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Preface 

Organic chemists create new products, explore mechanisms, and control compounds at the molecular 

level, thereby contribute to macro-scale subjects such as material, medicinal, biological, and environmental 

subjects. Figure 1 shows the map of relationships among scientific paradigms (1, 2). Since organic chemistry 

is a fundamental science that treats origin of all phenomena and functions at the molecular level, novel 

concepts in organic chemistry have the possibility for making an impact on a wide range of fields.  

 

Figure 1 | Relationships among scientific paradigms. 

 

 

In the field of organic chemistry, asymmetric synthesis and chiral molecular transformation have been 

extensively developed during the last few decades. Beginning with the discovery of a proline catalyst (3-8), 

asymmetric synthesis has grown into one of the main research areas of modern organic chemistry. Catalytic 

asymmetric transformations have contributed to wide range of fields including medicinal chemistry and 

biochemistry because majority of organic compounds associated with living organisms are chiral.  

Various kinds of chiralities are shown in Figure 2 (9-20). Asymmetric construction of conventional 

chiralities such as central chirality, axial chirality (21-25), planar chirality (21), and helical chirality (26-30) 

have already been actively studied. With the current state of chemical science, asymmetric synthesis of these 

fixed chiralities over covalent bonds is reaching a level of mature science. 

K. Boyack, D. Klavans, W. B. Paley, and K. Börner. SEED (2007). 
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Figure 2 | Various kinds of chiralities. Conventional fixed chiralities over covalent bonds. (A) 

Central chirality. (B) Axial chirality. (C) Planar chirality. (D) Helical chirality. 

 

 

On these fields approaching mature science, however, asymmetric synthesis of supramolecules still 

stands as an unsolved problem. Supramolecules such as rotaxanes and catenanes, consisting of more than 

two components linked non-covalent system, are known to possess unique supramolecular chirality as shown 

in Figure 3. Even though each component has no chirality, their combination brings topologically linked 

chirality, when each of the component has structural dissymmetry. Such chirality generated from the 

orientation of the components is called topological chirality (31-33).  

The difference between topological chirality of supramolecules and other chiralities is the mobility of 

the topological chirality itself. Since two components can move freely from each other, the topological 

chirality, generated from the combination of these two phases, has mobility in the chiral environment itself. 

A molecule possessing topological chirality continuously changes its chiral environment with kinetically 
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lability. Thus, topological chirality of rotaxanes and catenanes can be called mobile supramolecular chirality. 

This mobile nature of topological chirality makes asymmetric construction of topologically chiral molecules 

much more difficult than the compounds with conventional chiralities. In fact, traditional molecular 

transformation does not work efficiently for the construction of the molecule with mobile supramolecular 

system. The most successful and pioneering example of asymmetric synthesis of topologically chiral 

supramoelcules so far achieved gave the rotaxane in up to only 4% ee (34). Thus, novel concept and method 

for the molecular transformation are required in organic chemistry, for achieving asymmetric synthesis of 

supramolecules. 

 

 

Figure 3 | Mobile supramolecular chirality. Topological chirality consisting of more than two 

components linked non-covalent system.  

 

 

Toward discrimination of mobile supramolecular chirality, I first investigated the fundamental nature 

of catalytic acylation. In our laboratory, various acylative molecular transformations have been developed 

by using chiral 4-pyrrolidinopyridine (PPY) catalysts bearing substrate-recognition sites consisting of amino 

acid side chains (35-39). Among them, I focused on the most simple and fundamental molecular 

transformation (35), and elucidated the molecular recognition process promoted by the chiral PPY catalyst 

(Chapter 2). Then, I challenged asymmetric synthesis of supramolecules by using the chiral PPY catalyst. I 

achieved the first example of highly selective asymmetric discrimination of mobile supramolecular chirality 

(Chapter 4). In this thesis, I propose the concept of dynamic molecular recognition by catalysts for 

discrimination of mobile supramolecular chirality. The concept enables asymmetric synthetic chemistry to 

set foot into the fields of mobile supramolecular chemistry linked non-covalent system, beyond the 

conventional fixed covalent system. Furthermore, considering the high interest in applications of 

supramolecules in areas as diverse as molecular machine (40, 41), material science (42, 43), medicinal 

chemistry (44, 45), and synthetic chemistry (46-48), I expect that attractive chiral architectures of 

topologically chiral supramolecules will bring completely novel concepts into these fields, as well as the 

field of organic chemistry, as distinct new chiral sources. The concept of dynamic molecular recognition 

discussed in this thesis will establish new relationships among scientific paradigms in Figure 1. 
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Chapter 1: Overview 

 

1.1 Mechanistic study for organocatalytic chemoselective monoacylation of 1,5-

pentanediol 

Various molecular transformations concerning site-selective acylation of polyol compounds have been 

developed by using PPY catalysts bearing substrate-recognition sites consisting of amino acid side chains. 

Among them, I focused on the organocatalytic chemoselective monoacylation of 1,5-penetanediol (4) (35) 

for elucidation of the molecular recognition process promoted by the catalyst. Although 1,5-pentanediol (4) 

has only hydroxy groups as recognition sites, the mechanistic aspect seems not so simple. Indolyl NH group 

in the amide side chains of the catalyst was found to be critically important for chemoselective 

monoacylation of 4. 

To elucidate the origin of the high selectivity for monoacylation, I investigated the monoacylation of 

1,5-pentanediol (4) in the presence of C2-symmetric catalysts 1-3 (Figure 4). The amide carbonyl group of 

the catalysts was suggested to play a main role for the selective monoacylation of 4, and the indolyl NH 

group seems to also contribute to increasing the chemoselectivity and reactivity. The effect of the NH groups 

were found to be significant only when the catalyst has C2-symmetric structure by comparison with the 

experimental results employing the corresponding C1-symmetric catalysts. 

 

 

Figure 4 | Chemoselective monoacylation of 1,5-pentanediol (4). 

 

 

Catalyst 1 has also been reported to promote substrate-selective acylation of 4 in the presence of other 

linear diols with different chain lengths. To elucidate the molecular recognition process, competitive 

acylations between 4 and 1,2-ethanediol (7) were carried out in the presence of catalysts 1-3 (Figure 5). 

Among catalysts 1-3, only catalyst 1 was found to effectively accelerate the acylation of 4 in the presence of 

1,2-ethylenediol (7) (Chemoselectivity = relative rate of acylation between 4 and 7 = k (acylation of 4) / k (acylation 

of 7) = 4.5).  
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Figure 5 | Substrate-selective acylation of 1,5-pentanediol (4). 

 

Theoretical study to elucidate the mechanism of the catalyst-controlled chemoselective acylation was 

well consistent with the experimental results. The computational results also indicated the importance of 

indolyl NH groups arranged in a C2-symmetric fashion for chemoselective monoacylation of 1,5-diol 4 

(Figure 6). C2-Symmetric chiral PPY catalyst 1 flexibly changes its molecular recognition mode depending 

on the substrate structures.  

 

Figure 6 | Transition state of monoacylation of 1,5-pentanediol (4). 

 

 

 

 

 

1.2 DMAP-catalyzed efficient synthesis of rotaxanes 

Since supramolecules such as rotaxanes and catenanes possess attractive architectures, syntheses of 

these supramolecules have been one of the foci of current organic synthesis. Acylative end-cappings of the 

hydroxy group of pseudorotaxanes by DMAP catalyst have been known to produce rotaxanes, however, it 

afforded rotaxanes in low yields in the most cases. Under these circumstances, I developed DMAP-catalyzed 

efficient sysnthesis of rotaxanes. A pseudorotaxane, which is expected to be formed by mixing the axis 

component 10 and the ring component 11, was treated with acyl chloride as an acyl donor, tBuCO2H as a 

carboxylate ion source, and AgPF6 in the presence of DMAP. Desired rotaxane 12 was successfully obtained 

in 94% yield (Figure 7).  
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Figure 7 | DMAP-catalyzed synthesis of a rotaxane. 

 

 

 

 

1.3 Discrimination of mobile supramolecular chirality: Kinetic resolution of 

topologically chiral racemic rotaxanes by organocatalysis 

Among the fields of asymmetric synthesis approaching the mature science, asymmetric discrimination 

and catalytic synthesis of chiral supramolecules still stand as unsolved problems. Supramolecules such as 

rotaxanes and catenanes are known to possess topological chirality when each of the axis and/or ring 

components has dissymmetry. The extreme difficulty in asymmetric synthesis of such supramolecules may 

be resulting from conformational diversity and movability of topologically chiral supramolecules.  

I have achieved the first example of highly enantioselective synthesis of topologically chiral rotaxanes 

by acylative kinetic resolution of the racemate. In the presence of 3, an acylative kinetic resolution of a 

racemic rotaxane 13 afforded a topologically chiral rotaxane 13 with perfect enantiopurity (>99% ee) in 

excellent selectivity (s >16) along with acylate 14 (Figure 8). This kinetic resolution likely proceeded via 

the mechanism in which two molecules of catalysts 3 are involved. The concept of dynamic molecular 

recognition enabled asymmetric synthesis of mobile supramolecules constructed by non-covalent interaction. 

 

 

Figure 8 | Kinetic resolution of a topologically chiral racemic rotaxane. 
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Chapter 2: Mechanistic study of organocatalytic chemoselective 

monoacylation of 1,5-pentanediol 

 

2.1 Backgrounds 

2.1.1 Backgrounds of acylative molecular transformation 

Fine molecular transformation is one of the fundamental challenges in organic synthesis. Kawabata and 

co-workers have developed numerous acylative molecular transformations of polyol compounds by using 

C2-symmetric chiral 4-pyrrolidinopyridine (PPY) catalysts bearing substrate-recognition sites consisting of 

amino acid side chains (Figure 9, 10). For example, in the presence of chiral PPY catalyst 3 consisting of L-

2-naphthylalanine side chains, geometry-selective acylation of NsHN-substituted α,α’-alkenediols have been 

achieved in >99% E-selectivity (Figure 9A) (38). Asymmetric desymmetrization of NsHN-substituted 1,7-

diol was also accomplished with catalyst 3 to deliver the acylate in 97% ee (90% yield) (Figure 9B) (39).  

Mechanistic insights into these selective acylation catalyzed by 3 have been proposed (Figure 9) (49). 

In both cases, multiple hydrogen-bonding interactions between catalyst 3 and the substrates depending on 

the substrate structures play important roles in the molecular recognition. The fundamental hydrogen bond 

between the amide carbonyl group of catalyst 3 and the acidic hydrogen of NHNs group in the substrate 

mainly contributes to the selective acylation, and simultaneously the other amide side chain of the catalyst 

acts cooperatively to further stabilize transition state of the selective acylation. Namely, catalyst 3 possesses 

the dual function of the two amide groups at C(2) and C(5) of the pyrrolidine ring in a C2-symmetric fashion.  
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Figure 9 | Molecular transformations by chiral PPY catalyst 3. (A) Geometry-selective acylation of 

NsHN-substituted α,α’-alkenediols and the transition state model. (B) Asymmetric dissymmetrization of 

NsHN-substituted 1,7-diol and the transition state model. 

 

 

Chiral PPY catalyst 1, bearing L-tryptophan side chains, has been also known to achieve various 

selective molecular transformation. The chemoselective monoacylation of 1,5-pentanediol (4) proceeded to 

give the monoacylate 5 and the diacylate 6 in 92% and 3% yield, respectively (5/6 = 31). Catalyst 1 also 

promoted substrate-selective monoacylation of 1,n-linear diols. 1,5-Pentanediol (4) was preferentially 

acylated 5.2 times faster than a one-carbon-longer diol (1,6-hexnaediol), in the competitive acylation 

between them (Figure 10A). The observed phenomena obviously indicate that the molecular recognition 

process between catalyst 1 and the substrate diols would be involved. Catalyst 1 recognize the overall 

molecular structures of substrates to give selectively acylated products. 

With chiral PPY catalyst 1, the chemo- and regioselective acylation of glycopyranoses have also been 

developed (37). Acylation of the secondary hydroxy group at C(4) of octyl β-D-glucopyranoside proceeded 

with >99% selectivity in the presence of a primary hydroxy group and two other secondary hydroxy groups 

(Figure 10B). The site-selective acylation took place preferentially even in the presence of a primary alcohol 

(2-phenyletanol), which was supposed to be achieved by the precise molecular recognition promoted by 

catalyst (Figure 10B).  
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Figure 10 | Molecular transformations by chiral PPY catalyst 1. (A) Chemoselective acylation of 

linear diols and competitive acylation between diols having different chain length. (B) Chemo- and 

regioselective acylation of glycopyranose and competitive acylation between glycopyranose and 

primary alcohol.  

 

 

Whereas intriguing results suggesting mechanistic aspects of the molecular transformation catalyzed 

by 3 have been obtained, mechanistic insights of selective acylation catalyzed by 1 remain unexplained. 

Since the selective monoacylation of 1,5-diol 4 (Figure 10A) seems to be one of the most simple system 

because 1,5-diol 4 has only hydroxy groups as recognition sites, its mechanistic analysis is expected to lead 

fundamental understanding of these chemo- and site-selective molecular transformation. With these views 

in mind, I elucidated the origin of the high chemoselectivity on monoacylation of 1,5-diol 4 catalyzed by 1. 
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2.1.2 Backgrounds of chemoselective monoacylation of 1,n-diol 

Selective monoacylation of 1,n-linear diols seems to be a simple molecular transformation, however, it 

has been one of the difficult subject in organic synthesis because overacylation affording the diacylate is 

usually unavoidable, especially in the acylation of long-chain linear diols. For example, acylation of 1,5-

pentanediol (4) with typical acylation catalyst, 4-dimethylaminopyridine (DMAP), generated significant 

amount of diacylate 6 as well as monoacylate 5 (5/6= 45%/26%), even under the carefully controlled 

conditions at –60 C (Figure 11, entry 1) (35). The relative rate (k1 (acylation of 4) / k2 (acylation of 5)) for acylation 

between 1,5-diol 4 and monoacylate 5 with DMAP catalyst was experimentally estimated to be 1.0 (35). 

This result indicates that the intrinsic reactivity of 1,5-diol 4 was assumed to be equal to that of monoacylate 

5. 

To avoid the overacylation (50), excess amounts of the diol substrates were often used (51-53). For 

example, acylation of 3.0-6.0 equivalents of 4 with a carboxylic acid in the presence of N,N’-

dicyclohexylcarbodiimide (DCC) gave the monoacylate 5 and the diacylate 6 in a 3.5 : 1 ratio (entry 2) (53). 

Selective acylation of 4 has been reported by the use of an enzyme (54, 55), however, overacylation is again 

unavoidable (mono/diacylate = 9.0, entry 3) (55). Under these backgrounds, Kawabata and co-workers have 

achieved highly selective monoacylation of 1,n-linear diols by using chiral PPY catalyst 1 (entry 4) (35). In 

the presence of catalyst 1, acylation of 1,5-diol 4 gave the monoacylate 5 in a highly chemoselective manner 

(mono/diacylate = 31).  

 

 

Figure 11 | Acylation of 1,5-pentanediol (4). Ar = benzothiazole-2-yl. 

 

 

For such highly selective monoacylation catalyzed by 1, the step for monoacylation must be much faster 

than the step for diacylation (k1 (monoacylation) >> k2 (diacylation)). A high relative rate (k1 (monoacylation) / k2 (diacylation)) 

is supposed to be essential for selective monoacylation. In fact, the relative rate (k1 (monoacylation) / k2 (diacylation)) 

for acylation between 1,5-diol 4 and monoacylate 5 with catalyst 1 was experimentally estimated to be 113 

(Figure 12) (35). The strong preference for acylation of 4 over that of 5 in the presence of 1 indicates the 

precise molecular recognition of the substrate structure by catalyst 1 on the selective monoacylation.   
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Figure 12 | Relative rate for acylation (k1 (monoacylation) / k2 (diacylation)) between diol 4 and monool 5. 

Chemoselectivity was determined on the competitive acylation between 4 and 5. Conditions: Treatment 

of a 1:1 mixture of 4 and 5 with isobutyric anhydride (0.70 equivalents of the total amount of the alcohols) 

and 2,4,6-collidine (1.7 equivalents) in the presence of catalyst 1 (0.1 equivalents) in 0.03 M CHCl3 at -

60 °C for 48 hours. 

 

 

The preferential acylation of 1,5-diol 4 over other linear diols with different chain length has been also 

achieved in the presence of 1 (35). The relative rates (k (acylation of 1,n-diol) / k (acylation of 1,5-diol 4)) of acylation 

between 1,n-diol (n = 4, 6 or 7) and 1,5-diol 4 are shown in Figure 13. The acylation of 1,5-diol 4 proceeded 

2.0, 5.6, and 6.6 times faster than that of 1,4-butanediol, 1,6-hexanediol, and 1,7-heptanediol, respectively 

(Figure 13A). On the other hand, negligible substrate-selectivity was observed in DMAP-catalyzed acylation 

of these diols (Figure 13B). Thus, catalyst 1 was found to promote substrate-selective monoacylation of 

linear diols by discriminating the just one-carbon difference in their chain length.  

 

 

Figure 13 | Relative rate of acylation (k (acylation of 1,n-diol) / k (acylation of 1,5-diol 4)). (A) Catalyzed by 1. (B) 

Catalyzed by DMAP. 
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    The hypothetical transition state model for monoacylation of 4 catalyzed by 1 (Figure 14) has been 

proposed on the basis of some experimental results in the previous studies (Figure 15) (35). Hydrogen-

bonding between catalyst 1 and the primary hydroxy group of 1,5-diol 4 is assumed to be essential for 

selective monoacylation from the experimentally observed solvent and temperature effects (Figure 15B, 

15C). Two amide carbonyl groups seem to be important for the chemoselective acylation because selective 

monoacylation took place throughout the reactions with catalysts 1, 15 and 16, each possessing two amide 

carbonyl groups as common functionalities, regardless of the steric bulkiness of the side chains (Figure 15A). 

The model shown in Figure 14 may account for the preferential acylation of 1,5-diol 4 over the corresponding 

monoacylate 5 and substrate-specific acylation of 1,5-diol 4. However, the actual mechanism seems to be 

not so simple. Since structures of catalyst side chains affect the degree of selectivity (Figure 15A), the 

catalyst side chains seem to play important roles for the chemoselectivity. These backgrounds prompted me 

to further elucidate the mechanistic aspects of the organocatalytic chemoselective acylation based on 

experimental and computational studies. 

 

 

Figure 14 | Hypothetical explanation. 
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Figure 15 | Various effects on selective monoacylation of 1,5-diol 4. (A) Effects of steric bulk of 

catalyst side chain. (B) Effects of temperature. (C) Effects of solvents. 

  



20 

2.2 Experimental studies for elucidation of mechanistic aspects of 

chemoselective monoacylation of 1,5-pentanediol 

2.2.1 Effects of side chain structures of catalysts 

I first investigated the effects of the side chain structures of catalysts on chemoselective monoacylation 

of 4 (Figure 16). I performed the acylation of 1,5-diol 4 with 1.03 equivalents of isobutyric anhydride in the 

presence of C2-symmetric chiral PPY catalysts 1-3, each having two identical side chains consisting of L-

tryptophan, 1-mehyl-L-tryptophan and L-2-naphthylalanine moiety, respectively. Among these catalysts, the 

distinct high selectivity for monoacylation was observed with catalyst 1 (5/6 = 27, entry 1) (56). With catalyst 

2 or 3, monoacylate was still predominant, but with decreased chemoselectivity (5/6 = 8) and reactivity (57-

63% conversion, entries 2, 3), when compared with the acylation promoted by catalyst 1 (5/6 = 27, 84% 

conversion, entry 1). These results indicate the critical importance of the indolyl NH groups in catalyst 1 for 

the chemoselective acylation. 

  

 

Figure 16 | Effects of side chains of catalysts on chemoselective monoacylation of 1,5-diol. 
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2.2.2 Effects of C2-symmetric structure in the catalysts 

The effects of the C2-symmetric structure of catalysts were next examined by employing the 

corresponding C1-symmetric catalysts, 17-19. Almost no differences in chemoselectivity and reactivity were 

found among reactions catalyzed by C1-symmetric 17-19 (5/6 = 10-13, 32% conversion, Figure 17), 

regardless of whether the indolyl NH group was involved in catalyst structures 17-19 or not. It is worthy to 

note that the indolyl NH group is responsible for further increasing the selectivity and reactivity in the 

monoacylation of 1,5-diol 4 only when the PPY-catalyst has C2-symmeric structure.  

In the absence of indolyl NH group in the catalyst structure, C1-symmetric catalysts 18 and 19 showed 

similar selectivity and diminished reactivity compared to C2-symmetric catalysts 2 and 3. This result 

indicates the importance of the amide carbonyl groups for the chemoselectivity, and the amide groups seem 

to contribute to acceleration of reactions. Since C2-symmetric catalysts 2 and 3 have two amide groups, the 

reactivity was improved compared to the corresponding C1-symmetric catalysts 18 and 19, without affecting 

the chemoselectivity. 

 

 

 

Figure 17 | Selective monocylation of 1,5-diol 4 with C1-symmetric catalysts. 
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2.3 Experimental studies for elucidation of the mechanistic aspects in substrate-

selective acylation of 1,5-pentanediol 

2.3.1 Effects of catalyst structures on monoacylation of 1,2-ethanediol 

To elucidate the mechanistic aspects of substrate-selective acylation of 1,5-pentanediol (4), I next 

examined catalytic properties of 1-3 and 17-19 in acylation of 1,2-ethanediol (7) (Figure 18). C2-symmetric 

PPY catalysts 1-3 promoted chemoselective monoacylation of 7 in high selectivities (8/9 = 23-35, Figure 

18A), regardless of whether the indolyl NH groups are involved in the catalyst structure or not. Indolyl NH 

groups of catalyst 1 did not affect the chemoselectivity on monoacylation of 1,2-diol 7, even though catalyst 

1 has C2-symmetric structure (8/9 = 69%/3%-70%/2%, Figure 18A). Thus, on acylation of 1,2-diol 7, the 

indolyl NH groups have almost no impact on chemoselectivity. This result is a contrast to monoacylatio of 

1,5-diol 4, where indolyl NH groups of C2-symmetric catalyst 1 played an important role for selective 

monoacylation (Figure 16). 

Chemoselective monoacylation of 1,2-diol 7 with C1-symmetric catalysts 17-19 proceeded in slightly 

less but similar selectivity and reactivity (8/9 = 62%/5%-64%/4%, 64-68% conversion, Figure 18B), when 

compared with the acylation promoted by C2-symmetric catalyst structure. Thus, on acylation of 1,2-diol 7, 

the amide carbonyl group at C(2) and/or C(5) of the pyrrolidine ring of the catalyst, as well as the indolyl 

NH group, has almost no impact on chemoselectivity and reactivity. 

The acylation of 1,2-diol 7 showed relatively high chemoselectivity and reactivity throughout the 

reactions promoted by both C1- and C2-symmetric PPY-catalysts. This could be ascribed mainly to the less 

intrinsic reactivity of monool 8 than 1,2-diol 9. Bulkiness of the acyl group of monoacylate 8 effectively 

decelerate the second acylation, especially in the cases of such short-chain diol, by using steric interaction 

to prevent the diacylation. 1,2-Diol 7 is expected to have an intrinsically high reactivity for monoacylation 

because of its intramolecular hydrogen bonding. 
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Figure 18 | Acylation of 1,2-ethanediol (7) by chiral PPY catalysts. (A) Catalyzed by C2-symmetric 

1-3. (B) Catalyzed by C1-symmetric 17-19. 
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2.3.2 Effects of catalyst structures on substrate-selective acylation of 1,5-

pentanediol 

To elucidate the mechanistic aspects of substrate-selective acylation of 1,5-pentanediol (4), relative 

rates of acylation (k (acylation of 4) / k (acylation of 7)) between 1,5-diol 4 and 1,2-diol 7 were determined by the 

competitive acylation between them in the presence of C2-symmetric catalysts 1-3 (Figure 19). Catalyst 1 

with the indolyl NH groups promoted the acylation of 1,5-diol 4 4.5 times faster than that of 1,2-diol 7 (entry 

1). In contrast, in the presence of catalysts 2 or 3 without the indolyl NH group, 1,2-diol 7 was acylated 

relatively faster than 1,5-diol 4 (k (acylation of 4) / k (acylation of 7) = 0.7-0.8, entries 2, 3). The marked difference in 

the catalytic properties between catalysts 1-3 depending on the presence or the absence of the indolyl NH 

group indicates that two indolyl NH groups arranged in a C2-symmetric fashion are essential for transition 

state stabilization, resulting in accelerative monoacylation of 1,5-diol 4. The critical stabilization of transition 

state by indolyl NH groups enables 1,5-diol 4 to be preferentially acylated over the other linear diols. 

 

 

 

 

Figure 19 | Competitive acylation between 1,5-diol 4 and 1,2-diol 7 with catalysts 1-3. 
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2.4 Computational study 

Based on the experimental studies, theoretical study was performed by Professor Masahiro Yamanaka 

and Dr. Makoto Sato (Rikkyo University). DFT calculations (B3LYP/6-31G*, Gaussian 09 package) were 

carried out using C1- and C2-symmetric catalyst models (cat1 and cat2, Figure 20).  

 

 

Figure 20 | Chemical models of catalysts 17 and 1. 

 

 

To gain deep insights of the high chemoselectivity through transition state (TS) stabilization, the 

nucleophilic attack process in monoacylation of 1,5-diol 4 was investigated. The relative Gibbs free energy 

difference between TSs of monoacylation and diacylation was compared in each C1-symmetric cat1 and C2-

symmetric cat2 systems (Figure 21). Monoacylation is energetically favored than diacylation in both systems. 

Although the diacylation TSs are located at almost the same energy level, the significant stabilization of the 

monoacylation TS was observed in the cat2 system (TS-iii). These computational results are well consistent 

with the experimental results.  

 

 

Figure 21 | Relative Gibbs free energy differences (kcal/mol) between transition states of 

monoacylation (blue) and diacylation (red). (A) cat1 system. (B) cat2 system. Calculated by 

Professor Masahiro Yamanaka and Dr. Makoto Sato (Rikkyo University) at B3LYP/6-31G* level.  
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Figure 22 shows the most stable TSs in the cat1-catalyzed monoacylation (TS-i) and diacylation (TS-

ii). In both reactions, the nucleophilic addition of the hydroxy group on the N-acylpyridinium carbonyl group 

proceeded through the proton abstraction from the nucleophilic hydroxy group with the acetate anion (54, 

55). The acetate anion (COacetate) strongly coordinates with the indolyl NH group (NHindole).  

Since the NHindole/COacetate hydrogen bond participates in both reactions, the energy difference between 

TS-i and TS-ii should be derived from other factors. The energetically favored TS-i has the significantly 

strong hydrogen bond between the amide carbonyl group of cat1 (COamide) and the remaining hydroxy group 

of 1,5-diol 4 (OHdiol). In contrast, TS-ii does not have such additional strong hydrogen bond. Thus, TS-ii is 

located at the higher energy level compared to TS-i. The indicated importance of the COamide/OHdiol 

hydrogen bond for stabilizarion of the monoacylation TS (TS-i) is well consistent with the experimental 

results shown in Figure 17. 

 

 

Figure 22 | Transition states in C1-symmetric cat1 system. (A) TS of monoacylation. (B) TS of 

diacylation. Calculated by Professor Masahiro Yamanaka and Dr. Makoto Sato (Rikkyo University) at 

B3LYP/6-31G* level. 

 

 

Then, TSs of monoacylation (TS-iii) and diacylation (TS-iv) in the cat2 system were explored (Figure 

23). In a similar manner to the cat1 system, the relatively stable TSs of both reactions have the strong 

NHindole/COacetate hydrogen bond. On the other hand, the second indolyl NH group causes a significant change 

in the hydrogen bonding network in TS-iii (Figure 23A). The remaining hydroxy group works as a general 

acid catalyst by coordinating with the negatively charged N-acylpyridinium carbonyl oxygen. The increased 

Lewis basicity of the oxygen atom of OHdiol forms the strong NHindole/OHdiol hydrogen bond. The multiple 

hydrogen bonding network through two indolyl groups, the acetate anion, and 1,5-diol 4 construct the most 



27 

stable TS structure (TS-iii). TS-v (Figure 24), having a similar coordination mode with TS-i, is no longer 

the most stable TS because the second indolyl group does not contribute to the hydrogen bonding network 

in TS-v. These results indicate that catalyst 1 (e.g., cat2) achieves the precise molecular recognition for 1,5-

diol 4 by dramatically changing its coordination mode from catalyst 17 (e.g., cat1).  

In the diacylation TS (TS-iv) (Figure 23B), NHindole residue directly coordinates with the N-

acylpyridinium carbonyl oxygen to form the relatively weak hydrogen bond. The acetyl group of the 

substrate does not coordinate with NHindole residue but the amide NH residue. Two indolyl NH groups rarely 

contribute to the molecular recognition process of the diacylation.     

 

 

 

Figure 23 | Transition states in C2-symmetric cat2 system. (A) TS of monoacylation. (B) TS of 

diacylation. Calculated by Professor Masahiro Yamanaka and Dr. Makoto Sato (Rikkyo University) at 

B3LYP/6-31G* level. 
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Figure 24 | Transition state in C2-symmetric cat2 system without involving the second indolyl 

group. Calculated by Professor Masahiro Yamanaka and Dr. Makoto Sato (Rikkyo University) at 

B3LYP/6-31G* level. 
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2.5 Conclusion 

    Mechanistic aspects of chemoselective monoacylation of 1,5-pentanediol (4) has been experimentally 

and computationally investigated by employing various C1- and C2-symmetric PPY catalysts. Although 1,5-

diol 4 has a simple structure possessing only hydroxy groups as recognition sites by the catalyst, the multiple 

hydrogen bonds between the C2-symmetric catalyst 1 and 1,5-diol 4 significantly stabilized the 

monoacylation transition state of 1,5-diol 4. The indolyl NH groups arranged in a C2-symmetric fashion were 

found to be critically important for both chemoselective monoacylation and the substrate-specific acylation 

of 1,5-diol 4. C2-symmetric catalyst 1 performed the precise molecular recognition for 1,5-diol 4 through the 

quite different coordination mode from that by C1-symmetric catalyst 17. In the reaction mode, catalyst 1 

possesses the dual function of the two indolyl NH groups in the L-tryptophan side chains. This recognition 

mode is quite different from that proposed for other molecular transformations as shown in Figure 9. Thus, 

these chiral PPY catalysts seem to adapt themselves to various transformations by flexibly changing their 

molecular recognition mode depending on the substrate structures. These results prompted me to apply such 

molecular transformation by chiral PPY catalysts to more complex system. The topic for unprecedented 

asymmetric molecular transformation will be discussed in Chapter 4.  
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Chapter 3: DMAP-catalyzed efficient synthesis of rotaxanes 

3.1 Backgrounds 

Since supramolecules such as rotaxanes and catenanes possess attractive architectures, syntheses of 

these supramolecules have been one of the foci of current organic synthesis. Acylative end-capping of the 

hydroxy group of the pseudorotaxane is one of the most reliable methods to synthesize rotaxanes (59-62). A 

pseudorotaxane (Figure 25B), which is expected to be formed by mixing the axis component and the ring 

component, affords the corresponding rotaxane by acylative end-capping of the hydroxy group at the 

terminus of the axis component. In the presence of tributylphosphine, acylations of the pseudorotaxanes have 

been reported to afford corresponding rotaxanes in a high yield (90%, Figure 25A, entry 1) (59, 62).  

Although DMAP is a highly efficient catalyst for a wide variety of acylation reactions, DMAP-

catalyzed acylative end-cappings of pseudorotaxanes often produce rotaxanes in low yields. For example, in 

the presence of 10 mol% of DMAP catalyst, only 3% of the rotaxane was reported to be obtained (entry 2). 

Increasing the amount of catalyst (50 mol%) slightly increased the yield of the rotaxane, but the yield was 

still low (13%, entry 3). Triethylamine is supposed to deprotonate the ammonium salt of the axis component 

and prevent the formation of the pseudorotaxane which is essential for the rotaxane synthesis. Thus, the basic 

reaction conditions must be avoided to prevent neutralization of the ammonium salt. 

When acyl chloride was used as an end-capping agent instead of acid anhydride, tributylphosphine-

catalyzed synthesis, as well as DMAP-catalyzed synthesis, have been known to give the rotaxane in a low 

yield (entries 4, 6) (62). The hydrogen-bonding interaction between chloride ion and ammonium group 

seems to prevent the formation of pseudorotaxane (Figure 25B). To remove the chloride ion, without using 

a base such as trimethylamine, silver hexafluorophosphate was added to the system (Figure 25A, entry 5). 

The rotaxane was obtained in moderate yield (50%), however, a large amount of catalyst (10 equivalents) 

was required. 
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Figure 25 | DMAP-catalyzed synthesis of rotaxanes. (A) Reported synthesis of a rotaxane by DMAP 

catalysis or tributylphosphine catalysis. (B) Effects of the counter anion of the ammonium salts on the 

formation of pseudorotaxanes. 

 

 

    Under these backgrounds, I investigated DMAP-catalyzed synthesis of rotaxanes. Removing the 

chloride ion from the reaction system and the improvement of catalytic performance seem to be important. 

On DMAP or PPY-catalyzed acylation of alcohols, the active catalytic species are acylpyridinium 

intermediates (Figure 26). To improve the catalytic performance of DMAP and to get fundamental insights 

in DMAP-catalyzed acylation, I first elucidated the formation of acylpyridinium ion pair generated from 

various acylating agents. 

 

Figure 26 | Acylpyridinium intermediate.  
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3.2 Formation of acylpyridinium ion pairs 

Toward the development of efficient method for DMAP-catalyzed synthesis of rotaxanes, I first 

investigated the fundamental nature of the PPY-catalyzed acylation. The amount of acylpyridinium on pairs 

generated from PPY and various acylating agents including acetic anhydride (Ac2O), benzoic anhydride 

(Bz2O), acyl chloride (AcCl), and benzoyl chloride (BzCl), was estimated by NMR study. 

First, I performed variable-temperature NMR experiment to investigate the formation of acylpyridinium 

ion pair 20 generated from PPY and acetic anhydride. A CDCl3 solution containing acetic anhydride and 

PPY was monitored by NMR in the temperature range between -30 ~ -65 ℃, and the position of equilibrium 

(K) was directly determined from the integration ratio of PPY to 20 at each temperature (Figure 28). The ΔH 

and ΔS were calculated to estimate the formation of 20 on various conditions. I found that ΔH and ΔS were 

-7.53 kcal/mol and -33.8 eu, respectively, and that only small amount of acylpyridinium ion 20 was formed 

in the system. The ratio of formation of 20 in a solution of acetic anhydride (0.005 M) and PPY (0.015 M) 

at -60 ℃ was calculated to be only 1.05% based on the amount of PPY (Figure 27A) (63). 

Formation of acylpyridinium ion pair 21 generated from benzoic anhydride and PPY was also 

investigated in a similar way to investigation of formation of acylpyridinium ion pair 20 by variable-

temperature NMR experiment in the temperature range between -45 ~ -70 ℃ (Figure 29). In the case of 

benzoic anhydride, formation of further less amount of acylpyridinium ion 21 was observed by the NMR 

spectrum. ΔH and ΔS were determined to be -8.90 kcal/mol and -45.4 eu, respectively, and only 0.08% of 

21 was suggested to be formed in a solution of benzoic anhydride (0.005 M) and PPY (0.015 M) at -60 ℃ 

(Figure 27A). 

Then, I investigated the formation of acylpyridinium ion pairs 22 and 23 generated from PPY and the 

corresponding acyl chlorides by measuring NMR at 20 ℃ (Figure 30, 31). In the both cases of acetyl 

chloride and benzoyl chloride, quantitative formation of acylpyridinium ion pairs 22 and 23 were observed 

(Figure 27B).  

 

 

Figure 27 | Formation of acylpyridinium ion pairs. (A) Formation of acylpyridinium ion pairs from 

acid anhydride. Conditions: PPY (0.015 M), acid anhydride (0.005 M), -60 °C. (B) Formation of 

acylpyridinium ion pairs from acyl chloride. Conditions: PPY (0.07 M), acyl chloride (0.07 M), 20 °C. 
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The efficiency in the formation of the acylpyridinium ion pair changed significantly depending on the 

leaving group of the acylating agent. Quantitative formation of the acylpyridinium ion pair was observed 

when acyl chloride was used as an acyl donor, whereas only small amount of the acylpyridinium ion pair 

was formed when acid anhydride was used as an acyl donor. These results prompted me to use acyl chloride 

for DMAP-catalyzed synthesis. Acyl chloride was expected to improve the catalytic performance in DMAP-

catalyzed synthesis of rotaxanes if the chloride ion can be removed from the reaction system. With these 

views in mind, I focused on the development of the efficient method for DMAP-catalyzed synthesis of 

rotaxanes. 
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Figure 28 | Formation of acylpyridinium ion pair 20 from acetic anhydride. 
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Figure 29 | Formation of acylpyridinium ion pair 21 from benzoic anhydride. 

y = 0.0454x - 8.90
R² = 0.998

0

0.2

0.4

0.6

0.8

1

1.2

1.4

200 210 220 230

Δ
G

(k
c
a
l/
m

o
l)

temperature (K)

ΔH = -8.90 kcal/mol 

ΔS = -45.4 eu 

 



37 

 

  

  

  
Figure 30 | Formation of acylpyridinium ion pair 22 from acetyl chloride. (A) Formation of 22. 

(B) Standard spectra. 
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  Figure 31 | Formation of acylpyridinium ion pair 23 from benzoyl chloride. (A) Formation of 23. 

(B) Standard spectra. 



39 

3.3 DMAP-catalyzed synthesis of a rotaxane 

A pseudorotaxane, which is expected to be formed by mixing the axis component 10 and the ring 

component 11, was treated with acyl chloride and AgPF6 in the presence of DMAP (Figure 32, entry 1). 

Pivalic acid (tBuCO2H) was added to the system to improve the catalytic performance. Since the carboxylate 

ion acts as an effective general base on acylation of alcohols, addition of the carboxylic acid to the acyl 

chloride system have been suggested to be effective in overall performance of the catalytic acylation process 

by in situ exchange of the chloride counter ion to the carboxylate (64). Under the conditions, desired rotaxane 

12 was successfully obtained in 94% yield. The use of corresponding acid anhydride instead of acyl chloride 

was ineffective under these reaction conditions (entry 2). In the absence of AgPF6, the yield of rotaxane 12 

decreased to 14% (entry 3). The use of amine base instead of AgPF6 dramatically decreased the efficiency 

(entries 4, 5). 

    
 

 

 

Figure 32 | DMAP-catalyzed synthesis of a rotaxane. # Acid anhydride was used instead of acyl 

chloride. Run for 2 days. * DMAP (1.5 equivalents) was used.  

 

 

 

 

 

3.4 Conclusion 

DMAP-catalyzed efficient synthesis of a rotaxane was developed. Acylation of a pseudorotaxane with 

acyl chloride and AgPF6 in the presence of DMAP catalyst afforded the desired rotaxane in a high yield. 

This method is expected to be further explored toward asymmetric rotaxane synthesis with chiral DMAP 

analogues.  

 

 

  



40 

 

  



41 

Chapter 4: Discrimination of Mobile Supramolecular Chirality 

4.1 Backgrounds 

Asymmetric synthesis has extensively developed during the last few decades for the construction of 

ubiquitous chiral molecules involving conventional chiral elements such as central, axial or planer chirality. 

With the current state of chemical science, asymmetric synthesis of such fixed chirality over covalent bond 

is reaching a level of mature science. 

On the other hand, mechanically interlocked supramolecules such as rotaxanes and catenanes are known 

to possess unique supramolecular chirality consisting based on non-covalent binding (Figure 33A). Even 

though each of the ring and/or axis components has no chiral elements in itself, their combination brings 

supramolecular chirality linked non-covalent system when each of the components has dissymmetry. Such 

attractive chiral architectures of supramlecules have captured the attention of synthesis chemists for over 

five decades. In 1960, catenanes consisting of two dissymmetric ring components were mensioned that they 

could exist as pairs of enantiomers (31). In 1997, these topologically chiral racemic rotaxanes and catenanes 

were shown to be separable on chiral HPLC (Figure 33B) (65, 66). However, even by virtue of current high 

achievement in the field of asymmetric synthesis, asymmetric discrimination and catalytic synthesis of chiral 

supramolecules stand as unsolved problems. 

 

  

Figure 33 | Topological chirality of supramolecules. (A) Topologically chiral rotaxanes and 

catenanes. (B) Separation of topologically chiral enantiomers by chiral HPLC. 
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For the preparation of chiral supramolecules, incorporation of an additional conventional chiral element 

such as central, axial, or planer chirality has been indispensable in most cases (67). Chiral supramolecules 

with additional chiral elements such as central (68, 69), axial (70, 71) or planer (72) chirality on their ring 

or axis component, have already been actively synthesized (Figure 34).  

 

 

Figure 34 | Chiral supramolecules with additional chiral elements. (A) Catenane with central 

chirality. (B) Rotaxane with axial chirality. (C) Catenane with planar chirality. 

 

 

   Diastereomeric rotaxanes with an additional chiral element as well as a topological chirality have also 

been synthesized. Lacour and co-workers have reported a diastereoselective synthesis of pseudorotaxanes 

consisting of an additional helical chirality and an inherent topological chirality, however the 

diastereoselectivity was only 8% de (Figure 35A) (73). Quite recently, separation of diastereomers of a 

rotaxane was reported to be effective for the preparation of enantiopure topologically chiral rotaxanes. 

Goldup and co-workers synthesized a rotaxane as a mixture of diastereomers (2% de) consisting of a 

topological chirality and an additional central chirality in the chiral ester group. These mixtures of 

diastereomers were separated by column chromatography, then the ester group with the central chirality was 

removed and replaced by an achiral amide group, to give the topologically chiral enantiomers (Figure 35B) 

(74). 
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Figure 35 | Diastereomeric rotaxanes with a topological chirality and an additional chirality. (A) 

Attempts to diasteresoselective synthesis of pseudorotaxanes. (B) Separation of diastereomers for 

preparation of topologically chiral rotaxanes. Diastereomers consist of a topological chirality and a 

central chirality. 

 

 

However, an efficient asymmetric synthesis of supramolecules possessing only inherent topological 

chirality still has never been achieved, despite active studies in this direction (75, 76). To the best of our 

knowledge, only example of enantioselective synthesis of rotaxanes and catenanes has been reported by 

Takata and co-workers (Figure 36) (34). Dynamic kinetic resolution of a racemic pseudorotaxane was 

performed by catalytic asymmetric acylation of hydroxy group in the axis component. This most successful 

and pioneering example of discrimination of topological chirality delivered a rotaxane in up to only 4% ee. 
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Figure 36 | Most successful asymmetric synthesis of a topologically chiral supramolecule. 

 

 

Under these backgrounds, I made a challenge toward highly enantioselective synthesis of topologically 

chiral rotaxanes by organocatalysis. 
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4.2 Mobile supramolecular chirality 

Asymmetric synthesis of topologically chiral supramolecules is a conventionally difficult subject. The 

extreme difficulty in asymmetric molecular transformation of such supramolecules may be resulting from 

conformational diversity and movability of topologically chiral supramolecules. Topological chirality is in 

itself mobile, and kinetically labile topologically chiral supramolecules continuously change chiral 

environments. The expected chiral conformations A-F of an enantiomeric form of 13 are shown in Figure 

37. All of the typical six chiral conformers A-F belong to just one single enantiomer ent-13a. Conformers 

A-F have different asymmetric microenvironments depending on the location of the ring component. 

Conformers A and D are pseudo-enantiomeric to each other from the view point of planer chirality (Figure 

37C). Conformer E and F are in a similar relationship with B and C, respectively. Thus, a topologically 

chiral rotaxane has conformational diversity and movability. For the actual asymmetric discrimination of 

enantiomers with topological chirality, the enantiomers shown in Figure 37B should be distinguished, 

whereas the conformers A (B, C) and D (E, F) (Figure 37C) should not be distinguished because they are 

the identical enantiomer. Thus, it seems to be extremely challenging to discriminate mobile supramolecular 

chirality. 

 

 

 

 

 

 

 

  

 

Figure 37 | Mobile supramolecular chirality. (A) Typical six chiral conformers of single enantiomer of 

13. (B) Pair of enantiomers of rotaxane 13. (C) Chiral conformers (A and D) of identical enantiomer.  
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Such mobile nature of topological chirality could be experimentally observed. I measured CD spectra of 

rotaxane 14 (Figure 38). Figure 38A shows a CD spectrum of a pair of separated enantiomers (+)-14 and (-)-

14, which was measured at 20 ℃. A mirror image of the CD spectra clearly showed the enantiomeric 

relationship of these enantiomers. In Figure 38B, variable-temperature CD spectrum of a separated single 

enantiomer (+)-14 is shown, which were measured by heating a MeCN solution of (+)-14 from -10 °C to 

60 °C. The CD behavior dramatically changed depending on temperature. Molar CD became smaller by 

raising temperature, although the rotaxane was existing as consistently a pure enantiomer (99% ee) 

throughout the experiments. The CD absorption maximum was red-shifted from 245 nm to 250 nm and the 

shape of the CD spectra changed with increasing temperature. In contrast, (S)-(-)-1,1’-bi-2-naphthol, which 

is known as a typical axially chiral compound, did not show such temperature dependence in a variable-

temperature CD spectra (Figure 39). The small decrease of molar CD of (S)-(-)-1,1’-bi-2-naphthol seems to 

be caused by thermal expansion of the volume of the solvent. Thus, the unusual CD behavior of rotaxane 14 

suggests mobile nature of supramolecular chirality caused by conformational diversity of topologically chiral 

rotaxane as schematically shown in Figure 37A. Such temperature-dependent CD behavior of rotaxane 14 

was found to be reversible. I measured variable-temperature CD spectra of (+)-14 by cooling a solution from 

60 °C to -10 °C, and the molar CD increased with decreasing the temperature (Figure 38C). 
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Figure 38 | CD spectra of rotaxane 14. (A) CD spectra and chiral HPLC chromatograms of a pair of 

enantiomers of rotaxane 14. CD spectra were recorded in 1.38×10-5 M MeCN at 20 °C. Conditions for 

HPLC: CHIRALPAK IC column (4.6×250 mm); eluent 1:60 EtOH/CH2Cl2; flow rate 0.7 ml/min; detection 

254 nm, temperature 20 °C. (B, C) Variable-temperature CD spectra of (+)-14 measured by heating 

(B), or cooling (C) a solution. Recorded in 1.38×10-5 M MeCN. 
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Figure 39 | Variable-temperature CD spectra of (S)-(-)-1,1’-bi-2-naphthol. Conditions: Recorded by 

heating 0.5×10-5 M MeCN solution of (S)-(-)-1,1’-bi-2-naphthol from -10 to 60 °C. 

 

 

Based on these observation of CD spectra, I measured a variable-temperature NMR of rotaxane 14 in 

acetonitrile-d3 in the temperature range from -40 °C to 60 °C (Figure 40). The assignments of the 1H NMR 

spectra of rotaxane 14 were made using COSY, HMQC, HMBC and DEPT 135 methods at 20 °C. The NMR 

spectra of 14 showed strong temperature dependency. Upon heating, many pairs of signals coalesced or 

broadened. Notably, these chemical shifts at the coalescence temperature were not the average chemical 

shifts of the corresponding individual two signals observed at the low temperature. For example, benzylic 

proton signals Hb (Figure 40), which were observed at ca. 6.24 and 5.92 ppm at -40 °C, appeared at 6.21 

and 6.18 ppm at 60 °C. The average chemical shift (6.08 ppm) at -40 °C was shifted downfield and observed 

at 6.20 ppm by elevating the temperature at 60 °C. Methylene proton signals of crown ether appeared in the 

range of 4.6-2.6 ppm at -40 °C drastically changed the resonance in the range of 4.3-3.3 ppm at 60 °C. These 

observation suggest the change of the ratio of chiral conformers depending on temperature. The observed 

NMR spectra of rotaxane 14 indicates the diversity and mobility of chiral environment of rotaxanes. 
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4.3 Designed Strategy 

Herein I show the first highly enantioselective synthesis of topologically chiral rotaxanes. The designed 

strategy belongs to an acylative kinetic resolution of topologically chiral racemic rotaxanes by 

organocatalysis (Figure 41A). This strategy is based on the concept of dynamic molecular recognition of 

organocatalysts. As the substrate, I chose rotaxane alcohols bearing a NHNs group and a hydroxy group on 

their ring components and axis components, respectively (Figure 41B) (36, 37, 48). 

 

 

Figure 41 | Designed strategy. (A) Kinetic resolution of a topologically chiral racemic rotaxane by 

organocatalysis. (B) Example of rotaxane substrates for kinetic resolution. 

 

 

As the backgrounds, our laboratory previously achieved asymmetric acylation of prochiral linear diols 

with conformational flexibility which have a NHNs group and a hydroxy group (Figure 42A). In the presence 

of catalyst 3, asymmetric acylations of diols having various distance between these functionallities were 

investigated. Among them, the diol 27 having 5 Å distance between functionallities afforded its acylate with 

the highest enantioselectivity, although diols having shorter (25 and 26) or longer (28) inter-functionality 

distance than 5 Å showed reduced enantioselectivity. Thus, catalyst 3 likely discirmininates chiral 

environment most effectively when the distance between these functionalities is around 5 Å.  

This hypothesis of discrimination of distance was applied to discrimination of supramolecular chirality 

(Figure 42B). Rotaxanes have mobile supramolecular chirality, thus, the relative topology between the 

NHNs group and the hydroxy group continuously changes. However, at the moment when these 

functionalities reached the distance of 5 Å, the catalyst would be able to discriminate the chiral environment 

of the rotaxane. Based on this concept of dynamic molecular recognition, I envisaged a kinetic resolution of 

topologically chiral racemic rotaxane by organocatalysis. 
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Figure 42 | Concept of dynamic molecular recognition by catalyst. (A) Discrimination of distance 

between functionalities by catalyst 3. (B) Designed strategy for discrimination of mobile supramolecular 

chirality of rotaxane 13 by dynamic molecular recognition. 
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4.4 Synthesis of substrates 

   First of all, I synthesized rotaxaene substrates bearing a hydroxy group on their axis component and a 

NHNs group on its ring component. Rotaxane 13, 29 and 30 were synthesized from the corresponding ring 

components 34, 35 or 36, axis component 10, and endcap 37 (Figure 43). 

Synthesis of ring components is shown in Figure 44. Ring components 34, 35 and 36 were prepared from 

6-bromo-2-naphthol. Oxidation of 6-bromo-2-naphthol gave the diketone 38, which was reduced into 

naphthalene-1,2-diol 39. Since naphthalene-1,2-diol 39 was very sensitive to air, 39 was carefully treated 

under Ar atmosphere. Naphthalene-1,2-diol 39 was converted to stable alcohol 40. Conversion of alcohol 40 

to crown ether 42 was performed by tosylation of hydroxy groups, followed by cesium cation-templated 

cyclization. The cyclization reaction required at least one week for the completion. Buchwald-Hartwig 

amination of naphthylbromide 42, followed by deprotection of the Boc group of 43, provided amine 

hydrochloride 44. Treatment of amine 44 with o-NsCl gave desired ring component 34 (9.7 g).  

Ring component 36 bearing N-methyl substituent was prepared from the ring component 34.  

Ring component 35 was prepared from naphthylbromide 42 in three steps. Rosenmund-von Braun 

reaction of naphthylbromide 42, followed by reduction of nitrile 45, provided naphthylmethylamine 46. 

Naphthylmethylamine 46 was converted into desired ring component 35 bearing o-Ns substituted 

naphthylmethylamine. 

 

 
 

Figure 43 | Retrosynthesis of rotaxane substrates 13, 29 and 30. 
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Figure 44 | Synthesis of ring components (A) 34, 36 and (B) 35. 

 

THP-protected endcap 37 was prepared from 1,7-dihydroxynaphthalene (Figure 45). Triflation of 1,7-

dihydroxynaphthalene followed by carbonylation gave dimethyl ester 48. Monosaponification of diester 48 

gave desired carbonyl compound 49 after reprecipitation. Reduction to alcohol 50 and THP protection of 

hydroxy group of 50 preceded the saponification of methyl ester 51, which led to the desired endcap 37 (5.0 

g). 
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Figure 45 | Synthesis of endcap component 37. 

 

Reported axis component 10 was prepared from 3,5-dimethylbenzoic acid (Figure 46) (62). 3,5-

Dimethylbenzoic acid was converted to amide 53 followed by reduction to give benzylamine 54. Conversion 

of benzylamine 54 to amino alcohol 56 was performed by reductive amination by using lithium aluminum 

hydride, where the methyl ester of 55 was also reduced to the corresponding alcohol. Amino alcohol 56 was 

converted into desired axis component 10 via corresponding hydrochloride salt 57. 

 

 

Figure 46 | Synthesis of axis component 10. 

 

Then, racemic rotaxane 13 was synthesized from the corresponding ring component 34, axis component 

10 and endcap 37 (Figure 47). Rotaxane 31 was prepared according to the tributylphosphine-catalyzed 

acylative end-capping protocol reported by Takata and co-workers (62). In this step, rotaxane 31 becomes a 

racemic mixture because the axis component threads the ring component randomly from both sides of the 

ring component. Racemic rotaxane 31 was converted to 58 by N-acylation of the axis component. Since the 

amino group on the ring component was also acylated as well as the amino group on the axis component, 

selective hydrolysis of the amide group on the ring component was performed to give 60. Finally, 

deprotection of THP group of 60 provided the desired rotaxane substrate 13 (1.5 g). 

Rotaxane substrate 29 (Figure 47A) and 30 (Figure 47B) could be prepared by the similar manner 

employed for 13.  
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Figure 47 | Synthesis of racemic rotaxanes (A) 13, 29 and (B) 30.  
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4.5 Optimization of conditions 

4.5.1 Screening of substrates 

I initially examined various rotaxane alcohols 13, 64, 59 and 65 bearing a NHNs group and a hydroxy 

group for acylative kinetic resolution (Figure 48). In the presence of chiral PPY catalyst 63, kinetic resolution 

of topologically chiral racemic rotaxanes were performed in CHCl3 at -60 °C. Catalyst 63 was found to be 

effective in discrimination of mobile supramolecular chirality. These rotaxanes gave the selectivity factor in 

the range of 1-2. 

 

 

 

Figure 48 | Initial screening of structure of substrates. #Run in 0.007 M solution. *Reactions 

performed with 0.1 equivalents of catalyst 3 in 0.07 M solution for 6 days. (i-PrCO)2O (0.9 equivalents) 

was used instead of acetic anhydride.  
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I then examined rotaxane substrates 13, 66 and 67 possessing an amide group with various degree of 

steric bulkiness on their axis components (Figure 49). I expected that the bulky amide group on the axis 

component improves enantioselectivity by pushing the ring component to the edge of the axis component, 

thereby the NHNs group easily approach the hydroxy group at the distance of 5 Å. However, steric bulkiness 

of amide groups showed almost no effect on the enantioselectivity. 

 

 

 

Figure 49 | Effects of steric bulk of amide groups on axis components. *Reactions performed with 

0.1 equivalents of catalyst 3 for 6 days. (i-PrCO)2O was used instead of acetic anhydride.  
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4.5.2 Screening of catalysts 

I examined various 4-pyrroridinopyridine (PPY)-based catalysts 3, 69, 68, 70 and 63 for acylative kinetic 

resolution of topologically chiral racemic rotaxane 13 (Figure 50). Among them, catalyst 3 was found to be 

the most effective catalyst, which gave acylate 14 and recovered-13 with 22% ee and 15% ee, respectively, 

with selectivity factor of 1.8. Catalyst 69, the diastereomer of catalyst 3, was found less effective for the 

kinetic resolution. Catalysts 68, 70 and 63, which are replaced the naphthyl side chain of catalyst 3 with 

other substituents, showed further diminished enantioselectivity. 

 

 

 

Figure 50 | Screening of catalysts. *Reactions performed with 0.1 equivalents of cat. 3. (i-PrCO)2O 

(0.9 equivalents) was used instead of acetic anhydride. #Run in 0.007 M solution. 
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4.5.3 Effects of catalyst/substrate ratio 

Having revealed that catalyst 3 is effective in discrimination of mobile supramolecular chirality, I then 

investigated variation of reaction parameters, including solvent, acylating agent, base, temperature and 

concentration. The optimum conditions were found to be the treatment of 13 with acetic anhydride and 1.2 

equivalents of 2,4,6-collidine in the presence of catalyst 3 in 0.01 M CHCl3 at -60 °C. Under the conditions, 

kinetic resolution of rotaxane 13 in the presence of 0.05 equivalents of catalyst 3 gave the acylate 14 in 38% 

ee and recovered 13 in 1% ee with selectivity factor of 2.2 (Figure 51A, entry 2). 

In an effort to obtain higher enantioselectivity, a breakthrough in optimization of conditions came with 

evaluation of catalyst/substrate ratio. I initially conducted the kinetic resolution using 0.05 equivalents of 

catalyst 3 for 6 hours, which afford selectivity factor of 2.2, but the conversion was very low (2%, entry 2). 

For the purpose to increase the reaction conversion, the catalyst loading was then increased to 0.2 equivalents. 

The conversion was increased to 7% as expected, and the selectivity factor was unexpectedly improved to 

4.2 (entry 3). In usual kinetic resolutions, selectivity factors do not change depending on amount of catalyst 

unless reaction proceeds in the absence of catalysts (entry 1), thus this is an unusual tendency (77, 78).  

Based on this curious observation, I investigated the effects of the catalyst/substrate ratio in detail. 

Finally, 1.5 equivalents of catalyst 3 was found to be most effective in asymmetric discrimination of 

topologically chiral rotaxane 13, which afforded the acylate 14 in 79% ee and recovered 13 in 63% ee at 

44% conversion with an outstanding level of selectivity factor of 16.1 (entry 5). I consider that the kinetic 

resolution likely proceeded by the mechanism in which more than two molecules of catalyst 3 are involved.  

In the course of reactions, the degree of conversions did not affect the selectivity factor (Figure 51B). 

Catalyst 3 kept the high level of selectivity factor of 16 regardless of the conversions. Thus, the enhanced 

enantioselectivity shown in Figure 51A results from the effects of the catalyst/substrate ratio, not from the 

degree of conversions. 
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Figure 51 | Effects of catalyst/substrate ratio. (A) Effects of catalyst/substrate ratio on selectivity 

factors. Both % conversion (C) and selectivity factor (s) were calculated from ee’s of the product and 

the recovered starting material: C = ee recovered SM / (ee recovered SM + ee product) , s = ln[(1-C)(1-ee recovered 

SM)]/ln[(1-C) (1+ee recovered SM)] = ln[1-C(1+ee product)]/ln[1-C(1-ee product)]. (B) Effects of conversion on 

selectivity factors. 
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4.5.4 Effects of concentration 

The catalyst/substrate ratio is an important factor in highly selective acylation, and concentration of the 

reaction mixture also significantly affected the enantioselectivity (Figure 52).  

The optimum substrate concentration of the reactioin was 0.01 M (entry 2), where the catalyst/substrate 

ratio greatly affected the selectivity factors (Figure 51A). However, kinetic resolution at lower concentration 

(0.001 M) resulted in the reduced enantioselectivity (s = 4.4) regardless of the catalyst/substrate ratio of 1.5 

(Figure 52, entry 1). I suspect that the loss in enantioselectivity is due to the predominance of the uni-

molecular catalytic process rather than bi-molecular catalytic process at the lower concentration. Kinetic 

resolution at higher concentration (0.1 M) also provided a reduced enantioselectivity (s = 2.3-2.6) regardless 

of the same catalyst/substrate ratio (entries 3, 4). The loss in the enantioselectivity is probably because of 

the negligible contribution of the dimeric association of the substrate at the high concentration, which may 

not be suitable for proper substrate-catalyst interaction. Thus, the catalyst/substrate ratio was found to be 

critical only at the optimized concentration (0.01 M). 

 

 

 

Figure 52 | Effects of concentration of rotaxane substrate 13 and catalyst 3. 
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4.6 Preparative scale production of an enantiopure rotaxane 

With such a high selectivity in the kinetic resolution of the rotaxane with mobile supramolecular chirality 

in hand, it is now possible to obtain topologically chiral rotaxane 13 in excellent ee with good yield. To 

demonstrate the utility of the present method, I performed the reaction on preparative-scale (Figure 53A). 

The kinetic resolution of topologically chiral racemic rotaxane 13 on 50 mg scale was performed with 1.5 

equivalents of 3 and 0.8 equivalents of acetic anhydride in the presence of 1.2 equivalents of 2,4,6-collidine 

in CHCl3 at -60 °C for 37 hours. As a result, 15 mg of topologically chiral rotaxane 13 was successfully 

isolated with perfect enantiopurity (>99.9% ee) in 30% yield with a selectivity factor of >16 (Figure 53B, 

53C). CD spectrum of isolated rotaxane (-)-13 in this kinetic resolution showed exactly opposite behavior to 

that of the other separated enantiomer (+)-13 (Figure 53D, 53E). 
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Figure 53 | Preparative scale production of enantiomerically pure rotaxane 13. (A) Kinetic 

resolution of 13 on preparative scale. The absolute structure of 13 is not determined, so the 

stereochemistry is tentatively shown. (B) Chiral HPLC chromatograms of racemic-13 (C) Chiral HPLC 

chromatograms of isolated enantiopure recovered-13. (D) CD spectra of rotaxane 13. Recorded in 

0.5×10-5 M MeOH. (E) UV/Vis spectrum of rotaxane 13. Recorded in 0.5×10-5 M MeOH.  

Conditions for HPLC:  
CHIRALPAK IC column (4.6×250 mm) 
Eluent 1:60 EtOH/CH2Cl2 
Flow rate 0.7 ml/min 
Detection 254 nm, temperature 20 °C. 
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4.7 Kinetic resolution of rotaxane with a typical catalyst 

I also performed kinetic resolution of rotaxane 13 in the presence of Birman’s catalyst 71 instead of 

catalyst 3. Acylative kinetic resolution of racemic alcohols has been extensively developed, and Birman’s 

catalyst has been well recognized as one of the most efficient catalysts for the purpose. Actually selectivity 

factor reaching 355 has been reported for the acylative kinetic resolution of a racemic alcohol 72 with 

Birman’s catalyst 71 (Figure 54A) (79). However, Birman’s catalyst 71 was totally ineffective for the kinetic 

resolution of rotaxane 13, which afford acylate 14 and recovered 13 as the racemate with selectivity factor 

of 1.0 (Figure 54B). 

 

   
 

 
 

Figure 54 | Acylative kinetic resolution of alcohols with Birman’s catalyst 71. (A) Highly selective 

acylative kinetic resolution of alcohols 72 with Birman’s catalyst 71. (B) Kinetic resolution of topologically 

chiral racemic rotaxane 13 with Birman’s catalyst 71. 
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4.8 Effects of acidic hydrogens of NHNs groups 

In order to gain some mechanistic insights, I investigated the effects of NHNs group of 13 on 

discrimination of mobile supramolecular chirality by catalyst 3 (Figure 55). Kinetic resolution of rotaxane 

62, bearing the NMeNs group instead of the NHNs group, was performed under the optimum conditions. As 

the result, much less selectivity (s = 1.3) than that for 13 (s = 16.1) was observed, indicating that the NHNs 

group of 13 plays an important role for achieving highly efficient discrimination of mobile supramolecular 

chirality. Formation of a hydrogen bond between the NHNs group and catalyst 3 may be the possible origin 

of the observed phenomena.  

Notably, in the kinetic resolution of 30, conversion was also reduced (11%, 37 hours) as well as the 

selectivity factor compared to that of 13 (44%, 6 hours). This result indicates that the NHNs group in 13 is 

responsible for the accelerative acylation as well as the high enantioselectivity.  

I also performed kinetic resolution of 29 with the benzylic NHNs group. Modest enantioselectivity was 

observed, but the selectivity factor was lower (s = 3.6) than that for 13 (s = 16.1). The more acidic hydrogen 

of the NHNs group in 13 than that in 29 appears to work as a more efficient hydrogen bond donor for the 

interaction with catalyst 3. 

 

 

Figure 55 | Effects of acidic hydrogens of NHNs groups. Reaction conditions: catalyst 3 (1.5 

equivalents), acetic anhydride (0.5 equivalents), 2,4,6-collidine (1.2 equivalents), CHCl3, -60 °C, 0.01 

M.  
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4.9 A proposal of a model for chiral discrimination 

Catalyst 3 worked as a highly effective catalyst for discrimination of topological chirality of rotaxane 13. 

In contrast, Birman’s catalyst 71 was totally ineffective in the kinetic resolution although Birman’s catalyst 

71 has been known to be one of the best catalysts for acylative kinetic resolution of alcohols. Difference in 

the modes for the chiral discrimination between Figure 54A and Figure 53A is shown in Figure 56A. On the 

case of chiral discrimination of alcohol 72, the chiral center is located adjacent to the reacting center, so that 

high performance in the discrimination of chirality of the molecule on acylation of the hydroxy group is 

expected. On the other hand, the discrimination of the chirality of rotaxane 13, whose alcohol located at the 

edge of the molecule, is expected to be extremely difficult.  

Birman’s catalyst 71 and other typical catalysts generally favor the sterically least congested conformer 

(Figure 56B, gray-colored conformer). In this conformer, the ring component locates far from the reaction 

center of hydroxy group, thereby the hydroxy group is located in the least asymmetric microenvironments. 

Therefore, acylation of the hydroxy group of this conformer hardly result in effective kinetic resolution. 

On the other hand, catalyst 3 discriminate the mobile supramolecular chiral environments probably at 

the moment when a NHNs group and a hydroxy group approach each other by around 5 Å distance (Figure 

56B, red-colored conformer). In this conformer, the rotaxane has the sterically most congested conformation, 

however, the chiral environment becomes much more obvious because ring component is located close to 

catalyst 3. Thus, the hydroxy group in the active conformer for catalyst 3 is located in the highly asymmetric 

microenvironments, although this conformer is the sterically least accessible conformer for typical catalysts. 

In this way, catalyst 3 utilize the mobile nature of supramolecular chirality for molecular recognition, and 

the highly efficient discrimination of mobile supramolecular chirality has been achieved. 
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Figure 56 | Modes for the chiral discrimination. (A) Difference in the mode for the chiral 

discrimination between central chirality and topological chirality. (B) Difference in the mode for the chiral 

discrimination between typical catalyst and catalyst 3.  

Active conformer for typical catalyst? 
Sterically most accessible, but 
least asymmetric environment for catalyst. 
 

Active conformer for catalyst 3? 
Sterically most congested, but 
highly asymmetric environment for catalyst. 
 

Typical catalysts 
 

Typical catalysts 
 

Cat. 3 
 

Cat. 3 
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4.10 Conclusion 

The first highly efficient discrimination of mobile supramolecular chirality has been achieved by the 

kinetic resolution promoted with catalyst 3. An acylative kinetic resolution of a racemic rotaxane 13 afforded 

a topologically chiral rotaxane with perfect enantiopurity (>99% ee) in excellent selectivity (s >16). The 

concept of dynamic molecular recognition enabled asymmetric synthetic chemistry to set foot into the fields 

of mobile supramolecular chemistry linked a non-covalent system, beyond the conventional fixed covalent 

system. 
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Conclusion and perspective 

Discrimination of mobile supramolecular chirality was successfully achieved by using organocatalysts. 

The chiral PPY catalysts described in this thesis discriminated the dynamic structures of the large 

supramolecules in a highly selective manner by fine molecular recognition. Although the catalysts can form 

various transient complexes with the substrate at a similar energy level to each other, the reaction seems to 

proceed at the moment when the complex reaches the particular productive recognition mode. The chiral 

PPY catalysts adapt themselves to various transformations by flexibly changing their molecular recognition 

modes depending on the substrate structures.  

Such dynamic and flexible recognition mode of the chiral PPY catalysts, without depending on the 

steric effect, is a contrast to the traditional static and rigid recognition mode of the typical conventional 

catalysts. Considering the high interest in the applications of supramolecules to catalysts (46-48), the 

application of the obtained topologically chiral supramolecule to the chiral catalyst might realize further 

dynamic and flexible recognition process in asymmetric synthesis because the topologically chiral 

supramolecule has mobility in the chiral environment itself. 

The dynamic and flexible recognition modes of the chiral PPY catalysts are somewhat similar to the 

mode for protein-protein interactions (80, 81). Protein-protein interactions are crucial interactions for 

signaling cascades and regulation of biological events in the cell. Proteins with conformational variability 

have been known to form complexes with various different kinds of proteins, repeating the 

association/dissociation process and finding the suitable interaction for its partner protein structure. In a 

similar manner to protein-protein interactions, these chiral PPY catalysts promote the reaction in an 

accelerative manner at the moment when the complexes reaches the most suitable recognition mode for the 

reaction among various possible interaction modes. From such a viewpoint, the concept of dynamic 

molecular recognition by the chiral PPY catalysts could be applied not only to recognition of supramolecules 

but to controlling other giant molecules like proteins. For example, the concept of dynamic molecular 

recognition has the possibility for contributing to the development of low-molecular-weight drugs which 

control the functions of proteins via protein-drug interactions in a highly selective manner. 

The concept of dynamic molecular recognition discussed in this thesis is expected to be adopted as a 

novel concept in a wide range of fields including organic chemistry, biochemistry and medicinal chemistry. 
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1. General Information 
 

Reagents and solvents 

Anhydrous toluene, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), pyridine, dimethylsulfoxide 

(DMSO), methanol (MeOH), dichloromehthane (CH2Cl2) and chloroform (CHCl3) were purchased from 

commercial suppliers and stored over activated molecular sieves. CHCl3 for the kinetic resolution of 

rotaxanes was purchased from Kanto Chemical Co., Inc. and stored over aluminium oxide. Acetic anhydride, 

isobutyric anhydride and 2,4,6-collidine were distilled before use. 

 

Reaction 

All reactions, sensitive to air or moisture, were carried out in an argon atmosphere under anhydrous 

conditions. Thin-layer chromatography (TLC) was performed on Silica gel 60 F254 precoated plates (0.25 

mm, Merck). Visualization of developed chromatogram was accomplished with UV light and p-

anysaldehyde (conc. H2SO4 in ethanol) or phosphomolybdic acid (5 w/v% in ethanol) stain followed by 

heating. 

 

Purification 

Chromatographic purification of products was accomplished by using Silica gel 60 N (63-210 μm, Kanto 

Chemical Co., Inc.). Preparative TLC (PTLC) was carried out by using Silica gel 60N F254 (0.5 mm, Merck). 

 

Analysis 

Analytical HPLC was run on Waters 1525 Binary HPLC Pump, equipped with Waters 2998 Photodiode 

Array Detector. 1H and 13C NMR spectra were recorded on JEOL ECX-400 (400 and 100 MHz), JEOL 

ECA-600 (600 and 150 MHz) and Bruker Avance Ⅲ 600 (600 MHz). Chemical shifts are reported relative 

to the solvent (CHCl3: δ (1H) = 7.26 ppm, δ (13C) = 77.0 ppm, benzene-d6: δ (1H) = 7.16 ppm) as reference. 

Data for 1H NMR are reported as follows: chemical shift (δ ppm), integration, multiplicity (s = singlet, d = 

doublet, t = triplet, dd = double doublet, ddd = double double doublet, dt = double triplet, m = multiplet, br 

= broad, brt = broad triplet) and coupling constant (Hz). Data for proton-decoupled 13C NMR are reported 

in terms of chemical shift. Infrared (IR) spectra were recorded on a JASCO FT-IR 4200 spectrometer and 

are reported in terms of frequency of absorption (cm-1). High resolution mass spectra (HRMS) were obtained 

using JEOL JMS-700 mass spectrometer and Bruker Impact HD mass spectrometer. Melting points (m.p.) 

were recorded using Yanagimoto Micro Melting Point Apparatus PM-500. Specific rotations were measured 

with JASCO P-2200 polarimeter and HORIBA SEPA-200 automatic digital polarimeter, and are reported as 

follows: [α]D
t (c = 10 mg/ml, solvent, enantiomeric excess (ee)). UV/Vis absorption spectra were recorded 

with a JASCO V-550 UV/Vis spectrophotometer. Circular dichroism (CD) spectra were recorded with a 

JASCO J-720W spectropolarimeter and a JASCO J-820-L spectropolarimeter equipped with a JASCO PTC-

423L Peltier Controller.  
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2. Chapter 2 
 

2.1 General procedures for acylation of 1,n-diols 

General procedure for the acylation of 1,n-diol (Figure 16, 17, 18) 

To a stirred solution of 1,n-diol (0.2 mmol, 1.0 equivalents), catalyst (0.05 equivalents) and 2,4,6-collidine 

(1.5 equivalents) in CHCl3 (2.9 mL, 0.07 M for 1,n-diol) at -60 °C was added cooled isobutyric anhydride 

(1.03 equivalents). After stirring at -60 °C for 24 h, the reaction mixture was quenched with MeOH (10 mL), 

and the solution was stirred for 10 min. Then the solvent was carefully evaporated. Yields of monoacylate, 

diacylate and recovered 1,n-diol were determined by NMR in CDCl3 or benzene-d6. 

 

Procedure for the competitive acylation (Figure 19) 

To a stirred solution of 1,5-pentanediol (4) (0.16 mmol, 0.5 equivalents), 1,2-ethanediol (7) (0.16 mmol, 0.5 

equivalents), catalyst (0.05 equivalents) and 2,4,6-collidine (1.5 equivalents) in CHCl3 (4.6 mL, 0.07 M for 

the total amount of diols) at -60 °C was added cooled isobutyric anhydride (1.03 equivalents). After stirring 

at -60 °C for 24 h, the reaction mixture was quenched with MeOH (16 mL), and the solution was stirred for 

10 min. Then the solvent was carefully evaporated. Yields of monoacylates, diacylates and recovered diols 

were determined by NMR in CDCl3 and benzene-d6. Chemoselectivity of the acylation of 1,5-pentanediol 

(4) versus 1,2-ethanediol (7) (k (acylation of 4) / k (acylation of 7)) were determined according to the following 

equation: k (acylation of 4) / k (acylation of 7) = ln[(1-conversion)(1-|(8+9)-(5+6)|/{(8+9)+(5+6)}]/ln[(1-

conversion)(1+|(8+9)-(5+6)|/{(8+9)+(5+6)})]. Conversion was calculated based on the total amount of the 

two diols. 
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2.2  Synthetic procedures and characterization details  

 

18: To a solution of N-(4-pyridyl)-L-proline (23 mg, 0.1 mmol), 1-methyl-L-tryptophan octyl ester 

hydrochloride (55 mg, 0.15 mmol) in CH2Cl2 (1.1 mL) were added 1-ehtyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDCI) (29 mg, 0.15 mmol), 1-hydroxybenzotriazole 

(HOBt) (20 mg, 0.15 mmol) and N-methylmorpholine (44 μL, 0.4 mmol). After stirring at room temperature 

for 12 h, the mixture was diluted with AcOEt and washed wish sat. NaHCO3 aq. and brine, dried over Na2SO4, 

filtered, and concentrated in vacuo. The crude product was purified by preparative TLC (SiO2, 1:19 MeOH/ 

CHCl3) to afford 18 (50 mg, 96% yield) as a white solid. m.p. 85-86 °C. [α]D
20 -103 (c 0.35, CHCl3). 1H 

NMR (600 MHz, CDCl3): δ 8.15 (d, J = 5.5 Hz, 2H), 7.43 (d, J = 7.9 Hz, 1H), 7.26-7.21 (m, 2H), 7.11-7.08 

(m, 1H), 6.68 (s, 1H), 6.44 (d, J = 7.6 Hz, 1H), 6.27-6.25 (m, 2H), 4.76-4.73 (m, 1H), 4.09 (dt, J = 5.8, 1.7 

Hz, 2H), 3.98 (dd, J = 9.1, 1.7 Hz, 1H), 3.64 (s, 3H), 3.30 (dd, J = 15.0, 5.9 Hz, 1H), 3.23 (dd, J = 15.0, 5.9 

Hz, 1H), 3.12-3.07 (m, 1H), 3.05-3.00 (m, 1H), 2.20-2.07 (m, 2H), 1.87-1.81 (m, 1H), 1.61-1.47 (m, 3H), 

1.31-1.22 (m, 10H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (150 MHz, CDCl3): δ 172.0, 171.2, 151.7, 149.0, 

136.7, 128.2, 127.2, 121.9, 119.3, 118.0, 109.6, 108.0, 107.7, 65.7, 63.0, 53.1, 48.3, 32.7, 31.8, 30.9, 29.2, 

28.5, 26.4, 25.8, 23.4, 22.6, 14.1. IR (neat): 3189, 2925, 1739, 1673, 1598, 1516, 1379, 1255, 1224, 999, 

805, 743 cm-1. HRMS (ESI): m/z calcd for C30H40N4O3 [M+H]+: 505.3173 found: 505.3162.  
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3. Chapter 3 
 

3.1 Formation of acylpyridinium ion pairs  

Acylpyridinium ion pair 20 generated from acetic anhydride (Figure 28) 

The formation of acylpyridinium ion 20 from PPY and acetic anhydride was monitored by variable-

temperature 1H NMR. A sealed NMR tube containing 0.1 M PPY and 0.15 M acetic anhydride in CDCl3 

was prepared. The position of the equilibrium was directly determined from the ratio of 4-

pyrrolidinopyridine to 20 in the temperature range of -30 ~ -65 °C (Figure 28). 

 

Acylpyridinium ion pair 21 generated from benzoic anhydride (Figure 29) 

The formation of acylpyridinium ion 21 from PPY and benzoic anhydride was monitored by variable-

temperature 1H NMR. A sealed NMR tube containing 0.3 M PPY and 0.465 M benzoic anhydride in CDCl3 

was prepared. The position of the equilibrium was directly determined from the ratio of 4-

pyrrolidinopyridine to 21 in the temperature range of -45 ~ -70 °C (Figure 29). 

 

Acylpyridinium ion pair 22 generated from acetyl chloride (Figure 30) 

The formation of acylpyridinium ion 22 from PPY and acetyl chloride was monitored by 1H NMR. A NMR 

tube containing 0.07 M PPY and 0.07 M acetyl chloride in CDCl3 was prepared. 1H NMR spectra was 

obtained at 20 °C (Figure 30). 

 

Acylpyridinium ion pair 23 generated from benzoyl chloride (Figure 31) 

The formation of acylpyridinium ion 23 from PPY and benzoyl chloride was monitored by 1H NMR. A 

NMR tube containing 0.07 M PPY and 0.07 M benzoyl chloride in CDCl3 was prepared. 1H NMR spectra 

was obtained at 20 °C (Figure 31). 
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3.2 General procedure of synthesis of rotaxanes 

To a stirred solution of AgPF6 (42 mg, 0.165 mmol), DMAP (1 mg, 0.0075 mmol) and 1-adamantaneacetyl 

chloride (23.4 mg, 0.11 mmol) in CHCl3 (0.10 ml), a solution of axis component 10 (20 mg, 0.050 mmol), 

dibenzo-24-crown-8-ether 11 (33 mg, 0.074 mmol) and pivalic acid (11 mg, 0.11 mmol) in CHCl3 (0.15 ml) 

was added at 0 °C. The reaction mixture was stirred at 0 °C for 2 h. The reaction mixture was diluted with 

CHCl3, washed with 1M HCl aq. and water, dried over Na2SO4, filtered and concentrated in vacuo. The 

crude product was purified by preparative TLC (SiO2, 1:19 MeOH/CHCl3) to afford 12 (49 mg, 94% yield) 

as a white solid. 

 

 

Rotaxane 12: A white solid. m.p. 161-163 °C. 1H NMR (400 MHz, CDCl3): δ 7.57 (br, 2H), 7.34 (d, J = 

12.0 Hz, 2H), 7.20 (d, J = 12.0 Hz, 2H), 6.92-6.77 (m, 11H), 5.00 (s, 2H), 4.63 (t, J = 10.3 Hz, 2H), 4.44 (t, 

J = 10.3 Hz, 2H), 4.12-4.06 (m, 8H), 3.81-3.73 (m, 8H), 3.50-3.41 (m, 8H), 2.14 (s, 6H), 2.13 (s, 2H), 1.95 

(br, 3H), 1.64-1.57 (m, 12H). 13C NMR (100 MHz, CDCl3): δ 171.45, 147.31, 138.26, 137.33, 131.42, 131.27, 

130.58, 129.39, 127.91, 126.53, 121.56, 112.51, 70.55, 70.05, 68.02, 64.94, 52.57, 52.11, 48.71, 42.26, 36.58, 

32.76, 28.47, 21.10. IR (neat): 3150, 3063, 2904, 2848, 1729, 1593, 1504, 1454, 1254, 1214, 1127, 1104, 

1057, 954, 843, 751, 558 cm-1. HRMS (ESI): m/z calcd for C53H70NO10 [M-PF6]+: 880.4994, found: 880.4972. 
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4. Chapter 4 
 

4.1 General procedures of kinetic resolution  

Kinetic resolution on an analytical scale (Figure 51, entry 5) 

 
To a solution of catalyst 3 (1.087 mg, 0.01271 mmol, 1.5 equivalents) in CHCl3 (15 μl) at room temperature 

was added CHCl3 (31 μl), a solution of 2,4,6-collidine (0.134 μl, 0.0010166 mmol, 1.2 equivalents) in CHCl3 

(13.4 μl) and a solution of rotaxane 13 (1 mg, 0.0008472 mmol, 1.0 equivalents) in CHCl3 (20 μl). The 

solution was cooled to -60 °C. Acetic anhydride (0.04 μl, 0.0004236 mmol, 0.5 equivalents) in CHCl3 (4.0 

μl) was added to the solution dropwise and the reaction mixture was kept at -60 °C for 6 h. MeOH (300 μl) 

was added to the reaction mixture at -60 °C and the solution was kept at room temperature for 30 min. The 

solvent was removed in vacuo. The resulting product was analyzed by chiral stationary phase HPLC with 

CHIRALPAK-IC column eluted by 1:60 EtOH/CH2Cl2 (0.7ml/min) at 20 °C to determine the enantiomeric 

enrichment of the recovered rotaxane 13 (63% ee) and the acylate 14 (79% ee). Conversion (C) and 

selectivity factor (s) were determined according to the following equation: conversion C = ee recovered SM / (ee 

recovered SM + ee product) and selectivity factor s = ln[(1-C)(1-ee recovered SM)]/ln[(1-C) (1+ee recovered SM)] = ln[1-

C(1+ee product)]/ln[1-C(1-ee product)]. 

 

Kinetic resolution on a preparative scale (Figure 53) 

To a stirred solution of catalyst 3 (54.34 mg, 0.06354 mmol, 1.5 equivalents) in CHCl3 (2.25 ml) at room 

temperature was added a solution of 2,4,6-collidine (6.72 μl, 0.05083 mmol, 1.2 equivalents) in CHCl3 (672 

μl) and a solution of  rotaxane 13 (50 mg, 0.04236 mmol, 1.0 equivalents) in CHCl3 (1 ml). The solution 

was cooled to -60 °C. A solution of acetic anhydride (3.2 μl, 0.03389 mmol, 0.8 equivalents) in CHCl3 (320 

μl) was added to the solution dropwise and the reaction mixture was stirred at -60 °C for 37 h. MeOH (15 

ml) was added to the reaction mixture at -60 °C and the solution was stirred at room temperature for 30 min. 

The solvent was removed in vacuo. The crude product was analyzed by chiral HPLC with CHIRALPAK-IC 

column eluted by 1:60 EtOH/CH2Cl2 (0.7ml/min) at 20 °C. The crude product was purified by preparative 

TLC (SiO2, 1:19 MeOH/ CHCl3) to afford recovered 13 (15.1 mg, 30% yield) and acylate 14 (32.7 mg, 65% 

yield). Enantiomeric enrichment of the recovered rotaxane 13 (99% ee) and the acylate 14 (40% ee) was 

determined by chiral HPLC with CHIRALPAK-IC column eluted by 1:60 EtOH/CH2Cl2 (0.7ml/min) at 

20 °C.  
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4.2 HPLC charts for kinetic resolution  

A  Racemic-13 

 

 

 

B  Racemic-14 

 

 

 

C  Crude product of a kinetic resolution of racemic-13 on an analytical scale (Figure 51, entry 5) 

  

 
 

Figure S1 | Chiral HPLC chromatograms of kinetic resolution of racemic-4 on an analytical scale 

(Figure 50, entry 5). Conditions for HPLC: CHIRALPAK IC column (4.6×250 mm); eluent 1:60 

EtOH/CH2Cl2; flow rate 0.7 ml/min; detection 254 nm, temperature 20 °C. (A) Racemic-13. (B) Racemic-

14. (C) Crude product of a kinetic resolution of racemic-13 on an analytical scale (Figure 51, entry 5). 

 

79% ee 63% ee 
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A  Crude product of a kinetic resolution of racemic-13 on a preparative scale (Figure 53) 

 

 

 

B  Isolated recovered-13 (Figure 53) 

 

 

 

C  Isolated acylate 14 (Figure 53) 

 

 

 

Figure S2 | Chiral HPLC chromatograms of kinetic resolution of racemic-13 on a preparative 

scale (Figure 53). Conditions for HPLC: CHIRALPAK IC column (4.6×250 mm); eluent 1:60 

EtOH/CH2Cl2; flow rate 0.7 ml/min; detection 254 nm, temperature 20 °C. (A) Crude product of a kinetic 

resolution of racemic-13 on a preparative scale. (B) Isolated recovered-13. (C) Isolated acylate 14. 

40% ee 

40% ee 

>99.9% ee 

>99.9% ee 
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A  Racemic-74 

 

  

 

B  Recovered-30 (Figure 55), ee of recovered-30 was determined after converting to acylate 74. 

 

 

 

 

C  Acylate-74 (Figure 55) 

 

 

 

Figure S3 | Chiral HPLC chromatograms of kinetic resolution of racemic-30 (Figure 55). 

Conditions for HPLC: CHIRALPAK ID column (4.6×250 mm); eluent 1:540 EtOH/CHCl3; flow rate 0.7 

ml/min; temperature 20 °C. (A) Racemic-74. (B) Recovered-30. (C) Acylate-74. 

 

11% ee 

1% ee 
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A  Racemic-29 

 

 

B  Racemic-75 

 

 

 

C  Crude product of a kinetic resolution of racemic-29 (Figure 55) 

 

 

 

D  Crude product of a kinetic resolution of racemic-29 (Figure 55) 

 

 

 

Figure S4 | Chiral HPLC chromatograms of kinetic resolution of racemic-29. Conditions for HPLC 

(A, C) : CHIRALPAK ID column (4.6×250 mm); eluent 1:40 EtOH/CH2Cl2; flow rate 0.5 ml/min; 

temperature 20 °C. Conditions for HPLC (B, D): CHIRALPAK ID column (4.6×250 mm); eluent 1:80 

EtOH/CH2Cl2; flow rate 1.0 ml/min; temperature 20 °C. (A) Racemic-29. (B) Racemic-75. (C, D) Crude 

product of a kinetic resolution of racemic-29.  

29: 39% ee 

75: 43% ee 
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4.3 Synthetic procedures and characterization details  

4.3.1 Purification of catalyst 3 

 

3: Catalyst 3 was prepared according to the reported method (37), then purified further in the following way. 

After extraction and evaporation of the reaction mixture, the crude product was subjected to column 

chromatography (SiO2, 2:1 AcOEt/Hexane to 1:99 to 1:50 MeOH/CHCl3) to afford crude 1 as a pale yellow 

residue. The pale yellow residue was dissolved in MeOH and the solution was concentrated in vacuo. Then 

the residue was dissolved in AcOEt and the solution was concentrated in vacuo. The pale yellow residue was 

recrystallized from hot AcOEt by cooling and adding a small amount of hexane to give a slightly pale yellow 

residue. To the slightly pale yellow residue was added a small amount of MeOH, which was filtered to afford 

completely pure catalyst 3 (7.02 g) as a white solid. 

 

 

4.3.2 Synthesis of ring components (Figure 44)  

 

6-Bromonaphthalene-1,2-dione (38): To a stirred solution of 6-bromo-2-naphthol (35.6 g, 160 mmol) in 

THF (960 ml) at room temperature was added IBX (50 g, 178 mmol), which changed its color to bright 

orange within 1 h. The reaction mixture was stirred at room temperature for 16 h in the dark. The solvent 

was removed in vacuo and the residue was diluted with CHCl3, washed with sat. NaHCO3 aq. and brine, 

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was obtained as a bright orange 

solid, which was directly used for the next step. 

 

6-Bromonaphthalene-1,2-diol (39): The following steps were carried out under Ar atmosphere. All solvents 

and reaction vessels were degassed by flushing with Ar gas. The crude 6-bromonaphthalene-1,2-dione (38) 

was dissolved in degassed THF (245 ml) at room temperature under Ar. To the stirred solution was added a 

solution of Na2S2O4 (145 g, 835 mmol) in degassed water (222 ml), which changed its color to pale orange 

within a few minutes. The reaction mixture was stirred under Ar atmosphere at room temperature for 15 min. 

The solvent was removed in vacuo under Ar atmosphere. The crude product was directly used for the next 

step. 
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40: The following steps were carried out under Ar atmosphere. All solvents and reaction vessels were 

degassed by flushing with Ar gas. To a solution of triethylene glycol monotosylate (52 g, 171 mmol) and 

powdered K2CO3 (66.4 g, 480 mmol) in degassed MeCN (50 ml) at reflux temperature under Ar atmosphere 

was added a solution of the crude 6-bromonaphthalene-1,2-diol (39) in degassed MeCN (300 ml). The 

reaction mixture was stirred at reflux temperature under Ar atmosphere for 37 h. The reaction mixture was 

cooled to room temperature, filtered through a celite pad and the filtrate was concentrated in vacuo. The 

crude product was purified by column chromatography (SiO2, 1:1 Hexane/Acetone) to afford 40 (20.9 g, 

26% yield, 3 steps) as a pale yellow oil. 1H NMR (600 MHz, CDCl3): δ 8.09 (d, J = 8.9 Hz, 1H), 7.90 (d, J 

= 1.4 Hz, 1H), 7.50 (dd, J = 8.9, 2.0 Hz, 1H), 7.45 (d, J = 8.9 Hz, 1H), 7.27 (d, J = 9.6 Hz, 1H), 4.35 (t, J = 

4.8 Hz, 2H), 4.29 (t, J = 4.8 Hz, 2H), 3.88 (t, J = 4.8 Hz, 2H), 3.86 (t, J = 4.8 Hz, 2H), 3.74-3.67 (m, 12H), 

3.61-3.58 (m, 4H), 2.95 (br, 2H). 13C NMR (150 MHz, CDCl3): δ 147.38, 142.57, 130.86, 129.24, 129.15, 

127.88, 123.71, 123.05, 118.25, 118.18, 72.52, 72.49, 72.45, 70.64, 70.47, 70.44, 70.32, 70.28, 69.80, 69.43, 

61.54. IR (neat): 3384, 2873, 1587, 1496, 1456, 1348, 1272, 1105, 1070 cm-1. HRMS (EI): m/z calcd for 

C22H31
79BrO8 [M]+: 502.1202, found: 502.1206; calcd for C22H31

81BrO8 [M]+: 504.1185, found: 504.1186.  

 

41: To a stirred solution of 40 (20.1 g, 40 mmol), triethylamine (56 ml, 400 mmol) and N,N-dimethyl-4-

aminopyridine (970 mg, 8.0 mmol) in CH2Cl2 (100 ml) at room temperature was added a solution of p-

toluenesulfonyl chloride (33.6 g, 176 mmol) in CH2Cl2 (250 ml) dropwise over 2 h. The reaction mixture 

was stirred at room temperature for 26 h, which changed its color to reddish brown. 5 M HCl aq. was 

carefully added to the reaction mixture and the aqueous layer was extracted with CH2Cl2. The organic layer 

was separated and washed with 2 M HCl aq., water and brine, dried over Na2SO4, filtered and concentrated 

in vacuo. The crude product was purified by column chromatography (SiO2, 1:1 to 0:1 Hexane/AcOEt) to 

afford 41 (22.0 g, 68% yield) as an orange oil. 1H NMR (600 MHz, CDCl3): δ 8.08 (d, J = 8.9 Hz, 1H), 7.89 

(d, J = 1.4 Hz, 1H), 7.79-7.75 (m, 4H), 7.47-7.44 (m, 2H), 7.32-7.29 (m, 4H), 7.27 (d, J = 8.9 Hz, 1H), 4.31 

(t, J = 4.8 Hz, 2H), 4.27 (t, J = 4.8 Hz, 2H), 4.15-4.12 (m, 4H), 3.84 (t, J = 4.8 Hz, 2H), 3.77 (t, J = 4.8 Hz, 

2H), 3.69-3.59  (m, 12H), 2.41 (s, 3H), 2.40 (s, 3H). 13C NMR (150 MHz, CDCl3): δ 147.42, 144.70, 144.67, 

142.46, 132.72, 130.76, 129.69, 129.14, 128.99, 127.91, 127.76, 123.80, 122.94, 118.28, 118.07, 72.31, 



89 

70.61, 70.50, 70.36, 70.30, 69.84, 69.39, 69.16, 69.13, 68.56, 21.45. IR (neat): 2875, 1589, 1496, 1453, 1354, 

1176, 1127, 1098 cm-1. HRMS (FAB): m/z calcd for C36H43
79BrO12S2 [M]+: 810.1379, found: 810.1408; 

calcd for C36H43
81BrO12S2 [M]+: 812.1365, found: 812.1371. 

 

42: A solution of catechol (3.0 g, 27 mmol) and Cs2CO3 (44.0 g, 135 mmol) in MeCN (1000 ml) was stirred 

at reflux temperature for 15 min. To the stirred solution at reflux temperature was added a solution of 41 

(21.9 g, 27 mmol) in MeCN (268 ml) dropwise over 1 h. The reaction mixture was stirred at reflux 

temperature for 7 days. The solvent was removed in vacuo and the residue was diluted with CHCl3, washed 

with sat. NaHCO3 aq. and brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude product 

was subjected to column chromatography (SiO2, 1:99 MeOH/CHCl3) to afford an oil product. The oil product 

was purified by column chromatography (SiO2, 1:1:4 CHCl3/Hexane/AcOEt) to afford 42 (10.0 g, 64% 

yield) as a pale yellow solid. m.p. 58-61 °C. 1H NMR (600 MHz, CDCl3): δ 8.02 (d, J = 8.9 Hz, 1H), 7.90 

(d, J = 1.4 Hz, 1H), 7.49 (dd, J = 8.9, 2.1 Hz, 1H), 7.45 (d, J = 8.9 Hz, 1H), 7.25 (d, J = 8.9 Hz, 1H), 6.90-

6.87(m, 4H), 4.34 (t, J = 4.8 Hz, 2H), 4.29 (t, J = 4.4 Hz, 2H), 4.16-4.14 (m, 4H), 3.95 (t, J = 4.8 Hz, 2H), 

3.93-3.90 (m, 6H), 3.86-3.83 (m, 4H), 3.82-3.79 (m, 4H). 13C NMR (150 MHz, CDCl3): δ 148.91, 148.84, 

147.60, 142.51, 130.70, 129.35, 129.18, 127.77, 123.58, 123.01, 121.47, 121.39, 118.01, 117.46, 114.35, 

114.08, 72.39, 71.09, 71.06, 70.62, 70.58, 69.99, 69.89, 69.83, 69.51, 69.32, 69.10. IR (KBr): 3427, 2922, 

2886, 1622, 1589, 1501, 1450, 1360, 1329, 1269, 1206, 1135, 1070, 745 cm-1. HRMS (FAB): m/z calcd for 

C28H33
79BrO8 [M]+: 576.1359, found: 576.1351; calcd for C28H33

81BrO8 [M]+: 578.1343, found: 578.1341. 

 

43: To a stirred solution of 42 (7.97 g, 13.8 mmol) in degassed toluene (55 ml) at room temperature was 

added successively Pd2(dba)3 (885 mg, 0.97 mmol), tBuXPhos (1.39 g, 2.9 mmol), NaOtBu (1.86 g, 19.3 

mmol) and tert-butyl carbamate (1.94 g, 16.6 mmol). After stirring at room temperature for 8 h, the reaction 

mixture was filtered through a celite pad and the solvent was removed in vacuo. The crude product was 

purified by column chromatography (SiO2, 1:99 MeOH/CHCl3) to afford 43 (9.5 g, 99% yield) as a red oil. 
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1H NMR (600 MHz, CDCl3): δ 8.05 (d, J = 8.9 Hz, 1H), 7.96 (br, 1H), 7.46 (d, J = 8.9 Hz, 1H), 7.24 (dd, J 

= 8.9, 2.0 Hz, 1H), 7.20 (d, J = 8.9 Hz, 1H), 6.90-6.87 (m, 4H), 6.64 (br, 1H), 4.32 (t, J = 4.8 Hz, 2H), 4.27 

(t, J = 4.1 Hz, 2H), 4.16-4.14 (m, 4H), 3.95 (t, J = 4.8 Hz, 2H), 3.93-3.91 (m, 6H), 3.85-3.84 (m, 4H), 3.82-

3.79 (m, 4H), 1.54 (s, 9H). 13C NMR (150 MHz, CDCl3): δ 152.84, 148.88, 148.81, 146.26, 142.48, 134.45, 

130.33, 125.66, 123.29, 122.45, 121.41, 121.34, 119.44, 117.34, 114.34, 114.10, 80.34, 72.26, 70.98, 70.57, 

70.52, 70.03, 69.80, 69.74, 69.63, 69.27, 69.09, 28.25. IR (neat): 3319, 2929, 2873, 1719, 1604, 1543, 1502, 

1454, 1369, 1250, 1158, 1128, 1058, 750 cm-1. HRMS (FAB): m/z 636.2781 [M+Na]+, 613.2893 [M]+. 

 

44: 4M HCl in dioxane (80 ml) was added to a reaction vessel containing 43 (9.9 g, 16.1 mmol) at room 

temperature. After stirring at room temperature for 7 h, the solvent was removed in vacuo. The crude product 

was directly used for the next step. 

 

 

Ring component 34: To a stirred solution of 44 and NaOAc (7.4 g, 90 mmol) in MeOH (161 ml) and water 

(161 ml) at room temperature was added 2-nitrobenzenesulfonyl chloride (12.5 g, 56 mmol). The reaction 

mixture was stirred at 50 °C for 12 h. The reaction mixture was diluted with CHCl3 and washed with sat. 

NaHCO3 aq. and brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude product was 

purified by column chromatography (SiO2, 1:99 MeOH/AcOEt) to afford 34 (9.69 g, 86% yield, 2 steps) as 

a pale yellow amorphous. 1H NMR (600 MHz, CDCl3): δ 8.04 (d, J = 8.9 Hz, 1H), 7.85 (d, J = 7.6 Hz, 1H), 

7.78 (dd, J = 7.5, 1.3 Hz, 1H), 7.66-7.62 (m, 1H), 7.57 (d, J = 2.0 Hz, 1H), 7.51-7.47 (m, 1H), 7.44 (d, J = 

8.9 Hz, 1H), 7.36 (br, 1H), 7.25-7.22 (m, 2H), 6.90-6.86 (m, 4H), 4.31 (t, J = 4.8 Hz, 2H), 4.27 (t, J = 4.8 

Hz, 2H), 4.15-4.12 (m, 4H), 3.93 (t, J = 5.5 Hz, 2H), 3.91-3.89 (m, 6H), 3.84-3.82 (m, 4H), 3.80-3.77 (m, 

4H). 13C NMR (150 MHz, CDCl3): δ 148.84, 148.72, 148.02, 147.46, 142.24, 133.85, 132.48, 131.99, 131.66, 

131.36, 129.55, 127.55, 125.09, 123.58, 123.30, 122.26, 121.44, 121.31, 120.77, 117.40, 114.34, 113.96, 
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72.30, 70.94, 70.51, 70.46, 69.87, 69.78, 69.69, 69.44, 69.24, 68.98. IR (neat): 2927, 2874, 1600, 1543, 1503, 

1453, 1370, 1255, 1124, 748 cm-1. HRMS (FAB): m/z calcd for C34H38N2O12SNa [M+Na]+: 721.2043, found: 

721.2037.  

 

Ring component 36: To a stirred solution of ring component 34 (132 mg, 0.189 mmol) in DMF (0.66 ml) 

at room temperature was added NaH (9.5 mg, 0.395 mmol), then the mixture was stirred at room temperature 

for 15 min. To the resulting mixture was added methyl iodide (25 μl, 0.395 mmol) and the mixture was 

stirred at room temperature for another 1 h. The reaction was quenched with water and the aqueous layer 

was extracted with AcOEt. The organic extract was washed with water, dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by column chromatography (SiO2, 1:25:25 

MeOH/AcOEt/Hexane to 1:50 MeOH/CHCl3) to afford 36 (130 mg, 96% yield) as a yellow oil. 1H NMR 

(400 MHz, CDCl3): δ 8.09 (d, J = 9.2 Hz, 1H), 7.66-7.58 (m, 3H), 7.48-7.34 (m, 3H), 7.27-7.24 (m, 2H), 

6.89-6.86 (m, 4H), 4.35-4.33 (m, 2H), 4.31-4.29 (m, 2H), 4.16-4.14 (m, 4H), 3.96-3.90 (m, 8H), 3.85-3.79 

(m, 8H), 3.45 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 148.83, 148.73, 148.18, 148.04, 142.22, 136.04, 

133.60, 131.55, 130.95, 130.91, 129.39, 128.32, 126.08, 124.99, 123.99, 123.59, 123.14, 121.42, 121.31, 

117.19, 114.32, 113.98, 72.32, 70.96, 70.54, 70.48, 69.87, 69.80, 69.72, 69.41, 69.21, 68.98, 39.40.IR (neat): 

2925, 2874, 1597, 1545, 1502, 1454, 1353, 1256, 1123, 752 cm-1. HRMS (FAB): m/z calcd for C35H40N2O12S 

[M]+: 712.2302, found: 712.2302.  

 

45: To a stirred solution of 42 (4.1 g, 6.9 mmol) in DMF (30 ml) at room temperature was added CuCN 

(12.4 g, 138 mmol). The reaction mixture was stirred at 120 °C for 70 h. The reaction was quenched with 

brine and the aqueous layer was extracted with AcOEt. The organic extract was washed with NaHCO3 aq., 

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was subjected to a short column 
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(SiO2, 1:1 Hexane/AcOEt to 1:9 MeOH/CHCl3) to afford a crude 45 as a brown oil, which was directly used 

for the next step. 

 

46: To a stirred solution of LiAlH4 (410 mg, 10.8 mmol) in THF (12.5 ml) at 0 °C was added a solution of 

crude 45 (1.88 g) in THF (12.5 ml). The reaction mixture was stirred at room temperature for 10 h. The 

reaction mixture was quenched by adding water, followed by 15% NaOH aq. and water. The resulting 

precipitate was filtered through celite and a part of solvent was removed in vacuo.  The aqueous layer was 

extracted with CHCl3. The organic extract was washed with brine, dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was directly used for the next step. 

 

Ring component 35: To a stirred solution of 46 and triethylamine (550 μl, 3.95 mmol) in CH2Cl2 (10 ml) at 

room temperature was added 2-nitrobenzenesulfonyl chloride (875 mg, 3.95 mmol). The reaction mixture 

was stirred at room temperature for 1 h. The reaction mixture was diluted with CHCl3 and washed with 1 M 

HCl aq. and brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified 

by column chromatography (SiO2, 1:99 MeOH/CHCl3) to afford 35 (2.05 g, 42% yield, 3 steps) as a reddish 

brown amorphous. 1H NMR (400 MHz, CDCl3): δ 7.95  (d, J = 8.7 Hz, 1H), 7.89 (dd, J = 7.3, 0.9 Hz, 1H), 

7.74 (d, J = 7.8 Hz, 1H), 7.56-7.51 (m, 2H), 7.44-7.39 (m, 2H), 7.23-7.21 (m, 2H), 6.89-6.86 (m, 4H), 5.84 

(brt, J = 6.0 Hz, 1H), 4.44 (d, J = 6.0 Hz, 2H), 4.30-4.27 (m, 4H), 4.17-4.13 (m, 4H), 3.95-3.89 (m, 8H), 

3.86-3.78 (m, 8H). 13C NMR (100 MHz, CDCl3): δ 148.82, 148.72, 147.64, 147.44, 142.09, 133.75, 133.13, 

132.34, 131.16, 130.76, 129.08, 128.53, 126.65, 125.47, 124.92, 123.77, 122.23, 121.43, 121.32, 116.65, 

114.29, 113.98, 72.25, 70.96, 70.52, 70.44, 69.92, 69.77, 69.71, 69.32, 69.21, 68.97, 47.85. IR (neat): 3012, 

2927, 2875, 1600, 1541, 1502, 1345, 1255, 1125, 751 cm-1. HRMS (FAB): m/z calcd for C35H40N2O12S 

[M]+: 712.2302, found: 712.2304.   
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4.3.3 Synthesis of an endcap component (Figure 45) 

 

1,7-Naphthyl bis(trifluoromethanesulfonate) (47): To a stirred solution of 1,7-dihydroxynaphthalene 

(23.4 g, 146 mmol) in pyridine (200 ml) at 0 °C was added trifluoromethanesulfonic anhydride (49 ml, 292 

mmol) dropwise. The reaction mixture was allowed to warm to room temperature and stirred for 3 h. The 

reaction mixture was partitioned between water and AcOEt. The organic extract was washed with 1M HCl 

aq., water and brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified 

by column chromatography (SiO2, 5:1 Hexane/AcOEt) to afford 1,7-naphthylbis(trifluoromethanesulfonate) 

47 (61.3 g, 99% yield) as a colorless oil. 1H NMR (600 MHz, CDCl3): δ 8.04 (d, J = 8.9 Hz, 1H), 7.94-7.97 

(m, 2H), 7.63-7.60 (m, 2H), 7.53 (dd, J = 8.9, 2.7 Hz, 1H). 13C NMR (150 MHz, CDCl3): δ 148.43, 145.12, 

133.59, 131.07, 128.33, 126.65, 126.42, 121.38, 119.61, 118.85 (q, J = 318.8 Hz), 118.76 (q, J = 318.8 Hz), 

112.89. IR (neat): 1606, 1510, 1428, 1215, 1138, 1204 cm-1. HRMS (EI): m/z calcd for C12H6F6O6S2 [M]+: 

423.9510, found: 423.9494. 

 

Dimethyl naphthalene 1,7-dicarboxylate (48): To a stirred solution of 1,7-

naphthylbis(trifluoromethanesulfonate) (47) (18.6 g, 43.8 mmol) in DMSO (153 ml) and MeOH (153 ml) at 

room temperature was added triethylamine (92 ml, 660 mmol) followed by Pd(OAc)2 (1.1 g, 4.38 mmol) 

and 1,3-Bis(diphenylphosphino)propane (1.8 g, 4.38 mmol). A stream of CO was passed into the solution 

for 2-3 min then the reaction vessel and contents were placed in a 55~65 °C oil bath under a CO balloon. 

After stirring for 36 h, the reaction mixture was filtered through a celite pad and a part of solvent was 

removed in vacuo. The solution was diluted with AcOEt and washed with 1 M HCl aq., water and brine, 

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by column 

chromatography (SiO2, 5:1 Hexane/AcOEt) to afford dimethyl naphthalene 1,7-dicarboxylate (48) (3.47 g, 

32% yield) as a yellow solid. m.p. 83-85 °C. 1H NMR (600 MHz, CDCl3): δ 9.65 (s, 1H), 8.23 (d, J = 6.2 

Hz, 1H), 8.13 (dd, J = 8.9, 1.4 Hz, 1H), 8.04 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.60 (t, J = 8.3 

Hz, 1H), 4.03 (s, 3H), 3.99 (s, 3H). 13C NMR (150 MHz, CDCl3): δ 167.27, 167.08, 135.56, 132.87, 130.69, 

130.23, 128.84, 128.60, 128.00, 126.58, 125.52, 52.21. IR (KBr): 2949, 1717, 1457, 1435, 1272, 1242, 1196, 

1146 cm-1. HRMS (EI): m/z calcd for C14H12O4 [M]+: 244.0736, found: 244.0740. 

 

1,7-Naphthalenedicarboxylic acid, 1-methyl ester (49): To a stirred solution of dimethyl naphthalene 1,7-

dicarboxylate (48) (20.0 g, 81.9 mmol) in dioxane (360 ml) at room temperature was added a solution of 

KOH (4.73 g, 84.3 mmol) in MeOH (17 ml). The reaction mixture was stirred at room temperature for 2 h. 
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The reaction mixture was partitioned between water and AcOEt. The organic layer containing dimethyl 

naphthalene 1,7-dicarboxylate (48) was washed with water and concentrated. This recovered dimethyl 

naphthalene 1,7-dicarboxylate (48) was again used for the above reaction. After repeating above reaction 

three times, the combined aqueous layers were acidified with 1 M HCl aq. to pH 3. The aqueous layer was 

extracted with AcOEt and the combined organic extracts were washed with brine, dried over Na2SO4, filtered 

and concentrated in vacuo. The crude product was subjected to column chromatography (SiO2, 1:99 

MeOH/CHCl3) to afford a mixture of 1,7-naphthalenedicarboxylic acid, 1-methyl ester (49) and 1,7-

naphthalenedicarboxylic acid, 7-methyl ester. The mixture was recrystallized from CHCl3 to give 1,7-

naphthalenedicarboxylic acid, 1-methyl ester (49) (5.9 g, 31% yield) as a white solid. m.p. 229-231 °C. 1H 

NMR (600 MHz, CDCl3): δ 9.77 (s, 1H), 8.27 (dd, J = 6.8, 1.4 Hz, 1H), 8.18 (dd, J = 8.9, 1.4 Hz, 1H), 8.09 

(d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.9 Hz, 1H), 7.65 (t, J = 6.8 Hz, 1H), 4.06 (s, 3H). 13C NMR (150 MHz, 

CDCl3): δ 170.15, 167.46, 136.16, 133.03, 130.95, 130.38, 129.99, 128.95, 128.59, 127.97, 127.19, 125.87, 

52.47. IR (neat): 3411, 2950, 1713, 1510, 1454, 1436, 1281, 1251, 1226, 1136 cm-1. HRMS (EI): m/z calcd 

for C13H10O4 [M]+: 230.0579, found: 230.0579. 

 

1-Naphthalenecarboxylic acid, 7-(hydroxymethyl)-, methyl ester (50): To a stirred solution of 1,7-

naphthalenedicarboxylic acid, 1-methyl ester (49) (5.8 g, 25.3 mmol) in THF (50 ml) at 0 °C was added 1.0 

M borane tetrahydrofuran complex in THF. The reaction mixture was stirred at 0 °C for 6 h. After 1 M HCl 

aq. was added dropwise, the mixture was extracted with AcOEt. The organic layer was washed with water 

and brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by column 

chromatography (SiO2, 1:50 to 1:20 MeOH/CHCl3) to afford 1-naphthalenecarboxylic acid, 7-

(hydroxymethyl)-, methyl ester (50) (4.6 g, 83% yield) as a colorless oil. 1H NMR (600 MHz, CDCl3): δ 

8.86 (s, 1H), 8.17 (d, J = 7.6 Hz, 1H), 8.00 (d, J = 8.3 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.56 (d, J = 8.2 Hz, 

1H), 7.48 (t, J = 8.2 Hz, 1H), 4.88 (s, 2H), 3.99 (s, 3H), 2.12 (br, 1H). 13C NMR (150 MHz, CDCl3): δ 167.98, 

140.41, 133.07, 131.10, 130.29, 128.74, 126.66, 125.42, 124.24, 123.05, 65.39, 52.08. IR (KBr): 3411, 3056, 

2950, 1711, 1685, 1622, 1461, 1300, 1274, 1249, 1196, 1157, 1111 cm-1. HRMS (EI): m/z calcd for C13H12O3 

[M]+: 216.0786, found: 216.0785. 

 

51: To a stirred solution of 1-naphthalenecarboxylic acid, 7-(hydroxymethyl)-, methyl ester (50) (4.54 g, 21 

mmol) and 3,4-dihydro-2H-pyran (14.0 ml, 154 mmol) in CH2Cl2 (200 ml) at room temperature was added 

pyridinium p-toluenesulfonate (503 mg, 2.0 mmol). The reaction mixture was stirred at room temperature 

for 3 h. The reaction mixture was partitioned between sat. NaHCO3 aq. and CH2Cl2. The organic extract was 

washed with washed with water and brine, dried over Na2SO4, filtered and concentrated in vacuo. The crude 

product was purified by column chromatography (SiO2, 5:1 Hexane/AcOEt) to afford 51 (6.3 g, 99% yield) 
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as a colorless oil. 1H NMR (600 MHz, CDCl3): δ 8.88 (s, 1H), 8.18 (dd, J = 7.6, 1.4 Hz, 1H), 8.01 (d, J = 

8.2 Hz, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.59 (dd, J = 8.3, 1.4 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 4.99 (d, J = 

12.4 Hz, 1H), 4.78 (t, J = 3.4 Hz, 1H), 4.72 (d, J = 12.4 Hz, 1H), 4.00 (s, 3H), 4.00-3.95 (m, 1H), 3.61-3.56 

(m, 1H), 1.93-1.87 (m, 1H), 1.80-1.75 (m, 1H), 1.73-1.68 (m, 1H), 1.64-1.53 (m, 3H). 13C NMR (150 MHz, 

CDCl3): δ 167.81, 137.78, 133.18, 132.99, 131.11, 130.25, 128.61, 126.80, 126.09, 124.25, 97.73, 69.05, 

62.01, 51.96, 30.46, 25.35, 19.68. IR (neat): 2947, 1717, 1510, 1455, 1437, 1281, 1251, 1135, 1034 cm-1. 

HRMS (EI): m/z calcd for C18H20O4 [M]+: 300.1362, found: 300.1366. 

 

Endcap component 37: To a stirred solution of 51 (6.3 g, 20.8 mmol) in THF (210 ml) and MeOH (84 ml) 

at room temperature was added a solution of KOH (5.3 g, 94 mmol) in water (42 ml). The reaction mixture 

was stirred at room temperature for 12 h. A part of solvent was removed in vacuo and the mixture was 

partitioned between water and CHCl3. The aqueous layer was neutralized with citric acid aq. and extracted 

with CHCl3. The organic extract was washed with washed with water and brine, dried over Na2SO4, filtered 

and concentrated in vacuo. The crude product was purified by column chromatography (SiO2, 1:99 

MeOH/AcOEt) to afford 37 (5.0 g, 84% yield) as a white solid. m.p. 86-89 °C. 1H NMR (600 MHz, CDCl3): 

δ 9.06 (s, 1H), 8.39 (dd, J = 8.2, 1.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H), 7.61 (dd, J 

= 8.9, 1.4 Hz, 1H), 7.53 (t, J = 7.6 Hz, 1H), 5.02 (d, J = 12.4 Hz, 1H), 4.81 (t, J = 3.4 Hz, 1H), 4.76 (d, J = 

12.4 Hz, 1H), 3.99 (ddd, J = 11.0, 8.9, 3.4 Hz, 1H), 3.59 (dt, J = 11.0, 4.8 Hz, 1H), 1.95-1.89 (m, 1H), 1.81-

1.76 (m, 1H), 1.75-1.70 (m, 1H), 1.65-1.54 (m, 3H). 13C NMR (150 MHz, CDCl3): δ 172.91, 138.27, 134.31, 

133.40, 131.95, 131.56, 128.89, 126.26, 125.57, 124.48, 124.44, 97.84, 69.16, 62.17, 30.56, 25.47, 19.28. 

IR (KBr): 2934, 2870, 2630, 1689, 1593, 1571, 1511, 1458, 1286, 1256, 1124, 1066, 1039 cm-1. HRMS (EI): 

m/z calcd for C17H18O4 [M]+: 286.1205, found: 286.1199. 
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4.3.4 Synthesis of rotaxanes (Figure 47) 

 

Racemic rotaxane 31 (as a mixture of diastereomers): To a stirred solution of ring component 34 (7.2 g, 

10.3 mmol) in CHCl3 (20 ml) was added axis component 10 (2.8 g, 7.0 mmol) and the mixture was stirred 

at 0 °C for 45 min, which turned to a transparent solution. Endcap component 37 (2.8 g, 9.8 mmol), N,N'-

dicyclohexylcarbodiimide (5.8 g, 27.9 mmol) and tributylphosphine (345 μl, 1.4 mmol) were added to the 

solution successively. The solution was stirred at 0 °C for 15 h. The reaction mixture was partitioned between 

water and CHCl3 and the organic extract was washed with water and brine, dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was subjected to a short column (SiO2, 1:99 to 1:20 MeOH/CHCl3) 

to afford a mixture of rotaxane 31 and recovered ring component 34, which was directly used for the next 

step. 

 

Racemic rotaxane 32 (as a mixture of diastereomers): According to the synthetic procedure of racemic 

rotaxane 31, preparation of racemic rotaxane 32 was performed. 

 

Racemic rotaxane 33 (as a mixture of diastereomers): To a stirred solution of ring component 36 (120 

mg, 0.168 mmol) in CHCl3 (5.2 ml) was added axis component 10 (94.3 mg, 0.235 mmol) and the mixture 
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was stirred at 0 °C for 5 h. Endcap component 37 (67.3 mg, 0.235 mmol), tributylphosphine (83 μl, 0.336 

mmol) and N,N'-dicyclohexylcarbodiimide (139 mg, 0.672 mmol) were added to the solution successively. 

The solution was stirred at 0 °C for 14 h. The reaction mixture was filtered and concentrated in vacuo. The 

residue was subjected to a preparative TLC (SiO2, 1:19 MeOH/CHCl3) in order to separate rotaxane 33 from 

ring component 36. The crude 33 was directly used for the next step. 

 

Racemic rotaxane 58 (as a mixture of diastereomers): To a stirred solution of 31 in MeCN (70 ml) at 

room temperature was added triethylamine (19.4 ml, 139 mmol) and acetic anhydride (6.6 ml, 70 mmol). 

The reaction mixture was stirred at 40 °C for 3 h. The solvent was removed in vacuo and the residue was 

diluted with AcOEt, washed with water and brine, dried over Na2SO4, filtered and concentrated in vacuo. 

The crude product was purified by column chromatography (SiO2, 1:2 hexane/AcOEt to 1:199 

MeOH/AcOEt) to afford 58 (4.8 g, 53% yield, 2 steps) as a yellow amorphous, which is a mixture of 

diastereomers derived from a topological chirality and a chirality of THP group. 1H NMR (600 MHz, 

CDCl3): δ 9.01 (s, 1H), 8.86-8.83 (m, 1H), 8.43-8.42 (m, 1H), 8.05-8.03 (m, 2H), 7.97-7.95 (m, 2H), 7.78-

7.70 (m, 5H), 7.66-7.65 (m, 1H), 7.52-7.50 (m, 1H), 7.46-7.43 (m, 1H), 7.35-7.34 (m, 1H), 7.08-7.02 (m, 

2H), 6.99-6.98 (m, 1H), 6.87-6.85 (m, 1H), 6.79-6.77 (m, 3H), 6.74-6.69 (m, 3H), 6.27-6.22 (m, 2H), 4.97-

4.93 (m, 1H), 4.78-4.76 (m, 1H), 4.70-4.61 (m, 2H), 4.49 (s, 1H), 4.42-4.37 (m, 2H), 4.28-4.26 (m, 2H), 

4.22 (s, 1H), 4.19-4.15 (m, 1H), 4.10-4.02 (m, 4H), 3.99-3.90 (m, 2H), 3.89-3.85 (m, 1H), 3.83-3.79 (m, 1H), 

3.71-3.62 (m, 4H), 3.59-3.37 (m, 7H), 3.35-3.31 (m, 1H), 3.28-3.24 (m, 1H), 2.25-2.22 (m, 6H), 2.13-2.12 

(m, 3H), 1.99-1.98 (m, 3H), 1.92-1.85 (m, 1H), 1.79-1.66 (m, 2H), 1.63-1.59 (m, 1H), 1.57-1.52 (m, 2H). 

13C NMR (150 MHz, CDCl3): δ 170.89, 170.83, 170.81, 167.81, 149.58, 149.55, 148.28, 148.25, 148.22, 

148.18, 147.99, 141.70, 141.66, 138.34, 137.88, 137.80, 137.43, 137.20, 136.98, 136.96, 136.89, 136.86, 

136.39, 134.86, 134.65, 134.61, 133.92, 132.90, 132.87, 132.54, 131.84, 131.75, 131.60, 131.23, 130.06, 

130.02, 129.95, 129.76, 129.61, 129.53, 129.00, 128.97, 128.92, 128.79, 128.40, 128.36, 127.71, 127.16, 

126.90, 126.85, 125.89, 125.56, 125.52, 125.33, 124.85, 124.81, 124.15, 123.99, 123.93, 123.48, 122.61, 

120.19, 118.00, 115.91, 115.86, 111.30, 111.11, 97.78, 97.72, 71.85, 71.55, 70.98, 70.85, 70.69, 70.25, 70.16, 

69.72, 69.63, 69.56, 69.50, 69.35, 69.32, 69.21, 68.15, 68.13, 67.75, 67.66, 62.03, 61.97, 50.45, 49.97, 47.47, 

47.34, 30.53, 30.51, 25.39, 24.68, 21.67, 21.15, 21.11, 19.30, 19.26. IR (neat): 3009, 2925, 2874, 1708, 1639, 

1597, 1545, 1504, 1452, 1419, 1366, 1252, 1172, 1126, 1061, 1035, 755 cm-1. HRMS (ESI): m/z calcd for 

C72H79N3O18SNa [M+Na]+: 1328.4972, found: 1328.4988. 
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Racemic rotaxane 59 (as a mixture of diastereomers): According to the synthetic procedure of racemic 

rotaxane 58, acylative neutralization of 32 was performed. Pale yellow oil (26 mg, 25%, 2 steps). 1H NMR 

(400 MHz, CDCl3): δ 9.01 (s, 1H), 8.89-8.87 (m, 1H), 8.44-8.40 (m, 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.97-7.93 

(m, 2H), 7.79-7.70 (m, 6H), 7.60-7.58 (m, 1H), 7.52-7.49 (m, 1H), 7.39-7.36 (m, 1H), 7.30-7.27 (m, 1H), 

7.11-7.04 (m, 2H), 6.98-6.96 (m, 1H), 6.86-6.84 (m, 1H),  6.80-6.72 (m, 5H), 6.65 (s, 1H), 6.25-6.23 (m, 

2H), 5.16 (s, 2H), 4.95-4.92 (m, 1H), 4.77-4.75 (m, 1H), 4.69-4.65 (m, 1H), 4.58-4.47 (m, 2H), 4.41-4.36 

(m, 2H), 4.25-4.16 (m, 4H), 4.10-4.03 (m, 4H), 3.99-3.78 (m, 4H), 3.72-3.23 (m, 14H), 2.23-2.22 (m, 6H), 

2.15-2.10 (m, 6H), 1.94-1.83 (m, 1H), 1.79-1.51 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 171.05, 170.99, 

170.96, 167.88, 148.57, 148.50, 148.37, 148.35, 148.31, 148.28, 147.86, 141.69, 138.46, 137.99, 137.84, 

137.46, 137.27, 137.08, 137.01, 136.46, 134.92, 134.60, 134.57, 133.99, 132.97, 132.02, 131.93, 131.50, 

131.46, 131.39, 130.07, 129.65, 129.30, 129.27, 129.02, 128.90, 128.79, 128.49, 127.62, 127.25, 126.00, 

125.66, 125.63, 125.43, 125.32, 124.93, 124.63, 124.56, 124.33, 123.99, 122.58, 120.30, 115.47, 115.41, 

111.39, 111.24, 97.90, 97.82, 71.84, 70.90, 70.79, 70.29, 70.20, 69.82, 69.77, 69.48, 69.46, 69.24, 68.27, 

67.86, 67.78, 62.15, 62.08, 51.25, 50.52, 50.00, 47.55, 47.41, 30.62, 30.61, 29.68, 25.49, 24.30, 21.73, 21.23, 

21.20, 19.39, 19.34. IR (neat): 3009, 2925, 2875, 1707, 1642, 1543, 1504, 1452, 1366, 1251, 1172, 1126, 

1061, 1034, 753 cm-1. HRMS (ESI): m/z calcd for C73H81N3O18SNa [M+Na]+: 1342.5128, found: 1342.5146. 

 

Racemic rotaxane 62 (as a mixture of diastereomers): To a stirred solution of 33 in MeCN (940 μl) at 

room temperature was added triethylamine (940 μl, 6.72 mmol) and acetic anhydride (320 μl, 3.36 mmol). 

The reaction mixture was stirred at 40 °C for 1 h. The solvent was removed in vacuo. The crude product was 

purified by preparative TLC (SiO2, 1:19 MeOH/CHCl3) then preparative TLC (SiO2, 1:50:50 

MeOH/AcOEt/Hexane) to afford 62 (67.6 mg, 34% yield, 2 steps) as a pale yellow amorphous, which is a 

mixture of diastereomers derived from a topological chirality and a chirality of THP group. 1H NMR (400 

MHz, CDCl3): δ 9.01-8.99 (m, 1H), 8.88-8.85 (m, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 
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7.88-7.85 (m, 1H), 7.76-7.71 (m, 2H), 7.63-7.56 (m, 3H), 7.53-7.49 (m, 2H), 7.44-7.42 (m, 1H), 7.39-7.35 

(m, 1H), 7.30-7.27 (m, 1H), 7.19-7.17 (m, 1H), 7.11-7.02 (m, 2H), 6.97-6.95 (m, 1H), 6.88-6.85 (m, 1H), 

6.79-6.76 (m, 2H), 6.73-6.68 (m, 3H), 6.66 (s, 1H), 6.23-6.22 (m, 2H), 4.96-4.91 (m, 1H), 4.78-4.75 (m, 1H), 

4.69-4.64 (m, 1H), 4.59-4.45 (m, 2H), 4.40-4.33 (m, 2H), 4.25-4.13 (m, 4H), 4.08-3.77 (m, 8H), 3.71-3.22 

(m, 17H), 2.25-2.22 (m, 6H), 2.12-2.09 (m, 3H), 1.92-1.83 (m, 1H), 1.78-1.51 (m, 5H). 13C NMR (100 MHz, 

CDCl3): δ 170.99, 170.89, 167.86, 148.90, 148.27, 141.61, 138.44, 137.96, 137.78, 137.40, 137.21, 137.07, 

137.00, 136.41, 135.87, 135.82, 134.90, 133.96, 133.56, 132.99, 132.95, 131.95, 131.83, 131.64, 131.34, 

131.08, 130.99, 130.11, 129.66, 129.18, 129.14, 129.02, 128.88, 128.44, 127.67, 127.62, 127,16, 126.31, 

125.94, 125.66, 125.60, 125.35, 125.11, 125.08, 124.88, 124.40, 124.34, 124.26, 123.96, 123.63, 122.93, 

120.26, 115.73, 115.67, 111.34, 111.19, 97.88, 97.81, 71.79, 70.89, 70.70, 70.33, 70.23, 69.78, 69.72, 69.43, 

69.40, 69.26, 68.20, 67.82, 67.76, 62.12, 62.05, 50.47, 50.02, 47.52, 47.36, 39.43, 30.59, 25.45, 21.68, 21.21, 

21.17, 19.36, 19.32. IR (neat): 3008, 2924, 2875, 1704, 1641, 1598, 1547, 1504, 1452, 1367, 1252, 1063, 

755 cm-1. HRMS (ESI): m/z calcd for C71H79N3O17SNa [M+Na]+: 1300.5022, found: 1300.5046.  

 

Racemic rotaxane 60 (as a mixture of diastereomers): To a stirred solution of rotaxane 58 (4.6 g, 3.5 

mmol) in THF (85 ml) at room temperature was added a solution of KOH (0.48 g, 8.4 mmol) in water (25 

ml). The reaction mixture was stirred at 40 °C for 4 h. A part of solvent was removed in vacuo and the 

mixture was partitioned between water and CHCl3. The organic extract was washed with water and brine, 

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was directly used for the next step.  

 

Racemic rotaxane 61 (as a mixture of diastereomers): According to the synthetic procedure of racemic 

rotaxane 60, hydrolysis of 59 was performed. 
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Racemic rotaxane 13: To a stirred solution of rotaxane 60 in EtOH (35 ml) and THF (35 ml) at 30 °C was 

added pyridinium p-toluenesulfonate (17.6 g, 70 mmol). The reaction mixture was stirred at 30 °C for 19 h. 

The solvent was removed in vacuo and the residue was diluted with CHCl3, washed with water and brine, 

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was subjected to a short column 

(SiO2, 1:5 to 0:1 hexane/AcOEt), then purified by preparative TLC (SiO2, 1:19 MeOH/CHCl3) to afford 13 

(1.53 g, 37% yield, 2 steps) as a yellow amorphous. HPLC conditions: CHIRALPAK IC column, eluent 1:60 

EtOH/CH2Cl2, flow rate 0.7 ml/min, temperature 20 °C, 18.8 min (minor), 24.5 min (major). [α]D
23 -23.4 

(major enantiomer, 99% ee, c 0.72, CHCl3). 1H NMR (600 MHz, CDCl3): δ 8.83-8.80 (m, 1H), 8.70-8.66 

(m, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.83-7,81 (m, 2H), 7.77-7.74 (m, 1H), 7.71-7.64 

(m, 2H), 7.62-7.59 (m, 1H), 7.55 (s, 1H), 7.46-7.42 (m, 4H), 7.22-7.18 (m, 2H), 7.10-7.03 (m, 2H), 6.97 (d, 

J = 8.2 Hz, 1H), 6.88-6.85 (m, 1H), 6.77-6.74 (m, 3H), 6.66-6.63 (m, 3H), 6.25-6.20 (m, 2H), 4.80-4.78 (m, 

2H), 4.55-4.44 (m, 2H), 4.37-4.35 (m, 1H), 4.33-4.29 (m, 1H), 4.26-4.24 (m, 1H), 4.22-4.18 (m, 2H), 4.14-

4.08 (m, 1H), 4.02-3.96 (m, 4H), 3.90-3.76 (m, 3H), 3.72-3.68 (m, 1H), 3.63-3.59 (m, 3H), 3.54-3.43 (m, 

5H), 3.40-3.33 (m, 2H), 3.29-3.26 (m, 1H), 3.21-3.17 (m, 1H), 2.25-2.22 (m, 6H), 2.11-2.07 (m, 3H), 1.74 

(br, 1H). 13C NMR (150 MHz, CDCl3): δ 171.06, 170.96, 168.24, 148.30, 148.26, 148.17, 148.15, 148.10, 

141.59, 141.58, 139.56, 139.49, 138.47, 137.98, 137.76, 137.37, 137.19, 136.37, 134.91, 133.98, 133.81, 

132.79, 132.75, 132.49, 132.19, 131.70, 131.57, 131.42, 131.18, 131.14, 131.11, 131.10, 131.07, 130.06, 

129.61, 129.28, 129.25, 129.04, 128.90, 128.50, 128.46, 128.33, 128.24, 127.68, 127.64, 127.12, 125.93, 

125.32, 125.12, 124.98, 124.95, 124.26, 123.94, 123.89, 123.77, 123.73, 123.08, 122.47, 122.44, 121.02, 

120.22, 115.87, 115.82, 111.30, 111.17, 71.79, 70.87, 70.63, 70.30, 70.21, 69.87, 69.83, 69.79, 69.73, 69.68, 

69.63, 69.17, 68.07, 67.89, 67.77, 65.64, 50.52, 50.03, 47.58, 47.46, 21.66, 21.64, 21.22, 21.17. IR (neat): 

3011, 2922, 2876, 1705, 1626, 1603, 1543, 1505, 1451, 1369, 1251, 1127, 753 cm-1. HRMS (ESI): m/z calcd 

for C65H69N3O16SNa [M+Na]+: 1202.4291, found: 1202.4322. 
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Acylate 14: Yellow amorphous. HPLC conditions: CHIRALPAK IC column, eluent 1:60 EtOH/CH2Cl2, 

flow rate 0.7 ml/min, temperature 20 °C, 9.2 min (major), 12.6 min (minor). [α]D
23 +9.89 (major enantiomer, 

40% ee, c 1.16, CHCl3). 1H NMR (600 MHz, CDCl3): δ 9.02-9.00 (m, 1H), 8.88-8.86 (m, 1H), 8.02 (d, J = 

8.2 Hz, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.83-7.81 (m, 2H), 7.75-7.69 (m, 3H), 7.63-7.59 (m, 1H), 7.56-7.55 

(m, 1H), 7.48-7.42 (m, 3H), 7.35 (br, 1H), 7.25-7.24 (m, 1H), 7.20-7.18 (m, 1H), 7.12-7.07 (m, 1H), 7.03-

7.01 (m, 1H), 6.97-6.95 (m, 1H), 6.89-6.86 (m, 1H), 6.76-6.73 (m, 3H), 6.68-6.66 (m, 3H), 6.24-6.20 (m, 

2H), 5.26-5.24 (m, 2H), 4.55-4.44 (m, 2H), 4.38-4.33 (m, 2H), 4.25-4.12 (m, 4H), 4.07-4.00 (m, 4H), 3.92-

3.77 (m, 3H), 3.71-3.68 (m, 1H), 3.63-3.60 (m, 3H), 3.54-3.36 (m, 6H), 3.33-3.29 (m, 1H), 3.25-3.22 (m, 

1H), 2.25-2.22 (m, 6H), 2.13-2.07 (m, 6H). 13C NMR (150 MHz, CDCl3): δ 171.01, 170.89, 167.77, 148.35, 

148.27, 148.21, 148.16, 141.68, 138.49, 138.01, 137.78, 137.40, 137.38, 137.26, 136.46, 134.99, 134.45, 

134.36, 134.05, 133.83, 133.14, 132.54, 132.23, 132.07, 131.88, 131.79, 131.24, 131.18, 131.14, 130.21, 

129.77, 129.33, 129.05, 128.91, 128.67, 128.64, 127.82, 127.78, 127.17, 125.96, 125.85, 125.82, 125.54, 

125.51, 125.32, 125.19, 124.75, 123.95, 123.16, 122.49, 121.13, 120.25, 115.93, 115.86, 111.30, 111.15, 

71.82, 70.95, 70.69, 70.41, 70.32, 69.83, 69.77, 69.28, 68.20, 67.98, 67.85, 66.94, 50.52, 50.04, 47.58, 47.45, 

21.70, 21.25, 21.20, 21.05.  IR (neat): 2958, 2926, 2874, 1731, 1631, 1602, 1543, 1506, 1453, 1370, 1252, 

1170, 1125, 1065, 753 cm-1. HRMS (ESI): m/z calcd for C67H71N3O17SNa [M+Na]+: 1244.4396, found: 

1244.4416. 

 

Rotaxane 30: According to the synthetic procedure of racemic rotaxane 13, preparation of racemic rotaxane 

30 was performed. Pale yellow amorphous (42 mg, 96%). HPLC conditions: After the kinetic resolution of 

racemic 30, the recovered rotaxane 30 was purified by HPLC and converted to acylate 74 by DMAP for ease 

of chiral HPLC analysis. [α]D
20 -20.12 (major enantiomer, 68% ee, c 0.43, CHCl3). 1H NMR (400 MHz, 

CDCl3): δ 8.85-8.82 (m, 1H), 8.72-8.67 (m, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.97 (d, J = 8.2 Hz, 1H), 7.89-

7.86 (m, 1H), 7.74-7.67 (m, 2H), 7.63-7.57 (m, 3H), 7.52-7.36 (m, 4H), 7.26-7.18 (m, 2H), 7.12-7.04 (m, 

2H), 7.00-6.98 (m, 1H), 6.88-6.85 (m, 1H), 6.77-6.74 (m, 3H), 6.67-6.63 (m, 3H), 6.27-6.24 (m, 2H), 4.81-

4.79 (m, 2H), 4.61-4.53 (m, 1H), 4.50-4.30 (m, 3H), 4.27-4.18 (m, 3H), 4.15-4.07 (m, 1H), 4.04-3.94 (m, 

4H), 3.91-3.77 (m, 3H), 3.73-3.60 (m, 4H), 3.57-3.33 (m, 10H), 3.30-3.26 (m, 1H), 3.22-3.17 (m, 1H), 2.25-

2.21 (m, 6H), 2.12-2.10 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 171.07, 170.93, 168.37, 168.34, 148.87, 

148.30, 148.19, 141.62, 139.61, 139.53, 138.49, 138.01, 137.78, 137.37, 137.19, 136.39, 135.92, 135.86, 

134.98, 134.05, 133.58, 132.84, 132.79, 131.68, 131.50, 131.16, 131.01, 130.07, 129.63, 129.21, 129.18, 

129.07, 128.93, 128.57, 128.53, 128.47, 128.44, 128.39, 128.29, 127.17, 126.34, 125.96, 125.40, 125.18, 

125.12, 125.01, 124.97, 124.43, 124.37, 124.31, 123.98, 123.76, 123.72, 123.68, 122.95, 120.26, 115.76, 

115.70, 111.33, 111.19, 71.85, 70.91, 70.66, 70.33, 70.24, 69.90, 69.86, 69.70, 69.22, 68.09, 67.96, 67.81, 
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65.71, 50.52, 50.09, 47.59, 47.43, 39.48, 21.70, 21.24, 21.18. IR (neat): 3418, 3012, 2925, 2877, 1704, 1631, 

1600, 1547, 1504, 1453, 1367, 1252, 1128, 1061, 755 cm-1. HRMS (ESI): m/z calcd for C66H71N3O16SNa 

[M+Na]+: 1216.4447, found: 1216.4479. 

 

Acylate 74: Pale yellow amorphous. HPLC conditions: CHIRALPAK ID column, eluent 1:540 EtOH/CHCl3, 

flow rate 0.7 ml/min, temperature 20 °C, 6.6 min (minor), 7.1 min (major). [α]D
20 +19.07 (major enantiomer, 

62% ee, c 1.17, CHCl3). 1H NMR (400 MHz, CDCl3): δ 9.02-9.00 (m, 1H), 8.90-8.86 (m, 1H), 8.03 (d, J = 

8.2 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.88-7.86 (m, 1H), 7.77-7.71 (m, 2H), 7.62-7.56 (m, 3H), 7.51-7.49 

(m, 1H), 7.45-7.42 (m, 2H), 7.40-7.35 (m, 1H), 7.29-7.26 (m, 1H), 7.20-7.17 (m, 1H), 7.14-7.07 (m, 1H), 

7.04 (d, J = 7.8 Hz, 1H), 6.98 (d, J = 7.8 Hz, 1H), 6.88-6.85 (m, 1H), 6.76-6.73 (m, 3H), 6.70-6.67 (m, 3H), 

6.25-6.22 (m, 2H), 5.26-5.24 (m, 2H), 4.60-4.52 (m, 1H), 4.49-4.46 (m, 1H), 4.40-4.34 (m, 2H), 4.27-4.12 

(m, 4H), 4.07-4.00 (m, 4H), 3.94-3.78 (m, 3H), 3.72-3.61 (m, 4H), 3.53-3.36 (m, 10H), 3.33-3.29 (m, 1H), 

3.26-3.22 (m, 1H), 2.25-2.22 (m, 6H), 2.12-2.09 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 171.06, 170.92, 

167.84, 148.93, 148.90, 148.31, 148.26, 148.19, 141.65, 141.63, 138.50, 138.01, 137.79, 137.40, 137.22, 

136.42, 135.92, 135.88, 135.00, 134.46, 134.38, 134.06, 133.57, 133.14, 133.12, 132.11, 131.95, 131.83, 

131.69, 131.26, 131.16, 131.00, 130.20, 129.76, 129.23, 129.19, 129.07, 128.93, 128.70, 128.67, 128.50, 

128.47, 127.81, 127.76, 127.19, 126.35, 125.97, 125.84, 125.81, 125.58, 125.54, 125.39, 125.17, 125.11, 

124.77, 124.45, 124.39, 123.99, 123.67, 122.96, 120.27, 115.74, 115.68, 111.31, 111.16, 71.85, 70.96, 70.70, 

70.41, 70.31, 69.84, 69.75, 69.29, 68.21, 68.00, 67.85, 66.95, 50.51, 50.08, 47.59, 47.42, 39.48, 21.71, 21.24, 

21.19, 21.04. IR (neat): 2925, 2855, 1738, 1706, 1641, 1599, 1547, 1504, 1454, 1369, 1254, 1124, 757 cm-

1. HRMS (ESI): m/z calcd for C68H73N3O17SNa [M+Na]+: 1258.4553, found: 1258.4569. 

 

Rotaxane 29: According to the synthetic procedure of racemic rotaxane 13, preparation of racemic rotaxane 

29 was performed. Pale yellow amorphous (8.4 mg, 36%, 2 steps). HPLC conditions: CHIRALPAK ID 

column, eluent 1:40 EtOH/CH2Cl2, flow rate 0.5 ml/min, temperature 20 °C, 21.9 min (major), 24.1 min 
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(minor). [α]D
20 -27.37 (major enantiomer, 63% ee, c 1.21, CHCl3). 1H NMR (400 MHz, CDCl3): δ 8.85-8.84 

(m, 1H), 8.77-8.73 (m, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.94 (d, J = 8.3 Hz, 1H), 7.89-7.85 (m, 1H), 7.74-7.66 

(m, 4H), 7.57-7.54 (m, 1H), 7.45-7.30 (m, 4H), 7.22-7.09 (m, 3H), 7.03-6.95 (m, 2H), 6.88-6.85 (m, 1H), 

6.79-6.72 (m, 3H), 6.69-6.66 (m, 3H), 6.25-6.22 (m, 2H), 6.03-5.92 (m, 1H), 4.79-4.77 (m, 2H), 4.52-4.33 

(m, 6H), 4.26-4.11 (m, 4H), 4.06-3.99 (m, 4H), 3.90-3.80 (m, 3H), 3.73-3.68 (m, 1H), 3.65-3.45 (m, 8H), 

3.40-3.21 (m, 4H), 2.25-2.22 (m, 6H), 2.12-2.09 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 171.20, 170.96, 

168.17, 148.41, 148.24, 148.20, 148.18, 148.16, 147.58, 141.53, 141.44, 139.65, 139.59, 138.48, 138.00, 

137.78, 137.36, 137.17, 136.34, 134.92, 134.00, 133.91, 133.09, 133.06, 132.84, 132.82, 132.34, 132.30, 

131.73, 131.61, 131.36, 131.19, 130.96, 130.84, 129.99, 129.59, 129.05, 128.92, 128.88, 128.82, 128.67, 

128.64, 128.56, 128.54, 128.20, 128.10, 127.13, 126.95, 126.89, 125.95, 125.62, 125.39, 124.97, 124.93, 

124.29, 124.16, 124.07, 123.96, 123.71, 123.67, 122.03, 120.27, 115.14, 111.34, 111.22, 71.75, 70.86, 70.67, 

70.26, 70.21, 69.91, 69.77, 69.70, 69.12, 69.10, 68.13, 67.91, 67.78, 65.65, 50.49, 50.04, 47.93, 47.89, 47.53, 

47.41, 21.67, 21.23, 21.18. IR (neat): 3441, 3011, 2925, 2877, 1702, 1630, 1541, 1504, 1452, 1344, 1251, 

1128, 1061, 753 cm-1. HRMS (ESI): m/z calcd for C66H71N3O16SNa [M+Na]+: 1216.4447, found: 1216.4475. 

 

Acylate 75: Pale yellow amorphous. HPLC conditions: CHIRALPAK ID column, eluent 1:80 EtOH/CH2Cl2, 

flow rate 1.0 ml/min, temperature 20 °C, 9.2 min (minor), 9.8 min (major). [α]D
20 +19.13 (major enantiomer, 

64% ee, c 0.79, CHCl3). 1H NMR (600 MHz, CDCl3): δ 9.02 (s, 1H), 8.93-8.90 (m, 1H), 8.01 (d, J = 8.3 Hz, 

1H), 7.92 (d, J = 8.3 Hz, 1H), 7.87-7.82 (m, 1H), 7.78-7.65 (m, 4H), 7.57-7.55 (m, 1H), 7.47-7.21 (m, 5H), 

7.17-7.13 (m, 2H), 7.01-6.95 (m, 2H), 6.88-6.85 (m, 1H), 6.77-6.66 (m, 6H), 6.27-6.18, (m, 2H), 6.01-5.88 

(m, 1H), 5.26-5.20 (m, 2H), 4.50-4.32 (m, 6H), 4.28-4.00 (m, 8H), 3.92-3.80 (m, 3H), 3.73-3.68 (m, 1H), 

3.64-3.26 (m, 12H), 2.25-2.22 (m, 6H), 2.12-2.08 (m, 6H). 13C NMR (150 MHz, CDCl3): δ 171.11, 170.93, 

167.74, 167.73, 148.49, 148.37, 148.32, 148.29, 148.26, 147.66, 141.54, 141.51, 138.50, 138.02, 137.82, 

137.40, 137.25, 136.44, 135.00, 134.55, 134.48, 134.08, 134.02, 133.18, 133.09, 133.05, 132.33, 132.28, 

132.18, 131.96, 131.87, 131.32, 131.00, 130.96, 130.89, 130.14, 129.75, 129.07, 128.93, 128.77, 128.71, 

128.69, 128.58, 127.85, 127.79, 127.18, 127.01, 126.94, 126.00, 125.86, 125.80, 125.64, 125.59, 125.41, 

124.99, 124.94, 124.80, 124.17, 124.08, 124.00, 121.11, 120.33, 120.30, 120.28, 115.21, 111.37, 111.24, 

71.79, 70.95, 70.75, 70.38, 70.34, 69.97, 69.83, 69.79, 69.74, 69.68, 69.24, 69.20, 68.26, 68.01, 67.88, 66.94, 

50.54, 50.09, 48.02, 47.97, 47.56, 47.46, 21.69, 21.25, 21.21, 21.05. IR (neat): 3012, 2924, 2878, 1738, 1707, 

1633, 1603, 1541, 1452, 1346, 1251, 1128, 1062, 754 cm-1. HRMS (ESI): m/z calcd for C68H73N3O17SNa 

[M+Na]+: 1258.4553, found: 1258.4613. 
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Ring component 34 

1H NMR (600 MHz, CDCl3) 

 

 

 

  

 
 

 

 

Rotaxane 13 

1H NMR (600 MHz, CDCl3)  
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Ring component 36 

1H NMR (400 MHz, CDCl3) 

 

 

 
 

 

 

Rotaxane 30 

1H NMR (400 MHz, CDCl3) 
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Ring component 35 

1H NMR (400 MHz, CDCl3)  

 

 

Rotaxane 29 

1H NMR (400 MHz, CDCl3)  
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Acylate 14 

1H NMR (600 MHz, CDCl3) 

 

 

 

Acylate 14 

1H NMR (600 MHz, CD3CN) 
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