = 17.9, 4.7 Hz, 1H), 2.55 (ddd, J = 18.0, 7.7, 1.8 Hz, 1H) 1.09 (d, 

J = 6.9 Hz, 3H). 
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Synthesis of G 

 

Acetylacetone (A) (200 μL, 2.0 mmol) and crotonaldehyde (D) (330 μL, 4.0 mmol) 

were dissolved in 3 mL DCM, dibenzylamine (77 μL, 0.40 mmol) and sodium acetate 

(30 mg, 0.40 mmol) were added. The reaction mixture was stirred at room 

temperature for 48 hours. After that, the reaction mixture was extracted with water, 

the combined organic layers were dried over anhydrous MgSO4 and concentrated 

under reduced pressure. The residue was purified by column chromatography (SiO2; 

Hex/EtOAc 7:1) affording G (230 mg, 68%) as a pale yellow oil. The 
1
H NMR was in 

agreement with previously literature reported data. 
1
H NMR (400 MHz, CDCl3) δ 

9.68 (s, 1H), 3.66 (d, J = 9.2 Hz, 1H), 2.86 (m, 1H), 2.39 (m, 1H), 2.26 (m, 1H), 2.17 

(s, 6H), 0.94 (d, J = 5.1 Hz, 3H). 
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6.3 Experimental Procedures of Chapter 3 

Synthesis of DB24C8-OSu 

 DB24C8-OSu was synthesized according to literature with modifications.
[1]

 

 

Preparation of A-S1: 2-(2-(2-chloroethoxy)ethoxy)ethanol (20 g, 120 mmol) was 

dissolved in 100 mL acetone, follow with the addition of catechol (6.5 g, 0.06 mol) 

and K2CO3 (33 g, 240 mmol) and reflux overnight. The reaction mixture was then 

filtered to remove the K2CO3 before concentrated under vacuum. The residue was 

redissolved in CHCl3 (150 mL) and extracted with 1M HCl (50 mL), then 1M NaOH 

(50 mL). The combined organic layers were dried over anhydrous MgSO4 and 

concentrated under vacuum to give a pale yellow liquid, (15 g, 67%) which was pure 

enough without further purification. 
1
H NMR (400 MHz, CDCl3) δ 6.90 (s, 4H), 

4.20 – 4.13 (m, 4H), 3.90 – 3.84 (m, 4H), 3.77 – 3.65 (m, 12H), 3.62 – 3.56 (m, 4H). 

 

Preparation of A-S2: A-S1 (15 g, 40 mmol) was dissolved in 100 mL DCM, follow 

with the addition of Et3N (22 mL, 160 mmol), cool to 0 
o
C and stirred for 10 minutes. 
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TsCl (16 g, 84 mmol) was dissolved in 30 mL DCM and added to the reaction mixture 

with catalytic amount of DMAP. The reaction mixture was then stirred overnight at 

room temperature. The reaction mixture was extracted with acidic aqueous solution. 

The combined organic layers were dried over anhydrous MgSO4 and concentrated 

under vacuum. The yellow liquid was purified by column chromatography (SiO2; 

Hexane/EtOAc 1:1.5) yielding a pale yellow thick oil.(19 g, 70%) 
1
H NMR (400 MHz, 

CDCl3) δ 7.79 (d, J = 8.3 Hz, 4H), 7.32 (d, J = 8.0 Hz, 4H), 6.91 (s, 4H), 4.14 (q, J = 

5.1 Hz, 8H), 3.86 – 3.79 (m, 4H), 3.70 – 3.65 (m, 8H), 3.60 (dd, J = 5.7, 3.1 Hz, 4H), 

2.42 (s, 6H). 

 

Preparation of A-S3: A-S2 (19 g, 28 mmol), Cs2CO3 (9.1 g, 28 mmol), K2CO3 (19 g 

140 mmol) were dissolved in 300 mL MeCN. Methyl 3,4-dihydroxybenzoate (4.7 g, 

0.028 mol) was dissolved in 100 mL MeCN and added to the reaction mixture 

dropwise through dropping funnel. The reaction mixture was refluxed for 48 h. The 

reaction mixture was then filtered before concentrated under vacuum. The residue was 

redissolved in CHCl3 (200 mL) and extracted with 1 M HCl (50 mL). The combined 

organic layers were dried over anhydrous MgSO4 and concentrated under vacuum. 

The yellow liquid was purified by column chromatography (SiO2; EtOAc) yielding a 

white solid (9.5 g, 67%). 
1
H NMR (400 MHz, CDCl3) δ 7.64 (dd, J = 8.4, 2.0 Hz, 1H), 
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7.51 (d, J = 2.0 Hz, 1H), 6.92 – 6.81 (m, 5H), 4.21 – 4.17 (m, 4H), 4.16 – 4.13 (m, 

4H), 3.93 (p, J = 4.3 Hz, 8H), 3.87 (s, 3H), 3.84 (d, J = 2.7 Hz, 8H). 

 

Preparation of A-S4: A-S3 (7 g, 14 mmol) was dissolved in 180 mL water containing 

KOH (8 g, 14 mmol). The reaction mixture was refluxed overnight to give a clear 

solution. The reaction mixture was cooled to low temperature, and conc. HCl was 

added until no further precipitation. The white precipitate was then filtered, washed 

with water (50 mL x 3), air dried overnight to give a white solid in quantitative yield. 

1
H NMR (400 MHz, DMSO-d6) δ 7.52 (dd, J = 8.4, 2.0 Hz, 1H), 7.41 (d, J = 2.0 Hz, 

1H), 7.01 (d, J = 8.5 Hz, 1H), 6.92 (dd, J = 6.0, 3.6 Hz, 2H), 6.88 – 6.81 (m, 2H), 

4.15 – 4.10 (m, 2H), 4.08 (dd, J = 5.2, 3.4 Hz, 2H), 4.06 – 4.01 (m, 4H), 3.75 (ddd, J 

= 8.7, 6.6, 3.8 Hz, 8H), 3.65 (s, 8H). 

 

Preparation of DB24C8-OSu: A-S4 (4.5 g, was 9 mmol) was dissolved in excess 

oxayl chloride (20 mL) with one drop of DMF. The orange solution was clear and 

stirred for 2.5 h. Excess oxayl chloride was removed by distillation to give a white 

solid. The white solid was redissolved in THF (160 mL) containing 

N-Hydroxysuccinimide (5 g, 43 mmol). Et3N (6 mL, 43 mmol) was added finally to 

give a pale yellow turbid solution and stirred overnight. The reaction mixture was 

filtered and concentrated under vacuum. The residue was redissolved in CHCl3 (100 
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mL) and extracted with 1 M HCl (50 mL). The combined organic layers were dried 

over anhydrous MgSO4 and concentrated under vacuum to give a pale yellow solid. 

The pale yellow solid was recrystallized in hot EtOH yielding a white solid (5.2 g, 

98%). 
1
H NMR (400 MHz, CDCl3) δ 7.77 (dd, J = 8.5, 2.0 Hz, 1H), 7.55 (d, J = 2.1 

Hz, 1H), 6.94 – 6.82 (m, 5H), 4.24 – 4.12 (m, 8H), 3.98 – 3.90 (m, 8H), 3.84 (d, J = 

5.8 Hz, 8H), 2.90 (s, 4H). 

 

Synthesis of Thread H·PF6 

 

 

Thread H·PF6 was synthesized according to literature with modifications.
[2]

 

Preparation of A-S5: 4-cyanophenol (8 g, 60 mmol) was dissolved in 70 mL acetone. 

K2CO3 (18 g, 130 mmol) and propargyl bromide (80 wt. % in toluene) (15 mL, 120 

mmol) was added. The reaction mixture was refluxed overnight. The reaction mixture 

was then filtered to remove the K2CO3 before concentrated under vacuum. The 
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residue was redissolved in CHCl3 (60 mL) and extracted with water. The combined 

organic layers were dried over anhydrous MgSO4 and concentrated under vacuum to 

give a pale yellow solid. The pale yellow solid was recrystallized in hot EtOH 

yielding a pale yellow needle crystal (6.5 g, 69%). 
1
H NMR (400 MHz, CDCl3) δ 

7.64 – 7.58 (m, 2H), 7.07 – 7.01 (m, 2H), 4.75 (d, J = 2.4 Hz, 2H), 2.57 (t, J = 2.4 Hz, 

1H). 

 

Preparation of A-S6: A-S5 (6.5 g, 40 mmol) was dissolved in 200 mL THF at 0 ºC, 

LAH (3 g, 80 mmol) was added slowly to the reaction mixture, and stirred overnight 

at room temperature. The excess LAH was quenched with water at 0 ºC in ice bath, 

filtered the residue through Celite and concentrated under vacuum. The residue was 

redissolved in EtOAc (100 mL) and extracted with water. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated under vacuum to give a 

brown oil. The brown oil was then purified through a plug of silica gel (SiO2: EtOAc 

 DCM/MeOH 2:1) to yield a yellow liquid, which solidify to yellow waxy solid in 

fringe (4 g, 62%). 
1
H NMR (400 MHz, CDCl3) δ 7.27 – 7.21 (m, 2H), 6.97 – 6.92 (m, 

2H), 4.68 (d, J = 2.4 Hz, 2H), 3.81 (s, 2H), 2.51 (t, J = 2.4 Hz, 1H). 

 

Preparation of A-S7: 4-Hydroxybenzaldehyde (10 g, 80 mmol) was dissolved in 70 
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mL acetone. K2CO3 (22 g, 160 mmol) and propargyl bromide (80 wt. % in toluene) 

(17 mL, 160 mmol) was added. The reaction mixture was refluxed overnight. The 

reaction mixture was then filtered to remove the K2CO3 before concentrated under 

vacuum. The residue was redissolved in DCM (70 mL) and extracted with water. The 

combined organic layers were dried over anhydrous MgSO4 and concentrated under 

vacuum to give a pale yellow solid. The pale yellow solid was recrystallized in hot 

EtOH yielding a pale yellow crystal (8 g, 62%). 
1
H NMR (400 MHz, CDCl3) δ 9.90 (s, 

1H), 7.86 (d, J = 8.8 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 4.78 (d, J = 2.4 Hz, 2H), 2.57 

(t, J = 2.4 Hz, 1H). 

 

Preparation of A-S8: A-S6 (3 g, 18 mmol) and A-S7 (3 g, 18 mmol) were dissolved in 

130 mL MeOH, and refluxed overnight. The reaction was cooled to 0 ºC, and NaBH4 

(1 g x 3, 79 mmol) was added in three times in each half an hour, and stirred 

overnight. The reaction mixture was concentrated under vacuum. The residue was 

redissolved in EtOAc (80 mL) and extracted with water. The combined organic layers 

were dried over anhydrous Na2SO4 and concentrated under vacuum to give a pale 

yellow liquid. The pale yellow oil was purified by column chromatography (SiO2; 

Hexane/EtOAc 1:2) yielding a colorless oil (3.6 g, 65%). 
1
H NMR (400 MHz, CDCl3) 

δ 7.27 (d, J = 8.5 Hz, 4H), 6.94 (d, J = 8.5 Hz, 4H), 4.68 (d, J = 2.4 Hz, 4H), 3.73 (s, 
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4H), 2.51 (t, J = 2.5 Hz, 2H). 

 

Preparation of Thread H·PF6: A-S8 (3.6 g, 12 mmol) was dissolved in 50 mL MeOH. 

Conc. HCl was added until the pH reach to 2. The MeOH was removed under vacuum. 

The residue was redissolved in 50 mL acetone, and saturated NH4PF6 solution was 

added until all solid was dissolved, and stirred for 30 minutes. The reaction mixture 

was then concentrated under vacuum to give white solid. The solid was filtered, 

yielding a white solid in quantitative yield. 1
H NMR (400 MHz, CD3CN) δ 7.42 (d, J 

= 8.7 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 4.77 (d, J = 2.4 Hz, 1H), 4.16 (s, 1H), 2.84 (t, 

J = 2.4 Hz, 1H). 
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Synthesis of Dendron Stopper A-S12 

 

A-S9 – A-S11 was synthesized according to literature with modifications.
[3]

 

Preparation of A-S9: Methyl 3,5-dihydroxybenzoate (7 g, 40 mmol), 

3,5-di-tert-butylbenzyl bromide (23 g, 80 mmol) and K2CO3 (22 g, 160 mmol) were 

dissolved in 150 mL acetone and refluxed overnight. The reaction mixture was then 

filtered to remove the K2CO3 before concentrated under vacuum. The residue was 

redissolved in CHCl3 (100 mL) and extracted with water. The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

white solid, which is pure enough without further purification. (16 g, 87 %) 
1
H NMR 

(400 MHz, CDCl3) δ 7.42 (d, J = 8.4 Hz, 4H), 7.37 (d, J = 8.4 Hz, 4H), 7.30 (d, J = 

2.3 Hz, 2H), 6.81 (t, J = 2.3 Hz, 1H), 5.03 (s, 4H), 3.91 (s, 3H), 1.33 (s, 18H). 

 

Preparation of A-S10: A-S9 (10 g, 20 mmol) was dissolved in 100 mL THF at 0 ºC, 

LiAlH4 (3 g, 80 mmol) was added slowly to the reaction mixture, and stirred 
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overnight at room temperature. The excess LiAlH4 was quenched with water at 0 ºC 

in ice bath, filtered and concentrated under vacuum. The residue was redissolved in 

EtOAc (80 mL) and extracted with water. The combined organic layers were dried 

over anhydrous MgSO4 and concentrated under vacuum to give a white solid which 

was pure enough without further purification (8 g, 92 %). 
1
H NMR (400 MHz, CDCl3) 

δ 7.42 (d, J = 8.5 Hz, 4H), 7.39 – 7.34 (m, 4H), 6.63 (d, J = 2.3 Hz, 2H), 6.56 (t, J = 

2.3 Hz, 1H), 5.00 (s, 4H), 4.64 (d, J = 4.8 Hz, 2H), 1.33 (s, 18H). 

 

Preparation of A-S11: A-S10 (4 g, 9 mmol) was dissolved in 20 mL DCM, followed 

with the addition of PPh3 (2.9 g, 11 mmol) and CBr4 (3.7 g, 11 mmol) and stirred 

overnight. The solvent was removed under vacuum and purified by column 

chromatography directly (SiO2; Hexane  Hexane/EtOAc 6 : 1) yielding a white 

solid (3.6 g, 80 %). 
1
H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.4 Hz, 4H), 7.36 (d, J 

= 8.4 Hz, 4H), 6.64 (d, J = 2.3 Hz, 2H), 6.56 (t, J = 2.3 Hz, 1H), 4.99 (s, 4H), 4.43 (s, 

2H), 1.33 (s, 18H). 

 

Preparation of A-S12: A-S11 (3.6 g, 7 mmol) was dissolved in 15 mL DMF, NaN3 (1 

g, 14 mmol) was added. The reaction mixture was stirred at 70 ºC overnight. DMF 

was removed under vacuum, and the residue was redissolved in EtOAc and extracted 
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with water, and brine (x2). The combined organic layers were dried over anhydrous 

MgSO4 and concentrated under vacuum to give a pale yellow oil which solidify under 

vacuum (3 g, 94%). The product was pure enough without further purification. M.p. = 

59–61 ºC. 
1
H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.6 Hz, 4H), 7.38 (d, J = 8.4 Hz, 

4H), 6.61 (t, J = 2.3 Hz, 1H), 6.57 (d, J = 2.2 Hz, 2H), 5.01 (s, 4H), 4.28 (s, 2H), 1.34 

(s, 18H). 
13

C NMR (101 MHz, CDCl3) δ 160.35, 151.17, 137.59, 133.55, 127.59, 

125.60, 107.06, 101.74, 70.06, 54.90, 34.65, 31.38. HRMS (ESI): C29H35N3O2 [M]
+
: 

calcd 458.2802; found 458.2800. 

 

Synthesis of Linker A-S14 

 

Linker was synthesized according to literature with modifications.
[4]

 

Preparation of A-S13: α,α′-Dichloro-p-xylene (10 g, 50 mmol) was dissolved in 20 

mL DMF, NaN3 (9.2 g, 140 mmol) was added. The reaction mixture was stirred at 70 

ºC overnight. DMF was removed under vacuum, and the residue was redissolved in 

EtOAc and extracted with water, and brine (x2). The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a pale yellow 

liquid which solidify to white solid under vacuum (8.6 g, 91 %). The product was 

pure enough without further purification. 
1
H NMR (400 MHz, CDCl3) δ 7.35 (s, 2H), 
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4.36 (s, 2H). 

 

Preparation of A-S14: A-S13 (6 g, 30 mmol) was dissolved in 20 mL diethyl ether, 

and 20 mL 2.5 M HCl(aq). The reaction mixture was cooled to 0 ºC. 

Triphenylphosphine (8.3 g, 30 mmol) was dissolved in 20 mL EtOAc, and was added 

dropwise to the reaction mixture. The reaction mixture stirred overnight at r.t. EtOAc 

and water added to the reaction mixture to separate two layers. The organic layer was 

discarded, and the water layer was washed with DCM (50 mL x 2). The water layer 

was basicfied to pH 11 by 1 M NaOH(aq), and was extracted with CHCl3 (100 mL x 3). 

The combined organic layers were dried over anhydrous Na2SO4 and concentrated 

under vacuum to give a colorless liquid which solidify to white waxy solid in fringe 

(4.3 g, 88 %). The product was pure enough without further purification. 
1
H NMR 

(400 MHz, CDCl3) δ 7.34 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.32 (s, 2H), 

3.89 (s, 2H). 
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Synthesis of G1 [2]Rotaxane Dendron-NHS 

 

Preparation of G1 [2]Rotaxane Dendron-NHS: Thread H·PF6 (0.45 g, 1 mmol), 

DB24C8-OSu (0.60 g, 1 mmol), and A-S12 (0.91 g, 2 mmol) were dissolved in 8 mL 

degassed DCM. The reaction mixture was stirred for 2 hours before the addition of 

Cu(MeCN)4PF6 (0.74 g, 2 mmol). The reaction was then stirred for 2 days at room 

temperature. The reaction mixture was diluted with 70 mL DCM, and extracted with 

1.) 50 mL 2M NaCN(aq), 2.) 50 mL 1M HCl(aq), 3.) NH4PF6(aq). The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

yellow solid. The yellow solid was purified by column chromatography (SiO2; 

CHCl3/MeOH 40 : 1  30 : 1) yielding a white solid (1.6 g, 82 %). M.p. = 119–121 

ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.84 (s, 2H), 7.66 (dd, J = 8.6, 2.0 Hz, 1H), 7.41 

(d, J = 8.4 Hz, 8H), 7.31 (d, J = 8.4 Hz, 8H), 7.23 (d, J = 8.7 Hz, 4H), 6.85 (d, J = 8.7 

Hz, 1H), 6.81 – 6.77 (m, 2H), 6.74 (d, J = 8.7 Hz, 5H), 6.71 – 6.65 (m, 2H), 6.57 – 

6.54 (m, 2H), 6.53 (d, J = 2.1 Hz, 4H), 5.44 (s, 4H), 5.01 (s, 4H), 4.98 (s, 8H), 4.56 (t, 

J = 6.7 Hz, 4H), 4.09 (br, 4H), 3.96 (dd, J = 14.4, 5.7 Hz, 4H), 3.82 – 3.76 (m, 4H), 
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3.72 – 3.69 (m, 2H), 3.66 (dd, J = 6.3, 3.1 Hz, 2H), 3.63 – 3.53 (m, 8H), 2.77 (s, 4H), 

1.29 (s, 36H). 
13

C NMR (101 MHz, CD3CN) δ 171.32, 162.56, 161.23, 159.60, 

154.23, 152.05, 148.67, 148.01, 139.06, 134.91, 131.77, 128.72, 126.42, 125.78, 

125.40, 122.10, 117.96, 115.51, 114.05, 113.16, 113.06, 108.02, 102.52, 79.18, 71.68, 

71.61, 71.55, 70.97, 70.77, 70.56, 69.46, 69.16, 68.63, 62.26, 54.42, 52.64, 35.22, 

31.59, 26.47. HRMS (MALDI-TOF): C107H125N8O18PF6 [M–PF6]
+
: calcd 1810.9138; 

found 1810.9119. 

 

Synthesis of G1 [2]Rotaxane Dendron-N3 

 

Preparation of G1 [2]Rotaxane Dendron-N3: G1 [2]Rotaxane Dendron-NHS (0.80 

g, 0.40 mmol) was dissolved in 5 mL DCM, A-S14 (0.13 g, 0.80 mmol) was added. 

The reaction mixture was stirred overnight at room temperature. The reaction mixture 

was diluted with 20 mL DCM and extracted with 1.) 20 mL 1 M HCl(aq), 2.) 

NH4PF6(aq). The combined organic layers were dried over anhydrous MgSO4 and 

concentrated under vacuum to give a yellow solid. The yellow solid was purified by 

column chromatography (SiO2; DCM/MeOH 20 : 1) yielding a pale yellow solid 
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(0.70 g, 87 %). M.p. = 117–119 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.84 (s, 2H), 7.73 

(t, J = 6.1 Hz, 1H), 7.44 – 7.39 (m, 8H), 7.35 – 7.28 (m, 12H), 7.25 – 7.21 (m, 6H), 

6.83 – 6.76 (m, 3H), 6.75 – 6.69 (m, 5H), 6.57 – 6.51 (m, 6H), 5.43 (s, 4H), 4.97 (s, 

12H), 4.56 (t, J = 6.8 Hz, 4H), 4.45 (d, J = 6.1 Hz, 2H), 4.28 (s, 2H), 4.06 – 3.95 (m, 

8H), 3.82 – 3.73 (m, 4H), 3.71 – 3.65 (m, 4H), 3.55 – 3.62 (m, 8H), 1.29 (s, 36H). 
13

C 

NMR (101 MHz, CD3CN) δ 167.24, 161.36, 159.71, 152.18, 150.67, 148.56, 148.01, 

144.48, 140.88, 139.09, 135.50, 135.05, 131.86, 130.76, 129.90, 129.50, 128.88, 

128.78, 128.49, 126.50, 125.56, 125.03, 122.16, 121.32, 118.37, 115.63, 113.35, 

112.59, 112.32, 108.21, 102.71, 71.93, 71.87, 71.61, 71.33, 71.28, 71.03, 70.93, 70.67, 

69.18, 68.69, 62.27, 54.94, 54.53, 52.76, 43.75, 35.28, 31.62. HRMS (MALDI-TOF): 

C111H130N11O15PF6 [M–PF6]
+
: calcd 1857.9774; found 1857.9743. 

 

Synthesis of G1 [2]Rotaxane Dendron-Acetylene 

 

Preparation of G1 [2]Rotaxane Dendron-Acetylene: G1 [2]Rotaxane 

Dendron-NHS (0.80 g, 0.40 mmol) was dissolved in 5 mL DCM, A-S6 (0.13 g, 0.80 

mmol) was added. The reaction mixture was stirred overnight at room temperature. 
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The reaction mixture was diluted with 20 mL DCM and extracted with 1.) 20 mL 1M 

HCl(aq), 2.) NH4PF6(aq). The combined organic layers were dried over anhydrous 

MgSO4 and concentrated under vacuum to give a yellow solid. The pale red solid was 

purified by column chromatography (SiO2; DCM/MeOH 20 : 1) yielding a pale 

orange solid (0.71 g, 88 %). M.p. = 110–112 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.84 

(s, 2H), 7.63 (t, J = 6.1 Hz, 1H), 7.41 (d, J = 8.3 Hz, 8H), 7.31 (d, J = 8.3 Hz, 10H), 

7.22 (t, J = 9.0 Hz, 8H), 6.86 – 6.78 (m, 5H), 6.73 (d, J = 8.6 Hz, 4H), 6.56 – 6.52 (m, 

6H), 5.44 (s, 4H), 4.97 (s, 12H), 4.65 (d, J = 2.5 Hz, 2H), 4.56 (t, J = 6.8 Hz, 4H), 

4.38 (d, J = 5.9 Hz, 2H), 4.06 – 3.97 (m, 8H), 3.81 – 3.77 (m, 2H), 3.77 – 3.74 (m, 

2H), 3.71 – 3.66 (m, 4H), 3.62 – 3.55 (m, 8H), 2.76 (t, J = 2.4 Hz, 1H), 1.29 (s, 36H). 

13
C NMR (101 MHz, CD3CN) δ 167.04, 161.30, 159.64, 157.51, 152.12, 150.56, 

148.50, 147.92, 144.43, 139.04, 134.99, 133.69, 131.81, 129.85, 128.74, 128.52, 

128.52, 126.45, 125.51, 125.00, 122.11, 121.25, 115.66, 115.57, 113.30, 112.52, 

112.23, 108.15, 102.65, 79.88, 76.78, 71.89, 71.82, 71.56, 71.25, 70.99, 70.90, 70.62, 

69.13, 68.98, 68.69, 68.64, 62.23, 56.51, 54.51, 52.72, 43.45, 35.26, 31.60. HRMS 

(MALDI-TOF): C113H131N8O16PF6 [M–PF6]
+
: calcd 1856.9710; found 1856.9712. 
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Synthesis of G1 [3]Rotaxane Dendrimer 

 

Preparation of G1 [3]Rotaxane Dendrimer: G1 [2]Rotaxane Dendron-N3 (0.50 g, 

0.25 mmol), and G1 [2]Rotaxane Dendron-Acetylene (0.50 g, 0.25 mmol) were 

dissolved in 5 mL degassed DCM. Cu(MeCN)4PF6 (0.10 g, 0.25 mmol) and DIPEA 

(0.1 mL, 0.50 mmol) were added. The reaction was stirred for 2 days at room 

temperature. The reaction mixture was diluted with 50 mL DCM, and extracted with 

1.) 50 mL 2M NaCN(aq), 2.) 50 mL 1M HCl(aq), 3.) NH4PF6(aq). The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

yellow solid. The yellow solid was purified by column chromatography (SiO2; 

DCM/MeOH 30 : 1  20 : 1) yielding a pale yellow solid (0.83 g, 83 %). M.p. = 

138–140 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.82 (s, 2H), 7.81 (s, 2H), 7.77 (t, J = 6.0 

Hz, 1H), 7.70 (s, 1H), 7.66 (t, J = 6.0 Hz, 1H), 7.39 (d, J = 8.3 Hz, 16H), 7.29 (d, J = 

8.3 Hz, 20H), 7.20 (t, J = 7.6 Hz, 12H), 7.12 (dd, J = 17.5, 8.3 Hz, 4H), 6.79 (dt, J = 

6.3, 3.3 Hz, 6H), 6.73 – 6.68 (m, 8H), 6.66 (dd, J = 8.5, 2.4 Hz, 2H), 6.56 – 6.49 (m, 

12H), 5.45 (s, 2H), 5.42 – 5.38 (m, 8H), 5.00 (s, 2H), 4.94 (s, 24H), 4.55 (t, J = 6.7 Hz, 
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8H), 4.40 (d, J = 6.0 Hz, 2H), 4.34 (d, J = 6.0 Hz, 2H), 4.05 – 3.93 (m, 16H), 3.80 – 

3.72 (m, 8H), 3.67 – 3.53 (m, 24H), 1.27 (s, 72H). 
13

C NMR (101 MHz, CD3CN) δ 

167.18, 167.05, 161.25, 159.58, 158.19, 152.07, 150.52, 150.49, 148.45, 147.84, 

144.75, 144.36, 144.34, 141.01, 138.99, 135.36, 134.92, 133.19, 131.76, 129.79, 

128.96, 128.91, 128.72, 128.40, 128.27, 126.42, 125.46, 125.03, 124.76, 122.08, 

121.27, 115.64, 115.50, 113.23, 112.46, 112.17, 108.10, 102.57, 71.88, 71.79, 71.50, 

71.27, 71.21, 70.91, 70.83, 70.57, 69.06, 68.88, 68.60, 62.37, 62.13, 54.46, 54.15, 

52.66, 43.65, 43.43, 35.23, 31.59. HRMS (ESI): C224H261N19O31P2F12 [M–2PF6]
2+

: 

calcd 1857.4788; found 1857.4723. 

 

Synthesis of G2 [4]Rotaxane Dendron-NHS 

 

Preparation of G2 [4]Rotaxane Dendron-NHS: Thread H·PF6 (0.113 g, 0.25 mmol), 

DB24C8-OSu (0.221 g, 0.38 mmol), and G1 [2]Rotaxane Dendron-N3 (1.00 g, 0.50 
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mmol) were dissolved in 7 mL degassed DCM. The reaction mixture was stirred for 2 

hours before the addition of Cu(MeCN)4PF6 (0.10 g, 0.26 mmol). The reaction was 

then stirred for 4 days at room temperature. The reaction mixture was diluted with 70 

mL DCM, and extracted with 1.) 50 mL 2 M NaCN(aq), 2.) 50 mL 1 M HCl(aq), 3.) 

NH4PF6(aq). The combined organic layers were dried over anhydrous MgSO4 and 

concentrated under vacuum to give a yellow solid. The yellow solid was purified by 

column chromatography (SiO2; EtOAc  Acetone  Acetone with NH4PF6 (0.30 

gL
-1

)) yielding a white solid (0.85 g, 67 %). M.p. = 164–166 ºC. 
1
H NMR (400 MHz, 

CD3CN) δ 7.82 (s, 4H), 7.77 (s, 2H), 7.76 – 7.71 (m, 2H), 7.39 (d, J = 8.4 Hz, 16H), 

7.29 (d, J = 8.4 Hz, 20H), 7.26 – 7.21 (m, 14H), 7.20 – 7.14 (m, 8H), 6.82 – 6.75 (m, 

11H), 6.73 – 6.64 (m, 16H), 6.55 – 6.50 (m, 12H), 5.41 (d, J = 6.8 Hz, 12H), 4.95 

(s, 28H), 4.54 (q, J = 7.0 Hz, 12H), 4.41 (d, J = 6.1 Hz, 4H), 4.06 – 3.90 (m, 24H), 

3.80 – 3.72 (m, 12H), 3.69 – 3.51 (m, 36H), 2.76 (s, 4H), 1.27 (s, 72H). 
13

C NMR 

(101 MHz, CD3CN) δ 167.26, 167.15, 161.31, 159.64, 157.51, 152.15, 150.61, 150.55, 

148.51, 147.92, 147.89, 144.41, 141.16, 139.05, 135.33, 134.98, 133.67, 131.81, 

131.79, 129.80, 129.15, 128.93, 128.76, 128.33, 126.47, 125.52, 125.49, 125.07, 

124.95, 122.13, 121.31, 115.67, 115.56, 115.54, 113.30, 112.52, 112.22, 108.16, 

102.64, 79.92, 76.90, 71.92, 71.84, 71.55, 71.28, 70.88, 70.62, 69.12, 68.94, 68.64, 

62.19, 56.53, 54.49, 54.26, 52.70, 43.65, 43.45, 35.25, 31.61. HRMS (ESI): 
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C271H315N24O44P3F18 [M–3PF6]
3+

: calcd 1537.4456; found 1537.4434. 

 

Synthesis of G2 [4]Rotaxane Dendron-N3 

 

Preparation of G2 [4]Rotaxane Dendron-N3: G2 [4]Rotaxane Dendron-NHS (0.40 

g, 0.08 mmol) was dissolved in 5 mL DCM, A-S14 (0.05 g, 0.30 mmol) was added. 

The reaction mixture was stirred overnight at room temperature. The reaction mixture 

was diluted with 20 mL DCM and extracted with 1.) 20 mL 1M HCl(aq), 2.) NH4PF6(aq). 

The combined organic layers were dried over anhydrous MgSO4 and concentrated 

under vacuum to give a yellow solid. The yellow solid was purified by column 

chromatography (SiO2; DCM/MeOH 20 : 1  10 : 1) yielding a pale yellow solid 

(0.31 g, 76 %). M.p. = 170–173 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.81 (d, J = 4.2 

Hz, 4H), 7.76 (s, 3H), 7.74 (s, 1H), 7.39 (d, J = 8.3 Hz, 16H), 7.29 (d, J = 8.3 Hz, 

22H), 7.25 – 7.18 (m, 16H), 7.19 – 7.11 (m, 8H), 6.79 (t, J = 5.4 Hz, 8H), 6.73 – 6.64 
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(m, 16H), 6.55 – 6.50 (m, 12H), 5.40 (s, 12H), 4.98 – 4.89 (m, 28H), 4.55 (t, J = 6.1 

Hz, 12H), 4.44 – 4.38 (m, 6H), 4.25 (s, 2H), 4.06 – 3.91 (m, 24H), 3.80 – 3.72 (m, 

12H), 3.68 – 3.51 (m, 36H), 1.27 (s, 72H). HRMS (ESI): C275H320N27O41P3F18 

[M–3PF6]
3+

: calcd 1553.1334; found 1553.13489. 

 

Synthesis of G2 [4]Rotaxane Dendron-Acetylene 

 

Preparation of G2 [4]Rotaxane Dendron-Acetylene: G2 [4]Rotaxane 

Dendron-NHS (0.40 g, 0.08 mmol) was dissolved in 5 mL DCM, A-S6 (0.05 g, 0.30 

mmol) was added. The reaction mixture was stirred overnight at room temperature. 

The reaction mixture was diluted with 20 mL DCM and extracted with 1.) 20 mL 1M 

HCl(aq), 2.) NH4PF6(aq). The combined organic layers were dried over anhydrous 

MgSO4 and concentrated under vacuum to give an orange solid. The orange solid was 

purified by column chromatography (SiO2; DCM/MeOH 20 : 1  10 : 1) yielding a 
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pale orange solid (0.30 g, 74 %). M.p. = 145–147 ºC. 
1
H NMR (400 MHz, CD3CN) δ 

7.82 (s, 4H), 7.77 (d, J = 4.4 Hz, 4H), 7.74 (s, 1H), 7.39 (d, J = 8.4 Hz, 16H), 7.29 (d, 

J = 8.4 Hz, 22H), 7.25 – 7.15 (m, 24H), 6.81 – 6.77 (m, 8H), 6.73 – 6.63 (m, 16H), 

6.54 – 6.51 (m, 12H), 5.40 (s, 12H), 4.94 (d, J = 3.8 Hz, 26H), 4.91 (s, 2H), 4.63 (d, J 

= 2.4 Hz, 2H), 4.55 (t, J = 6.8 Hz, 12H), 4.40 (d, J = 6.0 Hz, 4H), 4.36 (d, J = 5.9 Hz, 

2H), 4.04 – 3.91 (m, 24H), 3.80 – 3.71 (m, 12H), 3.66 – 3.53 (m, 36H), 2.76 (t, J = 

2.4 Hz, 1H), 1.27 (s, 72H). 
13

C NMR (101 MHz, CD3CN) δ 165.87, 165.76, 159.93, 

158.26, 156.12, 150.76, 149.22, 149.16, 147.12, 146.53, 146.50, 143.03, 139.77, 

137.66, 133.94, 133.60, 132.28, 130.43, 130.40, 128.41, 127.77, 127.55, 127.38, 

126.94, 125.09, 124.14, 124.10, 123.68, 123.56, 120.74, 119.92, 114.28, 114.17, 

114.15, 111.91, 111.13, 110.84, 106.77, 101.25, 78.54, 75.51, 70.53, 70.46, 70.16, 

69.89, 69.50, 69.23, 67.73, 67.55, 67.25, 60.80, 55.14, 53.10, 52.87, 51.31, 42.27, 

42.06, 33.86, 30.22. HRMS (ESI): C277H321N24O42P3F18 [M–3PF6]
3+

: calcd 1552.7979; 

found 1552.79846. 
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Synthesis of G2 [7]Rotaxane Dendrimer 

 

Preparation of G2 [7]Rotaxane Dendrimer: G2 [4]Rotaxane Dendron-N3 (0.30 g, 

0.059 mmol), and G2 [4]Rotaxane Dendron-Acetylene (0.30 g, 0.059 mmol) were 

dissolved in 5 mL degassed DCM. Cu(MeCN)4PF6 (0.05 g, 0.13 mmol) and DIPEA 

(0.05 mL, 0.25 mmol) were added. The reaction was stirred for 3 days at room 

temperature. The reaction mixture was diluted with 30 mL DCM, and extracted with 

1.) 20 mL 2 M NaCN(aq), 2.) 20 mL 1 M HCl(aq), 3.) NH4PF6(aq). The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

yellow solid. The yellow solid was purified by column chromatography (SiO2; 

DCM/MeOH 20 : 1  10 : 1) yielding a pale yellow solid (0.51 g, 84 %). M.p. = 

167–170 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.86 – 7.80 (m, 12H), 7.76 (d, J = 11.7 

Hz, 4H), 7.73 (s, 1H), 7.41 – 7.36 (m, 32H), 7.32 – 7.26 (m, 46H), 7.20 (q, J = 8.2 Hz, 

42H), 7.12 (dd, J = 8.2, 3.3 Hz, 8H), 6.78 (dt, J = 7.8, 3.6 Hz, 16H), 6.72 – 6.61 (m, 

32H), 6.54 – 6.49 (m, 24H), 5.39 (d, J = 8.5 Hz, 26H), 4.98 – 4.86 (m, 58H), 4.54 (dd, 
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J = 13.7, 5.4 Hz, 24H), 4.43 – 4.32 (m, 12H), 3.79 – 3.71 (m, 22H), 3.68 – 3.47 (m, 

72H), 1.26 (d, J = 7.2 Hz, 144H). HRMS (ESI): C552H641N51O83P6F36 [M–6PF6]
6+

: 

calcd 1552.9657; found 1552.7983. 

 

Synthesis of G3 [8]Rotaxane Dendron-NHS 

    

Preparation of G3 [8]Rotaxane Dendron-NHS: Thread H·PF6 (0.044 g, 0.09 mmol), 

DB24C8-OSu (0.15 g, 0.25 mmol), and G2 [4]Rotaxane Dendron-N3 (1.00 g, 0.19 

mmol) were dissolved in 8 mL degassed DCM. The reaction mixture was stirred for 2 

hours before the addition of Cu(MeCN)4PF6 (0.10 g, 0.26 mmol). The reaction was 

then stirred for 6 days at room temperature. The reaction mixture was diluted with 70 

mL DCM, and extracted with 1.) 50 mL 2 M NaCN(aq), 2.) 50 mL 1 M HCl(aq), 3.) 

NH4PF6(aq). The combined organic layers were dried over anhydrous MgSO4 and 

concentrated under vacuum to give a yellow solid. The yellow solid was purified by 



 

–184– 

 

column chromatography (SiO2; DCM/EtOAc 1 : 1  Acetone  Acetone with 

NH4PF6 (0.30 gL
-1

)) yielding a pale yellow solid (0.41 g, 41 %). M.p. = 173–175 ºC. 

1
H NMR (400 MHz, CD3CN) δ 7.82 (s, 10H), 7.79 (s, 2H), 7.74 (s, 4H), 7.38 (d, J = 

8.1 Hz, 34H), 7.28 (d, J = 8.4 Hz, 40H), 7.20 (dd, J = 9.8, 6.9 Hz, 41H), 7.13 (d, J = 

8.1 Hz, 12H), 6.80 – 6.62 (m, 64H), 6.51 (t, J = 2.8 Hz, 24H), 5.38 (d, J = 4.5 Hz, 

28H), 4.96 – 4.86 (m, 60H), 4.59 – 4.48 (m, 28H), 4.39 (d, J = 6.1 Hz, 12H), 4.04 – 

3.89 (m, 54H), 3.79 – 3.70 (m, 28H), 3.67 – 3.49 (m, 86H), 2.74 (s, 4H), 1.26 (s, 

144H). 
13

C NMR (101 MHz, CD3CN) δ 171.41, 167.28, 161.31, 159.64, 152.14, 

150.62, 148.50, 147.92, 144.41, 144.36, 141.15, 141.06, 139.04, 135.30, 134.97, 

131.81, 129.14, 128.93, 128.90, 128.87, 128.76, 128.30, 126.47, 125.52, 125.10, 

124.98, 122.13, 121.36, 115.55, 113.29, 112.53, 112.21, 108.16, 102.63, 71.92, 71.84, 

71.55, 71.27, 70.91, 70.62, 69.11, 68.93, 68.63, 62.17, 55.39, 54.48, 54.23, 52.69, 

43.67, 35.25, 31.62, 26.52. HRMS (ESI): C599H695N56O96P7F42 [M–7PF6]
7+

: calcd 

1459.3105; found 1459.3068. 
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Synthesis of G3 [8]Rotaxane Dendron-N3 

        

Preparation of G3 [8]Rotaxane Dendron-N3: G3 [8]Rotaxane Dendron-NHS (0.40 

g, 0.036 mmol) was dissolved in 5 mL DCM, A-S14 (0.05 g, 0.30 mmol) was added. 

The reaction mixture was stirred overnight at room temperature. The reaction mixture 

was diluted with 20 mL DCM and extracted with 1.) 20 mL 1M HCl(aq), 2.) NH4PF6(aq). 

The combined organic layers were dried over anhydrous MgSO4 and concentrated 

under vacuum to give a yellow solid. The yellow solid was purified by column 

chromatography (SiO2; DCM/MeOH 20 : 1  10 : 1) yielding a pale yellow solid 

(0.31 g, 77 %). M.p. = 163–166 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.82 (s, 10H), 

7.77 (s, 2H), 7.74 (s, 4H), 7.38 (d, J = 8.3 Hz, 34H), 7.28 (d, J = 8.3 Hz, 41H), 7.19 

(dt, J = 8.3, 4.1 Hz, 44H), 7.13 (d, J = 7.9 Hz, 12H), 6.79 – 6.62 (m, 64H), 6.51 (t, J = 

2.9 Hz, 24H), 5.38 (d, J = 4.9 Hz, 28H), 4.95 – 4.86 (m, 60H), 4.53 (br, 28H), 4.38 (d, 

J = 6.4 Hz, 14H), 4.22 (s, 2H), 4.03 – 3.89 (m, 54H), 3.78 – 3.69 (m, 28H), 3.65 – 

3.49 (m, 86H), 1.26 (s, 144H). 
13

C NMR (101 MHz, CD3CN) δ 167.28, 161.32, 
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159.66, 152.15, 150.63, 148.51, 147.93, 144.42, 144.38, 141.17, 139.05, 135.30, 

134.98, 131.82, 129.14, 128.94, 128.88, 128.76, 128.34, 126.47, 125.52, 125.09, 

124.97, 122.14, 121.36, 115.57, 113.31, 112.53, 112.24, 108.17, 102.64, 71.94, 71.85, 

71.55, 71.31, 70.90, 70.63, 69.12, 68.94, 68.65, 62.20, 55.39, 54.49, 54.24, 52.71, 

43.67, 35.26, 31.62. HRMS (ESI): C603H700N59O93P7F42 [M–7PF6]
7+

: calcd 1466.0338; 

found 1465.8906. 

 

Synthesis of G3 [8]Rotaxane Dendron-Acetylene 

        

Preparation of G3 [8]Rotaxane Dendron-N3: G3 [8]Rotaxane Dendron-Acetylene 

(0.40 g, 0.036 mmol) was dissolved in 5 mL DCM, A-S6 (0.05 g, 0.30 mmol) was 

added. The reaction mixture was stirred overnight at room temperature. The reaction 

mixture was diluted with 20 mL DCM and extracted with 1.) 20 mL 1M HCl(aq), 2.) 

NH4PF6(aq). The combined organic layers were dried over anhydrous MgSO4 and 

concentrated under vacuum to give an orange solid. The yellow solid was purified by 
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column chromatography (SiO2; DCM/MeOH 20 : 1  10 : 1) yielding a pale orange 

solid (0.28 g, 69 %). M.p. = 160–162 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.82 (s, 

10H), 7.77 (s, 2H), 7.74 (s, 4H), 7.38 (d, J = 8.3 Hz, 34H), 7.28 (d, J = 8.3 Hz, 41H), 

7.19 (dt, J = 8.3, 4.1 Hz, 44H), 7.13 (d, J = 7.9 Hz, 12H), 6.79 – 6.62 (m, 64H), 6.51 

(t, J = 2.9 Hz, 24H), 5.38 (d, J = 4.9 Hz, 28H), 4.95 – 4.86 (m, 60H), 4.53 (br, 28H), 

4.38 (d, J = 6.4 Hz, 14H), 4.22 (s, 2H), 4.03 – 3.89 (m, 54H), 3.78 – 3.69 (m, 28H), 

3.65 – 3.49 (m, 86H), 1.26 (s, 144H). 
13

C NMR (101 MHz, CD3CN) δ 167.29, 161.31, 

159.64, 152.14, 150.62, 148.50, 147.91, 147.88, 144.41, 144.36, 141.14, 139.04, 

135.29, 134.97, 131.81, 129.79, 129.13, 128.93, 128.87, 128.76, 128.30, 126.47, 

125.51, 125.48, 125.10, 124.98, 122.13, 121.35, 115.65, 115.55, 115.52, 113.29, 

112.52, 112.21, 108.15, 102.63, 79.94, 76.98, 71.92, 71.84, 71.54, 71.27, 70.90, 70.62, 

69.11, 68.92, 68.62, 62.17, 56.53, 55.39, 54.48, 54.24, 52.69, 43.68, 35.25, 31.62. 

HRMS (ESI): C605H701N56O94P7F42 [M–7PF6]
7+

: calcd 1465.8900; found 1465.7452. 
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Synthesis of G3 [15]Rotaxane Dendrimer 

       

 

 

 

Preparation of G3 [15]Rotaxane Dendrimer: G3 [8]Rotaxane Dendron-N3 (0.30 g, 

0.027 mmol), and G3 [8]Rotaxane Dendron-Acetylene (0.30 g, 0.027 mmol) were 

dissolved in 5 mL degassed DCM. Cu(MeCN)4PF6 (0.03 g, 0.08 mmol) and DIPEA 
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(0.02 mL, 0.12 mmol) were added. The reaction was stirred for 3 days at room 

temperature. The reaction mixture was diluted with 30 mL DCM, and extracted with 

1.) 20 mL 2 M NaCN(aq), 2.) 20 mL 1 M HCl(aq), 3.) NH4PF6(aq). The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

yellow solid. The yellow solid was purified by column chromatography (SiO2; 

DCM/MeOH 20 : 1  10 : 1) yielding a pale yellow solid (0.43 g, 71 %). M.p. = 

179–181 ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.82 (d, J = 1.9 Hz, 20H), 7.74 (d, J = 

3.9 Hz, 13H), 7.40 – 7.34 (m, 68H), 7.31 – 7.25 (m, 82H), 7.19 (d, J = 8.6 Hz, 88H), 

7.10 (d, J = 8.9 Hz, 24H), 6.80 – 6.61 (m, 128H), 6.54 – 6.47 (m, 48H), 5.37 (t, J = 

7.3 Hz, 56H), 4.97 – 4.82 (m, 124H), 4.52 (br, 56H), 4.37 (br, 28H), 4.04 – 3.86 (m, 

112H), 3.80 – 3.68 (m, 56H), 3.65 – 3.47 (m, 168H), 1.25 (d, J = 6.0 Hz, 288H). 
13

C 

NMR (101 MHz, CD3CN) δ 167.38, 161.30, 159.63, 152.09, 150.69, 150.65, 148.45, 

147.93, 144.49, 144.39, 144.34, 141.08, 141.02, 139.01, 135.25, 134.93, 132.19, 

131.79, 129.12, 129.05, 128.92, 128.86, 128.75, 128.22, 128.18, 126.45, 125.47, 

125.13, 125.02, 122.13, 121.43, 116.01, 115.53, 113.26, 112.53, 112.18, 108.15, 

102.62, 71.85, 71.54, 71.23, 70.90, 70.61, 69.08, 68.89, 68.61, 62.16, 55.39, 54.47, 

54.21, 52.67, 43.72, 35.24, 31.66. HRMS (ESI): C1208H1401N115O187P14F84 

[M–13PF6]
13+

: calcd 1589.8018; found 1588.96254. 
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Synthesis of G4 [16]Rotaxane Dendrion-NHS 
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Preparation of G4 [16]Rotaxane Dendron-NHS: Thread H·PF6 (0.014 g, 0.031 

mmol), DB24C8-OSu (0.080 g, 0.13 mmol), and G3 [8]Rotaxane Dendron-N3 (0.70 

g, 0.062 mmol) were dissolved in 8 mL degassed DCM. The reaction mixture was 

stirred for 2 hours before the addition of Cu(MeCN)4PF6 (0.10 g, 0.26 mmol). The 

reaction was then stirred for 6 days at room temperature. The reaction mixture was 

diluted with 70 mL DCM, and extracted with 1.) 50 mL 2M NaCN(aq), 2.) 50 mL 1 M 

HCl(aq), 3.) NH4PF6(aq). The combined organic layers were dried over anhydrous 

MgSO4 and concentrated under vacuum to give a yellow solid. The yellow solid was 

purified by column chromatography (SiO2; DCM/EtOAc 1 : 1  Acetone  Acetone 

with NH4PF6 (0.30 gL
-1

)) yielding a pale yellow solid (0.30 g, 41 %). M.p. = 178–180 

ºC. 
1
H NMR (400 MHz, CD3CN) δ 7.82 (d, J = 2.1 Hz, 22H), 7.77 – 7.73 (m, 15H), 

7.39 – 7.36 (m, 68H), 7.29 – 7.26 (m, 84H), 7.22 – 7.17 (m, 88H), 7.13 – 7.07 (m, 

25H), 6.79 – 6.64 (m, 132H), 6.51 (d, J = 3.2 Hz, 48H), 5.39 – 5.34 (m, 58H), 4.93 – 

4.86 (m, 128H), 4.53 (br, 60H), 4.37 (br, 31H), 4.03 – 3.89 (m, 120H), 3.76 – 3.72 (m, 

64H), 3.64 – 3.51 (m, 176H), 2.72 (s, 4H), 1.25 (d, J = 5.0 Hz, 289H). 
13

C NMR (101 

MHz, CD3CN) δ 166.03, 165.96, 159.92, 158.24, 150.74, 149.25, 147.09, 146.53, 

146.50, 143.01, 142.96, 139.71, 139.66, 137.64, 133.89, 133.57, 130.42, 130.39, 

127.74, 127.66, 127.52, 127.37, 126.86, 126.81, 125.07, 124.12, 123.72, 123.61, 

120.74, 120.00, 114.15, 111.89, 111.14, 110.79, 106.76, 101.23, 70.53, 70.45, 70.15, 
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69.87, 69.51, 69.22, 67.71, 67.52, 67.23, 60.78, 54.00, 53.09, 52.83, 51.30, 50.51, 

42.30, 33.85, 30.24. (two peaks are missing) HRMS (ESI): C1255H1455N120O200P15F90 

[M–13PF6]
13+

: calcd 1669.9046; found 1668.98011. 

 

Preparation of Neutral G1 – 3 Rotaxane Dendrimers 

General procedure:G(n) rotaxane dendrimers were dissolved in 1 mL CD3CN, 

BEMPresin(2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosp

horine, polymer-bound (Sigma-Aldrich)) was added and stirred overnight at room 

temperature. DCM was added to redissolved the deprotonated neutral rotaxane 

dendrimer, BEMP resin was filtered, and the combined organic layers were 

concentrated under vacuum to afford the deprotonated G(n) rotaxane dendrimer as a 

yellow solid in quantitative yield. 

 

Atomic Force Microscopy (AFM) 

General procedure of preparing AFM samples: 0.001% w/w dendrimer in THF 

solution was prepared and that the dendrimer molecules were deposited on the mica 

surface through a spin coating. Tapping mode AFM was performed. 
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6.4 Experimental Procedures of Chapter 4 

 

The intermediates before A4-1 were synthesized according to the literature report.
[5]

 

Preparation of A4-1: DB24C8-diester (5 g, 9 mmol) was dissolved in 180 mL water 

containing KOH (5 g, 90 mmol). The reaction mixture was refluxed overnight to give 

a clear solution. The reaction mixture was cooled to low temperature, and conc. HCl 

was added until no further precipitation. The white precipitate was then filtered, 

washed with water (50 mL x 3), air dried overnight to give a white solid in 

quantitative yield. 
1
H NMR (400 MHz, DMSO-d6) δ 7.54 (d, J = 8.7 Hz, 2H), 7.43 (s, 

2H), 7.03 (d, J = 8.7 Hz, 2H), 4.12 (d, J = 14.6 Hz, 8H), 3.72 (m, 16H). 
13

C NMR 

(101 MHz, DMSO-d6) δ 167.03, 152.22, 147.70, 123.46, 123.12, 113.82, 112.39, 

70.49, 70.45, 70.00, 69.02, 68.91, 68.79, 68.71. HRMS (MALDI-TOF): C26H32O12 

[M+Na]
+
: calcd 599.1786; found 599.1770. 

 

Preparation of A4-2: A4-1 (3 g, 5.5 mmol) was dissolved in excess oxayl chloride (20 

mL) with one drop of DMF. The orange milky solution was refluxed for 4 h. Excess 

oxayl chloride was removed by distillation to give a yellow solid. The ywllow solid 

DB24C8-diester 
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was redissolved in THF (120 mL) containing N-Hydroxysuccinimide (3.2 g, 28 

mmol). Et3N (4 mL, 28 mmol) was added finally to give a pale yellow turbid solution 

and stirred overnight. The reaction mixture was filtered and concentrated under 

vacuum. The residue was redissolved in CHCl3 (100 mL) and extracted with 1 M HCl 

(50 mL). The combined organic layers were dried over anhydrous MgSO4 and 

concentrated under vacuum to give a pale yellow solid. The yellow liquid was 

purified by column chromatography (SiO2; DCM/MeOH 10:1) yielding a yellow solid 

(3.2 g, 80%). 1H NMR (400 MHz, CD3CN) δ 7.75 (dd, J = 8.5, 2.1 Hz, 2H), 7.56 (d, J 

= 2.1 Hz, 2H), 7.06 (d, J = 8.6 Hz, 2H), 4.23 – 4.15 (m, 8H), 3.87 – 3.79 (m, 8H), 

3.69 (d, J = 6.9 Hz, 8H), 2.83 (s, 8H). 13
C NMR (101 MHz, Acetonitrile-d3) δ 171.38 , 

162.65, 155.61, 149.64, 125.88, 117.73, 114.94, 113.50, 71.88, 71.81, 70.33, 70.13, 

70.04, 26.49. HRMS (MALDI-TOF): C34H38N2O16 [M+Na]
+
: calcd 753.2113; found 

753.2151. 
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Preparation of A4-3: Azide dendron (4.5g, 1.0 mmol) and 

4-(prop-2-yn-1-yloxy)benzaldehyde (1.5 g, 1.0 mmol) were dissolved in DCM, 

followed with the addition of CuI (5 g, 26 mmol) and DIPEA (2 mL, 11 mmol). The 

reaction mixture was stirred at room temperature overnight. After the reaction, the 

reaction mixture was filtered through a plug of Celite. The filtrate was extracted with 

50 mL 2M NaCN(aq). The combined organic layers were dried over anhydrous MgSO4, 

concentrated under vacuum, and purified by column chromatography (SiO2; 

Hexane/EtOAc 2 : 1) yielding a yellow oil (4 g, 66%). 
1
H NMR (400 MHz, CDCl3) δ 

9.86 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.57 (s, 1H), 7.41 (d, J = 8.4 Hz, 4H), 7.33 (d, J 

= 8.3 Hz, 4H), 7.10 (d, J = 8.7 Hz, 2H), 6.60 (t, J = 2.2 Hz, 1H), 6.50 (d, J = 2.2 Hz, 

2H), 5.46 (s, 2H), 5.30 – 5.24 (m, 2H), 4.94 (s, 4H), 1.33 (s, 16H). 
13

C NMR (101 

MHz, CDCl3) δ 190.85, 163.26, 160.75, 151.46, 143.78, 136.53, 133.40, 132.12, 

130.51, 127.71, 125.75, 123.01, 115.22, 107.28, 102.17, 70.2 , 62.36, 54.50, 34.76, 

31.47. HRMS (MALDI-TOF): C39H43N3O4 [M+]
+
: calcd 618.3326; found 618.3305. 

 

Preparation of A4-4: A4-3 (3g, 4.8 mmol) and 

(4-(prop-2-yn-1-yloxy)phenyl)methanamine (0.78 g, 4.8 mmol) was dissolved in 

MeOH, and the reaction mixture was refluxed overnight. It was then cooled to 0
o
C 

followed with the addition of NaBH4. The reaction mixture was stirred at room 
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temperature overnight. After the reaction, MeOH was removed under vacuum, and the 

residue was redissolved in EtOAc and extracted with water. The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

yellow oil. The yellow oil was purified by column chromatography (SiO2; 

Hexane/EtOAc 1:2) yielding a pale yellow oil (2.8 g, 76 %). 
1
H NMR (400 MHz, 

CDCl3) δ 7.54 (s, 1H), 7.41 (d, J = 8.4 Hz, 4H), 7.33 (d, J = 8.3 Hz, 4H), 7.27 (s, 1H), 

7.24 (d, J = 9.0 Hz, 3H), 6.93 (dd, J = 8.7, 1.6 Hz, 4H), 6.59 (t, J = 2.2 Hz, 1H), 6.50 

(d, J = 2.2 Hz, 2H), 5.44 (s, 2H), 5.18 (s, 2H), 4.94 (s, 4H), 4.68 (d, J = 2.4 Hz, 2H), 

3.72 (d, J = 5.5 Hz, 4H), 2.51 (t, J = 2.4 Hz, 1H), 1.32 (s, 16H). 
13

C NMR (101 MHz, 

CDCl3) δ 160.71, 157.42, 156.73, 151.41, 144.88, 136.70, 133.46, 129.52, 129.47, 

127.72, 125.74, 122.76, 114.96, 114.83, 107.25, 102.20, 78.71, 75.57, 70.23, 62.33, 

56.02, 54.44, 52.59, 34.76, 31.48. HRMS (MALDI-TOF): C49H54N4O4 [M+]
+
: calcd 

762.4140; found 762.4189. 

 

Preparation of 4-2-H·PF6: A4-4 (2 g, 2.6 mmol) was dissolved in MeOH/DCM (2:1) 

solution. Conc. HCl was added until the pH reach to 2. The MeOH was removed 

under vacuum. The residue was redissolved in 50 mL acetone, and saturated NH4PF6 

solution was added until all solid was dissolved, and stirred for 30 minutes. The 

reaction mixture was then concentrated under vacuum to give yellow gel. The residue 
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was redissolved in DCM and extracted with water. The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a pale yellow 

solid in quantitative yield. 1H NMR (400 MHz, CD3CN) δ 7.88 (s, 1H), 7.45 – 7.36 

(m, 8H), 7.32 (d, J = 8.4 Hz, 4H), 7.05 (dd, J = 15.2, 8.7 Hz, 4H), 6.54 (d, J = 2.2 Hz, 

1H), 6.51 (d, J = 2.2 Hz, 2H), 5.45 (s, 2H), 5.16 (s, 2H), 4.98 (s, 4H), 4.76 (d, J = 2.4 

Hz, 2H), 4.12 (d, J = 4.0 Hz, 4H), 2.83 (t, J = 2.4 Hz, 1H), 1.30 (s, 16H). 13C NMR 

(101 MHz, CD3CN) δ 161.24, 160.31, 159.39, 152.09, 144.37, 139.06, 134.98, 132.81, 

132.79, 128.76, 126.44, 125.06, 124.39, 123.90, 116.12, 116.08, 107.97, 102.58, 

77.15, 70.56, 62.47, 56.57, 54.44, 51.84, 51.75, 35.23, 31.55. 

 

 

Preparation of A4-5: 4-2-H·PF6 (0.40 g, 0.86 mmol), DB24C8-diOSu (0.68 g, 0.93 

mmol), and S12 (0.81 g, 1.80 mmol) were dissolved in 8 mL degassed DCM. The 

reaction mixture was stirred for 2 hours before the addition of Cu(MeCN)4PF6 (0.66 g, 

1.78 mmol). The reaction was then stirred for 2 days at room temperature. The 
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reaction mixture was diluted with 80 mL DCM, and extracted with 1.) 50 mL 2M 

NaCN(aq), 2.) 50 mL 1M HCl(aq), 3.) NH4PF6(aq). The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a yellow solid. 

The yellow solid was purified by column chromatography (SiO2; CHCl3/MeOH 40 : 1 

 30 : 1) yielding a white solid (1.30 g, 72 %). 
1
H NMR (400 MHz, CD3CN) δ 7.84 

(s, 2H), 7.64 (dd, J = 8.5, 2.0 Hz, 2H), 7.40 (t, J = 7.5 Hz, 12H), 7.31 (d, J = 8.3 Hz, 

8H), 7.24 (d, J = 8.7 Hz, 4H), 6.81 (d, J = 8.7 Hz, 2H), 6.74 (d, J = 8.6 Hz, 4H), 6.55 

(d, J = 2.2 Hz, 2H), 6.52 (d, J = 2.2 Hz, 4H), 5.44 (s, 4H), 5.00 (s, 4H), 4.97 (s, 8H), 

4.57 (t, J = 6.1 Hz, 4H), 4.06 (d, J = 5.2 Hz, 8H), 3.82 – 3.73 (m, 8H), 3.64 (d, J = 5.5 

Hz, 8H), 2.76 (s, 8H), 1.29 (s, 36H). 
13

C NMR (101 MHz, CD3CN) δ 171.70, 162.96, 

161.70, 160.11, 154.41, 152.52, 148.92, 144.89, 139.54, 135.39, 132.17, 129.12, 

126.83, 126.17, 125.76, 125.32, 116.06, 114.47, 113.60, 108.45, 102.97, 79.56, 72.19, 

71.26, 71.15, 71.00, 69.90, 69.64, 62.76, 54.80, 53.11, 35.61, 31.96, 26.86. HRMS 

(MALDI-TOF): C112H128N9O22PF6 [M-PF6]
+
: calcd 1951.9200; found 1951.8650. 
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Preparation of 4-1-H·PF6: A4-5 (0.80 g, 0.38 mmol) was dissolved in 6 mL DCM, 

S14 (0.20 g, 1.20 mmol) was added. The reaction mixture was stirred overnight at 

room temperature. The reaction mixture was diluted with 20 mL DCM and extracted 

with 1.) 20 mL 1 M HCl(aq), 2.) NH4PF6(aq). The combined organic layers were dried 

over anhydrous MgSO4 and concentrated under vacuum to give a yellow solid. The 

yellow solid was purified by column chromatography (SiO2; DCM/MeOH 25 : 1) 

yielding a pale yellow solid (0.70 g, 84 %). 
1
H NMR (400 MHz, CD3CN) δ 7.84 (s, 

2H), 7.70 (t, J = 6.0 Hz, 2H), 7.40 (d, J = 8.4 Hz, 8H), 7.35 – 7.27 (m, 16H), 7.22 (dd, 

J = 8.7, 2.5 Hz, 10H), 6.71 (t, J = 8.1 Hz, 6H), 6.53 (s, 6H), 5.41 (s, 4H), 4.96 (s, 8H), 

4.92 (s, 4H), 4.56 (t, J = 6.7 Hz, 4H), 4.45 (d, J = 6.0 Hz, 4H), 4.27 (s, 4H), 4.01 (d, J 

= 5.5 Hz, 8H), 3.73 (s, 8H), 3.62 (d, J = 3.8 Hz, 8H), 1.28 (s, 36H).
 13

C NMR (101 

MHz, CD3CN) δ 167.21, 161.32, 159.64, 152.14, 150.75, 148.05, 144.38, 140.84, 

139.03, 135.46, 135.00, 131.78, 129.50, 128.84, 128.76, 128.23, 126.47, 125.47, 

125.10, 121.23, 115.54, 112.47, 112.16, 108.17, 102.63, 71.82, 71.74, 71.05, 70.62, 

68.98, 68.83, 62.14, 54.90, 54.51, 52.71, 43.72, 35.25, 31.72, 31.60. HRMS 
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(MALDI-TOF): C120H138N15O16PF6 [M-PF6]
+
: calcd 2046.0519; found 2046.5208. 

 

 

Preparation of 4-3-H·PF6: 4-2-H·PF6 (0.549 g, 0.60 mmol), DB24C8 (0.470 g, 0.10 

mmol), and 4-1-H·PF6 (0.654 g, 0.30 mmol) were dissolved in 8 mL degassed DCM. 

The reaction mixture was stirred for 3 hours before the addition of Cu(MeCN)4PF6 

(0.25 g, 0.67 mmol). The reaction was then stirred for 4 days at room temperature. 

The reaction mixture was diluted with 70 mL DCM, and extracted with 1.) 50 mL 2 M 

NaCN(aq), 2.) 50 mL 1 M HCl(aq), 3.) NH4PF6(aq). The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a yellow solid. 

4-1-H·PF6 

4-2-H·PF6 

4-3-H·PF6 
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The yellow solid was purified by column chromatography (SiO2; DCM/EtOAc 1 : 1) 

yielding a white solid (0.92 g, 63 %). 
1
H NMR (400 MHz, CD3CN) δ 7.84 (s, 2H), 

7.82 (s, 2H), 7.78 (s, 2H), 7.69 (t, J = 6.1 Hz, 2H), 7.41 – 7.37 (m, 18H), 7.31 – 7.27 

(m, 18H), 7.27 (s, 6H), 7.24 – 7.19 (m, 20H), 6.82 – 6.78 (m, 8H), 6.75 – 6.72 (m, 

12H), 6.71 – 6.66 (m, 8H), 6.52 (s, 12H), 5.43 (s, 8H), 5.38 (s, 4H), 5.01 (s, 4H), 4.95 

(d, J = 9.9 Hz, 20H), 4.89 (s, 4H), 4.53 (d, J = 6.3 Hz, 12H), 4.42 (d, J = 6.0 Hz, 4H), 

4.02 – 3.94 (m, 24H), 3.74 – 3.66 (m, 24H), 3.61 (d, J = 11.9 Hz, 8H), 3.50 (s, 16H), 

1.27 (d, J = 5.1 Hz, 72H). 
13

C NMR (101 MHz, CD3CN) δ 161.24, 159.61, 159.55, 

152.07, 150.69, 148.33, 147.95, 144.44, 144.29, 144.09, 139.05, 138.97, 135.36, 

134.93, 134.91, 131.84, 131.71, 129.10, 128.88, 128.72, 128.17, 126.42, 125.51, 

125.47, 125.40, 125.10, 124.91, 124.79, 122.47, 122.16, 121.17, 115.52, 115.48, 

113.32, 112.39, 112.06, 108.11, 108.04, 102.55, 71.56, 71.08, 70.56, 68.77, 62.24, 

54.44, 54.20, 52.65, 35.22, 31.58. HRMS (ESI): C266H312N23O40P3F18 [M-3PF6]
3+

: 

calcd 1490.4436; found 1490.1049. 

 

 

Preparation of Methylated G1 type III-C [4]rotaxane dendrimer: 4-3-H·PF6 (0.118 
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g, 0.002 mmol) was dissolved in excess MeI (3 mL) and stirred at room temperature 

for 5 days. After the reaction, MeI was removed under vacuum. The residue was 

redissolved in DCM and saturated NH4PF6 solution was added. The reaction mixture 

was stirred for 6 hours, and extract with DCM. The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a yellow solid 

in quantitative yield. 
1
H NMR (400 MHz, CD3CN) δ 8.52 (s, 2H), 8.42 (d, J = 3.2 Hz, 

4H), 7.43 (dd, J = 8.9, 7.2 Hz, 18H), 7.40 – 7.26 (m, 44H), 6.82 – 6.75 (m, 28H), 6.67 

(s, 12H), 5.69 – 5.61 (m, 12H), 5.14 – 5.07 (m, 12H), 5.03 (s, 8H), 5.00 (s, 8H), 4.64 

(s, 12H), 4.43 (d, J = 6.1 Hz, 4H), 4.23 (s, 6H), 4.21 (s, 6H), 4.18 (s, 6H), 4.09 – 4.01 

(m, 24H), 3.84 – 3.75 (m, 24H), 3.70 (d, J = 10.2 Hz, 8H), 3.62 (s, 16H), 1.29 (d, J = 

6.1 Hz, 72H). 
13

C NMR (101 MHz, CD3CN) δ 166.11, 160.16, 160.14, 157.12, 157.09, 

150.91, 149.56, 147.00, 146.63, 141.04, 139.63, 139.54, 139.44, 133.80, 133.44, 

130.75, 130.69, 130.23, 129.13, 128.99, 128.96, 128.92, 127.76, 127.44, 126.62, 

125.52, 125.39, 125.15, 120.75, 120.11, 114.16, 111.95, 111.28, 110.48, 107.74, 

102.15, 102.10, 70.32, 69.82, 69.60, 69.41, 69.39, 67.72, 67.39, 57.70, 57.63, 56.68, 

56.65, 56.51, 54.00, 51.30, 42.21, 38.34, 38.26, 38.23, 33.88, 30.19. HRMS (ESI): 

C272H330N23O40P9F54 [M-8PF6-HPF6]
8+

: calcd 570.6875; found 570.0549. 
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Preparation of A4-6-H·PF6: 4-2-H·PF6 (0.672 g, 0.74 mmol), DB24C8-diOSu (0.820 

g, 0.52 mmol), and 4-1-H·PF6 (0.80 g, 0.36 mmol) were dissolved in 7 mL degassed 

DCM. The reaction mixture was stirred for 3 hours before the addition of 

Cu(MeCN)4PF6 (0.3 g, 0.80 mmol). The reaction was then stirred for 7 days at room 

temperature. The reaction mixture was diluted with 70 mL DCM, and extracted with 

1.) 50 mL 2 M NaCN(aq), 2.) 50 mL 1 M HCl(aq), 3.) NH4PF6(aq). The combined organic 

layers were dried over anhydrous MgSO4 and concentrated under vacuum to give a 

yellow solid. The yellow solid was purified by column chromatography (SiO2; 

DCM/EtOAc 1 : 1) yielding a white solid (1.03 g, 53 %). 
1
H NMR (400 MHz, 

4-1-H·PF6 

4-2-H·PF6 

A4-6-H·PF6 
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CD3CN) δ 7.86 – 7.79 (m, 6H), 7.60 (s, 2H), 7.41 – 7.35 (m, 22H), 7.32 – 7.27 (m, 

22H), 7.22 (d, J = 8.6 Hz, 16H), 7.17 (d, J = 7.8 Hz, 4H), 6.78 (d, J = 8.7 Hz, 2H), 

6.74 – 6.66 (m, 12H), 6.54 – 6.51 (m, 12H), 5.40 (d, J = 17.7 Hz, 12H), 4.98 (s, 4H), 

4.97 – 4.92 (m, 20H), 4.88 (s, 4H), 4.55 (s, 12H), 4.41 (s, 4H), 4.00 (d, J = 18.7 Hz, 

24H), 3.73 (s, 24H), 3.65 – 3.58 (m, 24H), 2.75 (s, 16H), 1.27 (d, J = 5.8 Hz, 72H). 

13
C NMR (101 MHz, CD3CN) δ 171.34 , 162.53, 161.23, 159.62, 153.94, 152.07, 

150.69, 148.43, 147.93, 144.43, 141.02, 139.12, 138.96, 135.42, 134.93, 134.90, 

132.83, 131.73, 126.42, 125.75, 125.40, 125.31, 125.13, 124.99, 121.21, 115.56, 

115.44, 113.97, 113.14, 112.38, 112.03, 108.10, 107.97, 102.54, 102.47, 71.76, 71.69, 

70.98, 70.83, 70.73, 70.55, 69.43, 69.14, 68.91, 68.74, 62.25, 62.03, 55.37, 54.46, 

54.39, 54.16, 52.65, 43.63, 35.22, 31.58, 26.48. HRMS (ESI): C286H324N27O56P3F18 

[M-3PF6]
3+

: calcd 1678.4518; found 1678.4464. 

 

 

Preparation of 4-4-H·PF6: A4-6-H·PF6 (0.92 g, 0.17 mmol) was dissolved in 5 mL 

DCM, S14 (0.16 g, 0.98 mmol) was added. The reaction mixture was stirred overnight 

at room temperature. The reaction mixture was diluted with 20 mL DCM and 

A4-6-H·PF6 4-4-H·PF6 
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extracted with 1.) 20 mL 1 M HCl(aq), 2.) NH4PF6(aq). The combined organic layers 

were dried over anhydrous MgSO4 and concentrated under vacuum to give a yellow 

solid. The yellow solid was purified by column chromatography (SiO2; DCM/MeOH 

20 : 1) yielding a pale yellow solid (0.80 g, 83 %). 
1
H NMR (400 MHz, CD3CN) δ 

7.84 (s, 2H), 7.81 (d, J = 3.7 Hz, 4H), 7.75 (s, 4H), 7.40 – 7.36 (m, 18H), 7.31 – 7.24 

(m, 34H), 7.21 – 7.18 (m, 24H), 7.14 (s, 4H), 6.69 – 6.63 (m, 14H), 6.54 – 6.50 (m, 

12H), 5.42 – 5.36 (m, 12H), 4.93 (d, J = 7.5 Hz, 20H), 4.89 (s, 4H), 4.86 (d, J = 3.1 

Hz, 4H), 4.53 (s, 12H), 4.42 (d, J = 5.9 Hz, 8H), 4.39 (d, J = 6.2 Hz, 4H), 4.25 (s, 8H), 

4.00 – 3.91 (m, 24H), 3.69 (d, J = 20.0 Hz, 24H), 3.59 (d, J = 15.6 Hz, 24H), 1.26 (d, 

J = 5.0 Hz, 72H). 
13

C NMR (101 MHz, CD3CN) δ 167.20, 161.24, 159.55, 159.52, 

152.07, 150.67, 147.94, 144.27, 144.07, 140.75, 138.95, 135.38, 135.24, 134.91, 

134.90, 131.69, 129.44, 129.11, 128.82, 128.74, 128.72, 128.21, 126.42, 125.39, 

125.12, 124.96, 121.20, 115.44, 112.40, 112.08, 108.11, 107.96, 102.53, 71.78, 71.67, 

70.98, 70.56, 68.91, 68.72, 62.04, 55.37, 54.84, 54.46, 54.21, 52.63, 43.69, 35.22, 

31.58. HRMS (ESI): C302H344N39O44P3F18 [M-3PF6]
3+

: calcd 1741.2032; found 

1741.1973. 
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Preparation of 4-5-H·PF6: 4-4-H·PF6 (0.59 g, 0.10 mmol), DB24C8 (0.28 g, 0.62 

mmol), and 4-1-H·PF6 (0.38 g, 0.42 mmol) were dissolved in 6 mL degassed DCM. 

The reaction mixture was stirred for 3 hours before the addition of Cu(MeCN)4PF6 

(0.15 g, 0.40 mmol). The reaction was then stirred for 7 days at room temperature. 

The reaction mixture was diluted with 70 mL DCM, and extracted with 1.) 50 mL 2 M 

NaCN(aq), 2.) 50 mL 1 M HCl(aq), 3.) NH4PF6(aq). The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a yellow solid. 

4-4-H·PF6 

4-5-H·PF6 
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The yellow solid was purified by column chromatography (SiO2; DCM/EtOAc 1 : 1) 

yielding a white solid (0.62 g, 56 %). 
1
H NMR (400 MHz, CD3CN) δ 7.89 – 7.77 (m, 

20H), 7.42 – 7.20 (m, 142H), 6.79 (d, J = 26.6 Hz, 54H), 6.55 (s, 22H), 5.47 – 5.36 

(m, 28H), 5.04 – 4.88 (m, 60H), 4.56 (br, 24H), 4.42 (br, 12H), 3.99 (br, 58H), 3.77 – 

3.56 (m, 80H), 3.52 (br, 30H), 1.32 – 1.25 (m, 144H). 
13

C NMR (101 MHz, CD3CN) 

δ 165.85, 159.92, 159.92, 158.29, 158.23, 150.75, 149.36, 147.01, 146.63, 143.11, 

142.93, 139.72, 137.71, 137.60, 134.00, 133.60, 130.51, 130.35, 127.75, 127.52, 

127.37, 125.08, 124.20, 124.13, 123.80, 123.58, 123.50, 120.83, 119.87, 112.00, 

111.07, 110.67, 106.79, 106.73, 101.23, 70.22, 69.74, 69.63, 69.23, 67.59, 67.44, 

60.91, 60.69, 54.00, 53.08, 52.84, 51.30, 42.28, 33.86, 30.22. HRMS (ESI): 

C594H692N55O92P7F42 [M-7PF6]
7+

: calcd 1439.1667; found 1439.1611. 

 

 

Preparation of Methylated G2 type III-C [8]rotaxane dendrimer: 4-5-H·PF6 (0.10 
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g, 9 µmol) was dissolved in excess MeI (3 mL) and stirred at room temperature for 5 

days. After the reaction, MeI was removed under vacuum. The residue was 

redissolved in DCM and saturated NH4PF6 solution was added. The reaction mixture 

was stirred for 6 hours, and extract with DCM. The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under vacuum to give a yellow solid 

in quantitative yield. 
1
H NMR (400 MHz, CD3CN) δ 8.52 (d, J = 3.6 Hz, 4H), 8.48 (s, 

2H), 8.43 (d, J = 1.8 Hz, 8H), 7.47 – 7.29 (m, 140H), 6.82 – 6.75 (m, 50H), 6.69 – 

6.61 (m, 28H), 5.69 – 5.60 (m, 28H), 5.11 (d, J = 9.3 Hz, 22H), 5.01 (d, J = 16.1 Hz, 

38H), 4.63 (br, 24H), 4.45 – 4.44 (br, 12H), 4.23 – 4.18 (m, 42H), 4.12 – 3.98 (m, 

58H), 3.87 – 3.66 (m, 80H), 3.62 (s, 28H), 1.29 (d, J = 7.5 Hz, 144H). 13
C NMR (101 

MHz, CD3CN) δ 170.33, 166.11, 160.16, 160.13, 157.12, 157.09, 150.92, 149.56, 

147.00, 146.04, 141.03, 139.65, 139.53, 139.44, 133.79, 133.45, 130.76, 130.69, 

130.23, 129.12, 128.99, 128.93, 127.80, 127.73, 127.44, 126.63, 125.52, 125.15, 

120.75, 120.13, 114.37, 114.16, 111.95, 111.31, 107.74, 102.16, 102.10, 70.32, 69.82, 

69.41, 69.38, 67.73, 67.39, 59.64, 57.70, 56.68, 56.51, 54.00, 51.30, 42.23, 38.34, 

38.27, 36.23, 38.20, 33.88, 30.19. HRMS (ESI): C608H734N55O92P21F126 [M-10PF6]
10+

: 

calcd 1188.2124; found 1187.7024. 
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Figure A1. 
1
H NMR spectrum of (400 MHz, CDCl3) S4 (Asterisk: solvent residual signal). 

 

Figure A2. 
13

C NMR spectrum of (101 MHz, CDCl3) S4. 
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Figure A3. 
1
H NMR spectrum of (400 MHz, CD3CN) 3. 

 

Figure A4. 
13

C NMR spectrum of (101 MHz, CD3CN) 3. 
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Figure A5. 
1
H NMR spectrum of (400 MHz, CD3CN) 2. 

 

Figure A6. 
13

C NMR spectrum of (101 MHz, CD3CN) 2. 
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Figure A7. 
1
H NMR spectrum of (400 MHz, CD3CN) 1-H·PF6 (Asterisk: solvent residual signal). 

 

Figure A8. 
13

C NMR spectrum of (101 MHz, CD3CN) 1-H·PF6. 
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Figure A9. 
1
H NMR spectrum of (400 MHz, CD3CN) 1 (Asterisk: solvent residual 

signal). 

 

 

Figure A10. Partial enlarged 
1
H NMR spectrum of 20 mM (CD3CN) 1 for binding 

constant calculation. The binding constant Ka was calculated from the integrations of 

H1,2 of DB24C8 binding with amine and thiourea peaks, where Ka = 5029 M
-1
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Figure A11. HRMS (MALDI-TOF) of S4. 

 

 

Figure A12. HRMS (MALDI-TOF) of 3. 
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Figure A13. HRMS (ESI) of 2. 

 

 

Figure A14. HRMS (ESI) of 1-H·PF6. 
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Figure A15. DOSY NMR spectrum (500 MHz, CD2Cl2, 298 K) of Neutral G1 

[3]rotaxane dendrimer. 

 
Figure A16. DOSY NMR spectrum (500 MHz, CD2Cl2, 298 K) of Neutral G2 

[7]rotaxane dendrimer. 
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Figure A17. DOSY NMR spectrum (500 MHz, CD2Cl2, 298 K) of Neutral G3 

[15]rotaxane dendrimer. 
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Figure A18. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 [7]rotaxane dendrimer 

after alternatively addition of DBU and TFA with 7 cycles (Concentration: 1 mM). 

 

 

Figure A19. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G3 [15]rotaxane dendrimer 

after alternatively addition of DBU and TFA with 7 cycles (Concentration: 1 mM). 
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Figure A20. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G2 [7]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Red color 

represents the triazole, and green color represents the protons adjacent to DBA. 
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Figure A21. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G3 [15]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Red color 

represents the triazole, and green color represents the protons adjacent to DBA. 
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Figure A22. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 [3]rotaxane dendrimer 

after cumulative addition of DBU (Concentration: 1 mM). Red color represents the 

triazole, and green color represents the protons adjacent to DBA. 
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Figure A23. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 [7]rotaxane dendrimer 

after cumulative addition of DBU (Concentration: 1 mM). Red color represents the 

triazole, and green color represents the protons adjacent to DBA. 
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Figure A24. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G3 [15]rotaxane dendrimer 

after cumulative addition of DBU (Concentration: 1 mM). Red color represents the 

triazole, green color represents the protons adjacent to DBA and purple color 

represents the amine. 
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Figure A25. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G2 [7]rotaxane 

dendrimer after cumulative addition of chlorambucil (Concentration: 1 mM). Red 

color represents the guest molecules, green color represents the protons adjacent to 

DBA, blue color represents the triazole protons and purple color represents the amine 

proton. 
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Figure A26. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G3 [15]rotaxane 

dendrimer after cumulative addition of chlorambucil (Concentration: 1 mM). Red 

color represents the guest molecules, green color represents the protons adjacent to 

DBA, blue color represents the triazole protons and purple color represents the amine 

proton. 
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Figure A27. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 [3]rotaxane dendrimer 

after cumulative addition of chlorambucil (Concentration: 1 mM). Red color 

represents the guest molecules, green color represents the protons adjacent to DBA, 

blue color represents the triazole protons. 
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Figure A28. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 [7]rotaxane dendrimer 

after cumulative addition of chlorambucil (Concentration: 1 mM). Red color 

represents the guest molecules, green color represents the protons adjacent to DBA, 

blue color represents the triazole protons. 
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Figure A29. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G3 [15]rotaxane dendrimer 

after cumulative addition of chlorambucil (Concentration: 1 mM). Red color 

represents the guest molecules, green color represents the protons adjacent to DBA, 

blue color represents the triazole protons. 
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Figure A30. 
1
H NMR spectrum (400 MHz, CD3CN) of DB24C8-OSu (Asterisk: 

solvent residual signal). 
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Figure A31. 
1
H NMR spectrum (400 MHz, CDCl3) of A-S12 (Asterisk: solvent 

residual signal). 

 

 

Figure A32. 
13

C NMR spectrum (101 MHz, CDCl3) of A-S12. 
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Figure A33. 
1
H NMR spectrum (400 MHz, CD3CN) of A-S18 (Asterisk: solvent 

residual signal). 

 

 

Figure A34. 
13

C NMR spectrum (101 MHz, CDCl3) of A-S18. 
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Figure A35. 
1
H NMR spectrum (400 MHz, CD3CN) of A-S19 (Asterisk: solvent 

residual signal). 
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Figure A36. 
1
H NMR spectrum (400 MHz, CDCl3) of A-S15. 

 

 

Figure A37. 
13

C NMR spectrum (101 MHz, CDCl3) of A-S15. 
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Figure A38. 
1
H NMR spectrum (400 MHz, CDCl3) of A-S16. 

 

 

Figure A39. 
13

C NMR spectrum (101 MHz, CDCl3) of A-S16. 
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Figure A40. 
1
H NMR spectrum (400 MHz, CD3CN) of A-S17. 

 

 

Figure A41. 
13

C NMR spectrum (101 MHz, CD3CN) of A-S17. 
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Figure A42. 
1
H NMR spectrum (400 MHz, CD3CN) of G1 [2]Rotaxane 

Dendron-NHS (Asterisk: solvent residual signal). 

 

 

Figure A43. 
13

C NMR spectrum (400 MHz, CD3CN) of G1 [2]Rotaxane 

Dendron-NHS. 
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Figure A44 
1
H NMR spectrum (400 MHz, CD3CN) of G1 [2]Rotaxane 

Dendron-Azide (Asterisk: solvent residual signal). 

 

 

Figure A45. 
13

C NMR spectrum (101 MHz, CD3CN) of G1 [2]Rotaxane 
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Dendron-Azide. 

 

 

Figure A46. 
1
H NMR spectrum (400 MHz, CD3CN) of G1 [2]Rotaxane 

Dendron-Acetylene (Asterisk: solvent residual signal). 

 

 

Figure A47. 
13

C NMR spectrum (101 MHz, CD3CN) of G1 [2]Rotaxane 

Dendron-Acetylene. 
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Figure A48. 
1
H NMR spectrum (400 MHz, CD3CN) of G1 [3]Rotaxane Dendrimer 

(Asterisk: solvent residual signal). 

 

 

Figure A49. 
13

C NMR spectrum (101 MHz, CD3CN) of G1 [3]Rotaxane Dendrimer. 
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Figure A50. 
1
H NMR spectrum (400 MHz, CD3CN) of G2 [4]Rotaxane 

Dendron-NHS (Asterisk: solvent residual signal). 

 

 

Figure A51. 
13

C NMR spectrum (101 MHz, CD3CN) of G2 [4]Rotaxane 

Dendron-NHS. 
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Figure A52. 
1
H NMR spectrum (400 MHz, CD3CN) of G2 [4]Rotaxane 

Dendron-Azide (Asterisk: solvent residual signal). 

 

Figure A53. 
13

C NMR spectrum (101 MHz, CD3CN) of G2 [4]Rotaxane 

Dendron-Azide. 
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Figure A54. 
1
H NMR spectrum (400 MHz, CD3CN) of G2 [4]Rotaxane 

Dendron-Acetylene (Asterisk: solvent residual signal). 

 

 

Figure A55. 
13

C NMR spectrum (101 MHz, CD3CN) of G2 [4]Rotaxane 

Dendron-Acetylene. 
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Figure A56. 
1
H NMR spectrum (400 MHz, CD3CN) of G2 [7]Rotaxane Dendrimer 

(Asterisk: solvent residual signal). 

 

 

Figure A57: 
13

C NMR spectrum (101 MHz, CD3CN) of G2 [7]Rotaxane Dendrimer. 
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Figure A58. 
1
H NMR spectrum (400 MHz, CD3CN) of G3 [8]Rotaxane 

Dendron-NHS (Asterisk: solvent residual signal). 

 

 

Figure A59. 
13

C NMR spectrum (101 MHz, CD3CN) of G3 [8]Rotaxane 

Dendron-NHS (Asterisk: solvent residual signal). 
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Figure A60. 
1
H NMR spectrum (400 MHz, CD3CN) of G3 [8]Rotaxane 

Dendron-Azide (Asterisk: solvent residual signal). Inset is the enlarged region from 

4.10 – 4.60 ppm. 

 

 

Figure A61. 
13

C NMR spectrum (101 MHz, CD3CN) of G3 [8]Rotaxane 

Dendron-Azide. 
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Figure A62. 
1
H NMR spectrum (400 MHz, CD3CN) of G3 [8]Rotaxane 

Dendron-Acetylene (Asterisk: solvent residual signal). Insert is the enlarged region 

from 2.6 – 2.9 ppm and 4.2 – 4.7 ppm. 

 

 

Figure A63. 
13

C NMR spectrum (101 MHz, CD3CN) of G3 [8]Rotaxane 

Dendron-Acetylene. 
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Figure A64. 
1
H NMR spectrum (400 MHz, CD3CN) of G3 [15]Rotaxane Dendrimer 

(Asterisk: solvent residual signal). 

 

 

Figure A65. 
13

C NMR spectrum (101 MHz, CD3CN) of G3 [15]Rotaxane 

Dendrimer. 
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Figure A66. 
1
H NMR spectrum (400 MHz, CD3CN) of G4 [16]Rotaxane Dendron. 

Insert is the enlarged region from 2.58 – 2.8 ppm (Asterisk: solvent residual signal). 

 

 

Figure A67. 
13

C NMR spectrum (101 MHz, CD3CN) of G4 [16]Rotaxane Dendron. 
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Figure A68. 
1
H NMR spectrum (400 MHz, CD2Cl2) of Neutral G1 [3]Rotaxane 

Dendrimer. 

 

 

Figure A69. 
1
H NMR spectrum (400 MHz, CD2Cl2) of Neutral G2 [7]Rotaxane 

Dendrimer. 
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Figure A70. 
1
H NMR spectrum (400 MHz, CD2Cl2) of Neutral G3 [15]Rotaxane 

Dendrimer. 

 

 

Figure A71. 
31

P NMR spectrum (162 MHz, CD2Cl2) of G1 [3]Rotaxane Dendrimer. 
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Figure A72. 

31
P NMR spectrum (162 MHz, CD2Cl2) of Neutral G1 [3]Rotaxane 

Dendrimer. 

 

 

Figure A73. 
31

P NMR spectrum (162 MHz, CD2Cl2) of G2 [7]Rotaxane Dendrimer. 
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Figure A74. 
31

P NMR spectrum (162 MHz, CD2Cl2) of Neutral G2 [7]Rotaxane 

Dendrimer. 

 

Figure A75. 
31

P NMR spectrum (162 MHz, CD2Cl2) of G3 [15]Rotaxane 

Dendrimer. 
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Figure A76. 
31

P NMR spectrum (162 MHz, CD2Cl2) of Neutral G3 [15]Rotaxane 

Dendrimer. 

 

Mass Spectra of Selected Compounds 

 

Figure A77. HRMS MALDI-TOF of G1 [2]Rotaxane Dendron-NHS. 
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Figure A78. HRMS MALDI-TOF of G1 [2]Rotaxane Dendron-Azide. 

 

 

Figure A79. HRMS MALDI-TOF of G1 [2]Rotaxane Dendron-Acetylene. 
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Figure A80. HRMS ESI of G1 [3]Rotaxane Dendrimer. 

 

 

Figure A81. Expanded HRMS ESI of G1 [3]Rotaxane Dendrimer of [M–2PF6]
2+

 

ion. 
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Figure A82. HRMS ESI of G2 [4]Rotaxane Dendron-NHS. 

 

 

Figure A83. Expanded HRMS ESI of G2 [4]Rotaxane Dendron-NHS of [M–3PF6]
3+

 

ion. 
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Figure A84. HRMS ESI of G2 [4]Rotaxane Dendron-Azide. 

 

 

Figure A85. Expanded HRMS ESI of G2 [4]Rotaxane Dendron-Azide of 

[M–3PF6]
3+

 ion. 
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Figure A86. HRMS ESI of G2 [4]Rotaxane Dendron-Acetylene. 

 

 

Figure A87. Expanded HRMS ESI of G2 [4]Rotaxane Dendron-Acetylene of 

[M–3PF6]
3+

 ion. 
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Figure A88. HRMS ESI of G2 [7]Rotaxane Dendrimer. 

 

 

Figure A89. Expanded HRMS ESI of G2 [7]Rotaxane Dendrimer of [M–6PF6]
6+

 

ion. 
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Figure A90. HRMS ESI of G3 [8]Rotaxane Dendron-NHS. 

 

 

Figure A91. Expanded HRMS ESI of G3 [8]Rotaxane Dendron-NHS of [M–7PF6]
7+

 

ion. 
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Figure A92. HRMS ESI of G3 [8]Rotaxane Dendron-Azide. 

 

 

Figure A93. Expanded HRMS ESI of G3 [8]Rotaxane Dendron-Azide of 

[M–7PF6]
7+

 ion. 
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Figure A94. HRMS ESI of G3 [8]Rotaxane Dendron-Acetylene. 

 

 

Figure A95. Expanded HRMS ESI of G3 [8]Rotaxane Dendron-Acetylene of 

[M–7PF6]
7+

 ion. 
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Figure A96. HRMS ESI of G3 [15]Rotaxane Dendrimer. 

 

 

Figure A97. Expanded HRMS ESI of G3 [15]Rotaxane Dendrimer of [M–13PF6]
13+

 

ion. 
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Figure A98. HRMS ESI of G4 [16]Rotaxane Dendron-NHS. 

 

 

Figure A99. Expanded HRMS ESI of G4 [16]Rotaxane Dendron-NHS of 

[M–13PF6]
13+

 ion. 
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Figure A100. 
1
H NMR spectrum of (400 MHz, d6-DMSO) A4-1. 

 

 

Figure A101. 
13

C NMR spectrum of (101 MHz, d6-DMSO) A4-1. 
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Figure A102. 
1
H NMR spectrum of (400 MHz, CD3CN) A4-2. 

 

 

Figure A103. 
13

C NMR spectrum of (101 MHz, CD3CN) A4-2. 
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Figure A104. 
1
H NMR spectrum of (400 MHz, CDCl3) A4-3. 

 

 

Figure A105. 
13

C NMR spectrum of (101 MHz, CDCl3) A4-3. 
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Figure A106. 
1
H NMR spectrum of (400 MHz, CDCl3) A4-4. 

 

 

Figure A107. 
13

C NMR spectrum of (101 MHz, CDCl3) A4-4. 
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Figure A108. 
1
H NMR spectrum of (400 MHz, CD3CN) 4-2-H·PF6. 

 

 

Figure A109. 
13

C NMR spectrum of (101 MHz, CD3CN) 4-2-H·PF6. 
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Figure A110. 
1
H NMR spectrum of (400 MHz, CD3CN) A4-5 (Asterisk: solvent 

residual signal). 

 

 

Figure A111. 
13

C NMR spectrum of (101 MHz, CD3CN) A4-5. 
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Figure A112. 
1
H NMR spectrum of (400 MHz, CD3CN) 4-1-H·PF6 (Asterisk: solvent 

residual signal). 

 

 

Figure A113. 
13

C NMR spectrum of (101 MHz, CD3CN) 4-1-H·PF6. 
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Figure A114. 
1
H NMR spectrum of (400 MHz, CD3CN) 4-3-H·PF6 (Asterisk: solvent 

residual signal). 

 

 

Figure A115. 
13

C NMR spectrum of (101 MHz, CD3CN) 4-3-H·PF6. 
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Figure A116. 
1
H NMR spectrum of (400 MHz, CD3CN) Methylated G1 type III-C 

[4]rotaxane dendrimer (Asterisk: solvent residual signal). 

 

 
Figure A117. 

13
C NMR spectrum of (101 MHz, CD3CN) Methylated G1 type III-C 

[4]rotaxane dendrimer. 
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Figure A118. 
1
H NMR spectrum of (400 MHz, CD3CN) A4-6-H·PF6 (Asterisk: 

solvent residual signal). 

 

 

Figure A119. 
13

C NMR spectrum of (101 MHz, CD3CN) A4-6-H·PF6. 
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Figure A120. 
1
H NMR spectrum of (400 MHz, CD3CN) 4-4-H·PF6 (Asterisk: solvent 

residual signal). 

 

 

Figure A121. 
13

C NMR spectrum of (101 MHz, CD3CN) 4-4-H·PF6. 
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Figure A122. 
1
H NMR spectrum of (400 MHz, CD3CN) 4-5-H·PF6 (Asterisk: solvent 

residual signal). 

 

 

Figure A123. 
13

C NMR spectrum of (101 MHz, CD3CN) 4-5-H·PF6. 
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Figure A124. 
1
H NMR spectrum of (400 MHz, CD3CN) Methylated G2 type III-C 

[8]rotaxane dendrimer (Asterisk: solvent residual signal). 

 

 
Figure A125. 

13
C NMR spectrum of (101 MHz, CD3CN) Methylated G2 type III-C 

[8]rotaxane dendrimer. 
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Figure A126. 
1
H NMR spectrum of (400 MHz, CD2Cl2) Neutral G1 type III-C 

[4]rotaxane dendrimer. 

 

 

Figure A127. 
1
H NMR spectrum of (400 MHz, CD2Cl2) Neutral methylated G1 type 

III-C [4]rotaxane dendrimer. 



 

–A76– 

 

 

 
Figure A128. 

1
H NMR spectrum of (400 MHz, CD2Cl2) Neutral G2 type III-C 

[8]rotaxane dendrimer. 

 

 

Figure A129. 
1
H NMR spectrum of (400 MHz, CD2Cl2) Neutral methylated G2 type 

III-C [8]rotaxane dendrimer. 
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Figure A130. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G2 [8]rotaxane dendrimer 

after cumulative addition of DBU (Concentration: 1 mM). Blue color represents the 

triazole, red color represents the protons adjacent to DBA. 

 

 



 

–A78– 

 

 

Figure A131. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) Neutral G2 [8]rotaxane 

dendrimer after cumulative addition of TFA (Concentration: 1 mM). Blue color 

represents the triazole, red color represents the protons adjacent to DBA, green color 

represents the benzyl protons next to triazoles. 
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Figure A132. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 methylated 

[4]rotaxane dendrimer after cumulative addition of DBU (Concentration: 1 mM). Blue 

color represents the triazole, red color represents the protons adjacent to DBA, green 

color represents the methyl protons on triazollium. 
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Figure A133. Stacked 
1
H NMR spectra (400 MHz, CD2Cl2) G1 methylated 

[4]rotaxane dendrimer after cumulative addition of TFA (Concentration: 1 mM). Blue 

color represents the triazole, red color represents the protons adjacent to DBA, green 

color represents the methyl protons on triazollium. 

 

 

Figure A134. ESI-MS of G1 type III-C rotaxane dendrimer. 
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Figure A135. ESI-MS of methylated G1 type III-C rotaxane dendrimer. 

 

 

Figure A136. ESI-MS of methylated G2 type III-C rotaxane dendrimer. 

 


