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Abstract 

Mechanically interlocked molecules (MIMs) are advanced and topologically complex 

molecular architectures of high interest for applications all across the chemical sciences. MIMs 

are commonly formed through the use of templates that preorganise the molecular 

components via non-covalent interactions. In recent years, there has been interest in using 

covalent rather than non-covalent templates for templating MIMs, as covalent templates 

enable MIM formation under more challenging conditions such as in biological environments. 

Preliminary work in the Schaufelberger group has previously shown the first example of a 

covalent boronic ester exchange-templated synthesis of [2]rotaxanes. The thread component 

used in the work containing vicinal diol was synthesized from natural L-tartaric acid. Based on 

the previous work, this project aimed to synthesize vicinal diol-containing components for 

[2]catenanes and [2]rotaxanes through a fully artificial synthetic route consisting of a key olefin 

metathesis and olefin dihydroxylation sequence. The efficiency of boronic ester exchange and 

preorganization was analyzed and compared to previous work. The result demonstrates the 

effect of molecular design of the component on the preorganization ability. We hope that this 

project could benefit future research on vicinal diol-based components for MIM synthesis. 

Keywords 

Supramolecular chemistry, mechanical bonds, dynamic covalent chemistry, boronic acid, 

rotaxane 

Sammanfattning 

Mekaniskt sammankopplade molekyler (MSMs) är avancerade och topologiskt komplexa 

molekylära arkitekturer som är intressanta för tillämpningar över många områden i kemi. 

MSMs bildas oftast genom att använda templat-molekyler som förorganiserar de olika 

komponenterna via icke-kovalenta interaktioner. Under de senaste åren har det blivit 

intressant att utveckla kovalenta snarare än icke-kovalenta templat-föreningar för att göra 

MSMs, eftersom kovalenta templat-föreningar innebär att MIMs kan bildas under tuffare 

betingelser som till exempel i biologiska miljöer. Preliminärt arbete i Schaufelberger-gruppen 

har tidigare demonstrerat att det går att göra [2]rotaxaner från kovalenta borester-bindingar 

som templat. Den molekylära tråden i detta arbete innehöll en vicinal diol och kom från 

naturligt förekommande L-vinsyra. Utgående från detta arbete skulle detta projekt istället 
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syntetisera vicinal dioler som templater för [2]rotaxaner och [2]katenaner via en helt syntetiskt 

rutt, med en olefinmetates och en olefindihydroxylering som nyckelsteg. Effektiviteten av 

boresterutbytet och förorganisationen analyserades och jämfördes med det tidigare arbetet. 

Resultaten demonstrerar vilken effekt den molekylära designen för komponenterna har på 

deras förorganisation. Vi hoppas detta projekt kan gynna framtida forskning om vicinala dioler 

för att bygga MSMs. 

Nyckelord 

Supramolekylär kemi, mekaniska bindningar, dynamisk kovalent kemi, borsyra, rotaxan 
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1. Introduction 

1.1. Mechanically Interlocked Molecules 

The field of supramolecular chemistry concerns the design of chemical systems consisting of 

molecular components linked through intermolecular non-covalent forces. These forces have 

the ability to create mechanical bonds, which is defined as an entanglement in space between 

two or more components such that separation of the two can only be done by breaking or 

distorting the existing chemical bonds.1 The class of chemical system that contain the 

mechanical bonds are termed mechanically interlocked molecules (MIMs). The mechanical 

bond could give rise to topological entanglements, which is very common in nature and 

biological systems.  

 

The most common MIM classes are rotaxanes and catenanes, which will both be targeted for 

synthesis in this thesis. A rotaxane contains two types of components – a macrocyclic ring and 

a thread which contains two “stoppers” at the termini of the thread, the “stoppers” should be 

bulky enough to kinetically trap the ring along the axis of the thread. Pseudorotaxanes is the 

term for those molecular systems that closely symbolizes rotaxanes in components and 

topology, but embodies a crucial variation where the ring is free to dissociate from the thread 

(i.e. lack of suitable barriers so that slipping off is possible).2 The nomenclature of rotaxanes 

regards the number of components implied in [n], giving the name as [n]rotaxanes, for 

example, a rotaxane with a single ring component and a thread component is named as a 

[2]rotaxane. However, there are also various variants such as [1]rotaxanes, which contain a 

bulky stopper to hold an entangled molecule in place; hetero[n]rotaxanes, which contain two 

or more types of macrocyclic rings encircling the thread component; [cn]daisy chain rotaxanes, 

which displays topologies of rings and threads connecting to each other; and polymeric 

polyrotaxanes, most commonly threads with a large number of threaded rings.  
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Figure 1 Cartoon models of various types of rotaxanes 

 

There are multiple approaches towards the synthesis of rotaxanes. The first ever approach to 

synthesize rotaxanes relied on statistical possibilities of entanglements between the 

components, and although some interlocked products were found, the approach leads to low 

yields.3 Until now, the main approaches to MIMs target the use of intermolecular forces 

between the ring and thread components including those of hydrogen bonds-assisted4, metal-

ion assisted5, anion-assisted6 and π-π interaction-assisted 7 templates. For example, transition 

metal ion-assisted templates utilize the characteristics of predictable geometries of the 

coordinated transition metal complexes, which several geometries are shown in figure 2 below. 

Through the design of ligands and binding sites, orientation of each component towards 

entanglements during coordination can be achieved.8 

 
Figure 2 Coordination geometries used for preorganization through transition metal ion templates 
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Figure 3 Various common strategies of synthesizing [2]rotaxanes 

There are also several methods (shown in figure 3) to achieve interlocking between the 

components, including stoppering (also known as capping), clipping, slippage, swelling or 

shrinking and dumbbell capture (commonly with metal ion template assistance, i.e. active 

metal template synthesis).8 Stoppering involves attachment of bulky stoppers to the end of 

the thread component of a pseudo[n]rotaxane to prevent dethreading. Clipping induces a 

linear form of the macrocyclic ring component to cyclize around the thread component before 

covalent capture. This thesis applies a clipping strategy for the synthesis of rotaxanes. Slippage 

relies on the fine design in size and length of the components so that the ring can only encircle 

the thread when applying external heat or pressure. Swelling and shrinking tunes the size of 

the rotaxane components to achieve interlocking (introduced respectively by Chiu9 and 

Asakawa10). Dumbbell capture envisions the two halves of the thread components are coupled 

within the cavity of the macrocyclic ring, such as the example shown in figure 3 reported by 

Leigh’s group11. They designed a macrocyclic ring which contains first a hydrogen-bond donor 

moiety pyridyl-2,6-dicarboxyamide which could adjust the geometry of a cyclic sulfate-

containing building block in which the axle could be held perpendicular to the plane of the 

ring; the ring also contains hydrogen bond-acceptor region with multiple oxygen atoms which 

could stabilize an amine-containing building block which can only attack and open the cyclic 

sulfate from the opposite face of the ring, leading to the formation of [2]rotaxane. It is a 

hydrogen bond-assisted approach which relies on two sites of the macrocyclic ring to act as 

both template and catalyst to complete the [2]rotaxane formation through stabilizing the 

transition state.  
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Figure 4 Transition state stablilization strategy for synthesizing [2]rotaxanes developed by Leigh and co-workers 

A catenane consists of two or more rings which are interlocked mechanically, forming multiple 

loops. They are named accordingly to the number of rings [n] as [n]catenanes. The simplest 

form of catenanes, [2]catenane, are entwined through a single link (termed a Hopf link), but 

the complexity in topology increase significantly along with the number of rings presented. 

Catenanes could theoretically be synthesized with very high degrees of linking numbers, 

multiple number of crossings within the interlocked system and multiple number of discrete 

components, as well as inclusions of other mechanical elements such as knots.12 

Many strategies to synthesize catenanes have been developed. Already in the late 1950s, a 

Möbius strip approach was conceived to be a practical approach towards catenanes. Here the 

strip is formed by macrocyclization of a ladder-shaped molecule followed by generating loops 

with various numbers of twists, and subsequently, cleavage of the “ladder linkages” would 

afford topoisomers including catenanes. However, this approach has never been 

experimentally realized.12 

 

Figure 5 Möbius strip approach of synthesizing [2]catenanes 

The most common strategy for catenane synthesis is clipping, which proceeds through the 

cyclization of a linear form of a macrocycle that has already threaded thorough another 
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macrocycle (the system prior to the cyclization represents a pseudorotaxane). Another 

approach is termed ring capture, and it involves the trapping of a macrocyclic ring by 

cyclization of another macrocyclic ring at the center of the trapped ring cavity, a resemblance 

of the dumbbell capture approach towards rotaxanes.8 This thesis employs the clipping 

strategy for the synthesis of catenanes.  

 
Figure 6 Various common strategies for synthesizing [2]catenanes 

Synthesis of catenanes also relies on the application of templates to preorganize the 

components towards favourable geometries for interlocking, in order to increase the yields 

and to enable the design of synthetic pathways to access more complex topologies. The types 

of templates are somewhat similar to that of the rotaxanes, such as metal ion-assisted 13, 

hydrogen bond-assisted14, anion-assisted15, π-π interaction-assisted16, and solvophobic effect-

assisted17 templates. Recently, Stoddart and co-workers reported the assemble of 

[2]catenanes through clipping strategy using the dimerization of stable cationic radical species 

in solution, giving the first example of radical-radical interaction- assisted template synthesis 

of catenanes.18 Reduction of CBPQT4+ ring and the molecule DB2+ to its cationic-radical 

derivative through treatment of zinc dust allows it to preorganize, and by addition of 4,4’-

bipyridine resulting in the formation of the [2]catenane HC4(.+), which oxidizes once exposed 

to ambient conditions and reaches equilibrium between bisradical and monoradical states. 
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Figure 7 Radical-radical interaction-assisted template synthesis of [2]catenanes reported by Stoddart and co-

workers 

1.2. Dynamic Covalent Bonds 

The very first synthetic strategy towards MIMs relied upon the statistical probability of 

mechanical entanglement during ring-closing reactions, which resulted in very low yield and 

low reproducibility. It was not until 1983 that the Jean-Pierre Sauvage group discovered the 

usage of transition metal template-controlled synthesis (which won Sauvage his share of the 

2016 Chemistry Nobel Prize) that MIMs could be obtained with fewer steps and higher yields.19 

This discovery emphasizes the importance of self-assembly, where components of the desired 

MIMs are preorganized in a favorable position by the assistance of templates before 

mechanical interlocking, leading to significantly increased yields. Various types of non-

covalent templates are mentioned for the synthesis of rotaxanes and catenanes in the previous 

section.  

 

Although non-covalent templates are efficient for preorganization, they require specific 

structural motifs (often containing heteroatoms) to generate the non-covalent interactions 

needed.20 Small variations on the design of these motifs may disrupt the preorganization 

ability. Covalent templates, on the other hand, could preorganize non-interacting and 

heteroatom-free components allowing access to structurally more diverse and interested 

MIMs. One striking example was reported by Itami and co-workers at 201921 where they 

synthesized [2]catenanes with ring components composed of cycloparaphenylene units, 

creating an entirely hydrocarbon-based MIM. The two ring components achieved interlocking 

through spirosilylation from the para-benzene unit pair on either of the component. The 

silicon template could then be cleaved with fluoride-mediated desilylation. The subsequent 

formed [2]catenane displayed vortex-like motion in solution even at temperatures of -95°C, as 
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apparent through variable temperature NMR measurements.  

 

Figure 8 cycloparaphenylene-based [2]catenanes formation by tetrahedral silicon template reported by Itami and 

co-workers 

However, most types of covalent templates required harsh reaction conditions to cleave the 

covalent linkage, such as fluoride ions for desilylation and strong acidic or basic conditions for 

carbonates, esters and amides. One type of covalent bonds which cleaves at mild reaction 

conditions are dynamic covalent bonds. The dynamic covalent chemistry-assisted approach to 

MIMs utilizes reversible covalent bonds to preorganize the components into a given geometry 

that occupies the local thermodynamic minima.22 The assembly can therefore be synthesized 

with excellent yields with high selectivity. The reversibility also allows thermodynamic control, 

meaning kinetic products can dissociate and reassociate under the reaction conditions. This 

achieves systemic error-correction, a crucial benefit for self-assembly synthesis. The 

reversibility for the covalent bond can be achieved through tuning of reaction environments, 

including solvent types, temperature, light, electrical features, mechanical stress or the 

presence of catalysts and auxiliaries. Moreover, dynamic covalent bonds have high chemical 

stability when under inert, non-exchanging conditions, with lifetimes between the range of 1 

ms < τ < 1 min, enabling the assembly to be detectable and isolatable.23 Ideal dynamic covalent 

bonds should be compatible with mild reaction conditions and a broad variety of functional 

groups. In particular, dynamic covalent bonds that works well in aqueous environments are 

hotly pursued for biological applications. 

 

Various covalent bonds have shown dynamic covalent character, including C-C bonds (aldol 

reactions, Diels-Alder reactions, olefin metathesis), C=N bond (imine bonds), C-O bond (acetals 

and esters), C-S bond, B-O bond (boronic ester exchange) and S-S bond (disulfide exchange).22 

Imine bonds are considered to be the essential dynamic covalent linkage, as it remains robust 

in basic conditions while undergoing rapid cleavage in acidic conditions. In addition to that, it 

offers the possibility of stabilizing the preorganized assembly as there are lone pairs on 

nitrogen which can act as electron donors to produce noncovalent forces.24 One classic 

example was reported by Stoddart group in 2001, applying imine as the dynamic covalent 

template for a clipping approach in a [2]rotaxane synthesis.25 As shown in the figure 8, 

kinetically labile and thermodynamic stable [2]rotaxane п could be accessed through imine 

condensation at room temperature, which can subsequently be converted to the kinetically 
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stable [2]rotaxane р with high yields. The stability of [2]rotaxane п originated from hydrogen 

bonds between NH2
+ center and the nitrogen atoms in the macrocycle. 

 

Figure 9 Imine condensation in synthesizing kinetic and thermodynamic products of [2]rotaxanes reported by 

Stoddart and co-workers 

Disulfide bonds are considered to be complementary to the imine bonds, remaining stable at 

acidic conditions and undergoing cleavage in basic environments. However, they differ from 

the imine bond as they are more symmetrical and more difficult to use with external templates. 

An example reported by Sanders and co-workers used [2]catenane building blocks consisting 

of two disulfide bond-containing components, one with electron-rich aromatics and another 

with electron-deficient aromatics. These blocks, self-assembled through donor-acceptor 

interaction without the need for external templates.26 Several macrocycles containing two or 

more donor and acceptor subunits including the [2]catenane ф were presented. However, the 

yield of the [2]catenane ф could be amplified through addition of electron-rich templates and 

by creating conditions of higher concentration and higher ionic strength in the solution. The 

amplification was only possible due to the reversibility of the dynamic disulfide bond enabling 

adaptation to the changing conditions. 

 

Figure 10 Disulfide condensation for synthesizing [2]catenane reported by Sanders and co-workers 

Another classic dynamic covalent bond is the boronic acid-diol condensation reaction, where 

boronic esters form from exchange between boronic acids and vicinal diols. The bond has a 

wide range of applications, including the synthesis of self-assembly structures and the 

detection of diol-containing molecules such as saccharides and its derivatives. A crucial 

characteristic of the boronic ester exchange is the directionality, which can allow the tuning of 
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product geometry to construct structure-directing complexes such as macrocycles and porous 

covalent organic frameworks.27 The boronic acid moiety also offers binding selectivity between 

cis- and trans-vicinal diols. One of the examples comes from the Kubo group, who designed an 

ion-pair driven self-assembled heterodimeric capsule by combining cyclotricatechylene and 

boronic-acid appended hexahomotrioxacalix[3]arene, as shown in Figure 11.28 The self-

assembly process can be performed upon addition of Et4NOAc, which induces boronic ester 

exchange and preorganize the substrates with Et4N+ as a cation template. Selective control of 

capsule construction could be performed by tuning of pH. This example demonstrated the 

usefulness of boronic ester exchange in forming structurally complex products with 

controllable reversibility. 

 
Figure 11 Boronic ester exchange applied for synthesizing molecular capsule reported by Kubo and co-workers 

1.3. Vicinal Diols 

In order to pursue biological applications of MIMs in the near future, synthesis of MIMs using 

natural building blocks are becoming a hot topic. Zhang and co-workers have reported the 

synthesis of protein heterocatenanes both in vitro and in vivo through ring capture strategy 

based on SpyTag-SpyCatcher motif.29 The synthetic pathway utilizes catalytic fragment from 

the mentioned motif as a biologically enabled active template for preorganization, so that 

direct cellular synthesis of the protein heterocatenane could be achieved. 

 
Figure 12 Synthesis of protein heterocatenanes reported by Zhang and co-workers 

Aside from peptides, carbohydrates are also a classic family of compounds that are widely 

found in biological systems. They contain an essential functional group – vicinal diols (1,2-
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diols), which are also presented in some nucleosides, nucleotides and lipids. There are few 

reports on carbohydrate-incorporated MIMs, which should by nature be water-soluble and 

biocompatible.30 However, biological environments hinder the preorganization ability of most 

templates, as water disrupts most intermolecular interactions essential for preorganization. 

Thus dynamic covalent bonds, which are observed to be more robust in biological 

environments, could be more suitable as templates for synthesis of MIMs targeted for 

biological applications. Preliminary works established by the Schaufelberger group reported 

the usage of vicinal diols as a template for synthesizing the thread component in [2]rotaxanes, 

along with the first example of reversible boronic ester exchange as a dynamic covalent 

template.31 Interlocking through ring-closing metathesis produced a quasi[1]rotaxane with a 

non-entangled isomer in a 1:2 ratio. Analysis through advanced NMR spectroscopy and mass 

spectrometry proved the quasi[1]rotaxane could be hydrolyzed to produce [2]rotaxane. The 

boronic acid moiety was designed as a V-shaped pincer ligand and attached to a linear form of 

the ring component. The thread component (coloured green in the below scheme), was 

synthesized starting with the natural product tartaric acid, which was connected with bulky 

stopper groups through amide linkages. 

 
Figure 13 Cartoon models of boronic ester exchange-assisted template for synthesizing [2]rotaxanes reported by 

Schaufelberger and co-workers 

Aside from natural products, vicinal diols are also widely present in pharmaceutical products, 

where this functional motif often is produced through “artificial” means. Laboratory-based 

synthesis of vicinal diols is often performed through dihydroxylation of alkenes. Various 

methods of alkene dihydroxylation have been established, such as direct syn-dihydroxylation 

through treatment of osmium tetroxide and potassium permanganate or stepwise anti-

dihydroxylation thorough epoxidation of alkenes followed by hydrolysis (where after the 

synthesis, trans- vicinal diols may be isomerized to cis- vicinal diols).32 Among the syn-

dihydroxylation methods, potassium permanganate treatment of alkene in alkaline conditions 

is economically preferable, but suffers from formation of carbonyl-containing byproducts due 

to its strong oxidative nature.33 On the other hand, osmium tetroxide-mediated syn-

dihydroxylation is highly chemoselective, and hence was chosen in this project for the 

dihydroxylation synthetic step.  
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Figure 14 Depiction of reaction mechanisms of OsO4 mediated syn-dihydroxylation 

The alkene substrate used for dihydroxylation can often be obtained through olefin metathesis 

reactions, including cross metathesis and ring-closing metathesis. These are powerful 

reactions which have been undergoing extensive studies and have obtained wide applications 

for a variety of olefin templates thanks to its tolerance for functional groups and mild reaction 

conditions.34  

 

Figure 15 Various types of olefin metathesis 

1.4. Aim of master thesis 

It is known that boronic acids have different binding constants towards different types of 

vicinal diols.35 Using phenylboronic acid (in phosphate buffer) as an example, the Keq value is 

830 M-1 towards catechol, 160 M-1 towards D-fructose, 20 M-1 for cis-1,2-cyclopentane diol, 

and 3.7 M-1 for diethyl tartrate. The differences of the binding constants arise from several 

factors, including steric hindrance from neighboring units or from structural rigidity, affecting 

the overlapping efficiency of the orbitals during bonding.36 The binding constants also are 

strongly pH- and solvent-dependent, and which conditions are optimal varies with the types 

of the two binding components. Thus, the efficiency of preorganization of the boronic ester 

exchange template will likely vary extensively with the structure of both boronic acid-

containing molecule and the vicinal diol-containing molecule. 

 

Based on the preliminary works of Schaufelberger’s group from 202331, this master thesis aims 

to synthesize [2]rotaxanes and [2]catenane by accessing vicinal diol containing thread 

components through an olefin metathesis-dihydroxylation sequence. Boronic ester exchange 

is used as dynamic covalent linkage to reversibly bind the ring and thread component before 
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interlocking them towards rotaxane formation. The thread component of the [2]rotaxane will 

contain vicinal diols formed through olefin metathesis and dihydroxylation, with the moiety 

connected with the bulky stoppers through saturated carbon-carbon bonds. A ring 

counterpart for [2]catenane will also be synthesized based on the same process. The ring 

component applied to bind these two molecules is the same as in the mentioned preliminary 

work, containing a V-shaped pincer boronic acid moiety and side chains formed from ethylene 

glycol derivatives. Binding tests between the V-shaped ligand and the synthesized vicinal diol 

containing components will be performed to determine the optimal reaction condition and 

examine the differences in comparison with the preliminary works. The tests would be 

followed by formation of quasi[1]rotaxanes in order to observe the interaction between the 

V-shaped ligand and artificially designed vicinal diol components, as well as their subsequent 

effects on preorganization. The results of this screening process will be analyzed mainly 

through advanced NMR analysis and complimented with mass spectrometry. An insight into 

how molecular design of boronic ester MIM components impacts the efficiency on 

preorganization as well as MIM formation could hopefully equip us with knowledge to access 

versatile and useful building blocks for MIMs. 

2. Result and Discussion 

2.1. Molecular Design 

The targeted molecules of this thesis – a [2]rotaxane and a [2]catenane are illustrated in figure 

16. 

 

Figure 16 Structural illustration of aimed [2]rotaxane (compound мπу) and [2]catenane (compound нπу) 

The ring component displayed in red was developed in preliminary works in the 

Schaufelberger’s group.31 The benzyl groups on the ring were designed to facilitate dispersion 

interactions with hydrophobic parts on the thread to increase propensity to ring-close into an 
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interlocked structure. The repeating ethylene glycol units produce a more favorable bent 

structure due to gauche effect on the ligand arm. 

 

Figure 17 Comparison of preliminary thread component of [2]rotaxane reported by Schaufelberger and co-

workers and thread component for this master thesis 

The thread component of the [2]rotaxane compound мπу was designed as a variant of the 

tartrate thread reported by the Schaufelberger group.31 While the preliminary thread contains 

chiral centers and amide bonds, the thread in this project (compound мπрύ contains a vicinal 

diol connected thorough carbon chains with the bulky stoppers. Compound мπр should have 

less steric hindrance for enclosure but also weaker noncovalent interactions due to absence 

of hydrogen bonding amide units. 

 

Figure 18 Comparison of preliminary ring used in synthesis of lanthanide ion-assisted template molecular knots 

and [3]catenanes and the ring component for this master thesis 

The design of the second ring component of the [2]catenane compound нπу is based on the 

2,6-pyridinedicarboxamide moiety which is widely used in constructing lanthanide ion-

templated molecular knots37 and catenanes.38 The pyridine moiety can coordinate metal 

cations while amide bonds provide hydrogen bonding interactions, causing the ligand to fold 

around the metal cation with a specific geometry. Compound нπр also contains a vicinal diol 

which should enable boronic ester exchange. 

 

2.2. Synthesis 

The desired [2]rotaxane and [2]catenane were to be synthesized according to the below 

schemes (Figures 19 and 20). The boronic acid template molecule (shown in red) was 

previously synthesized by my senior Jingjing Yu according to the previous report.31 Note that 

the thesis covers the synthesis up until molecule мπт and molecule нπт due to the limitation of 
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time. 

 

Figure 19 Synthetic route of [2]rotaxane compound мπу 
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Figure 20 Synthetic route of [2]catenane compound нπу 

The synthesis of the thread component for [2]rotaxane compound мπу started with the 

formation of the bulky stopper intermediate tris(4-(tert-butyl)phenyl)methoxy group, where a 

Grignard reaction with tert-butyl benzene and diethyl carbonate as reactants gives compound 

мπм with 44% yield. Several factors were observed to affect the overall yield of the Grignard 

reaction. Most notably was the influence of the magnesium(0) quality, where test reactions 

applying partially oxidized magnesium powder showed mono-substituted compound (ethyl 4-

(tert-butyl)benzoate) as the main product. This initial reaction was then followed by a Friedel-

Crafts alkylation of phenol giving compound мπн with 75% yield. The quality of the phenol 

strongly affects the overall yield here, and due to the tendency of the phenol to oxidize 

(forming para-benzoquinone), the reaction time should be limited to a minimum (through 

continuous monitoring with TLC). Williamson ether synthesis of compound мπн with 6-
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bromohexene gives compound мπо, a precursor for the olefin cross metathesis that completes 

the main architecture of the thread and gives compound мπп.  

 

Initially, Hoveyda-Grubbs 2nd generation catalyst ([1,3-Bis-(2,4,6-trimethylphenyl)-2-

imidazolidinylidene] dichloro(o-isopropoxyphenylmethylene) ruthenium) was chosen to 

perform the cross metathesis reaction due to its high stability, but 1H-NMR analysis of the 

crude reaction mixture implied there was no reactivity. However, from the change in colour 

(from light green to brown) of the solution, it was assumed that the catalyst degraded before 

any initiation took place. Grubbs 2nd generation catalyst ([1,3-bis-(2,4,6-trimethylphenyl)-2-

imidazolidinylidene] dichloro (phenylmethylene)(tricyclohexylphosphino)ruthenium) was 

then tested due to its strong tolerance for moisture and air, and the reactivity was indeed 

observed. Reaction conditions were then screened (Table 1) until reaching a workable yield of 

22% with an 8.5 mM concentration of reactants at 40°C for reaction time of 24h. 

 

Table 1 Screening of cross metathesis reaction of compound мπп formation 

¢ŜƳǇŜǊŀǘǳǊŜ {ƻƭǾŜƴǘ !ǘƳƻǎǇƘŜǊŜ ƛ̧ŜƭŘ 

Room Temperature dichloromethane argon negligible 

40°C chloroform nitrogen ~20% after purification 

40°C dichloromethane argon ~20% after purification 

40°C dichloromethane nitrogen 22% after purification 

 

As can be seen from the table, the yield did not increase by either substituting 

dichloromethane for chloroform as the solvent or exchanging nitrogen for argon as the inert 

atmosphere. There were also multiple byproducts, as evidenced by the complex pattern on 

the crude TLC. This may be attributed to the presence of several species from degradation of 

Grubbs 2nd generation catalyst.39 There were also presence of byproducts that have similar 

structure as the starting material compound мπо in the 1H-NMR spectra of the crude. These 

may be species of β-olefin isomers or hydrogenation products of α-olefin compound мπо 

propagated by active species generated from the degradation of Grubbs 2nd generation 

catalyst.40 Vicinal diol was then accessed through syn-dihydroxylation to give compound мπр. 

The concentration of water in this mixture needed careful control, where excess amount of 

water would lead to poor solubility of starting material and rendered the reaction 

inhomogeneous. Osmium tetroxide also needs to be used with extremely care, as the reagent 

is very toxic to eye and skin. Compound мπр was confirmed with analysis via 1H-NMR, 13C-NMR, 

COSY NMR, HSQC NMR spectra and mass spectrometry, as shown in the supporting 

information at the end of this report. 

 

The synthesis of the ring component for [2]catenane molecule нπу begins with a linear 
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molecule, synthesized via Williamson ether synthesis to give compound нπм with 81% yield, 

followed by a reduction of cyano group to amine giving compound нπн in 73% yield. Here there 

was a need for repeated filtering and washing through celite pads due to thick aluminum salts-

containing suspensions formation during work-up. The linear molecule compound нπн were 

coupled through amine acylation to form the two “arm” parts of the pyridine-bisamide based 

molecule of compound нπо with 76% yield. It was then found that compound нπо has a high 

ability of enclosing solvents into its solid framework, giving a sticky texture. The molecule is 

then transformed into a ring by ring-closing metathesis to give compound нπп with 85% yield. 

The concentration of compound нπп in the reaction was controlled to 4.6 mM (significantly 

lower than that of the cross metathesis reaction) in order to prevent oligomerization. 

 

1H-NMR analysis of compound нπп after flash chromatography purification indicated the 

presence of two species of similar structure with the same Rf value, evidenced by the same 

pattern of peaks with slight differences in chemical shifts. Syn-hydroxylation was then 

performed with the mixture as the starting material, and the crude was then subjected to 1H-

NMR analysis without purification. The spectra contained peaks with neat splitting patterns 

and could be assigned precisely to the structure of compound нπр, theoretically containing 

syn- and anti- diastereomers (where protons in both structures are in the same chemical 

environments). Therefore, it was concluded that the two species observed with the same Rf 

value could have possibly correspond to E-Z olefin diastereomers of compound нπп. 

 

An issue when characterizing compound нπр as well as setting up subsequent reactions with 

this as the starting material was the poor solubility of compound нπр in aprotic solvents 

(including dichloromethane, acetonitrile, toluene, petroleum ether and ethyl acetate). With 

these solubility limits, only 1H-NMR spectroscopy and mass spectrometry could be sued to 

gain structural information on compound нπр. The poor solubility may be attributed to 

increase in the polarity due to both the polar pyridine moiety and vicinal diol moiety. It is also 

heavily related to the formation of intermolecular hydrogen bond network between 

heteroatoms of pyridine-bisamide moiety and vicinal diol moiety.  

 

2.3. Boronic ester exchange 

2.3.1. Compound 1-6 

After the synthesis of compound мπр, binding test between this molecule and the boron 

template developed in preliminary works of the Schaufelberger group31 was performed to 
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obtain compound мπс. The binding was performed by mixing compound мπр and the boron 

template in anhydrous toluene, and the reaction was left overnight under room temperature. 

The overall binding yield was calculated to be 70% based on NMR analysis. The crude 1H-NMR 

spectra obtained shortly after the reaction workup are shown in figure 21. 

 

Figure 21 Stacked 1H-NMR spectra (CDCl3, 298K, 500 MHz)of the boronic ester exchange condensation reaction 

between the boron template (top) and compound мπр (middle) to produce compound мπс (bottom).  

The peaks could be assigned with the assistance of COSY NMR analysis of the crude mixture. 

The assignment was further supported by peak integration of the 1H-NMR spectrum, which 

was in accordance with the structure of compound мπс. Pronounced chemical shifts in the 

spectra indicated successful boronic ester formation. For example, most of the peaks for both 

ring and thread shifted upfield as well as broadened. The shifts closer to the boronic acid 

linkage such as proton r1, r2, r4 and r5 were also more pronounced, compared to those further 

along the pincer arms such as r6, r7, r8, r9 and r10. For the thread, the most prominent shift 

comes from proton t6 (Δδ=0.11ppm), which indicates shielding through the arm of the pincer 

via a clasp-type architecture, in resemblance of the preliminary work.31 The tight conformation 

after the binding also amplified the difference in chemical shifts between proton t3 and t4. 

The loss of the singlet proton r13 further illustrates success of the binding. 

 

The reversibility of the boronic ester linkage was further tested through hydrolysis of 

compound мπс. The hydrolysis was performed by dissolving compound мπс in water-contained 

commercially-bought CDCl3 solvent in a NMR tube. 1H-NMR spectra were obtained at various 

time to examine the variation, and the compilation of the spectra is shown in figure 22. 
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Figure 22 Crude 1H-NMR of hydrolysis of compound мπс (CDCl3, 298K, 500 MHz) 

A regression of peak intensity of compound мπс accompanied with an increase of of boron 

template and compound мπр shows that hydrolysis is occurring. The ratio at a given time 

between compound мπс and hydrolyzed species were examined by integration of peak r7 and 

r7’ respectively, and the percentage of the hydrolyzed species was calculated as follows: 35% 

(2hr), 39% (5hr), 46% (31hr), 48% (48hr), 49% (53hr), 53% (81hr), 56% (122hr), and 58% 

(172hr). The rate of the hydrolysis probably slowed down due to the consumption of water in 

the CDCl3 solvent. By adding 1 ml of distilled water into the solution after 172hr, the hydrolysis 

could be further pushed to 71% conversion at 100hr after the addition. 

 

2.3.2. Compound 2-6 

After obtaining compound нπр, a binding test between this molecule and the boron template 

applied from earlier work31 was performed to make compound нπс. The binding was 

performed by mixing compound нπр and the boron template in anhydrous toluene, and the 

reaction was left overnight at room temperature. Due to the poor solubility of compound нπр 

in anhydrous toluene, excess amount of solvent (in comparison to optimal reaction conditions 

in the preliminary work31) was added until everything dissolved, giving an overall reaction 

concentration of compound нπр at 2 mM. The crude 1H-NMR spectrum obtained shortly after 

the reaction is shown in figure 23. 
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Figure 23 Stacked 1H-NMR spectra (CDCl3, 298K, 500 MHz) of boronic ester exchange condensation reaction of 

the boron template (top) and compound нπр (middle) to produce compound нΦс (bottom).  

The assignment of the peaks could be performed with assistance of COSY NMR analysis of the 

crude mixture. The most prominent shifts for new appearing peaks come from proton r1 and 

r2, due to a more significant alteration in electronic density at atoms closer to the boronic 

ester bond. The boron atom accepts electron density from the diol oxygen during the ester 

formation, increase shielding of protons on the benzene ring causing it to shift upfield. Along 

with the loss of proton r13 and analysis from mass spectrometry (HRMS (ESI+) m/z calculated 

for C65H76BN3O14 [M+Na]+: 1156.5313; found: 1156.5316), the existence of compound нπс was 

confirmed. However, the complicated peak patterns (most evidently at proton r12) could be 

attributed to the overlap of peaks from residual starting material and peaks from compound 

нπс. The binding conversion was only a dissatisfying 55%, but the poor conversion is mainly 

associated with the limited solubility of compound нπр in anhydrous toluene.  

 

Hydrolysis of compound нπс was also performed in resemblance of the hydrolysis of 

compound мπс. A slight decrease in ratio with intensity of compound нπс peaks over intensity 

of boron template peaks could be observed. The slower rate of hydrolysis compared to that of 

preliminary works may be attributed to a more stable boronic ester bond present in the cyclic 

structure, although use of a CDCl3 solvent with less water may also have contributed. 
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2.4. Quasi[1]rotaxane Formation 

2.4.1. Compound 1-7  

Compound мπс was then subjected to ring-closing metathesis conditions with the aim of 

obtaining compound мπт. The ring-closing metathesis reaction was performed with Hoveyda-

Grubbs 2nd generation catalyst with dichloromethane as a solvent under nitrogen atmosphere 

at 40°C overnight. The 1H-NMR spectrum was recorded instantly after the reaction, and is 

shown in figure 24. 

 

Figure 24 Stacked 1H-NMR spectra of ring closing metathesis reaction of compound мπс (CDCl3, 298K, 500 MHz). 

There are noticeable shifts in protons r2, r3 and r4 indicating the closed ring produce a tight 

conformation compared to the enclosed ring with flexible arms. The success of the ring closure 

is also evident in the loss of the external alkene protons r11’ and r12’ accompanied by the 

emergence of the internal alkene proton r11’’. Mass analysis of the crude mixture also 

confirmed products of ring closure (HRMS (ESI+) m/z calculated for C116H141BO12 [M+Na]+: 

1761.0442; found: 1761.0444). However, besides the desired product compound мπт, there 

could also be significant byproducts such as the non-interlocked complex compound мπтȄ and 

its degraded species (the ring-closed boron template with the boronic acid moiety detached 

and residual thread compound мπр). Further isolation and purification were conducted to 

determine the structure of the ring-closed species.  
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Figure 25 Comparison of 1H-NMR spectra of crude from ring closing metathesis of compound мπс and 1H-NMR 

spectra of non-interlocked ring closing complex (CDCl3, 298K, 500 MHz) 

An experiment was performed specifically to synthesize the non-interlocked complex 

compound мπтȄ by conducting binding tests between ring-closed boron template and 

compound мπр. The formation of compound мπтȄ was confirmed by 1H-NMR analysis. By 

comparison of spectra from compound мπтȄ with spectra from the crude of ring closing 

metathesis, we can conclude that the major product was compound мπтȄ. However, there 

were minor products that are currently undergoing isolation that likely corresponds to the 

desired product compound мπт, but isolation could not be covered in the thesis due to lack of 

time. It was also found that the compound мπтȄ degraded upon contact with silica gel, as the 

boronic ester linkage is hydrolytically sensitive especially towards acidic environments. Thus, 

separation of compound мπт and compound мπтȄ could be performed by conventional 

purification methods such as thin-layer chromatography and flash chromatography. 

2.4.2. Compound 2-7 

Compound нπс also underwent a ring-closing metathesis reaction to generate compound нπт 

with the reagents and reaction conditions identical to that of compound мπс. The 1H-NMR 

spectrum was obtained instantly after workup of the reaction, and is shown in figure 26. 
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Figure 26 Stacked 1H-NMR spectra of ring closing metathesis reaction of compound нπс (CDCl3, 298K, 500 MHz). 

Similarly to the characterization of the condensastion product compound нπс, a more rigid 

conformation produces shifts in proton r2’. Unfortunately, peaks of proton r1’ and r3’ could 

not be identified in the spectra, which should have also given characteristic shifts. Proton r11’ 

and r12’ could not be sighted in the spectra, implicating the consumption of compound нπс. 

Moreover, the internal alkene peak of proton r11’’ for the ring-closing complex was assumed 

to have emerged at ɡ= 5.81 ppm. Mass spectrometric analysis of the reaction solution was 

then performed, with the results shown in figure 27. 

 

Figure 27 ESI-MS spectra of ring closing metathesis reaction of compound нπс 

As can be seen in the spectra, the molecular mass of the substance was indeed 1105.5200 

g/mol, which corresponds to the calculated molecular mass of the ring-closing complex 

(1105.5107g/mol). This indicates the success of the ring closing metathesis. 

 

Further purification of the crude was performed through a preparative thin-layer 

chromatography (prep-TLC). Unfortunately, the desired product [2]catenane compound нπу 

was absent in all portions of the samples from purification. Ring-closed boron template along 

with compound нπр were identified through 1H-NMR and ESI-MS analysis in one of the portions, 

[M+H]
+
 

[M+Na]
+
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implicating the hydrolysis of boronic ester bond during purification. This implies the ring-

closing complex existed after the ring closing metathesis of compound нπс was in fact only the 

non-interlocked complex compound нπтȄ. The reason of the absence of compound нπт can be 

attributed to disfavourable macrocyclization of the boron template through the cavity of the 

ring component compound нπр due to steric hindrance. There also showed no evidence of 

hydrogen bonding between 2,6-pyridinedicarboxamide moiety on compound нπр and 

ethylene glycol moieties on the boron template that could favour mechanical interlocking. 

3. Conclusion and Outlook 

A new thread component of a [2]rotaxane and ring component of a [2]catenane containing 

synthetically introduced vicinal diols were successfully obtained, with full evidence from NMR 

and ESI-MS analysis. Several optimization procedures were implemented to gain workable 

yields for the reactions throughout the synthesis. 

 

Binding tests of compound мπр showed a robust boronic ester linkage formation, which offers 

reversibility upon addition of distilled water. However, ring closing metathesis of compound мπ

с indicated the preorganization constructed by the boronic ester linkage disfavours enclosure 

towards interlocking. Compared to preliminary works31, synthetically-accessed vicinal diol-

containing components did not improve the yield of [2]rotaxane formation. This may be 

attributed to the flexible ligand arm of the boron template which requires a re-design to favour 

further preorganization.  

 

Binding tests of compound нπр also showed stable and reversible boronic ester linkage 

formation. Subsequent ring closing metathesis, however, did not afford a quasi[1]catenane. 

The poor preorganization can be attributed to disfavourable steric hindrance in 

macrocyclization of the boron template inside the cavity of compound нπр and poor 

interaction of 2,6-pyridinedicarboxamide and ethylene glycol moieties of the two macrocycles. 

Poor solubility of the ring component in reaction solution perhaps also contributed.  

 

In general, there is not much difference in effects towards preorganization between vicinal 

diols from natural products and that from synthetic precursors. Synthetically-accessed vicinal 

diols may produce more robust boronic ester linkage, but it does not provide comparable 

alteration of steric hindrance or electronic effects that increase the efficiency of 

preorganization. Nevertheless, this thesis manifested that synthetically-accessed vicinal diols-

containing precursors could be chosen for templating boronic ester exchange-assisted MIMs 

formation with its inherent characteristics indifferent to that of natural products. 
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For the future, isolation of the minor products from ring closing metathesis of compound мπт 

should be performed. In addition to that, more accurate characterization of the crude as well 

as the pure products should be obtained through more advanced analysis such as Nuclear 

Overhauser Effect Spectroscopy NMR, traveling-wave ion-mobility mass spectrometry and 

molecular modeling. Modification on the design of the molecules based on detailed research 

on the structure could result in significant increase in yield of [2]rotaxanes and [2]catenanes. 

After that, we hope to use the system to create biocompatible MIMs in the future. 

4. Experimental 

4.1. General Procedure and Materials 

All the commercially bought chemicals applied throughout the synthetic process were reagent 

grade and were used without further purification. Anhydrous solvents of toluene, 

dichloromethane and tetrahydrofuran were obtained from a Glass Contour solvent dispensing 

system at the Department of Organic Chemistry of KTH Royal Institute of Technology. Air and 

moisture sensitive reactions were performed in oven-dried glassware under nitrogen or argon 

atmosphere. All the solvents applied throughout the synthetic process were analytical grade.  

 

The thin-layer chromatography applied required pre-coated 0.25mm thick Merck Silica 60 F254 

alumina plates, with an ultraviolet light (hν = 254nm) emitter and if needed, standard KMnO4 

stain, to visualize the result. Flash chromatography was carried out with Merck Silica 60 Å of 

particle size 40-63 µm. Solvent removal under reduced pressure through vacuum rotary 

evaporation was performed at 50ǯC with various pressure according to the type of solvent. 

 

A Bruker Ascend 400 MHz spectrometer and a Bruker Avance DMX 500 MHz NMR 

spectrometer were used for NMR analysis. 1H-NMR spectra were obtained from both 

instruments, while 13C-NMR, COSY and HSQC spectra were obtained from the latter. Chemical 

shifts are reported as δ values of parts per million (ppm) from high to low frequency with 

residual solvent peak as internal standard (CDCl3: 1H-NMR δ 7.26, 13C-NMR δ 77.0). The 

multiplicity of 1H signals are indicated as: s = singlet; d = doublet; t = triplet; q = quartet; m = 

multiplet; br = broad; app = apparent; or combinations thereof. All coupling constants (J values) 

are given in Hz. 

 

High resolution mass spectra were obtained from an LC-MS-QTOF 6530C instrument (Agilent). 
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4.2. Synthetic Procedures 

Compound 1-1 

 

Magnesium powder (1.34 g, 55 mmol, 3.3 eq.) was added into anhydrous tetrahydrofuran (120 

ml) under nitrogen atmosphere, followed by dropwise addition of 1-bromo-4-tert-

butylbenzene (10.65 g, 50 mmol, 3 eq.) into the solution at 0ǯC. The solution was heated until 

it appeared murky, and was left to stir for 2h at room temperature. Diethyl carbonate (4.13 g, 

34.95 mmol, 1 eq.) was then added dropwise to the solution, then the reaction was allowed 

to proceed for 16 h at room temperature. Upon confirming the full consumption of 1-bromo-

4-tert-butylbenzene by TLC, ice cold methanol and saturated ammonium chloride was added. 

The reaction was then extracted with toluene, and the organic phase washed with brine, dried 

over MgSO4 and filtered. After removing the solvent under reduced pressure, the crude was 

purified through flash chromatography (gradient eluent of pure petroleum ether to petroleum 

ether/ethyl acetate = 25 : 1) to yield compound мπм as a white solid (3.099 g, 43%). мI baw 

(400 MHz, CDCl3): ɡ7.31 (d, J = 8.4Hz, 6H, н), 7.19 (d, J = 8.4Hz, 6H, о), 1.31 (s, 27H, м). 

Spectral data in agreement41 with previous characterizations.  

 

Compound 1-2 

 

Compound мπм (1 g, 2.33 mmol, 1 eq.) was added to a two-necked round bottom flask along 

with phenol (5.93 g, 62.98 mmol, 27 eq.) under nitrogen atmosphere. The mixture was heated 

to 50°C at which point phenol melts and compound мπм dissolved. Catalytic amount of 12 M 

hydrochloric acid (0.25 ml) was then added to the mixture, which transformed the colour of 

the solution from colourless to red. The reaction was then stirred for 16 h at 160°C. Upon 
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confirming the full consumption of compound мπм by TLC, 1 M sodium hydroxide solution was 

added, and the solution was extracted with toluene. The organic phase was washed with 1 M 

sodium hydroxide solution and brine, dried over MgSO4 and filtered. After removing the 

solvent under reduced pressure, the crude was purified through flash chromatography 

(gradient eluent of pure petroleum ether to petroleum ether/ethyl acetate = 25 : 1) to yield 

compound мπн as a white solid (0.882 g, 75%). мI baw (400 MHz, CDCl3): ɡ7.23 (d, J = 8.4Hz, 

6H, н), 7.07 (d, J = 8.4Hz, 6H, о), 7.05 (d, J = 8.8Hz, 2H, п), 6.70 (d, J = 8.8Hz, 2H, р) 1.30 (s, 27H, 

м). Spectral data in agreement42 with previous characterizations. 

 

Compound 1-3 

 

Compound мπн (1 g, 1.98 mmol, 1 eq.) was added along into a two-necked round bottom flask 

with 6-bromo-1-hexene (0.38 g, 2.35 mmol, 1.19 eq.) and potassium carbonate (0.82 g, 5.94 

mmol, 3 eq.) under nitrogen atmosphere, after which dimethylformamide (75 ml) was added. 

The mixture was stirred for 16h at 60°C and then cooled to room temperature. Upon 

confirming the full consumption of compound мπн by TLC, the solution was extracted with 

ethyl acetate, and the organic phase washed with brine, dried over MgSO4 and filtered. After 

removing the solvent under reduced pressure, the crude was purified through flash 

chromatography (gradient eluent of pure petroleum ether to petroleum ether/ethyl acetate = 

10 : 1) to yield compound мπо as a white solid (0.806 g, 69%). мI baw (400 MHz, CDCl3): 

ɡ7.23 (d, J = 8.4Hz, 6H, н), 7.12-7.02 (m, 8H, о), 6.75 (d, J = 8.8Hz, 2H, п), 5.82 (ddt, J = 

6.4Hz, 10.1Hz and 16.9Hz, 1H, ф), 5.05-4.95 (m, 2H, мл), 3.93 (t, J = 6.4Hz, 2H, р), 2.12 (q, J = 

7.2Hz, 2H, у), 1.78 (dt, J = 6.4Hz and 7.2Hz, 2H, с), 1.60-1.51 (m, 2H, т), 1.30 (s, 27H, м). мо/ 

baw (126 MHz, CDCl3): ɡ157.04, 148.42, 144.34, 139.54, 138.73, 132.37, 130.89, 124.16, 

114.84, 113.08, 67.73, 63.20, 34.44, 33.61, 31.54, 28.95, 25.54 
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Compound 1-4 

 

Anhydrous dichloromethane (20 ml) was purged with nitrogen for 1 h. Compound мπо (0.1 g, 

0.17 mmol, 4.22 eq.) was then dissolved in the dichloromethane solution, followed by adding 

Grubbs 2nd generation catalyst (0.03 g, 0.04 mmol, 1 eq.) to the solution. The reaction was 

stirred for 24 h under nitrogen atmosphere in the dark at 40°C. Upon confirming the full 

consumption of compound мπо by TLC, the reaction was quenched by adding vinyl acetate and 

stirred for 1 h, then the solvent along with vinyl acetate was removed under reduced pressure. 

The crude was purified through flash chromatography (gradient eluent of pure petroleum 

ether to petroleum ether/dichloromethane = 6 : 1) to yield compound мπп as a white porous 

solid (0.042 g, 22%). мI baw (400 MHz, CDCl3): ɡ7.22 (d, J = 8.4Hz, 12H, н), 7.10-7.03 (m, 

16H, о), 6.74 (d, J = 8.8Hz, 4H, п), 5.47-5.38 (m, 2H, ф), 3.91 (t, J = 6.4Hz, 4H, р), 2.07-2.00 (m, 

4H, у), 1.81-1.71 (m, 4H, с), 1.58-1.47 (m, 4H, т), 1.29 (s, 54H, м). мо/ baw (126 MHz, CDCl3): 

ɡ157.05, 148.41, 144.34, 139.50, 132.36, 130.88, 130.48, 124.16, 113.08, 67.80, 63.19, 34.43, 

32.41, 31.54, 28.97, 26.17 Iwa{ (ESI+) m/z calculated for C84H104O2 [M+K]+: 1183.7668; found: 

1184.7681. 

 

Compound 1-5 

 

Compound мπп (0.2 g, 0.17 mmol, 1 eq.) was added into a solution of tetrahydrofuran/de-

ionized water = 9 : 1 (20 ml), followed by N-methylmorpholine-N-oxide (0.09 g, 0.78 mmol, 4.5 

eq.) and osmium tetroxide (2.5 wt% in tert-butanol solution, 0.05 g, 0.005 mmol, 0.03 eq.). 

The reaction mixture was then stirred for 16 h at room temperature. Upon confirming the full 

consumption of compound мπп by TLC, the reaction was quenched by adding saturated sodium 

sulfite solution. The solution was then extracted with ethyl acetate, organic phase washed with 

brine, dried over NaSO4 and filtered. After removing the solvent under reduced pressure, the 
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crude was purified through two consecutive flash chromatography (gradient eluent of pure 

petroleum ether to petroleum ether/ethyl acetate = 25 : 1 and gradient eluent of pure 

petroleum ether to petroleum ether/ethyl acetate = 3 : 1) to yield compound мπр as a white 

porous solid (0.067 g, 33%). мI baw (400 MHz, CDCl3): ɡ7.22 (d, J = 9Hz, 12H, н), 7.10-7.03 

(m, 16H, о), 6.75 (d, J = 9Hz, 4H, п), 3.94 (t, J = 6.5Hz, 4H, р), 3.46 (m, 2H, ф), 1.88-1.72 (m, 4H, 

с), 1.61-1.44 (m, 8H, тҌу), 1.30 (s, 54H, м). мо/ baw (126M Hz, CDCl3): ɡ156.95, 148.43, 

144.32, 139.64, 132.38, 130.88, 124.17, 113.08, 74.50, 67.73, 63.19, 34.43, 33.52, 31.53, 29.45, 

23.97 Iwa{ (ESI+) m/z calculated for C84H106O4 [M+Na]+: 1201.7984; found: 1201.8007. 

 

Compound 2-1 

 

4-cyanophenol (1.19 g, 10 mmol, 1 eq.) was added along with 6-bromo-1-hexene (1.94 g, 11.9 

mmol, 1.19 eq.) and potassium carbonate (4.14 g, 30 mmol, 3 eq.) into a two-necked round 

bottom flask under nitrogen atmosphere, followed by dimethylformamide (37.5 ml). The 

reaction mixture was then stirred for 16 h at 60°C, after which the reaction was cooled to room 

temperature. Upon confirming the full consumption of 4-cyanophenol by TLC, the solution 

was extracted with ethyl acetate, and the organic phase was washed with brine, dried over 

MgSO4 and filtered. After removing the solvent under reduced pressure, the crude of 

compound нπм which appeared as a white solid (1.637 g, 81%) was shown to be pure without 

further purification by 1H-NMR analysis. мI baw (400 MHz, CDCl3): ɡ7.57 (d, J = 8.4Hz, 2H, 

м), 6.93 (d, J = 8.4Hz, 2H, н), 5.82 (ddt, J = 7.2Hz, 10.2Hz and 16.9Hz, 1H, т), 5.07-4.95 (m, 2H, 

у), 4.00 (t, J = 6.4Hz, 2H, о), 2.13 (dt, J = 7.2Hz, 2H, с), 1.82 (q, J = 7.2Hz, 2H, п), 1.57 (q, J = 

7.2Hz, 2H, р). Spectral data in agreement43 with previous characterizations. 

 

Compound 2-2 

 

Compound нπм (4.85 g, 24.09 mmol, 1 eq.) was added to anhydrous tetrahydrofuran (150 ml) 

under nitrogen atmosphere. The mixture was cooled to 0°C with ice bath and purged with 

nitrogen for 5 minutes, after which lithium aluminum hydride (2.74 g, 72.29 mmol, 3 eq.) was 

added to the solution. The reaction mixture was then warmed to room temperature and left 

to stir for 16 h. Upon confirming the full consumption of compound нπм by TLC, the solution 

was then cooled to 0°C with ice bath and quenched by adding 10 wt% sodium hydroxide 
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solution dropwise, the subsequent precipitates were filtered over Celite 545 to remove gel-

like aluminum salts and rinsed with de-ionized water. The precipitate was then redissolved in 

ethyl acetate, washed with brine, dried over MgSO4 and filtered. After removing the solvent 

under reduced pressure, the crude of compound нπн which appeared as a brown liquid (3.623 

g, 73%) was shown to be pure without further purification by 1H-NMR analysis. мI baw (400 

MHz, CDCl3): ɡ7.22 (d, J = 8.4Hz, 2H, м), 6.86 (d, J = 8.4Hz, 2H, н), 5.83 (ddt, J = 7.2Hz, 10.2Hz 

and 16.9Hz, 1H, т), 5.06-4.94 (m, 2H, у), 3.95 (t, J = 6.4Hz, 2H, о), 3.80 (s, 2H, ф), 2.13 (dt, J = 

7.2Hz, 2H, с), 1.79 (q, J = 7.2Hz, 2H, п), 1.61-1.51 (m, 2H, р). Spectral data in agreement44 with 

previous characterizations. 

 

Compound 2-3 

 

Compound нπн (1.5 g, 7.3 mmol, 2.2 eq.) was added along with triethylamine (0.67 g, 6.64 

mmol, 2 eq.) to anhydrous dichloromethane (120 ml) under nitrogen atmosphere. The 

solution was then cooled to 0°C with ice bath, after which 2,6-pyridinedicarbonyl dichloride 

(0.67 g, 3.32 mmol, 1 eq.) was added dropwise to the solution. The reaction mixture was then 

warmed to room temperature and left to stir for 16h. Upon confirming the full consumption 

of compound нπм by TLC, the solution was quenched by adding de-ionized water. The solution 

was then extracted with dichloromethane, and the organic phase was washed with brine, 

dried over MgSO4 and filtered. After removing the solvent under reduced pressure, the crude 

was purified through flash chromatography (gradient eluent of pure dichloromethane to 

dichloromethane/ethyl acetate = 1 : 1) to yield compound нπо as a yellow sticky solid (1.576 g, 

76 %). мI baw (400 MHz, CDCl3): ɡ8.40 (d, J = 7.6Hz, 2H, мм), 8.05 (t, J = 7.6Hz, 1H, мн), 7.25 

(d, J = 8.4Hz, 4H, м), 6.85 (d, J = 8.4Hz, 4H, н), 5.82 (ddt, J = 7.2Hz, 10.2Hz and 16.9Hz, 2H, т), 

5.06-4.94 (m, 4H, у), 4.61 (d, J = 6Hz, 4H, ф), 3.94 (t, J = 6.4Hz, 4H, о), 2.16-2.06 (m, 4H, с), 

1.83-1.73 (m, 4H, п), 1.59-1.50 (m, 4H, р). мо/ baw (126 MHz, CDCl3): ɡ163.53, 158.75, 

148.99, 139.11, 138.61, 130.10, 129.22, 125.41, 114.92, 114.81, 67.97, 43.11, 33.56, 28.83, 

25.45 Iwa{ (ESI+) m/z calculated for C33H39N3O4 [M+Na]+: 564.2833; found: 564.2865. 
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Compound 2-4 

 

Anhydrous dichloromethane (200 ml) was purged with nitrogen for 1 h. Compound нπо (0.5 g, 

0.92 mmol, 1 eq.) was then dissolved in the dichloromethane solution, followed by adding 

Grubbs-Hoveyda 2nd generation catalyst (0.07 g, 0.12 mmol, 0,13 eq.) to the solution. The 

reaction was then stirred for 24h under nitrogen atmosphere in the dark at 40°C. Upon 

confirming the full consumption of compound нπо by TLC, the reaction was quenched by 

adding vinyl acetate and stirred for 1h, then the solvent along with vinyl acetate was removed 

under reduced pressure. The crude was purified through flash chromatography (gradient 

eluent of pure dichloromethane to dichloromethane/ethyl acetate = 1 : 1) to yield compound 

нπп as a white solid (0.405 g, 85%). мI baw (400MHz, CDCl3): ɡ8.40 (d, J = 7.6Hz, 2H, мл), 

8.06 (t, J = 7.6Hz, 1H, мм), 7.73 (s, 2H, ф), 7.20 (d, J = 8.4Hz, 4H, м), 6.86-6.80 (m, 4H, н), 5.44-

5.38 (m, 2H, т), 4.61 (d, J = 6.4Hz, 4H, у), 4.01-3.91 (m, 4H, о), 2.10-2.01 (m, 4H, с), 1.82-1.73 

(m, 4H, п), 1.58-1.49 (m, 4H, р). Iwa{ (ESI+) m/z calculated for C31H35N3O4 [M+Na]+: 536.2520; 

found: 536.2525. 

 

Compound 2-5 

 

Compound нπп (0.3 g, 0.58 mmol, 1 eq.) was added into a solution of tetrahydrofuran/de-

ionized water = 9 : 1 (45 ml), followed by N-methylmorpholine-N-oxide (0.31 g, 2.63 mmol, 4.5 

eq.) and osmium tetroxide (2.5 wt% in tert-butanol solution, 0.17 g, 0.017 mmol, 0.03 eq.). 

The reaction mixture was then stirred for 16 h at room temperature. Upon confirming the full 
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consumption of compound нπп by TLC, the reaction was quenched by adding saturated sodium 

sulfite solution. The solution was then extracted with ethyl acetate, organic phase washed with 

brine, dried over NaSO4 and filtered. After removing the solvent under reduced pressure, the 

crude was purified through two consecutive flash chromatography (gradient eluent of pure 

dichloromethane to dichloromethane/ethyl acetate = 3 : 1) to yield compound нπр as a white 

solid (0.29 g, 90%). мI baw (500 MHz, CDCl3):ɡ8.41 (d, J = 8Hz, 2H, мл), 8.06 (t, J = 8Hz, 1H, 

мм), 7.74 (s, 2H, ф), 7.22 (d, J = 8.5Hz, 4H, м), 6.83-6.85 (m, 4H, н), 4.66-4.58 (m, 4H, у), 3.99-

3.97 (m, 4H, о), 3.46-3.38 (m, 2H, т), 2.08-1.45 (m, 12H, пҌрҌс). Iwa{ (ESI+) m/z calculated 

for C31H37N3O6 [M+Na]+: 570.2525; found: 570.2590. 
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6. Supplementary information 

Compound мπм 

 

Figure 28 1H-NMR spectra of compound мπм (CDCl3, 298K, 400 MHz) 
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Compound мπн 

 

Figure 29 1H-NMR spectra of compound мπн (CDCl3, 298K, 400 MHz) 

Compound мπо 

 

Figure 30 1H-NMR spectra of compound мπо (CDCl3, 298K, 400 MHz) 
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Figure 31 13C-NMR spectra of compound мπо (CDCl3, 298K, 500 MHz) 

Compound мπп 

 

Figure 32 1H-NMR spectra of compound мπп (CDCl3, 298K, 400 MHz) 
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Figure 33 13C-NMR spectra of compound мπп (CDCl3, 298K, 500 MHz) 

 

 

Figure 34 ESI-MS spectra of compound мπп 

Compound мπр 
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Figure 35 1H-NMR spectra of compound мπр (CDCl3, 298K, 400 MHz) 

 

Figure 36 13C-NMR spectra of compound мπр (CDCl3, 298K, 500 MHz) 
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Figure 37 COSY NMR spectra of compound мπр (CDCl3, 298K, 500 MHz) 

 

Figure 38 HSQC NMR spectra of compound мπр (CDCl3, 298K, 500 MHz) 
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Figure 39 ESI-MS spectra of compound мπр 

Compound нπм 

 

Figure 40 1H-NMR spectra of compound нπм (CDCl3, 298K, 400 MHz) 
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Compound нπн 

 

Figure 41 1H-NMR spectra of compound нπн (CDCl3, 298K, 400 MHz) 

Compound нπо 

 

Figure 42 1H-NMR spectra of compound нπо (CDCl3, 298K, 400 MHz) 
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Figure 43 13C-NMR spectra of compound нπо (CDCl3, 298K, 500 MHz) 

 

 

Figure 44 ESI-MS spectra of compound нπо 
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Compound нπп 

 

Figure 45 1H-NMR spectra of compound нπп (CDCl3, 298K, 400 MHz) 

 

 

Figure 46 ESI-MS spectra of compound нπп 
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Compound нπр 

 

Figure 47 1H-NMR spectra of compound нπр (CDCl3, 298K, 400 MHz) 

 

 

Figure 48 ESI-MS spectra of compound нπр 
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Boronic ester exchange condensation (compound мπс formation) 

 

Figure 49 1H-NMR spectra compilation of boron template, reaction crude and compound мπр (CDCl3, 298K, 500 

MHz) 

 

Figure 50 COSY NMR spectra of reaction crude of boronic acid condensation (CDCl3, 298K, 500 MHz) 



 

54 
 

Hydrolysis of compound мπс 

 

Figure 51 1H-NMR spectra compilation hydrolysis of compound мπс at different time (CDCl3, 298K, 500 MHz) 

Ring-closing metathesis (compound мπт formation) 

 

Figure 52 1H-NMR spectra compilation of ring-closed boron template, reaction crude of boronic ester exchange 

condensation, reaction crude of ring closing metathesis and compound мπр (CDCl3, 298K, 500 MHz) 
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Figure 53 ESI-MS spectra of reaction crude of ring-closing metathesis 

 
Figure 54 1H-NMR spectra comparison of reaction crude and non-interlocked complex compound мπтȄ (CDCl3, 

298K, 500 MHz) 
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Boronic ester exchange condensation (compound нπс formation) 

 

Figure 55 1H-NMR spectra compilation of boron template, reaction crude and compound нπр (CDCl3, 298K, 500 

MHz) 

 

Figure 56 COSY NMR spectra of reaction crude of boronic ester exchange condensation (CDCl3, 298K, 500 MHz) 
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Figure 57 ESI-MS spectra of reaction crude of boronic ester exchange condensation 

 

Hydrolysis of compound нπс 

 

Figure 58 1H-NMR spectra compilation hydrolysis of compound нπс at different time (CDCl3, 298K, 500 MHz) 
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Ring-closing metathesis (compound нπт formation) 

 

Figure 59 1H-NMR spectra compilation of ring-closed boron template, reaction crude of boronic ester exchange 

condensation, reaction crude of ring closing metathesis and compound нπр (CDCl3, 298K, 500 MHz) 
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Figure 60 ESI-MS spectra of reaction crude of ring-closing metathesis 

 

Figure 61 1H-NMR spectra compilation of various portions after purification of ring closing metathesis crude 

(CDCl3, 298K, 500 MHz) 

 

 

 

 

 


