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Abstract and Layout of Thesis 

The template synthesis of rotaxanes and catenanes has allowed a detailed study of 

their intrinsically novel and interesting properties. A key strategy has been the 

deployment of transition metal ions with their well-defined coordination geometries 

allowing high-yielding and facile preparation of interlocked architectures. 

Knowledge of how to exploit the coordination sphere of metal ions and the design of 

ligands for the creation of intermediates that are pre-disposed to undergo 

‘stoppering’ or ‘clipping’ has been a crucial requirement for this approach. This 

Thesis is in three parts describing the use of three dimensional, two dimensional and 

one dimensional coordination geometries in the synthesis of interlocked 

architectures. 

Firstly, the octahedral coordination geometry of cobalt(III) was utilized to organize 

dianionic pyridine-2,6-dicarboxamido ligands in a mutually orthogonal arrangement 

such that ring closing metathesis macrocyclizations gave access to interlocked or 

entwined products. A ‘figure-of-eight’ complex was obtained from a double 

macrocyclizations, whereas a catenate was accessed through a single 

macrocyclization. The topology of the isomers was proved by X-ray crystallography. 

An analogous [2]rotaxane was synthesized and the interlocked nature of the 

rotaxane demonstrated by 
1
H NMR spectroscopy and mass spectrometry. 

Secondly, an “active” metal template strategy, in which the metal ion plays a dual 

role – acting to both organize ligands and catalyze mechanical bond formation – 

allowed rotaxanes be constructed using the square planar coordination geometry 

and Lewis acidic nature of a palladium(II) complex. The interlocked nature of the 

rotaxane was proved by X-ray crystallography, demonstrating that a nitrile group 

present in the thread acted as a “station” for the Pd(II)-macrocycle. This 

observation led to the construction of a two “station” degenerate molecular shuttle 

in which the dynamics of translocation were controlled by reagent addition and 

observed by 
1
H NMR techniques. 

Lastly, the linear coordination geometry of gold(I) was successfully used as a 

template for construction of rotaxanes and catenanes via a ‘clipping’ strategy. The 

linear coordination geometry and the interlocked nature of the gold(I)-catenate was 
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proved by X-ray crystallography, the rotaxane architecture was proved by 
1
H NMR 

spectroscopy and mass spectrometry. 

Chapters Two, Three and Four are in the form of articles that have been published in 

peer-reviewed journals, and are reproduced, in their published format, in the 

Appendix. No attempt has been made to rewrite the published work; as a 

consequence the numbering of compounds, whilst consistent within each Chapter, is 

not consistent throughout this Thesis. Another consequence is that the many failed 

synthetic routes have been left out. I hope the reader will forgive these omissions as 

well as the slight repetition that occurs in the introduction and bibliography of each 

chapter. Additionally, preceding each Chapter is a brief synopsis that places the 

work in context and acknowledges the contributions of my fellow researchers. 
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Synopsis 

There exists a plethora of strategies available for today’s synthetic chemist to utilize 

in the construction of mechanically interlocked and entwined architectures. 

Rotaxanes, catenanes, knots and Borromean rings have all been successfully 

accessed via template methods in which metal ions play a pivotal role. The success of 

this strategy is the application of well-defined metal coordination geometries as 

templates that gather and organize building blocks such that subsequent covalent 

capturing reactions generate the interlocked or entwined structures. A major 

development saw the “passive” role of the metal ion evolve into an “active” role; in 

addition to gathering and organizing ligands, the metal ion can also catalyze 

covalent and mechanical bond formation, furnishing the interlocked structure. 

Furthermore, using the “active” template approach a stoichiometric quantity of the 

metal template ion is not always required as it is possible for the metal ion to turn 

over during the catalytic cycle. This introduction focuses on entangled structures 

based on discreet molecules, specifically catenanes, rotaxanes, knots and links, in 

which removal of the metal ion template does not cause dissociation of the 

interlocked sub-components. 
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1.1 Ordering and Entwining about a Metal Template 

1.1.1 Historical Background 

Sauvage’s achievement of using a metal-ligand coordination geometry as a template 

for the synthesis of a catenane was a revolutionary step forward.
[1]

 The methodology 

allowed, for the first time, a feasible synthesis of interlocked and entwined structures. 

The basis of Sauvage’s strategy was the knowledge that metal ions provide an 

excellent template for the synthesis of macrocycles, first exemplified by the work of 

Daryle Busch and co-workers. Busch used the square planar coordination geometry 

of nickel(II) as a template in the synthesis of a tetradentate macrocycle from α-

diketone 1 and mercaptoethylamine (2) in 70% yield (Scheme 1.1).
[2]

 The Ni(II) ion 

gathered the newly formed tetradentate ligand (3) such that both reactive end-groups 

were brought close in space, or put another way, Ni(II) forced the ligand into a 270° 

turn around the metal ion. Here Ni(II) is acting as a kinetic template, as this 

arrangement of the ligand favors intra-molecular cyclization such that addition of 

1,2-bis-(bromomethyl)benzene (4) to chelate 3-Ni(II) afforded Ni(II)-macrocyclic 

complex 5-Ni(II).
[3]

 

 

Scheme 1.1. Ni(II) as a kinetic template in the synthesis of tetradentate nitrogen containing 

macrocycles.
[2, 3]

 

Furthermore, Busch demonstrated what he described as the “thermodynamic 

template effect”, whereby complex mixtures converged into a common product upon 

the addition of metal ions. The five component self-assembly, using reversible imine-

bond formation, of four equivalents of o-aminobenzaldehyde 6 and a divalent ion, 

Cu(II) or Ni(II), produced metallo-macrocycle 7 (Scheme 1.2).
[4]

 Additionally, 

tridentate macrocycle 8 was isolated.
[5]

 The condensation of ketones and amines in 
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the presence of metal salts was also exploited by Curtis and Hay in the construction 

of macrocycles.
[6]

 

 

Scheme 1.2. Ni(II) as a thermodynamic template in the synthesis of tri- and tetra-dentate 

nitrogen containing macrocycles.
[4,5]

 

Busch also demonstrated that metal ions could also be used to gather reactive 

molecules to form complex three dimensional structures. 2,6-diacetylpyridine (9) 

undergoes condensation, in the presence of Fe(III), with triethylenetetraamine to 

form a five coordinate complex. The condensation of 9 with tetraethylenepentaamine 

(10) produced hexadentate octahedral complex 11-Fe(III) (Scheme 1.3).
[7] 

 

Scheme 1.3. The use of Fe(III) allowed the construction of macrocycle 11-Fe(III) from 2,6-

diacetylpyridine (9) and tetraethylenepentaamine (10).
[7]

 

The aldehyde-amine condensation in the presence of metal ions has also used by the 

group of Urbach to form various helicate complexes (Scheme 1.4).
[8]

 With no metal 

ion present, the condensation between three equivalents of 2-formyl-pyridine (12) 

and one equivalent of tris-(aminomethyl)ethane (13) led to cross-condensed product 

14. 14 undergoes a rearrangement upon treatment with Fe(II) (but not Co(III), Ni(II), 

or Zn(II)) to form helicate 15-Fe(II). To generate the desired helicates (15), the 

initial condensation was performed in the presence of metal ions, such as Fe(II), 

Co(III), Ni(II), and Zn(II). Interestingly the same condensation, but using Mn(II) or 

Cu(II), resulted in 13 condensing with only two pyridyl molecules, generating N5-

complexes 16-Mn(II) and 16-Cu(II). 
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Scheme 1.4. Imine bond formation in the construction of helicates 15 and 16 from 2-formyl-

pyridine (12) and tris-(aminomethyl)ethane (13) around various octahedral ions.
[8]

 

Lehn and co-workers have also exploited coordination chemistry for the creation of 

synthetic helicates. Coordination of two quarterpyridine ligands to two copper(I) ions 

led to the formation of a simple entwined complex.
[9]

 Larger helicate assemblies 

were constructed using longer ligands featuring additional bipyridine (bipy) units: 

homo-duplex tri-,
[10a, b]

 tetra-
[10c]

 and penta-nuclear
[10c]

 helicates and also hetero-

duplex helicates
[10d]

 were assembled. Appending nucleosides to helicates was also 

achieved, with the resultant structures resembling ‘inside-out’ DNA.
[11]

 More exotic 

assemblies were formed in conjunction with anion templates. In the presence of 

chloride ions five-membered circular double helicate 17-Fe(II) was formed (Scheme 

1.5),
[12a]

 while a six-membered circular double helicate was formed in the presence 

of sulfate anions.
[12b]

 

 

Scheme 1.5. A circular double helicate assembly 17-Fe(II), constructed using five Fe(II) 

ions that organize five polypyridine ligands around an anion template.
[12a]

 The crystal 

structure (right) revealed the constitution of the complex, one polypyridine ligand is shown 

in blue and protons and counterions have been omitted for clarity. 
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1.1.2 Metal-Template Strategies to Mechanically Interlocked and Entwined 

Molecular Architectures 

The predictable nature of metal-ligand coordination geometries coupled with the 

relative strength of these interactions makes them an attractive proposition for 

assembling interlocked architectures. Building on this concept, Solokov discussed 

the possibility of using an octahedral metal ion as a template for the assembly of a 

catenane.
[13]

 Indeed, the entire range of simple (coordination number ≤ 6, see Figure 

1.1 for examples of coordination geometries and the possible modes of coordination) 

metal-ligand coordination geometries have since been used as templates in the 

construction of many rotaxanes, catenanes, knots and links. 

 

Figure 1.1. The range of simple (coordination number ≤ 6) metal-ligand coordination 

geometries utilized in the construction of rotaxanes, catenanes, knots and links. Three 

dimensional (a) tetrahedral with a “2+2” coordination mode, (b) trigonal bipyramidal with a 

“2+3” mode (c) octahedral with either “3+3”, “4+2”, or “2+2+2” modes, two dimensional (d) 

square planar with a “3+1” mode, and one dimensional (e) linear using a “1+1” coordination 

mode. 

Crucial to the synthesis of interlocked architectures is an understanding of the factors 

lying at the heart of the metal template methodology, as shown in Figure 1.2. The 

metal ion acts as an anchor to gather and organize ligands around its coordination 

sphere. This is achieved through coordination of a metal ion to the binding sites 

present on the ligands (dark blue segments, Figure 1.2). Once arranged about the 

metal ion, the conformations of the ligands act to generate crossing-points by either 

(1) the use of structural rigidity, i.e. ligands that possess a pre-organized turn, or (2) 

taking advantage of secondary non-covalent interactions that promote the formation 

of crossing-points. Establishment of crossing-points positions the reactive termini in 

an appropriate spatial orientation such that subsequent intra- or inter-ligand 

cyclizations lead to interlocked or entwined products. 
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Figure 1.2. A simple diagram illustrating the importance of both the metal ion (grey sphere) 

acting to gather and organize ligands, and the ligands acting to produce a turn around the 

metal centre in order to generate crossing-points. Secondary non-covalent interactions help 

to organize flexible ligands, promoting entwining; rigid ligands possess a structure that 

completes a pre-organized turn about the metal ion. 

1.2 “Passive” Metal Template Synthesis of Rotaxanes and Catenanes 

1.2.1 “Passive” Metal Template Strategies 

Scheme 1.6 summarizes the main strategies for the construction of catenanes and 

rotaxanes using a “passive” metal template. The catenane double ‘clipping’ strategy 

(Scheme 1.6a, i) involves two intra-ligand macrocyclizations of a pre-interlocked 

species. The ‘threading-followed-by-clipping’ strategy (Scheme 1.6a, ii) necessitates 

that an acyclic component be threaded through a cyclic component, with subsequent 

intra-ligand cyclization. The ‘clipping’ strategy for rotaxanes (Scheme 1.6b, i) 

requires a pre-macrocycle to be coordinated to a thread before cyclization of the pre-

macrocycle around the thread. An alternative rotaxane strategy is ‘threading-

followed-by-stoppering’ (Scheme 1.6b, ii) involving the threading of an axle through 

a cyclic component prior to reactions that install bulky ‘stopper’ units. 
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Scheme 1.6. A general overview of the “passive” metal template strategies to rotaxanes and 

catenanes. 

1.2.2 Tetrahedral Geometries 

1.2.2.1 Sauvage’s Cu(I)-Phen Catenane Strategy 

From research into macrocycles based on a 2,9-diphenyl-1,10-phenanthroline (phen) 

unit,
[14]

 Sauvage and co-workers realized that these ligands in combination with a 

tetrahedral metal ion, such as copper(I), could be used to construct interlocked 

structures.
[1, 15]

 The rigid phen ligands proved ideal for this purpose as they are pre-

organized for a 120° degree turn about the metal ion. Coordination of two phen 

ligands to copper(I) results in the ligands adopting a mutually orthogonal alignment. 

The reactive end-groups are setup to undergo intra-ligand cyclization to afford the 

interlocked species. Catenate 18-Cu(I) was accessed in two ways; by a single 

cyclization of a macrocycle-Cu(I)-phen complex or by double cyclization of a phen-

Cu(I)-phen complex. First to be reported was the single cyclization approach; phen-

based macrocycle 19 and acyclic ligand 20 were coordinated to Cu(I) generating 

complex 21-Cu(I) (Scheme 1.7a).
[16a]

 Single intra-ligand cyclization via Williamson 

alkylation of the phenol end-groups with diiodo-polyether 22 generated catenate 

18-Cu(I) in 42% yield. The second approach followed a double macrocyclization 

strategy; two equivalents of acyclic phen ligand 23 were complexed to copper(I) to 

give pre-catenate 23-Cu(I). Subsequent double macrocyclizations afforded catenate 

18-Cu(I) in 27% yield (Scheme 1.7b).
[16b]

 The yields reflect the ease with which 
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catenate 18-Cu(I) is formed - 27% via double cyclization vs 42% via single 

cyclization. 

 

Scheme 1.7. Cu(I)-phen catenate synthesis via (a) a single macrocyclization,
[16a] 

and (b) 

double macrocyclization.
[16b] 

In 1997, a collaboration between the groups of Sauvage and Grubbs saw a significant 

advancement in catenane construction with the application of a new olefin metathesis 

catalyst (24) developed by Grubbs.
[17]

 Double intra-ligand RCM macrocyclizations 

between the terminal olefins of pre-catenate 25-Cu(I) generated catenate 26-Cu(I) in 

92% yield (Scheme 1.8); single macrocyclizations gave similar yields of catenate.
[18]

 

 

Scheme 1.8. The application of a new olefin metathesis catalyst (24) led to the synthesis of 

catenate 26-Cu(I) in near quantitative yield.
[18] 

Catenate 18-Cu(I) can be demetallated by treatment with potassium cyanide, 

quantitatively affording metal-free catenand 18 (Scheme 1.9).
[16b]

 Sauvage 

introduced the nomenclature of naming catenanes derived from a metal template 

strategy and still containing a metal ion as “catenates”, and the demetallated 

analogues as “catenands”. Although 
1
H NMR analysis and mass spectrometry 
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evidence of both catenate and catenand pointed toward an interlocked topology, it 

was X-ray crystallographic analysis that provided the conclusive evidence of the 

molecular topology.
[19]

 The crystal structure of metal-complexed catenate 18-Cu(I) 

(Scheme 1.9, bottom right) shows a distorted tetrahedral geometry around a central 

Cu(I) ion which is ligated via four N-donor atoms to the phen units. In contrast, 

metal-free catenand 18 (Scheme 1.9, top right) adopts a different co-conformation; 

the two phen units, no longer held together by coordination to Cu(I), have swung to 

the periphery of the structure and now point away from each other. This is 

presumably as a result of lone-pair repulsion, although the non-coordinated sub-

components are free to rotate in solution, unless bulky groups are incorporated to 

prevent rotation.
[20] 

 

Scheme 1.9. Catenate 18-Cu(I) was demetallated generating metal-free catenand 18
[16b]

 to 

which many other metal ions were complexed in later studies.
[21, 22]

 The crystal structures of 

both catenate 18-Cu(I) (bottom right) and catenand 18 (top right) proved the interlocked 

topology of the molecules.
[19]

 The atoms of one ring are colored blue and the other ring grey, 

Cu(I) dark red, oxygen red, nitrogen blue, the counter-ion and protons have been omitted for 

clarity. 

It was also shown that the template metal ion could be re-introduced to the catenand 

(Scheme 1.9). In addition, the catenand could coordinate a range of other metal ions, 

including Li(I), Co(II), Zn(II), Ag(I), Cd(II),
[21a]

 Ni(I), Ni(II),
[21b]

 Pd(II).
[21c]

 

Furthermore, single and double protonation of catenand 18 with perchloric acid led 
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to a similar co-conformational rearrangement as observed for other catenates 

(Scheme 1.9).
[22]

 

1.2.2.2 Cu(I)-Phen-Imine Catenane Strategy 

Recently Nitschke and co-workers published the synthesis of a novel di-copper(I) 

catenate which also contained functionalized phen units as chelating groups.
[23]

 

However, unlike Sauvage’s earlier syntheses - which proceeded via kinetically stable 

intermediates - copper(I) catenate 27-Cu(I) (Scheme 1.10) was formed under 

thermodynamic control through the condensation reaction of dianiline 28 and 2,9-

diformyl-1,10-phenanthroline (29). It is presumed that each Cu(I) ion is datively 

bonded to two imine nitrogens and two phen nitrogens. Unfortunately, the unique 

coordination motif could not be verified in the solid-state. Instead, the interlocked 

nature was proved via molecular mechanics calculations, mass spectrometry and 

NMR studies, in which signals were observed between the phen protons and the 

alkyl protons located on the adjacent ring. In addition, catenate 27-Cu(I) was 

successfully demetallated to afford catenand 30 (Scheme 1.10). This was achieved by 

first reducing the imine bonds (essential to stop imine metathesis and kinetically fix 

the interlocked structure) and secondly by reacting with ethylenediaminetetraacetic 

acid (EDTA) under basic conditions to remove the copper ions. 

 

Scheme 1.10. A Cu(I) catenate 27-Cu(I) constructed around a novel di-copper(I) template 

that directed imine bond formation between aniline 28 and aldehyde 29. Reduction of the 

imines to amines and removal of the metal ions yielded catenand 30.
[23]

 

Reaction of 29 with a diamine analogue of 28, that contains a shorter and more 

flexible amine, resulted in the self-assembly of a macrocycle twisted into a helical 

structure through the coordination of two copper(I) ions.
[24]

 Demonstrating that 



Chapter One   Metal Template Strategies 

12 

control over product topology could be achieved by appropriate selection of reaction 

components, based on properties such as rigidity and length. 

1.2.2.3 Cu(I) Rotaxane Strategy 

Surprisingly, it was not until eight years after the publication of the first copper(I)-

phen [2]catenate 18-Cu(I)
[16a]

 that a [2]rotaxane based on the same motif was 

published.
[25]

 Gibson and co-workers demonstrated that Sauvage’s pre-catenate 

complex (21-Cu(I)) could be alkylated with bulky ‘stopper’ units to generate, after 

demetallation with solid-supported cyanide, metal-free [2]rotaxane 31 in 42% yield 

(Scheme 1.11). The interlocked nature of rotaxane 31 was proved by mass 

spectrometry and 
1
H NMR comparison of the compound to macrocycle and the 

thread side-product. 

 

Scheme 1.11. Installation of ‘stopper’ units onto complex 21-Cu(I) led the construction of 

[2]rotaxane 31.
[25]

 

A year later Sauvage synthesized his first [2]rotaxane.
[26]

 A pre-rotaxane complex 

was ‘stoppered’ via a reaction in which a second porphyrin unit was installed to 

generate a rotaxane in 25% yield (Scheme 1.12). Zinc(II) was introduced to the 

newly formed porphyrin ‘stopper’ unit to generate trimetallic rotaxane 32-Cu(I). 

Incorporation of metallo-porphyrins has allowed Sauvage to study electron transfer 

processes in both rotaxane and catenane architectures.
[27]
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Scheme 1.12. Synthesis of a porphyrin ‘stoppered’ [2]rotaxane assembled using the Cu(I)-

phen motif.
[26]

 

Sauvage has also synthesized rotaxanes by a copper(I) catalyzed azide-alkyne 1,3-

cycloaddition (CuAAC) ‘stoppering’ reaction (Scheme 1.13). Subjecting azide 

functionalized pre-rotaxane complex 33-Cu(I) to a CuAAC reaction, in the presence 

of alkyne functionalized ‘stoppers’ (34), yielded rotaxane 35-Cu(I) in 62% yield.
[28a]

 

A later study saw the replacement of the thread bipy unit with a phen-based unit and 

as expected the Cu(I)-phen-phen complex proved more stable to the reaction 

conditions and resulted in an increased yield (67%) of rotaxane obtained.
[28b]

 

 

Scheme 1.13. Synthesis of rotaxane 35-Cu(I) via CuAAC reactions between pre-rotaxane 

33-Cu(I) and alkyne ‘stopper’ 34.
[28a]

 

1.2.2.4 [n]Catenanes and [n]Rotaxanes 

Sauvage has published a wide body of work exemplifying the versatility of the Cu(I)-

phen motif, including its successful application to the synthesis of higher order 

catenanes and rotaxanes. In 1985 the synthesis of a [3]catenane using Williamson 

macrocyclization reactions was reported.
[29]

 Exploiting poly-ethylene linkers that 
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were too short to undergo intra-ligand cyclization, Sauvage hoped to promote a 

“1+1” inter-molecular reaction to generate the desired [3]catenates, unfortunately the 

yield was very low (~2%). An alternative approach relied on the oxidative coupling 

of terminal acetylene groups of threaded complex 36-Cu(I) to generate [3]catenane 

37-Cu(I) in 58% yield (Scheme 1.14).
[30]

 The synthesis also gave a tri-metallic 

complex in 22% yield, which was proposed to be a [4]catenate consisting of a central 

hexayne 66-membered ring interlocked with three 30-membered rings. These 

catenates were demetalated using KCN and crystal structures of both Cu(I) 

[3]catenate
[31a]

 37-Cu(I) (Scheme 1.14, right) and the corresponding metal-free 

[3]catenand were published.
[31b] 

Higher order homologues of these catenates were 

by-products in this synthetic approach. Electrospray mass spectrometry of a crude 

reaction mixture identified multi-ring [n]catenates of up to n = 7 (Scheme 1.14).
[32]

 

 

Scheme 1.14. An [n]catenate
[30]

 synthesis using oxidative alkyne couplings on pre-catenate 

36-Cu(I) to generate [3]catenate 37-Cu(I). Higher order catenanes, up to [7]catenates, were 

observed by mass spectrometry.
[32]

 The crystal structure of [3]catenate 37-Cu(I) (right) 

proved the topology of the interlocked molecule.
[31a]

 

In order to selectively generate [3]catenates, Sauvage and co-workers opted to use a 

single-cyclization approach. Two small phen-based macrocycles were coordinated 

using Cu(I) to a bis-phen pre-macrocycle featuring terminal alkynes. Again, using a 

Glaser coupling to ‘clip’ the central ring, a [3]catenate was generated in 48% 

yield.
[33]

 RCM reactions were later applied to the synthesis of [3]catenanes by the 

group of Mayer.
[34]

 Coordination of two Cu(I) ions to a large bis-phen macrocycle 

and two smaller acyclic phen-based ligands possessing terminal olefins generated a 
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pre-[3]catenate. Subsequent double intra-ligand RCM cyclizations led to a 

[3]catenate in 71% yield. 

The synthesis of [n]rotaxanes was achieved through porphyrin formation to install 

both ‘stopper’ and central porphyrin groups onto a pre-rotaxane, assembled using the 

Cu(I)-phen motif.
[35]

 The porphyrin and phen coordination sites could each be 

selectively remetallated, giving rise to a variety of homo- and hetero-metallic 

[n]rotaxanes.
[36]

 

1.2.2.5 Stimuli Responsive Structures Based on a Cu(I)-Phen Motif 

The Cu(I)-phen motif has been used to create structures in which the position of the 

interlocked sub-components can be controlled. A collaboration between the groups 

of Sauvage and Stoddart saw the trademark template motifs of both groups 

incorporated into [2]catenate 38-Cu(I) (Scheme 1.15)
[37]

 A Cu(I)-phen motif was 

used to organize the ligands prior to a ‘clipping’ reaction via alkylation to form a 

new tetrapyridinium macrocycle. Coordination to Cu(I) forces the phen units to be 

orientated at the centre of the catenate. Upon removal of the metal ion, catenand 38 

undergoes a co-conformation rearrangement such that the π-electron rich /π-electron 

deficient components interact at the centre of the catenane. 

 

Scheme 1.15. Catenane 38 relies on metallation/demetallation to control the orientation of 

the macrocyclic rings relative to each other.
[37] 

Sauvage and co-workers have also synthesized a catenate in which one contains both 

a phen unit a tridentate terpy unit as a second metal binding site.
[38]

 Here, positional 

control was achieved by exploiting the Cu(I)/Cu(II) redox couple. In the monovalent 

state the two phen units ligate the copper ion in its preferred tetrahedral coordination 

mode (Scheme 1.16, 39-Cu(I)). Oxidation to the divalent state leads to a co-
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conformational rearrangement such that copper(II) is ligated to one phen unit and the 

terpy unit in a trigonal bipyramidal coordination mode (Scheme 1.15, 39-Cu(II)).
[39]

 

 

Scheme 1.16. Catenane 39 relies on redox chemistry of Cu(I)/Cu(II) to control the co-

conformation of the macrocycles between tetradentate (phen-phen) and pentadentate (phen-

terpy) coordination modes.
[39]

 

Incorporating both phen and terpy units into the thread of a rotaxane, Sauvage 

exploited the same Cu(I)/Cu(II) driven co-conformation positional control in the 

translational movement of a phen-based macrocycle between the two stations in 

rotaxane 40-Cu(I) (Figure 1.3).
[40]

 Furthermore, a rotaxane was synthesized in which 

the thread contained just one phen unit and the macrocycle contained both phen and 

terpy units.
[41]

 Using the Cu(I)/Cu(II) redox couple controlled rotation of the 

macrocycle around the thread was achieved. 

 

Figure 1.3. Rotaxane 40-Cu(I)
 
exploits the redox chemistry of Cu(I)/Cu(II) to control the 

position of the macrocycle on the thread.
[40c] 

1.2.2.6 Non-Interlocked Assemblies Based on the Cu(I)-Phen Motif 

Sauvage’s Cu(I)-phen template coordination motif has also been used to construct 

various non-interlocked assemblies.
[42]

 Phen-based macrocycle 20 was dimerized to 

create a bis-macrocycle. The addition of four equivalents of Cu(I) ions to two 

equivalents of the bis-macrocycle and two equivalents of a bis-bipy axle generated 
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tetramer 41-Cu(I) (Scheme 1.17).
[43]

 It was hoped that the two threads could be 

covalently linked, generating a novel class of interlocked architecture, however all 

attempts were unsuccessful. 

 

Scheme 1.17. A pseudo-[4]rotaxane 41-Cu(I) constructed using four Cu(I) ions to coordinate 

two bis-macrocycles and two linear polypyridine axles.
[43]

 

1.2.3 Trigonal Bipyramidal Geometries 

The only example of interlocked architectures assembled around a 5-coordinate 

metal template comes from the Sauvage group. Zinc(II) was used in combination 

with bidentate and tridentate ligands to assemble catenate 42-Zn(II) (Scheme 

1.18).
[44]

 Complexation of a tridentate terpy-based macrocycle with Zn(OTf)2 yielded 

43-Zn(II), subsequent coordination to bidentate phen-based ligand 44 afforded pre-

catenate 45-Zn(II). Intra-ligand RCM macrocyclization, followed by hydrogenation 

of the newly formed double bond afforded penta-coordinated catenate 42-Zn(II). 

The metal-free catenand was formed by stirring a dichloromethane solution of the 

catenate with aqueous base. Similar to previous work with the tetrahedral template, 

catenand 42 was re-metallated with Zn(II) and other metal ions such as Cu(II) and 

Fe(II). 
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Scheme 1.18. Synthesis of five coordinate Zn(II) catenate 42-Zn(II) using the combination 

bidentate phen (44) and tridentate terpy (43) ligands.
[44]

 

1.2.3 Octahedral Geometries 

1.2.3.1 “3+3” Octahedral Strategy 

As demonstrated in the tetrahedral section, there are numerous examples of 

catenanes and rotaxanes assembled around Cu(I) but it took almost a decade before a 

new template was developed. The first catenane successfully assembled around an 

octahedral metal ion was published in 1991 by Sauvage.
[45]

 In this “3+3” approach, 

coordination of Ru(II) to two equivalents of 5,5”-diphenyl terpy-based ligand led to 

pre-catenate 46-Ru(II) (Scheme 1.19). A 5,5’’-substitution pattern was chosen, in 

preference to a 6,6”-motif, as it generates a less hindered binding site around the 

metal ion. Due to solubility issues the phenol groups were initially masked, 

subsequent methoxy deprotection afforded pre-catenate 47-Ru(II). Double intra-

ligand cyclization of complex 47-Ru(II) using Williamson alkylations afforded 

catenate 48-Ru(II) in a low yield of 11%. Unfortunately, the stability of the 

ruthenium catenate prevented demetallation; attempts to make an Fe(II) catenate, 

which would have been more susceptible to demetallation, proved unsuccessful. 
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Scheme 1.19. Octahedral template synthesis of catenate 48-Ru(II) around an octahedral 

Ru(II) ion using Williamson macrocyclizations on pre-catenate 47-Ru(II).
[45]

 

Later efforts to synthesize an iron(II) analogue employing RCM cyclizations to ‘clip’ 

pre-catenate 49-Fe(II), resulted in the unexpected formation of ‘figure-of-eight’ 

complex 50-Fe(II) (48% yield) which results from the inter- as opposed to intra-

ligand cyclization (Scheme 1.20).
[46] 

Building on Sauvage’s early octahedral work, 

Siegel and co-workers also developed an octahedral metal template strategy for 

assembling catenanes, using both Ru(II) and Fe(II).
[47] 

 

Scheme 1.20. Octahedral template synthesis of an unexpected ‘figure-of-eight’ complex 

50-Fe(II) from pre-catenate 49-Fe(II) via inter-ligand RCM macrocyclization.
[46]

 

In 2001, the Leigh group reported a simple method for preparing catenates using a 

variety of divalent octahedral transition metals.
[48]

 Ligand 51 is based on a tridentate 

2,6-diiminopyridine coordination motif and thus allows for two distinct strategies in 

the preparation of catenates. The first approach involved formation of pre-catenate 

complex 52, by addition of ligand 51 to a metal salt (Mn(II), Fe(II), Co(II), Ni(II), 

Cu(II), Zn(II), Cd(II) and Hg(II)). Subsequent double intra-ligand RCM 
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macrocyclizations between the terminal alkenes generated catenates (53) in good 

yields (Scheme 1.21a). Secondly, a thermodynamic approach was used to assemble 

catenates through reversible imine bond formation between bis-amine 54 and 2,6-

diformylpyridine (55) in the presence of a metal salt in methanol (Scheme 1.21b). 

Further study of catenate 53-Zn(II) revealed the remarkable stability of the metal-

complexed catenate, which could not be demetallated using EDTA. Prior reduction 

of the imine bonds was required to facilitate demetallation, yielding catenand 56 

(Scheme 1.21c). 

 

Scheme 1.21. Octahedral catenates (53) formed around a wide range of divalent metal ions 

accessed from either (a) double RCM reactions of pre-catenate 52 or (b) imine-bond 

formation between amine (54) and aldehyde (55) based ligands. The crystal structure of 53-

Zn(II) is shown bottom right. (c) Reduction of the imines to amines allowed demetallation to 

generate catenand 56.
[48] 

This “3+3” approach required modification to realize the analogous rotaxanes, as 

using imine ligand 51 in conjunction with a similar tridentate thread would lead to 

formation of undesired thread-thread and pre-catenate complexes.
[49]

 Instead bis-

amine macrocycle (57) was coordinated to various divalent metal ions and directed 

imine-bond formation between ‘stopper’ aniline 58 and 2,6-diformylpyridine (55) 

through the cavity of the macrocycle to generate rotaxanes (59) (Scheme 1.22). 
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Scheme 1.22. Octahedral amine/imine-based [2]rotaxanes 59 formed through imine bond 

formation. Shown on the right is the crystal structure of rotaxane 59-Cd(II).
[49]

 

The success of this strategy lay in the use of imine bond formation, allowing 

assembly and disassembly of the many possible structures in order to find the most 

thermodynamically favored product. It was shown that the other major coordination 

product, i.e. a double-thread complex, converts quantitatively into the rotaxane 

product in the presence of macrocycle 57, even when this leads to a mis-match in 

stoichiometry. This preference was attributed to the presence of π-stacking 

interactions between the thread and macrocycle in the rotaxane promoting 

conformations that lead to interlocked products, as demonstrated in crystal structures 

of both rotaxane 59-Cd(II) and catenate 53-Zn(II). These favorable aromatic 

interactions are absent in the bis-thread complex. 

Chapter Two describes the use of a “harder” trivalent metal ion, cobalt(III), in the 

template directed synthesis of catenanes and rotaxanes using amido-based ligands. 

1.2.3.2 “4+2” Octahedral Strategy 

In 2003 Sauvage published the synthesis of a catenate assembled using a novel “4+2” 

octahedral coordination motif.
[50]

 Macrocycle 60-Ru(II) features two phen units that 

acts as a tetradentate ligand for Ru(II). Subsequent coordination of acyclic bidentate 

ligand 61 to macrocycle 60-Ru(II) generated pre-catenane 62-Ru(II). Subsequent 

RCM macrocyclization afforded catenate 63-Ru(II) in 68% yield (Scheme 1.23). 
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Scheme 1.23. Octahedral “4+2” motif using Ru(II), tetradentate Ru(II) complex 60-Ru(II), 

and bidentate ligand 61. Mixing 60-Ru(II) with 61 led to pre-catenate 62-Ru(II), subsequent 

RCM macrocyclization yielded catenate 63-Ru(II).
[50b] 

This new system has shown some versatility; catenanes can be assembled via a 

double macrocyclization approach in which a Ru(II)-[2]catenane was isolated in 46% 

yield.
[51]

 Structural modification of the poly-ether backbone of the tetradentate 

macrocycle resulted in an increased yield of Ru(II)-catenate (76% yield).
[52]

 

Additionally, using a 4,4’-substituted bipy ligand intra-ligand RCM cyclization of 

the pre-catenate occurred around the poly-ether chain rather than round the metal-

binding site as in previous examples
[50b]

 (34% yield of catenate).
[53]

 This example 

used rhodium(III), another second-row transition metal ion, as the octahedral 

template. Unfortunately, this set of ligands has met with limited success when 

employed with first-row transition metals such as zinc(II) or iron(II).
[50b]

 

In contrast to the previously reported bis-terpy catenate 48-Ru(II)
[45]

 (Scheme 1.19) 

which could not be demetallated, this new coordination motif has the advantage that 

Ru(II) can be selectively photochemically de-complexed from just the bipy unit. In 

the presence of chloride ions, irradiation results in the vacant coordination sites on 

Ru(II) occupied by two chloride ions. Photochemical decomplexation also occurs in 

the absence of chloride ions, with the vacant coordination sites occupied by two 

molecules of acetonitrile.
[51]

 The photo-decomplexed catenanes possess a structure in 

which although a metal ion is present, only one macrocycle is ligated to it. The 

octahedral “4+2” approach has also been adapted for rotaxane construction.
[54]
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1.2.3.3 “2+2+2” Octahedral Strategy 

Further investigations into novel ligand design for the synthesis of interlocked 

architectures led the Sauvage group to create a bidentate ligand based on a bi-

isoquinoline unit (Scheme 1.24a). These new ligands place the phenyl rings further 

from the metal centre resulting in a less sterically congested metal coordination 

site.
[55]

 In the case of the phen or bipy-based ligands there is a 7 Å distance between 

the phenyl rings, in the novel bi-isoquinoline ligand the phenyl rings are now 

separated by 11 Å. Thus an octahedral metal ion can coordinate three bidentate bi-

isoquinoline ligands (64) to generate a triply entwined complex, such as 65-Ru(II) in 

a “2+2+2” approach (Scheme 1.24a).
[56]

 The crystal structure of 65-Ru(II) revealed 

this intriguing entwinement around the metal ion which was later exploited to create 

an interpenetrated structure.
[57]

 Two bi-isoquinoline axles (66) terminated with azide 

functional groups were threaded through the cavity of bi-isoquinoline-based 

macrocycle 67 to generate complex 68-Fe(II) (Scheme 1.24b). In an attempt to 

covalently capture the architecture, four ‘stopper’ units were installed via triazole 

formation using a CuAAC reaction. Although metal coordinated complex 69-Fe(II) 

is extremely stable, upon demetallation the threaded sub-components slowly 

dissociate from the macrocycle. This is an unfortunate consequence of bi-

isoquinoline macrocycle 67 being too large for the ‘stoppers’ used. 

 

Scheme 1.24. (a) The synthesis of sterically unencumbering bi-isoquinoline ligand 64 

allowed a “2+2+2” ligand arrangement about an octahedral metal centre to generate 

complex 65-Ru(II).
[56]

 (b) The formation of a triply entwined complex was later exploited for 

the synthesis of doubly threaded [3]rotaxane 69-Fe(II).
[57]
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1.2.4 Square Planar Geometries 

The first report of using a 2D metal geometry came from Sauvage in the synthesis of 

a palladium(II)-based pseudo-[2]rotaxane.
[58]

 Here a “3+1” approach was used, in 

which the macrocycle featured a tridentate terpy unit to which Pd(II) was complexed. 

Subsequent coordination of a monodentate pyridine-based thread gave a pseudo-

rotaxane in quantitative yield. 

Rotaxane formation was later achieved using the “3+1” approach with an acyclic 

pyridine-2,6-dicarboxamide-based Pd(II)-complex (70-Pd(II)) and a 2,6-substituted 

pyridine-based thread (71) (Scheme 1.25).
[59]

 The pre-rotaxane complex was stable 

enough to be isolated in 63% yield before being subjected to RCM macrocyclization. 

Hydrogenation of the newly formed double bonds allowed saturated Pd(II)-rotaxane 

72-Pd(II) to be isolated in 77% yield. Demetallation with potassium cyanide 

generated the metal-free rotaxane in 97% yield. 

 

Scheme 1.25. The first interlocked molecule, rotaxane 72-Pd(II), to be assembled around a 

2D square planar metal ion. The crystal structure is shown bottom right.
[59]

 

The crystal structure of Pd(II)-rotaxane 72-Pd(II) (Scheme 1.25, bottom right) 

demonstrated the “3+1” coordination motif around which the rotaxane was 

assembled and also revealed subtleties about the ligand design. Using a thread with a 

3,5-substituted pyridine binding site leads exclusively to non-interlocked products, as 
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RCM occurs without capturing the thread. This is due to the conformation of the 

macrocycle, as the benzylic units “kink” the macrocycle away from the fourth 

coordination site. Replacement of the 2,6-dibenzyl ethers with 2,6-diesters prevented 

coordination from even occurring. 

Another [2]rotaxane synthesis based on the same “3+1” motif with similar ligands 

but using a ‘threading-followed-by-stoppering’ strategy, was reported by the groups 

of Takata and Hirao.
[60]

 Coordination of a monodentate 2,6-substituted pyridine 

based thread to a tridentate Pd(II)-macrocycle generated a pre-rotaxane. Subsequent 

‘stoppering’ reactions generated the interlocked product in 96% yield. Again, this 

study demonstrated the importance of the substitution pattern around the pyridine 

ligand, as a 3,5-substitution led exclusively to non-interlocked products. 

The Leigh group later used the demetallated [2]rotaxane synthesized previously
[59]

 to 

demonstrate the power of interlocked architectures to enforce binding motifs that are 

either unobserved or unstable in related non-interlocked molecules.
[61]

 This study 

showed that the mechanically bound molecule could coordinate Pd(II), from both 

acetate and chloride salts, whereas the analogous non-interlocked ligand could only 

bind Pd(II) from the acetate salt. Additionally, Cu(II) and Ni(II) were successfully 

complexed to the rotaxane but not to the non-interlocked ligand. 

The robust nature of the square planar Pd(II) methodology was later exemplified in 

the synthesis of [n]rotaxanes.
[62]

 An unsymmetrical thread was used, in which a 

monodentate pyridine unit (the binding site for Pd(II)-pre-macrocycle 70-Pd(II)) is 

located adjacent to one stopper but separated from the second stopper by a long alkyl 

chain, thus providing space for the macrocycles. Macrocycles were then added to the 

thread in an iterative manner using the following sequence: (i) complexation; (ii) 

macrocyclization; (iii) hydrogenation; and (iv) demetallation. After the first iteration, 

a [2]rotaxane was isolated; after the second iteration, a [3]rotaxane (73); the final 

iteration yielded [4]rotaxane 74 (see Scheme 1.26 for the final iteration). With this 

approach the only limiting factor in the synthesis of higher order rotaxanes is the 

length of thread used.
[63]
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Scheme 1.26. Synthesis of [4]rotaxane 74 from [3]rotaxane 73 via (a) coordination of 74 to 

70-Pd(II); (b) RCM macrocyclization; (c) hydrogenation; and (d) demetallation.
[62]

 

Incorporation of a second heterocycle, a 2,6-substituted DMAP, into a pyridine-

based thread allowed the synthesis of a pH-responsive molecular shuttle.
[64]

 Under 

neutral conditions a Pd(II)-macrocycle preferentially resides on the more basic 

heterocycle. Protonation and heating at elevated temperatures allowed a new co-

conformation to be achieved where the macrocycle now resides over the less basic 

heterocycle. Upon treatment with base and heating, the original co-conformation was 

re-established with macrocycle on the DMAP “station”. The mechanism of 

macrocycle translocation is based on competitive binding between the Pd(II)-

macrocycle and proton for the most basic heterocycle. The proton exhibits a greater 

discrimination between the two heterocycles and thus the macrocycle can be 

translocated to the less basic heterocycle. If the Pd(II)-macrocycle exhibited a greater 

discrimination between heterocycles, then no translocation would be possible via this 

mechanism. 

In an attempt to synthesize [2]catenanes based on the square planar geometry of 

Pd(II), cyclic complex 75-Pd(II) was coordinated to acyclic pyridine-2,6-dibenzyl 

ether-based ligand 76 (Scheme 1.27, left).
[65]

 Subsequent intra-ligand 

macrocyclization failed to capture the desired interlocked structure, but instead led to 

‘ring-on-ring’ complex 77-Pd(II). Next, a double-cyclization approach was 
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attempted using acyclic ligands 70-Pd(II) and 76 (Scheme 1.27, middle). Yet again 

the catenate was not formed, instead ‘figure-of-eight’ complex 78-Pd(II) was the 

isolated product. Finally, using acyclic complex 70-Pd(II) and monodentate 

macrocycle 79, Pd(II)-catenate 80-Pd(II) was obtained as the major product, in 78% 

yield (Scheme 1.27, right). The topology and connectivity of all three isomers was 

proved in the solid state by crystal structure analysis (Scheme 1.27, bottom). 

 

Scheme 1.27. A complete range of topological and connectivity isomers were isolated in a 

Pd(II)-template synthesis of catenanes. All three isomers were characterized in the solid-

state (bottom).
[65]
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1.2.5 Linear Geometries 

Chapter Four describes the use of the 1D linear geometry of gold(I) to construct the 

both catenanes and rotaxanes.
[66]

 

1.3 Knots 

Knots are another interesting class of topological structures.
[67]

 The simplest knot, the 

trefoil, consists of a single component that has been entwined once around itself to 

produce a knot. The next simplest knot, named after King Solomon, features two 

components entwined twice about each other, much like a [2]catenane but with four 

crossing-points. Schematically, the inner-core of both trefoil and Solomon knots are 

identical (Scheme 1.28). The termini connected during the cyclization step determine 

the topological outcome. Inter-ligand cyclizations between “A+Y” and “B+X” 

termini lead to a trefoil knot (Scheme 1.28a). Whereas intra-ligand cyclizations 

between “A+B” and “X+Y” lead to the doubly entwined rings of the Solomon knot 

(Scheme 1.28b). The pioneers in this field have again been the group of Sauvage, 

using the Cu(I)-phen motif to organize ligands in order to furnish many knotted 

products. 

 

Scheme 1.28. (a) Trefoil and (b) Solomon knots can be formed from a common intermediate, 

with the topological outcome depending on the termini connected through covalent bond 

formation. 

1.3.1 Molecular Trefoil Knots 

The metal-template synthesis of knots
[68]

 was initiated using ligands that possessed 

two phen coordination units; upon coordination to Cu(I) ions the ligands were 

organized into a helical arrangement. Covalent capture of the knot was achieved via 

double inter-ligand cyclizations using Williamson alkylations between the four 
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terminal phenols and two iodo-functionalized ‘clipping’ units.
[69]

 Although the 

synthesis of the trefoil knot was a triumph in terms of topologically complexity 

(elucidation of the crystal structure revealed the non-trivial topological structure, 

Figure 1.4, right),
[70]

 the isolated yield of knot 81-Cu(I) (Figure 1.4) was only 3%. 

1
H NMR analysis of the bis-Cu(I) helix showed that a significant amount of a mono-

Cu(I)-ligand complex was present, i.e. the ligand had folded around itself to act as a 

tetradentate ligand to Cu(I). 

 

Figure 1.4. The pioneering synthesis of trefoil knots by the Sauvage group: 81-Cu(I),
[69a]

 

82-Cu(I)
[71a]

, 83-Cu(I)
[71b]

, 83-Cu(I)/Zn(II)
[73]

 and 83-Cu(I)/Ag(I),
[73]

 and 84-Cu(I).
[74]

 The 

crystal structure of 81-Cu(I) is shown, right.
[70] 

Modifications to the design of the trefoil knot, most notably to the unit linking the 

phen groups, led to an improvement in yield. Replacing the four carbon linkage with 

a six carbon linkage gave an increased 8% yield of knot 82-Cu(I)
[71a]

 (Figure 1.4),
 

whilst using a rigid 1,3-isothaloyl spacer gave knot 83-Cu(I)
[71b]

 in a higher 29% 

yield (the topology of knot 83-Cu(I) was proved by X-ray analysis).
[71c]

 The utility 

of RCM reactions in the synthesis of interlocked and entwined molecules was again 

demonstrated; a di-Cu(I)-knot precursor was synthesized featuring four terminal 

olefins that when subjected to double RCM macrocyclizations gave knot 84-Cu(I), 

after hydrogenation of the double bonds, in 74% isolated yield.
[72]

 

Due to its enhanced rigidity, knot 83-Cu(I) proved inert to demetallation at room 

temperature with cyanide. Nevertheless, the two Cu(I) ions were extracted in a 

stepwise manner by using KCN in refluxing acetonitrile giving first a mono-copper 

species and subsequently the metal-free knot ligand. This artifact of the synthesis 

was exploited for the formation of heterodinuclear copper/zinc 83-Cu(I)/Zn(II) and 

copper/silver 83-Cu(I)/Ag(I) knotted complexes.
[73]

 Metal-free knot 83 was easily 
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coordinated to two lithium ions.
[74]

 The kinetics of demetallation with cyanide ions 

was studied for a range of knots: 81-Cu(I), a knot similar to 81 but with a (CH2)6 

spacer between phen units, 82-Cu(I), and 83-Cu(I), and compared to the non-

interlocked/non-entwined complexes.
[75]

 It was shown that the kinetics of 

demetallation strongly depended on topological and steric factors, with the knotted 

species being several orders of magnitude slower to demetallate than non-

interlocked/non-entwined complexes. 

The advancement in the synthetic preparation of molecular knots
[71b]

 has allowed 

resolution of the right- and left-handed trefoil knots.
[71c, 76]

 Anion exchange of the 

triflate salt of di-copper(I) knot 83-Cu(I) for a (S)-(+)-binaphthylphosphorate salt
[77]

 

allowed selective crystallization to occur, yielding first the left-handed (-)-knot. 

Subsequent recrystallization of the remaining material gave the right-handed (+)-knot. 

The circular dichroism (CD) spectra of both diastereoisomers gave the expected 

mirror-image between 280-700 nm. The chiroptical properties of the right-handed 

(+)-knot were later studied in more detail.
[78]

 More recently, a stereoselective 

synthesis of a trefoil knot was achieved by using chiral pinene groups adjacent to a 

bipy coordination unit to direct the synthesis of a left-handed knot.
[79]

 Double RCM 

cyclizations proceeded smoothly to give the knot in 74% yield. Whilst suitable single 

crystals could not be grown, the CD spectra showed evidence of the stereoselective 

knot synthesis. 

Sauvage has also used an octahedral Fe(II)-terpy motif in the synthesis of knots 

(Figure 1.5). Unlike the unsuccessful catenane synthesis using this coordination 

motif,
[46]

 trefoil knot 85-Fe(II) was generated in 20% yield using RCM 

cyclizations.
[80]
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Figure 1.5. Knot 85-Fe(II) was synthesized around an octahedral bis-Fe(II)-terpy template.
[80]

 

An example of an pre-knot structure assembled around a single octahedral metal 

centre (Scheme 1.29) was reported by Hunter in 2001.
[81]

 A multidentate ligand 

containing three bipy units coordinated a Zn(II) ion in a manner that entwined the 

ligand, generating pre-knot complex 107-Zn(II) (the entwined structure was 

demonstrated by crystallographic analysis, see Scheme 1.29, left). The folding 

process is fully reversible; addition of excess chloride ions produced the 

decomplexed ligand whilst subsequent addition of silver ions regenerates 86-Zn(II). 

Further work revealed that this assembly could be covalently captured via a 

‘clipping’ reaction between the two terminal alcohols to yield knot 87-Zn(II).
[82]

 The 

same conditions that demetallated pre-knot 86-Zn(II), failed to remove the metal ion 

from knot 87-Zn(II). 

 

Scheme 1.29. Zn(II) gathered a multi-dentate ligand to form complex 86-Zn(II),
[81]

 

subsequent ‘clipping’ yielded knot 87-Zn(II).
[82]

 

In a similar fashion to that described for Cu(I)-[n]catenates, Sauvage and co-workers 

coupled acyclic knot-precursors via Glaser acetylenic-couplings to produce a 

composite knot, composed of one molecular chain featuring six crossover points in 

3% yield.
[83]

 Extensive 1D and 2D 
1
H

 
NMR analysis identified the desired metallo-
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knotted species in a complex mixture of ‘figure-of-eight’ macrocycles and 

macrocycle-knot species. The Sauvage group have tried to synthesize more elaborate 

structures, such as higher order knots (with the number of crossing points greater 

than three), and a molecular Star of David, a triply entwined [2]catenane.
[84]

 

1.3.2 Molecular Solomon Knots 

Sauvage’s group was the first to realize the synthesis of a Solomon knots using a 

metal-template strategy. The approach employed ligands that each possessed three 

phen coordination units that upon coordination to three Cu(I) ions generated a pre-

knot complex with four crossing-points.
[85]

 Cyclization was achieved via intra-ligand 

Williamson alkylations between two terminal phenol groups and an iodo-

functionalized ‘clipping’ unit. Knot complex 88-Cu(I) (Figure 1.6) proved unstable, 

thus purification was attempted after demetallation to yield metal-free knot 88 in 2% 

yield, also isolated was the singly entwined [2]catenane in 1% yield. 

 

Figure 1.6. Sauvage’s first 88-Cu(I)
[85]

 and improved 89-Li(I)
[87]

 and 90-Cu(I)
[87]

 synthesis of 

Solomon knots. 

Characterization of the knot proved, initially, to be very difficult. Although both 

compounds could be separated by TLC, electrospray MS gave identical spectra. Only 

extensive interpretation of the 
1
H NMR spectra of both compounds allowed an 

assignment to be made. Later it was found that 88 could be differentiated from its 

isomeric singly entwined [2]catenane using advanced mass spectrometry 

techniques.
[86]

 The Solomon knot, as a consequence of its more entangled nature and 

greater strain, was prone to cleavage at higher cone voltages compared to the simple 

catenane. 
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An improved synthesis was achieved by taking advantage of quantitative formation 

of a stable double-stranded tri-lithium(I) helix. Subsequent double intra-component 

RCM cyclization reactions lead to Solomon knot 89-Li(I).
[87]

 Unfortunately, 

purification issues meant that lithium catenane 89-Li(I) could not be isolated, instead 

it was converted to the copper(I) analogue 89-Cu(I) which allowed isolation of the 

Solomon knot in a much improved 30% yield. Catalytic hydrogenation gave access 

to saturated metallo-knot 90-Cu(I). 

1.4 Borromean Rings 

Borromean rings (BRs)
[88]

 consist of three interpenetrating rings with each individual 

ring not interlocked with respect to any other ring. However, the overall structure is 

mechanically interlocked such that cleavage of just one ring results in complete 

disassembly of the overall structure. Two main stepwise metal template strategies 

have been investigated by synthetic chemists.
[89]

 With an orthogonal depiction 

(Scheme 1.30a) it is possible to build up the structure via a ‘ring-in-ring’ approach. 

Starting from one macrocycle (orange), a second macrocycle (blue) can be orientated 

within the cavity of the orange ring by the use of two metal ions as anchors. A third 

pre-macrocycle (green) can then be positioned outside the orange ring but through 

the cavity of the blue ring. Cyclization of the green pre-macrocycle outside the 

orange ring captures the interlocked molecule. Alternatively, if BRs are depicted as 

chain rings then a ‘rack’ strategy can be envisaged (Scheme 1.30b). Three acyclic 

ligands can form a complex on the addition of two metal ions, cyclization of the 

green termini leads to a complex resembling half of the overall structure. Thus if two 

such complexes are fused, by reaction between the correct termini, BRs can be 

formed. 
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Scheme 1.30. Borromean rings can be represented as (a) orthogonal rings or (b) as a chain 

rings. Orthogonal rings allow for a stepwise ‘ring-in-ring’ strategy, whereas chain rings allow 

for a ‘rack’ approach.
[89] 

1.4.1 Studies Toward the Synthesis of Borromean Rings 

1.4.1.1 Stepwise ‘Ring-in-Ring’ Strategies 

Stoddart’s group was the first to report a ‘ring-in-ring’ assembly, utilizing 

ammonium-crown ether interactions.
[90]

 This was followed by two reports which 

relied on metal-ligand interactions to generate ‘ring-in-ring’ complexes.
[89, 91] 

Schmittel’s group made use of the tetrahedral Cu(I)-phen motif of Sauvage,
[16]

 with 

one macrocycle featuring two endo-phen units (possessing a 2,9-substitution pattern) 

and a second macrocycle featuring two exo-phen units (possessing a 4,7-substitution 

pattern). Coordination to Cu(I) formed the desired ‘ring-in-ring’ complex 91-Cu(I), 

isolated in 79% yield (Figure 1.7).
[91]

 Aside from the phen units no other 

functionality was built into the macrocycles that could be exploited to generate more 

complex structures, such as BRs. 

 

Figure 1.7. A ‘ring-in-ring’ complex formed using a Cu(I)-phen motif.
[91] 
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Unlike Schmittel’s approach,
[91]

 Siegel utilized an octahedral metal-terpy motif to 

assemble ‘ring-in-ring’ complex 92-Ru(II) (Figure 1.8).
[89] 

Siegel’s group included 

two vacant bipy units in one ring for possible coordination to a third ring. 

 

Figure 1.8. A ‘ring-in-ring’ complex, in which the vacant bipy units allow the possible 

coordination of a third ring, as a route towards Borromean rings.
[89] 

1.4.1.2 ‘Chain Ring’ Strategies 

A second approach arose from depicting the BRs as chain rings (Scheme 1.30b). 

Using this strategy Siegel and co-workers constructed basic ‘rack’ assemblies.
[92]

 

Two separate axles were synthesized featuring two tridentate terpy-based 

coordination units that formed a bimetallic heteroleptic complex with two smaller 

tridentate units in the presence of Ru(II). In this way complexes 93-Ru(II) (Figure 

1.9a) and 94-Ru(II) (Figure 1.9b) were accessed. ‘Rack’ 94-Ru(II) could possibly 

be utilized as a pre-cursor for BRs as it contained functionality suitable covalent 

derivatization. Unfortunately, no successful stepwise syntheses of BRs have been 

reported using either ‘ring-in-ring’ or ‘rack’ strategies. 
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Figure 1.9. ‘Rack’ complexes (a) 93-Ru(II) and (b) 94-Ru(II) as basic building blocks for a 

‘rack’ strategy towards Borromean rings.
[92]

 

1.4.2 Molecular Borromean Rings 

The synthesis of molecular BRs was finally achieved in 2004 using an 18-component 

one-pot self-assembly approach.
[93, 94]

 Stoddart and co-workers designed their BR to 

be the most thermodynamically favored product, exploiting many non-covalent 

interactions. Furthermore the use of dynamic covalent chemistry and labile Zn(II)-

nitrogen coordination allowed the system to reach a thermodynamic minimum 

through continual error-correction steps. Six Zn(II) ions direct the self-assembly of 

six bidentate bipy-based ligands, 95, and six 2,6-diformylpyridine ligands (55) in the 

construction of BRs in near quantitative yield (Scheme 1.31). The impressive 

structure of 96-Zn(II) was confirmed upon elucidation of the X-ray crystal structure 

(Scheme 1.31, right). The solid-state structure demonstrated how the newly-formed 

imine bonds helped create a tridentate coordination unit that in conjunction with a 

bipy unit coordinated to the octahedral metal ions (the sixth coordination site was 

occupied by a TFA anion). The crystal structure also illustrated that other non-

covalent interactions play a part in the assembly process, evidenced by the fact that 

each bipy unit is flanked by a pair of phenolic rings at a distance ideally suited for π-

stacking. 
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Scheme 1.31. Borromean rings 96-Zn(II) synthesized from bis-aldehyde 55 and bis-amine 

95 based ligands. The rings of one macrocyclic ring are shown in grey, second ring in light 

blue, and third ring in orange, zinc(II) green, the anions occupying the sixth coordination site 

have been omitted for clarity, nitrogen blue and oxygen red.
[94a]

 

The synthetic simplicity of this approach to BRs belies the extremely tough synthetic 

challenge that vexed chemists following stepwise ‘ring-in-ring’ or ‘rack’ strategies. 

In fact, the level of synthetic ability necessary to construct these BRs has made it an 

excellent education tool for undergraduate students. The synthetic procedure was 

modified such that BRs could be constructed from commercially available starting 

materials in seven 4-hour laboratory sessions, with the final BR synthesis proceeding 

in 90% yield.
[95]

 

The dynamic behavior of the BRs has been probed by halogen labeling of the 2,6-

pyridinediformyl unit (55). Hexa-bromine and hexa-chlorine labeled BRs were 

synthesized separately. When mixed together complete exchange to a statistical 

mixture was found to have occurred after five days in a methanolic solution at 60 ˚C 

in the presence of a few drops of trifluoroacetic acid.
[96]

 Further studies have shown 

that Borromeands are stable in the absence of the Zn(II) ions following reduction of 

the imines to amines, ‘fixing’ the interlocked nature of the molecule.
[97]

 Partial 

cleavage of the imine bonds occurs during the reduction step. Accordingly, those 

BRs disassociated into their constituent rings and an acyclic ligand. Performing the 

reduction at elevated temperatures, only individual macrocyclic rings and linear 

ligands were obtained. 
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Derivatization of BRs was achieved through the functionalization of the pyridine 

rings. The self-assembly approach tolerated substitution in the para-position on the 

pyridyl rings; 4-acetoxymethylphenyl, 4-methylthiophenyl, 4-pentenyloxy, and p-

tolylpentenyloxy were all be incorporated into BRs.
[98]

 BRs formed with 4-

pentenyloxy proved amenable to olefin cross metathesis with styrene, in which the 

dominant product was found to be generated from five cross metatheses.
[98b]

 

Incorporating chiral units, (R,R) or (S,S), into the bipy-amine fragment resulted in the 

formation of chiral BRs composed of either twelve (R) or (S) units.
[99]

 The crystal 

structure of the (R)-BR showed that the Zn(II) metal centers were distorted 

substantially from their ideal octahedral geometry, suggesting that the stereogenic 

centers exerted a great influence on the metal centers. 

Stoddart and co-workers subsequently synthesized BRs using another transition 

metal ion template, Cu(II).
[100]

 Intriguingly, when a mixed metal template of Zn(II) 

and Cu(II) was subjected to the same reaction conditions instead of the expected 

formation of BRs, a Solomon knot (a doubly entwined catenane) was formed 

(Scheme 1.32). In the Solomon knot, only four equivalents of ligands 55 and 117 are 

incorporated into the knot. However, the Solomon knot can only be accessed by 

using equimolar amounts of Zn(II) and Cu(II). The reasons as to why the Solomon 

knot is produced remain unclear. In contrast to BRs, formed under thermodynamic 

control, the Solomon knots are generated in a kinetically controlled crystallization 

process. Instead of forming a ‘ring-in-ring’ complex, as in the case of BRs, the 

macrocyclic rings in the Solomon knot entwine about each other to create four 

crossing-points that result in the knot (Scheme 1.32). 



Chapter One   Metal Template Strategies 

39 

 

Scheme 1.32. Solomon knot 97-Zn(II)/Cu(II) was synthesis (Scheme 1.32).
[100a]

 Zn(II) is 

shown in green, Cu(II) teal, anions occupying the sixth coordination site have been omitted. 

1.5 “Active” Metal Template 

As described above, many metal-ligand coordination geometries have been 

successfully utilized in the construction of interlocked and entwined architectures. In 

all these template-directed syntheses, the metal ion is essentially a “passive” glue 

holding the organic ligands together prior to covalent capture. Thus, in all such 

“passive” metal template strategies the metal ion must be present in stoichiometric 

quantities. 

A major advance saw the use of sub-stoichiometric quantities of metal ion, in an 

“active” metal template synthesis of interlocked architectures. Here, the metal ion 

plays a dual role; firstly acting to gather and organize ligands, and secondly to 

catalyze covalent bond formation between two ‘half-threads’ through the cavity of a 

macrocycle yielding the interlocked product (Scheme 1.33a). Once the rotaxane has 

been formed, it is possible for the metal ion to turn over, re-entering the catalytic 

cycle in the production of more rotaxane (Scheme 1.33b). 

Additionally, in order to assemble the interlocked structure, “passive” metal template 

strategies require well-defined coordination sites in each of the organic sub-

components that “live-on” after mechanical bond formation. In the “active” template 

strategy, organization and reaction of ‘half-thread’ units is achieved via the metal 

ions interaction with the terminal functional groups (dark blue segments, Scheme 
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1.32) present on the ‘half-threads’ during covalent bond forming step. As such, this 

novel strategy only requires a permanent coordination site on the macrocycle as the 

functionality used in covalent bond formation can “disappear” during the reaction. 

 

Scheme 1.33. Overview of the “active” metal template strategy. (a) The metal ion plays a 

dual role; first by gathering and organizing the ligands, and secondly by catalyzing covalent 

bond formation between ‘half-threads’ through the cavity of a macrocycle. (b) As the metal 

ion is able to turn over, sub-stoichiometric quantities of metal ion can be used. 

1.5.1 Cu(I) Catalyzed Azide-Alkyne 1,3-Cycloaddition Synthesis of Rotaxanes 

The first “active” metal template was reported in 2006 by the Leigh group. A 

copper(I) catalyzed azide-alkyne 1,3-cycloaddition (CuAAC) was employed to 

synthesize rotaxanes.
[101]

 Macrocycle 79 coordinated Cu(I) and the Cu(I)-complex 

then catalyzed triazole formation between alkyne (34) and azide (98) ‘half-threads’ 

(Scheme 1.34). In the presence of a stoichiometric quantity of Cu(I) an excellent 

yield, 94%, of rotaxane 100 was reported. Remarkably, addition of just three 

equivalents of pyridine, as a competing ligand for Cu(I), allowed the reaction to 

proceed catalytically with only 20 mol% of Cu(I), generating rotaxane 100 in 82% 

yield. 
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Scheme 1.34. CuAAC synthesis of rotaxane 100 from alkyne 34 and azide 98 ‘half-threads’. 

A stoichiometric quantity of Cu(I) yielded rotaxane in 94% and a sub-stoichiometric quantity 

(20 mol%) produced rotaxane in 82%.
[101] 

A more in depth study of the CuAAC mechanism followed, in which a variety of 

structurally related macrocycles were tested in the CuAAC reaction.
[102]

 These 

studies demonstrated that the CuAAC reaction tolerates a wide-range of mono-

dentate macrocycles, and to a much lesser extent bidentate macrocycles, but not 

tridentate macrocycles. Unexpectedly, a [3]rotaxane (102) was isolated from a 

reaction that used a large excess of a pyridine-2,6-biphenyl-based macrocycle 101 

(Scheme 1.35, the structure of 102 was confirmed in the solid-state). 

 

Scheme 1.35. A large excess of macrocycle 101 unexpectedly yielded [3]rotaxane 102, 

which was characterized in the solid state (right).
[102]

 

The experimental observations allowed a mechanism to be postulated (Scheme 1.36). 

Complexation of one Cu(I) ion to the macrocycle via N-donor coordination to the 

pyridine unit generated complex 103-Cu(I). As mono-dentate macrocycles led to the 

formation of [3]rotaxanes as well as [2]rotaxanes, it was postulated that this occurred 

via a doubly bridged bi-metallic bis-macrocyclic intermediate, 104-Cu(I). Bi-dentate 

macrocycles, on the other hand (Scheme 1.36, 105-Cu(I)), for steric reasons cannot 
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achieve the doubly bridged bis-macrocyclic arrangement necessary for [3]rotaxane 

formation and thus only yield [2]rotaxanes. Rotaxane formation is the result of 

complexes 104-Cu(I) and 105-Cu(I) undergoing 1,3-cycloadditions to generate a 

triazole, a covalent bond, and concurrently the rotaxane architecture, a mechanical 

bond. 

 

Scheme 1.36. Postulated mechanism of the CuAAC reaction leading to rotaxane 100.
[101, 102] 

1.5.2 Rotaxane Synthesis through Alkyne Couplings 

The next reports of “active” template reactions came from Saito and co-workers, who 

utilized an oxidative alkyne dimerization to generate rotaxanes.
[103]

 The oxidative 

homo-coupling of aryl-alkyne ‘half-thread’ 106 mediated by Cu(I)-macrocycle 107-

Cu(I) generated rotaxane 108 in 72% yield (Scheme 1.37). The authors also reported 

rotaxane formation via C-S bond formation, using aryl iodide and thiol 

functionalized ‘half-threads’ in the presence of macrocycle 85-Cu(I), although, in 

this case, large excesses of ‘half-threads’ (>10 equivalents) were necessary to 

produce any rotaxane (27% yield). 



Chapter One   Metal Template Strategies 

43 

 

Scheme 1.37. A Cu(I) oxidative homo-coupling of aryl-alkyne ‘half-thread’ 106 to generate 

rotaxane 108 in 72% yield.
[103]

 

The Leigh group also reported the use of palladium(II) in alkyne homo-

couplings.
[104]

 Both stoichiometric and sub-stoichiometric (10 and 5 mol%) 

quantities of Pd(II) resulted in good conversions of alkyne functionalized ‘half-

thread’ 109, in the presence of macrocycle 79, to rotaxane 110. The mechanism of 

rotaxane formation is thought to proceed via stereoretentive transmetallation of the 

trans chlorides present in complex 111-Pd(II) with copper(I)-acetylide ‘half-threads’ 

109-Cu(I) (Scheme 1.38). Isomerization of trans-112-Pd(II) to cis-112-Pd(II) and 

reductive elimination generated rotaxane 110. Pd(0) underwent oxidation to Pd(II) 

and re-entered in the catalytic cycle to generate more rotaxane. 
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Scheme 1.38. A Pd(II)-catalyzed homo-coupling of alkyne ‘half-thread’ 109 in the presence 

of pyridine-based macrocycle 79 led to [2]rotaxane 110.
[104a]

 

Cross-couplings of alkynes were also achieved using the Cadiot-Chodkiewicz 

reaction.
[105]

 Carrying out the reaction with one equivalent of preformed copper 

acetylide ‘half-thread’ 113-Cu(I) and one equivalent of bromoacetylene ‘half-thread’ 

114 in the presence of one equivalent of a bipy-based macrocycle 115 led to hetero-

coupled rotaxane 116 in 85% yield. The reaction is proposed to proceed via 

coordination of a pre-formed Cu(I)-acetylide 113-Cu(I) to bidentate macrocycle 115 

(Scheme 1.39). Oxidative addition of bromo-acetylene 114 to Cu(I)-complex 117-

Cu(I) occurs on the opposite face of the macrocycle to produce intermediate 118-

Cu(III). Reductive elimination of complex 118-Cu(III) furnishes hetero-coupled 

rotaxane 116. 
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Scheme 1.39. Cadiot-Chodkiewicz “active” metal template synthesis of rotaxanes.
[105]

 

To further demonstrate the utility of this “active” template reaction, a two “station” 

molecular shuttle (119, Scheme 1.40) was synthesized. Weak inter-component 

interactions were used to bias the position of a macrocycle on the thread. In the 

neutral form, the bipy macrocycle was predominantly located over the aniline 

“station” via the aniline proton participating in a single contact hydrogen bonding 

motif to one N-donor of the bipy unit. Addition of either p-TsOH acid or LiI, led to 

translocation of the macrocycle to the DMAP “station”. The proton or metal ion was 

involved in binding to two N-donors, one from the macrocycle and one from the 

DMAP “station” (119-M
+
). The molecular shuttle was reset to its neutral state by 

either washing with Na2CO3, in the case of the protonated shuttle, or an aqueous 

wash to remove the metal salt. 
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Scheme 1.40. Cadiot-Chodkiewicz synthesis of molecular shuttle 119, in which control over 

the macrocycle’s position was achieved via metallation or protonation.
[105]

 

1.5.3 Rotaxanes via Oxidative Heck Reactions 

The Leigh group also investigated palladium catalyzed cross-coupling reactions.
[106]

 

Attempts at constructing rotaxanes using Pd(0)-catalyzed reactions proved 

unsuccessful. This was attributed to the inability of the macrocycles, all featured 

either mono-, bi-, or tridentate N-donor ligands, to coordinate to Pd(0). Attention was 

shifted to Pd(II)-mediated oxidative Heck cross-couplings. Complex 120-Pd(II) was 

formed in situ by addition of a catalytic quantity (10 mol%) of Pd(OAc)2 to 

macrocycle 115. Addition of aryl-boronic acid 121 and alkene 122 ‘half-threads’ and 

an oxidant lead to the formation of rotaxane 123. Good yields of rotaxanes were 

obtained when using just 1 mol% of Pd(OAc)2. The reaction proved tolerant to a 

variety of alkene functionalized ‘half-threads’ and electron-poor boronic acid ‘half-

threads’. 

The proposed mechanism for rotaxane construction is shown in Scheme 1.41. 

Transmetallation of boronic acid 121 with macrocyclic-Pd(II) complex 120-Pd(II), 

followed by π-coordination to alkene ‘half-thread’ 122 leads to complex 124-Pd(II) 

that features the two ‘half-threads’ coordinated on opposite faces of the macrocycle. 

Migratory insertion and subsequent β-hydride elimination forms both the covalent 
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bond and concurrently the mechanical bond generating rotaxane 123. Pd(0) is 

oxidized back to Pd(II) and re-enters the catalytic cycle. 

 

Scheme 1.41. The oxidative Heck reaction between boronic acid and alkene functionalized 

‘half-threads’ generated a variety of [2]rotaxanes in good yields with sub-stoichiometric 

quantities of Pd(II).
[106]

 

1.5.4 Pd(II)-Promoted Synthesis of Rotaxanes 

Chapter Three describes how the “active” template methodology was extended to 

Lewis-acid catalysis, namely Pd(II)-mediated Michael additions.
[107]

 

1.6 Summary and Outlook 

From it’s origins in the synthesis of macrocycles, the metal template strategy has 

grown to encompass the construction of rotaxanes, catenanes, knots and links. 

Sauvage’s pioneering work using the template effect of copper(I) to organize phen 

ligands provided a practical basis for all subsequent metal template strategies in the 

construction of interlocked and entwined architectures. In the process, the methods 
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used for covalent capture have also evolved from the use of Williamson alkylations, 

to RCM, imine formation, and CuAAC reactions. Even the role of the metal ion has 

evolved, from acting to passively gather and organize the ligands prior to covalent 

capture, to, in recent reports, actively catalyzing mechanical bond formation. The 

“active” template approach, demonstrated through various homo- and hetero-

couplings, using a variety of metal ions has provided a new route to interlocked 

architectures. 
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Synopsis 

The Leigh group has previously reported on the synthesis of catenanes and rotaxanes 

using a variety of octahedral divalent metal ions to organize both imine and amine-

based ligands. To the best of our knowledge there are no reports in the literature of 

octahedral trivalent metal templates utilized in the construction of interlocked 

architectures. 

 

Tridentate dianionic pyridine-2,6-dicarboxamido ligands, each with two terminal 

alkene groups, coordinate Co(III) in a mutually orthogonal arrangement such that 

entwined or interlocked molecular architectures are produced by ring closing olefin 

metathesis. Double macrocyclization of two such ligands bound to Co(III) afford a 

non-interlocked ‘figure-of-eight’ complex in 42% yield, the structure determined by 

X-ray crystallography. Pre-forming one macrocycle and carrying out a single 

macrocyclization of the second bis-olefin with both ligands attached to the Co(III) 

template led to the isomeric [2]catenate in 69% yield. The mechanically interlocked 

structure was confirmed by X-ray crystallography of both the Co(III) catenate and 

the metal-free catenand. A Co(III)-template [2]rotaxane was assembled in 61% yield 

by macrocyclization of the bis-olefin ligand about an appropriate dianionic thread. 

For both catenanes and rotaxanes, removal of the metal ion via reduction under 

acidic conditions to the more labile Co(II) gave neutral interlocked molecules with 

well-defined co-conformations stabilized by intercomponent hydrogen bonding. 
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2.1 Introduction 

The use of transition metal ions as templates
[1-7]

 and structural elements
[8]

 were 

breakthrough strategies in the development of effective methods for the synthesis of 

mechanically interlocked architectures, but for over fifteen years the Cu(I)-bis-

phenanthroline system developed in Strasbourg remained the only reliable metal 

template route to catenanes and rotaxanes. Recently, however, complimentary and 

robust methodologies for the construction of rotaxanes and catenanes around other 

metal-ligand systems, featuring a range of metal coordination geometries and ligand 

types, have been developed. For example, relatively soft divalent metal ions have 

been used to template the assembly of catenanes
[9a]

 and rotaxanes
[9b] 

around 

octahedral metal centers (Figure 2.1a);
[10]

 the two dimensional square planar 

geometry of palladium(II) has been used to prepare [2]catenanes,
[11a]

 [2]-,
[11b, c]

 [3]-

[11d]
 and [4]rotaxanes

[11d]
 and molecular shuttles;

[11e]
 and the linear coordination mode 

of gold(I) has been demonstrated to template the assembly of minimally-

functionalized building blocks into both catenanes and rotaxanes.
[12] 

The result is that 

chemists now have a diverse range of mechanically interlocked ligands and 

complexes that can be investigated from the point of view of their 

electrochemistry,
[2b, 5h, 13] 

photochemistry,
[5l, 10e, 10j, 14] 

reactivity,
[15]

 selectivity of 

binding,
[13a, 16] 

and as key structural motifs in prototypes for molecular machines.
[17]

 

However, the ability of the metal to template a particular structure remains highly 

dependent on the nature of both the metal and the ligand system (and their mutual 

compatibility), and modest changes to either can prevent the building blocks 

assembling in the desired manner.
[11a, b]

 Furthermore, mechanically interlocked 

ligands that have been assembled around one type of template (e.g. a soft metal ion) 

are generally not well-suited to binding to other types of metal ion (e.g. hard metal 

ions). Consequently, there is an ongoing need for different types of interlocked 

ligand motifs which enable different sorts of metal ions to be complexed by them. 

Herein we revisit the challenge of the template synthesis of mechanically interlocked 

architectures which bind metal ions with a preferred octahedral coordination 

geometry, this time utilizing the hard trivalent transition metal ion cobalt(III)
[18]

 to 

pre-organize two tridentate pyridine 2,6-dicarboxamido ligands in order to construct 
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both catenanes and rotaxanes. The Co(III) template synthesis has several distinctive 

features which complement existing methods for interlocked molecule synthesis: (i) 

it utilizes two similar (rotaxane) or identical (catenane) dianionic ligands in a 

homotopic binding motif that makes the template complex anionic rather than 

cationic; (ii) the template is constructed and applied in an unusual three-step process 

involving, first, assembly of the ligands under thermodynamic control around 

kinetically labile Co(II), subsequent locking of the ligands on the metal by oxidiation 

to non-labile Co(III) (after which the desired template complex can be separated 

from other ligand-metal complexes if necessary), followed by ring closing or cross 

olefin metathesis to covalently capture the interlocked or entwined structure; (iii) the 

methodology is high yielding and uses readily prepared building blocks; (iv) removal 

of the metal ion from the interlocked product generates a free ligand which still 

exhibits a well-defined co-conformation as a result of intercomponent hydrogen 

bonding; (v) Co(III) can be reintroduced into the resulting interlocked ligands to 

form [2]catenane and [2]rotaxane complexes of a hard, kinetically inert to ligand 

exchange, metal ion. 

2.2 Results and Discussion 

2.2.1 Ligand design 

 

Figure 2.1. Tridentate ligand systems that favor orthogonal mer coordination to octahedral 

metal ions: (a) neutral pyridine-2,6-diimino ligands suitable for chelating ‘soft’ divalent metal 

ions; (b) bis-anionic pyridine-2,6-dicarboxamido ligands suitable for chelating ‘hard’ trivalent 

metal ions. 

The basic design of the ligands for Co(III)-mediated assembly is derived from an 

earlier system successfully used to synthesize interlocked architectures around 

divalent metal ions (Figure 2.1). In that system, the mer coordination of two neutral 
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tridentate ligands (Figure 2.1a) around a divalent octahedral metal center holds the 

ligands in an orthogonal arrangement and the shape of the ligands, supported by π-π 

interactions between the interchelated ligands, subsequently directs interlocking 

macrocyclization reactions to give high yields of [2]catenates
[9a]

 and [2]rotaxanes
[9b]

 

under either kinetic or thermodynamic control.
 

Deprotonated carboxamide 

(carboxamido) groups are known to be good ligands for hard ions such as Fe(III) and 

Co(III) and their complexation behavior has been extensively studied because of 

their significance in key natural processes.
[19]

 It appeared that replacement of the 

divalent-ion-coordinating imine groups with amides (Figure 2.1b)
[20]

 would facilitate 

binding to trivalent ions whilst conserving the features—intercomponent π-stacking 

and preorganized 180˚ degree turn—that induce the terminal groups of each ligands 

to converge and form the crossover points necessary for catenane and rotaxane 

formation. We selected ring closing olefin metathesis (RCM) for the reaction to 

covalently capture the interlocked products, as it is high yielding and tolerant to the 

demands imposed by macrocyclization to form very large rings (entropy loss and 

sufficient stability of the reactive intermediate when adoption of a geometry where 

ring closing can occur is a rare event). Ligand H2L1 appeared to have these desired 

features and, accordingly, the products of a series of single and double 

macrocyclization reactions of the ligand on a Co(III) template were investigated. 
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2.2.2. Co(III)-Template ‘Figure-of-Eight’ Synthesis via Double Cross Olefin 

Metathesis 

 

Scheme 2.1. Synthesis of ‘figure-of-eight’ complex [CoL4]
-
 via double cross olefin 

metathesis of L2 on a Co(III) template.
 
Reagents and conditions: (a) (i) Co(OAc)2·(H2O)4, 

Et4N(OAc), NaOEt, EtOH, reflux, 1 h, (ii) silica gel, CH2Cl2, acetone, Et3N, 83%; (b) 

(Cy3P)2Cl2Ru=CHPh, CH2Cl2, 2 d, 42%; (c) Pd/C, MeOH, H2, 1 d, 85%. 

Initially we investigated the olefin metathesis of two molecules of H2L1 on a 

cobalt(III) template, a reaction which could potentially generate a number of 

different product types and topologies (Scheme 2.1). Since ligand exchange around 

Co(III) centers is generally slow, it proved convenient to initially assemble the 

ligands around Co(II) and then to kinetically lock the system by simple air oxidation 

to Co(III) (the increase in oxidation state is strongly favored by the two doubly-

negatively-charged ligands). Reaction of an ethanolic solution of H2L1 with a 

cobalt(II) salt (Co(OAc)2·(H2O)4), Et4N(OAc) and NaOEt under anaerobic conditions 

gave an immediate color change from pink to deep purple. Exposure of the presumed 

divalent species, [CoL12]
2-

, to air resulted in a second color change from purple to 

green (indicative of oxidation to Co(III)) over ca. five minutes. After heating at 
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reflux for a further 1 h and work up of the reaction, purification by column 

chromatography on silica gel with acetone:dichloromethane:triethylamine (40:59:1) 

as eluent, afforded complex [CoL12]Et3NCH2Cl in 83% yield (Scheme 2.1, step a). 

The unexpected countercation is apparently formed (Et3N + CH2Cl2 → Et3N
+
CH2Cl 

+ Cl
-
) and introduced into the product (cation exchange with Et4N

+
) during the 

chromatography step.
[21]

 Complex [CoL12]Et3NCH2Cl gave a sharp 
1
H NMR 

spectrum in CD2Cl2 (Figure 2.3a),
[22]

 confirming the structure contained diamagnetic 

Co(III) rather than paramagnetic Co(II). Comparison of the 
1
H NMR spectrum with 

that of the free ligand H2L1 (Figure 2.2b) revealed upfield shifts of HE and HF, 

indicative of the π-stacking between the benzylic groups of each ligand intended to 

favor catenane formation. However, subjecting [CoL12]Et3NCH2Cl to olefin 

metathesis with (PCy3)2Cl2Ru=CHPh (Scheme 2.1, step b) led to a ‘figure-of-eight’ 

complex [CoL3]Et3NCH2Cl formed through interligand cross-metathesis.
[10b,

 
23]

 The 

structure was confirmed by X-ray crystallography of single crystals of the 

hydrogenated (H2, Pd/C, MeOH, Scheme 2.1, step c) complex (Figure 2.3). The X-

ray crystal structure shows that in order to accommodate the perpendicular alignment 

of the tridentate pyridine-2,6-dicarboxamido ligands around the octahedral Co(III) 

center, the macrocycle adopts a helical conformation which promotes interligand 

cross metathesis rather than intraligand ring closing metathesis.  
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Figure 2.2. 
1
H NMR spectra (400 MHz, CD2Cl2, 300 K) of a) [CoL12]Et3NCH2Cl, b) H2L1, c) 

pre-catenate [L1CoL5]Et3NCH2Cl, d) macrocycle H2L5, e) [2]catenand H4L7, and f) 

[2]catenate [CoL7]Et3NCH2Cl. The assignments correspond to the lettering shown in 

Scheme 2.2. 
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Figure 2.3. X-Ray crystal structure of ‘figure-of-eight’ complex [CoL4]Et3NCH2Cl. (a) Side-on 

view. (b) Viewed down the N2-Co-N5 axis. Selected bond lengths (Å) and angles (°): N1-Co 

1.98, N2-Co 1.85, N3-Co 1.94, N4-Co 1.96, N5-Co 1.83, N6-Co 1.96, N1-Co-N3 163.6, N4-

Co-N6 163.8, N2-Co-N5 177.1. The hydrogen atoms are omitted for clarity. The carbon 

atoms are shown in light blue (those originating from one ligand), orange (those originating 

from the second ligand) and grey (countercation) , cobalt(III) green, oxygen red, nitrogen 

blue and chlorine olive. 

2.2.3 Co(III)-Template [2]Catenate Synthesis via Single Macrocyclization 

 

Scheme 2.2. Synthesis of [2]catenate [CoL7]
- 
via single macrocyclization of L1 through L5 

on a Co(III) template.
 
Reagents and conditions: (a) Co(OAc)2·(H2O)4, Et4N(OAc), NaOEt, 

EtOH, reflux, 1 h, 84%; (b) (PCy3)2Cl2Ru=CHPh, CH2Cl2, 2 d, 69%; (c) (i) Pd/C, MeOH, H2, 

1 d, (ii) Zn, AcOH, MeOH, 30 min., 65%; (d) Co(OAc)2·(H2O)4, Et4N(OAc), NaOMe, EtOH, 

reflux, 30 min., 75%. 

We next investigated single RCM of a complex consisting of H2L1 and the pre-

formed macrocycle H2L5 held in a mutually orthogonal arrangement by the Co(III) 
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template. Treatment of an ethanolic solution of H2L1, H2L5, Co(OAc)2·(H2O)4 and 

Et4N(OAc) with NaOEt (4.4 equiv.) (Scheme 2.2, step a) under anaerobic conditions, 

followed by exposure to air, gave the same series of color changes observed during 

the formation of [CoL12]
-
 (Scheme 2.1, step a). The mixed ligand Co(III) complex 

[L1CoL5]Et3NCH2Cl was isolated after chromatography (again, with cation 

exchange) in 84% yield. In comparison to the 
1
H NMR of H2L1 (Figure 2.2b) and 

macrocycle H2L5 (Figure 2.2d) a significant shift to lower field is observed for both 

sets of benzylic aromatic resonances (HE’s and HF’s, Figure 2.2c) in 

[L1CoL5]Et3NCH2Cl, again indicating the presence of the π-stacking interactions 

intended to encourage catenane formation. The selectivity of the reaction for the 

mixed ligand complex [L1CoL5]
-
—neither of the homotopic complexes [L12Co]

-
 or 

[L52Co]
-
 are apparent in the product mixture—is a result of the shape and topology 

of the L5 macrocycle physically preventing complexes of the type [L52Co]
-
 from 

forming. Therefore, the only way in which all the ligands in an equimolar solution of 

the cobalt ion, L1
2-

 and L5
2-

 can be coordinated is through sole formation of the 

mixed ligand complex. The thermodynamically-driven rearrangement of any initially 

formed [L12Co]
2-

 likely occurs before the ligands are ‘locked’ around kinetically 

inert Co(III), i.e. prior to aerobic oxidation.  

Ring closing metathesis of [L1CoL5]Et3NCH2Cl under high dilution conditions 

(Scheme 2.2, step b) proceeded smoothly to give a new Co(III) complex, clearly 

different by 
1
H NMR spectroscopy and thin layer chromatography to [CoL3]

-
, in 

69% yield. Subsequent hydrogenation with H2 over Pd/C to remove the double bonds 

(Scheme 2.2, step c, i) resulted in partial abstraction of the Co(III) ion. It was 

therefore convenient to completely demetallate the structure with activated Zn dust in 

acetic acid/methanol (Scheme 2.2, step c, ii)
[24]

 prior to isolation, to give the fully 

reduced neutral molecule H4L7 in 65% yield over the two steps. The 
1
H NMR 

spectrum H4L7 in CD2Cl2 (Figure 2.2e) shows shielding of various signals (HD, HE, 

HF and HG) with respect to macrocycle H2L5 (Figure 2.2d) characteristic of a 

catenane, an architecture that was confirmed by X-ray crystallography of single 

crystals grown from a saturated acetonitrile solution (Figure 2.4). In the solid state 

each macrocycle of the catenand is involved in bifurcated hydrogen bonding to a 
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molecule of acetonitrile. The alkyl chains of each ring are located in the center of the 

cavity of the other macrocycle with the amide groups positioned to the outside of 

each molecule, a very different co-conformation to that required for metal ion 

template assembly (tridentate chelating groups converging towards the metal ion at 

the center; alkyl groups to the outside).
[25]

 

 

Figure 2.4. X-Ray crystal structure of [2]catenand H4L7.2MeCN viewed (a) in the plane of 

the pyridine rings and (b) showing the hydrogen bonding networks present. Selected bond 

lengths (Å) and angles (°): NH1
…

N2 2.22, NH1
…

N7 2.32, NH3
…

N2 2.22, NH3
…

N7 2.27, 

NH4
…

N5 2.24, NH4
…

N8 2.28, NH6
…

N5 2.21, NH6
…

N8 2.40, N1-H1-N2 107.1, N1-H1-N7 

145.7, N3-H3-N2 107.3, N3-H3-N7 145.6, N4-H4-N5 105.9, N4-H4-N8 146.7, N6-H6-N5 

108.4, N6-H6-N8 143.1. The non-H-bonded hydrogen atoms are omitted for clarity. The 

carbon atoms are light blue (one macrocycle), orange (the second macrocycle) and grey 

(acetonitrile), oxygen red and nitrogen blue. 

The cobalt(III) cation could be reintroduced into the catenand (Scheme 2.2, step d) to 

produce the [2]catenate [CoL7]Et3NCH2Cl in 75% yield. The 
1
H NMR spectra of 

[CoL7]Et3NCH2Cl (Figure 2.2f) shows pronounced π-stacking interaction of 

resonances HE and HF, and a decrease in the shielding for HG, HH, HI, HJ, and HK 

compared to H4L7 indicating that complexation of the ligand to cobalt(III) fixes the 

alkyl chains to the outside of the catenate. Single crystals of the Co(III) catenate 

suitable for X-ray crystallographic analysis were grown by vapor diffusion of Et2O 

into a saturated solution of the catenate in CH2Cl2. The crystal structure of 

[CoL7]Et3NH (the countercation again exchanged from the one expected!)
[26]

 (Figure 

2.5) shows the octahedral environment of the Co(III) metal center bound to the two 
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bis-anionic tridentate macrocycles with, as in solution, the alkyl chains of each ring 

positioned to the outside of the catenate. The off-set π-interactions between the 

benzyl groups of each macrocycle and the pyridine ring of the other component 

apparent by 
1
H NMR are also present in the X-ray crystal structure. 

 

Figure 2.5. X-Ray crystal structure of [2]catenate [CoL7]Et3NH viewed (a) to show the 

octahedral coordination sphere of the complexed cobalt(III) ion and (b) perpendicular to the 

plane of the orange ring to show the two sets of intercomponent π-stacking. Selected bond 

lengths (Å) and angles (°): N1-Co 1.97, N2-Co 1.85, N3-Co 1.95, N4-Co 1.97, N5-Co 1.85, 

N6-Co 1.97, N1-Co-N3 163.1, N4-Co-N6 163.2, N2-Co-N5 174.2. The hydrogen atoms are 

omitted for clarity except for the NH of the protonated Et3N cation. The carbon atoms are 

shown in light blue (one macrocycle), orange (the second macrocycle) and grey 

(countercation), cobalt(III) green, oxygen red and nitrogen blue. 
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2.2.4 Co(III)-Template [2]Rotaxane Synthesis via Single Macrocyclization 

 

Scheme 2.3. Synthesis of [2]rotaxane [CoL10]
- 
via single macrocyclization of L1 about L8 on 

a Co(III) template. Reagents and conditions: (a) H2L1, Et4N(OAc), Co(OAc)2
.
(H2O)4, NaOMe, 

THF, EtOH, reflux, 1 h, 37%; (b) (Cy3P2)Cl2Ru=CHPh, CH2Cl2, 2 d, 61%; (c) (i) Zn, AcOH, 

MeOH, 30 min.; (ii) Pd/C, THF, H2, 2 d, 83%; (d) Co(OAc)2·(H2O)4, Et4N(OAc), NaOMe, 

EtOH, reflux, 30 min., 16%. 

Having established a protocol for the formation of catenanes using pyridine-2,6-

dicarboxamide ligands and a Co(III) template, the methodology was applied to the 

synthesis of a [2]rotaxane (Scheme 2.3). The bis-amide thread H2L8 was prepared in 

four steps (72% overall yield from commercial starting materials, see Experimental 

Section 2.4) and when subjected to the cobalt-complexation conditions in the 

presence of H2L1 the pre-rotaxane complex [L1CoL8]Et3NCH2Cl could be isolated 

in 37% yield (Scheme 2.3, step a). Since—unlike macrocycle L5—thread L8 can 

form a 2:1 complex with Co(III), in this case the ligand assembly reaction was 

unselective for the mixed-ligand complex and [L1CoL8]
- 
needed to be separated via 

column chromatography from [CoL12]
-
 and [CoL82]

-
. The 

1
H NMR spectrum of 
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[L1CoL8]Et3NCH2Cl in CD2Cl2 (Figure 2.6b) shows the intercomponent π-stacking 

interactions between L1
2-

 and L8
2- 

(shielding of resonances HE, HF, He, and Hf), 

which augured well for interlocking occurring under RCM. Indeed, macrocyclization 

of [L1CoL8]Et3NCH2Cl proceeded smoothly with (PCy3)2Cl2Ru=CHPh (Scheme 

2.3, step b) to give [CoL9]Et3NCH2Cl in 61% yield. Following hydrogenation and 

demetallation (Scheme 2.3, step c) a single organic product was isolated which was 

confirmed as the metal-free rotaxane, H4L10, by mass spectrometry and 
1
H and 

13
C 

NMR spectroscopy. The 
1
H NMR spectrum of the rotaxane in CD2Cl2 (Figure 2.5d) 

shows shielding of the thread resonances Hd, He, Hf, Hg, and Hh and macrocycle 

resonances HD, HE, HF, and HG , compared to the non-interlocked components H2L8 

(Figure 2.5a) and H2L5 (Figure 2.2c). In contrast, the amide hydrogen resonances of 

both the thread and macrocycle are shifted to higher frequency by ~1.5 ppm in the 

rotaxane indicating that the intercomponent hydrogen bonding observed in solution 

for the free catenand H4L7 also occurs with rotaxane H4L10.  

Reintroduction of Co(III) into rotaxane H4L10 to give [CoL10]Et3NCH2Cl (Scheme 

2.3, step d) was far more sluggish and low yielding (16% cf 75% for [CoL7]
-
) than 

the catenane system.
[27] 

As observed in the pre-rotaxane complex 

[L1CoL5]Et3NCH2Cl, the 
1
H NMR spectrum of the Co(III)-complexed rotaxane 

[CoL10]Et3NCH2Cl in CD2Cl2 (Figure 2.5c) provides evidence (larger shifts) of a 

significantly stronger π-stacking interaction between the benzylic units of the more 

flexible thread with the macrocycle’s pyridine moiety compared to that between the 

benzyl groups of the (more rigid) macrocycle and the thread’s pyridine unit. 
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Figure 2.6. 
1
H NMR spectra (400 MHz, CD2Cl2, 300 K) of a) thread H2L8 , b) pre-rotaxane 

[L1CoL8]Et3NCH2Cl, c) Co(II) rotaxane [CoL10]Et3NCH2Cl, and d) metal-free rotaxane 

H4L10. The assignments correspond to the lettering shown in Scheme 2.3. 

2.3 Conclusions 

A [2]catenane, [2]rotaxane and a ‘figure-of-eight’ complex have been synthesized 

about a Co(III) template by exploiting the affinity of tridentate pyridine-2,6-

biscarboxamido ligands for hard trivalent metal ions. In an unusual three-step 

template process, the lability of Co(II) coordination allows thermodynamically 

controlled assembly of the ligands on the metal and subsequent oxidation to Co(III) 

kinetically traps the template complex. The interlocked or entwined architectures are 

then covalently captured by cross-metathesis or ring closing metathesis. In each case 

decomplexation via reduction of the metal to Co(II) and protonation of the anionic 

ligands generated the metal-free neutral molecules. Cobalt could be re-introduced 

into the free ligands to form Co(III) complexes that were characterized 

unambiguously by mass spectrometry, NMR spectroscopy and, in some cases, X-ray 

crystallography. The methodology allows access to a new class of interlocked 
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chelating ligand for hard metal cations which adds to the growing toolbox of passive- 

and active-metal template
[28]

 protocols for catenane and rotaxane synthesis. The 

binding of different metal types (hard and soft, different oxidation numbers and 

geometries, etc) may prove useful in the development of new synthetic molecular 

machine systems.
[17]

 

2.4 Experimental Section 
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Scheme 2.4. Synthesis of thread H2L8 from 4-cyanophenol. Reagents and conditions: (a) 

BrCH2CH2Br, K2CO3, NaI, butanone, reflux, 18 h, 96%; (b) K2CO3, butanone, reflux, 18 h, 

87%; (c) LiAlH4, THF, reflux, 3 h, 98%; (d) pyridine-2,6-dicarbonyl dichloride, Et3N, THF, 0 °C, 

2 h, 88%.
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4-Cyano-ββββ-phenylethyl bromide – S1
[29]

 

To a solution of 4-cyanophenol (5.95 g, 50.0 mmol) and 1,2-dibromoethane (37.6 g, 

200 mmol) in butanone (400 mL) was added K2CO3 (69.0 g, 500 mmol) and NaI 

(0.112 g, 5.00 mmol), the suspension was heated at reflux for 18 h. After cooling, 

K2CO3 was removed by filtration and the solvent was removed under reduced 

pressure. The crude residue was purified by column chromatography (5:25 



Chapter Two   Cobalt(III) Template Directed Synthesis 

73 

EtOAc:CH2Cl2) and then recrystallized from hexane to yield the title compound as a 

colorless crystalline solid (10.90 g, 96%). m.p. = 53 °C (lit = 53 °C); 
1
H NMR (400 

MHz, CDCl3, 300 K): δ = 3.65 (t, J = 6.0 Hz, 2H, Hd), 4.33 (t, J = 6.0 Hz, 2H, Hc), 

6.96 (d, J = 8.8 Hz, 2H, Hb), 7.59 (d, J = 8.8 Hz, 2H, Ha); 
13

C NMR (100 MHz, 

CDCl3, 300 K): δ = 28.4, 67.9, 104.7, 115.3, 119.0, 134.1, 161.3; LRFAB-MS (3-

NOBA matrix): m/z = 226 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 225.9865 

[MH]
+
 (calcd. for C9H9

79
BrNO, 225.9867).  

 

O
O

a

b

c

d

e
f

h

g

iN
 

S2 

To a solution of 4-tris(4-tert-butylphenyl)phenol (4.561 g, 9.05 mmol) and S1 (6.135 

g, 27.17 mmol) in butanone (50 mL) was added K2CO3 (12.49 g, 90.5 mmol), the 

suspension was heated at reflux for 18 h. The solvent was removed under reduced 

pressure and the crude residue was redissolved in H2O (100 ml) and extracted into 

CH2Cl2 (3 x 100 ml). The combined organic layers were dried (MgSO4), 

concentrated under reduced pressure and purified first by column chromatography 

(CH2Cl2) and then precipitated from a hot solution of CH2Cl2  by addition of MeOH 

to yield the title compound as a colorless solid (5.125 g, 87%). m.p. = 239 °C; 
1
H 

NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (s, 27H, Hi), 4.32-4.34 (m, 4H, Hc,d), 6.80 

(d, J = 8.8 Hz, 2H, He), 6.99 (d, J = 8.5, 2H, Hb), 7.08 (d, J= 8.5 Hz, 6H, Hg), 7.11 (d, 

J = 8.8 Hz, 2H, Hf), 7.23 (d, J = 8.5 Hz, 6H, Hh), 7.59 (d, J = 8.5 Hz, 2H, Ha); 
13

C 

NMR (100 MHz, CDCl3, 300 K): δ = 31.8, 34.7, 63.5, 66.4, 67.3, 104.8, 113.5, 

115.8, 119.5, 124.5, 131.1, 132.8, 134.4, 140.8, 144.4, 148.8, 156.6, 162.4; LRFAB-

MS (3-NOBA matrix): m/z = 649 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 

649.3925 [MH]
+
 (calcd. for C46H51NO2, 649.3920).  
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S3 

To a solution of S2 (5.88 g, 9.05 mmol) in THF (100 mL) was added dropwise a 

solution of LiAlH4 (1.0 M in THF, 37 mL) at 0 °C. The resultant solution was heated 

at reflux for 3 hours and then allowed to cool to room temperature. The solution was 

cooled in an ice bath and water (1 mL), 15% aqueous sodium hydroxide solution (1 

mL) and water (3 mL) were added cautiously with vigorous stirring. The resultant 

precipitate was removed by filtration and the filtrate concentrated under reduced 

pressure to yield the title compound as a colorless solid (5.80 g, 98%). m.p. = 99 °C; 

1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.34 (s, 27H, Hk), 1.50 (br, 2H, Ha), 3.84 (s, 

2H, Hb), 4.34 (s, 4H, He,f), 6.85 (d, J = 8.8 Hz, 2H, Hg), 6.96 (d, J = 8.8 Hz, 2H, Hd), 

7.12 (m, 8H, Hh,i), 7.27 (m, 8H, Hc,j); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 31.8, 

34.7, 46.3, 63.5, 66.8, 67.0, 113.6, 115.2, 124.5, 128.7, 131.1, 132.7, 136.4, 140.5, 

144.5, 148.7, 156.8, 158.0; LRFAB-MS (3-NOBA matrix): m/z = 654 [MH]
+
; 

HRFAB-MS (3-NOBA matrix): m/z = 654.4318 [MH]
+
 (calcd. for C46H56NO2, 

654.4311).  
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Thread - H2L8 

To a solution of S3 (5.272 g, 8.06 mmol) and Et3N (3.4 ml, 24.2 mmol) in THF (60 

ml) at 0 °C was added via syringe a solution of pyridine-2,6-dicarbonyl dichloride 

(0.783 g, 3.84 mmol) in THF (20 ml). The solution was allowed to warm to room 

temperature and stirred for 2 h. The reaction mixture was filtered through a plug of 
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silica and the silica pad was washed with THF several times, the combined THF 

washings were concentrated under reduced pressure. The crude residue was 

redissolved in hot CH2Cl2 and MeCN was added to the solution to induce 

precipitation. The suspension was left for 18 h, the precipitate was filtered, washed 

with cold MeCN, then dried under suction for 3 h to yield the title compound as a 

colorless powder (4.886 g, 88%). m.p. = 181 °C; 
1
H NMR (400 MHz, CDCl3, 300 

K): δ = 1.29 (s, 54H, Hm), 4.27 (s, 8H, Hg,h), 4.61 (d, J = 6.1 Hz, 4H, Hd), 6.78 (d, J = 

8.9 Hz, 4H, Hi), 6.90 (d, J = 8.6 Hz, 4H, Hf), 7.08 (m, 16H, Hj,k), 7.21 (d, J = 8.5 Hz, 

12H, Hl), 7.26 (d, J = 8.6 Hz, 4H, He), 7.88 (t, J = 6.1 Hz, 2H, Hc), 8.04 (t, J = 7.8 Hz, 

1H, Ha), 8.40 (d, J = 7.8 Hz, 2H, Hb); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 31.8, 

34.7, 43.0, 63.1, 66.2, 66.6, 113.1, 114.7, 123.8, 125.3, 129.1, 130.9, 131.0, 132.3, 

139.3, 140.5, 144.5, 148.7, 149.2, 156.7, 158.5, 163.9; LRFAB-MS (3-NOBA 

matrix): m/z = 1439 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 1438.851 [MH]

+
 

(calcd. for C99H111N3O6, 1438.851). 
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Scheme 2.5. Synthesis of ‘figure-of-eight’ complex [CoL4]Et3NCH2Cl from pre-macrocycle 

H2L1. Reagents and conditions: (a) Co(OAc)2·(H2O)4, Et4N(OAc), NaOEt, EtOH, reflux, 1 h, 

83%. (b) (Cy3P)2Cl2Ru=CHPh, CH2Cl2, 2 d, 42%; (c) Pd/C, MeOH, H2, 1 d; 85%. 

 



Chapter Two   Cobalt(III) Template Directed Synthesis 

76 

Et3NCH2Cl

N

O

N

NN

O O

O O

N

O

Co N

O

O

E

G

JL

A

B

D

F

H

K

I

 

[CoL12]Et3NCH2Cl 

A suspension of H2L1
[11b]

 (0.993 g, 1.83 mmol), Et4N(OAc) (0.241 g, 0.92 mmol) 

and Co(OAc)2·(H2O)4 (0.229 g, 0.92 mmol) in EtOH (10 ml), was heated at reflux 

under nitrogen to give a clear, pale pink, solution. To this was added a solution of 

sodium ethoxide in ethanol, generated by the careful addition of NaH (0.162 g of 

60% dispersion in oil, 4.05 mmol) to ethanol, resulting in a color change to deep 

purple. Upon exposure to air, the color of the solution changed to green over about 5 

minutes after which it was refluxed for a further 1 h. The solvent was removed under 

reduced pressure and the crude residue was purified by column chromatography on 

silica gel (40:1:59 Me2CO:Et3N:CH2Cl2 as eluent) to yield the title compound as a 

green oil (0.979 g, 83%). 
1
H NMR (400 MHz, CD2Cl2, 300 K): δ = 1.09 (t, J = 7.3 

Hz, 9H, HNCH2CH3), 1.55 (m, 8H, HI), 1.76 (m, 8H, HH), 2.13 (m, 10H, HJ,NCH2Cl), 

2.72 (q, J = 7.3 Hz, 6H, HNCH2), 3.25 (s, 8H, HD), 3.86 (t, J = 6.6 Hz, 8H, HG), 5.02 

(m, 8H, HL), 5.86 (m, 4H, HK), 6.37 (d, J = 8.7 Hz, 8H, HE), 6.50 (d, J = 8.7 Hz, 8H, 

HF), 7.72 (d, J = 7.7 Hz, 4H, HB), 8.13 (t, J = 7.7 Hz, 2H, HA); 
13

C NMR (100 MHz, 

CD2Cl2, 300 K); δ = 8.9, 25.7, 29.2, 33.8, 46.4, 46.5, 46.6, 68.2, 114.0, 114,4, 114.8, 

122.9, 128.4, 133.3, 139.1, 157.6, 158.0, 168.4; LRESI-MS (CH2Cl2) m/z = 1138 

[M]
-
, 150 [N(Et)3CH2Cl]

+
. 
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[CoL3]Et3NCH2Cl 

To a solution of pre-catenate [CoL12]Et3NCH2Cl (0.500 g, 0.388 mmol) in CH2Cl2 

(500 ml) was added Grubbs’ 1
st
 generation catalyst (0.056 g, 0.068 mmol). The 

solution was stirred for 2 d in the dark. The solvent was removed under reduced 

pressure and the crude residue was purified by column chromatography (40:1:59 

Me2CO:Et3N:CH2Cl2) to yield the title compound as a green solid (0.201 g, 42%). 

m.p. = 172 °C; 
1
H NMR (400 MHz, (CD3)2CO, 300 K): δ = 1.15 (t, J = 7.3 Hz, 9H, 

HNCH2CH3), 1.35 (m, 8H, HJ), 1.46 (m, 8H, HH), 1.62 (m, 12H, HD’,I), 2.01 (s, 2H, 

HNCH2Cl), 3.04 (q, J = 7.3 Hz, 6H, HNCH2CH3), 3.78 (m, 8H, HG), 4.12 (t, J = 12.4 Hz, 

4H, HD), 5.24 (m, 4H, HK), 6.27 (d, J = 1.8 Hz, 8H, HE), 6.28 (d, J = 1.8 Hz, 8H, HF), 

7.88 (d, J = 7.8 Hz, 4H, HB), 8.31 (t, J = 7.8 Hz, 2H, HA); 
13

C NMR (100 MHz, 

(CD3)2CO, 300 K): δ = 27.1 28.6, 32.4, 46.6, 67.5, 114.2, 123.1, 130.3, 130.7, 131.5, 

134.1, 135.6, 136.4, 139.8, 157.6, 159.4, 169.3; LRFAB-MS (3-NOBA matrix): m/z 

= 1082 [MH2]
+
. 
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[CoL4]Et3NCH2Cl 

To a solution of [CoL3]Et3NCH2Cl (0.142 g, 0.1 mmol) in methanol (30 mL) was 

added 10% w/w Pd/C (0.020 g), the suspension was repeatedly degassed and purged 

with N2 before being repeatedly degassed and purged with H2 and stirred for 18 h 

under an atmosphere of H2. The reaction mixture was filtered through celite and the 

solvent was removed under reduced pressure. The crude mixture was purified by 

column chromatography (40:1:59 Me2CO:Et3N:CH2Cl2) to yield the title compound 

as green solid (0.106 g, 85%). m.p. = 168 °C; 
1
H NMR (400 MHz, (CD3)2CO, 300 
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K): δ = 1.15 (t, J = 7.3 Hz, 9H, HNCH2CH3), 1.35 (m, 16H, HJ,K), 1.70 (m, 8H, HI), 

2.01 (s, 2H, HNCH2Cl), 2.05 (m, 12H, HD’,H), 3.04 (q, J = 7.3 Hz, 6H, HNCH2CH3), 3.92 

(m, 8H, HG), 4.29 (d, J = 12.3 Hz, 4H, HD), 6.25-6.48 (m, 16H, HE,F), 7.88 (d, J = 7.7 

Hz, 4H, HB), 8.31 (t, J = 7.7 Hz, 2H, HA); 
13

C NMR (100 MHz, (CD3)2CO, 300 K): δ 

= 7.5, 25.8, 27.7, 28.4, 28.6, 46.5, 53.3, 67.9, 114.6, 124.2, 130.1, 134.5, 138.1, 

141.1, 158.1, 159.2, 169.8; LRFAB-MS (3-NOBA matrix): m/z = 1087 [MH2]
+
; 

HRFAB-MS (3-NOBA matrix): m/z = 1087.474 [MH2]
+
 (calcd. for C62H72CoN6O8, 

1087.474). 
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Scheme 2.6. Synthesis of catenanes H4L7 and [CoL7]Et3NCH2Cl from pre-macrocycle H2L1 

and macrocycle H2L5. Reagents and conditions: (a) Co(OAc)2·(H2O)4, Et4N(OAc), NaOEt, 

EtOH, reflux, 1 h, 84%; (b) (Cy3P)2Cl2Ru=CHPh, CH2Cl2, 2 d, 69%; (c) (i) Pd/C, MeOH, H2, 

1 d; (ii) Zn, AcOH, MeOH, 30 min., 65%; (d) Co(OAc)2·(H2O)4, Et4N(OAc), NaOMe, EtOH, 

reflux, 30 min., 75%. 
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[L1CoL5]Et3NCH2Cl 

A suspension of H2L1 (0.507 g, 0.936 mmol), H2L5
[11a]

 (0.483 g, 0.936 mmol), 

Co(OAc)2·(H2O)4 (0.233 g, 0.936 mmol) and Et4N(OAc) (0.245 g, 0.936 mmol) was 

heated at reflux in EtOH (20 ml) under nitrogen to give a clear, pale pink, solution. 

To this was added a solution of sodium ethoxide in ethanol, generated by the careful 

addition of NaH (0.165 g of 60% dispersion in oil, 4.12 mmol) to ethanol, resulting 

in a color change from pink to deep purple. Upon exposure to air, the color changed 

to green over about 5 minutes after which the solution was refluxed for a further 25 

min.. The solvent was removed under reduced pressure and the crude residue was 

purified by column chromatography on silica gel (40:1:59 Me2CO:Et3N:CH2Cl2 as 

eluent) to yield the title compound as green oil (1.130 g, 84%). 
1
H NMR (400 MHz, 

CD2Cl2, 300 K): δ = 1.12 (t, J = 7.3 Hz, 9H, H NCH2CH3), 1.41 (br, 8H, HJ,K), 1.48 (m, 

4H, HI), 1.54 (m, 4H, HI’), 1.74 (m, 8H, HH,H’), 2.14 (m, 6H, HJ’,NCH2Cl), 2.77 (q, J = 

7.3 Hz, 6H, HNCH2CH3), 3.32 (s, 4H, HD’), 3.36 (s, 4H, HD), 3.85 (t, J = 6.6 Hz, 4H, 

HG’), 3.95 (t, J = 6.3 Hz, 4H, HG), 5.01 (m, 4H, HL’), 5.85 (m, 2H, HK’), 6.15 (d, J = 

8.6 Hz, 4H, HE), 6.39 (d, J = 8.6 Hz, 4H, HF), 6.50 (m, 8H, HE’,F’), 7.39 (d, J = 7.7 

Hz, 2H, HB’), 7.81 (d, J = 7.8 Hz, 2H, HB), 7.85 (t, J = 7.7 Hz, 1H, HA’), 8.23 (t, J = 

7.8 Hz, 1H, HA); 
13

C NMR (100 MHz, CD2Cl2, 300 K): δ = 9.1, 25.7, 25.9, 28.7, 

28.7, 29.2, 29.3, 30.1, 33.9, 46.4, 46.5, 46.6, 67.8, 68.1, 113.9, 114.7, 114.8, 122.4, 

123.2, 127.7, 128.3, 132.1, 134.1, 138.7, 139.1, 139.2, 157.2, 157.6, 157.6, 158.3, 

168.3, 169.0; LRFAB-MS (3-NOBA matrix): m/z = 1113 [MH2]
+
, 150 
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[N(Et)3CH2Cl]
+
; HRFAB-MS (3-NOBA matrix): m/z = 1113.490 [MH2]

+
 (calcd. for 

C64H64CoN6O6, 1113.490). 
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[CoL6]Et3NCH2Cl 

To a solution of pre-catenate [L1CoL5]Et3NCH2Cl (1.130 g, 0.877 mmol) in CH2Cl2 

(900 ml) was added Grubbs’ 1
st
 generation catalyst (0.100 g, 0.121 mmol). The 

solution was stirred for 2 d in the dark. The solvent was removed under reduced 

pressure and the crude residue was purified by column chromatography (40:1:59 

Me2CO:Et3N:CH2Cl2) to yield the title compound as a green oil (0.750 g, 69%). 
1
H 

NMR (400 MHz, (CD3)2CO, 300 K): δ = 1.20 (t, J = 7.3 Hz, 9H, HNCH2CH3), 1.28 (br, 

8H, HJ,K), 1.39 (m, 8H, HI,I’), 1.59 (m, 8H, HH,H’), 2.01 (s, 2H, HNCH2Cl), 2.09 (br, 4H, 

HJ’), 3.09 (q, J = 7.3 Hz, 6H, HNCH2CH3), 3.31 (br, 8H, HD,D’), 3.84 (m, 8H, HG,G’), 

5.28 (t, J = 4.7 Hz, 1H, HK’cis/trans), 5.45 (t, J = 3.8 Hz, 1H, HK’cis/trans), 6.16 (m, 8H, 

HE,E’), 6.28 (m, 8H, HF,F’), 7.38 (m, 4H, HB,B’), 7.95 (m, 2H, HA,A’). 

NH
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Catenand - H4L7 

To a solution of catenate [CoL6]Et3NCH2Cl (0.698 g, 0.565 mmol) in MeOH (10 

ml) was added 10% w/w Pd/C (0.060 g), the suspension was repeatedly degassed and 

purged with N2 before being repeatedly degassed and purged with H2 and stirred for 
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18 h under an atmosphere of H2. The reaction mixture was filtered through celite and 

the solvent was removed under reduced pressure. The crude residue was redissolved 

in MeOH (5 ml) and AcOH (5 ml) and activated zinc dust (0.050 g) was added, the 

suspension was stirred for 30 min. under an atmosphere of air. The solvent was 

removed under reduced pressure and the crude residue was redissolved in CHCl3 (50 

ml) and washed with a 17.5% NH3 solution saturated with EDTA (50 ml). The 

aqueous layer was extracted with CHCl3 (3 x 50 ml). The combined organic layers 

were washed with brine (50 ml), dried (MgSO4) and purified by column 

chromatography (3:7 EtOAc:CH2Cl2) to yield the title compound as a colorless solid 

(0.379 g, 65%). Single crystals suitable for X-ray crystallography were grown from a 

saturated solution of catenand H4L3 in CH3CN. m.p. = 231 °C; 
1
H NMR (400 MHz, 

CDCl3, 300K): δ = 1.25 (br, 16H, HJ,K), 1.41 (m, 8H, HI), 1.70 (qt, J = 6.7 Hz, 8H, 

HH), 3.62 (t, J = 6.7 Hz, 8H, HG), 4.39 (t, J = 5.6 Hz, 8H, HD), 6.23 (d, J = 8.5 Hz, 

8H, HF), 6.67 (d, J = 8.5 Hz, 8H, HE), 8.02 (t, J = 7.8 Hz, 2H, HA), 8.29 (t, J = 5.6 Hz, 

4H, HC), 8.40 (d, J = 7.8 Hz, 4H, HB); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 25.3, 

28.2, 28.4, 29.0, 43.2, 66.6, 113.9, 125.8, 128.7, 128.9, 138.7, 149.2, 157.5, 163.5; 

LREI-MS: m/z = 1031 [M]
+
; HREI-MS m/z = 1030.556 [M]

+
 (calcd. for C62H74N6O8, 

1030.555). 
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Catenate - [CoL7]Et3NCH2Cl 

To a suspension of catenand H4L7 (0.299 g, 0.29 mmol) and Et4N(OAc) (0.076 g, 

0.29 mmol) in EtOH was added Co(OAc)2·(H2O)4 (0.072, 0.029 mmol). The 

suspension was heated under nitrogen at reflux to give a clear, pale pink, solution to 

which NaOMe (0.069 g, 1.28 mmol) was added. The solution was then opened to the 

air and heated at reflux for 30 min. until only one spot (green) was observed by thin 

layer chromatography (silica gel, 1:39:60 Et3N:Me2CO:CH2Cl2). The solvent was 

removed under reduced pressure and the crude residue was purified by column 
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chromatography on silica gel (1:39:60 Et3N:Me2CO:CH2Cl2 then 1:99 Et3N:Me2CO 

as eluent) to yield a green oil. Acetone was added to induce crystallization, then the 

solvent was removed under reduced pressure to yield the title compound as a green 

solid (0.268 g, 75%). Single crystals suitable for X-ray crystallography were grown 

by vapor diffusion of Et2O into a concentrated solution of catenate 

[CoL7]Et3NCH2Cl in CH2Cl2. m.p. = 162 °C; 
1
H NMR (400 MHz, CD2Cl2, 300 K): 

δ = 1.12 (t, J = 7.3 Hz, 9H, HNCH2CH3), 1.40 (br, 16H, HJ,K), 1.47 (br, 8H, HI), 1.73 

(m, 8H, HH), 2.14 (s, 2H, HNCH2Cl), 2.70 (q, J = 7.3 Hz, 6H, HNCH2CH3), 3.48 (s, 8H, 

HD), 3.95 (t, J = 6.3 Hz, 8H, HG), 6.31 (d, J = 8.6 Hz, 8H, HE), 6.40 (d, J = 8.6 Hz, 

8H, HF), 7.42 (d, J = 7.7 Hz, 4H, HB), 7.85 (t, J = 7.7 Hz, 2H, HA); 
13

C NMR (100 

MHz, CD2Cl2, 300 K): δ = 9.1, 25.9, 28.8, 28.9, 29.9, 46.2, 46.3, 46.4, 67.6, 114.4, 

122.5, 128.0, 133.0, 138.6, 157.2, 157.8, 169.0; LRESI-MS (CH2Cl2): m/z = 1085 

[M]
-
; HRESI-MS: m/z = 1087.472 [MH2]

+
 (calcd. for C62H72CoN6O8, 1087.473). 
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Scheme 2.7. Synthesis of rotaxanes H4L10 and [CoL10]Et3NCH2Cl from pre-macrocycle 

H2L1 and thread H2L8. Reagents and conditions: (a) H2L1, Et4N(OAc), Co(OAc)2·(H2O)4, 

NaOMe, THF, EtOH, reflux, 1 h, 37%; (b) (Cy3P2)Cl2Ru=CHPh, CH2Cl2, 2 d, 61%; (c) (i) Zn, 

AcOH, MeOH, 30 min.; (ii) Pd/C, THF, H2, 2 d, 83%; (d) Co(OAc)2·(H2O)4, Et4N(OAc), 

NaOMe, EtOH, reflux, 30 min., 16%. 



Chapter Two   Cobalt(III) Template Directed Synthesis 

84 

N

O

O

N

NN

O O

O O

OO

N

Co

O

N

O

Et3NCH2Cl

a

b

d

e

f

g
h

j

l

i

k

m

E

G

JL

A

B

D

F

H
I

K  

[L1CoL8]NEt3CH2Cl 

To a solution of H2L1 (0.385 g, 0.71 mmol), H2L8 (1.023 g, 0.71 mmol) and 

Et4N(OAc) (0.186 g, 0.71 mmol) in EtOH (7 ml) and THF (7 ml) was added a 

solution of Co(OAc)2·(H2O)4 (0.177 g, 0.71 mmol) in EtOH (3 ml) and the resulting 

pale pink solution was heated at reflux under nitrogen for 1 h. NaOMe (0.169 g, 

3.124 mmol) was added and the color changed to deep purple and, following 

exposure to air, to green, accompanied by formation of a suspension. The reaction 

was heated at reflux for a further 1 h. The solvent was removed under reduced 

pressure and the crude residue was purified by column chromatography on silica gel 

(1:19:80 Et3N:Me2CO:CH2Cl2 then 1:39:60 Et3N:Me2CO:CH2Cl2 then 1:99 

Et3N:Me2CO as eluent) to yield the title compound as a green solid (0.573 g, 37%). 

1
H NMR (400 MHz, CD2Cl2, 300 K): δ = 1.11 (t, J = 7.3 Hz, 9H, HNCH2CH3), 1.33 (br, 

56H, Hm,NCH2Cl), 1.55 (m, 4H, HI), 1.76 (m, 4H, HH), 2.13 (m, 4H, HJ), 2.78 (q, J = 

7.3 Hz, 6H, HNCH2CH3), 3.25 (br, 4H, HD), 3.28 (br, 4H, Hd), 3.87 (t, J = 6.6 Hz, 4H, 

HG), 4.21 (m, 4H, Hg), 4.27 (m, 4H, Hh), 5.02 (m, 4H, HL), 5.87 (m, 2H, HK), 6.38 (m, 

8H, He,E), 6.50 (d, J = 8.6 Hz, 4H, HF), 6.56 (d, J = 8.6 Hz, 4H, Hf), 6.84 (d, J = 8.9 

Hz, 4H, Hi), 7.19 (m, 16H, Hj,k), 7.29 (d, J = 8.6 Hz, 12H, Hl), 7.74 (m, 4H, Hb,B), 

8.14 (m, 2H, Ha,A); 
13

C NMR (100 MHz, CD2Cl2, 300 K): δ = 8.9, 25.7, 29.2, 31.5, 

33.8, 33.9, 34.5, 34.6, 46.5, 46.6, 63.5, 67.0, 67.1, 68.2, 113.6, 114.0, 114.2, 114.7, 

123.0, 124.6, 124.7, 128.3, 128.5, 130.8, 132.4, 133.2, 134.0, 139.1, 139.2, 139.3,  

140.5, 144.8, 148.8, 156.9, 157.1, 157.6, 158.0, 158.1, 168.3, 168.4; LRESI-MS 

(CH2Cl2): m/z = 2035 [M]
-
, 150 [NEt3CH2Cl]

+
; HRFAB-MS (3-NOBA matrix): m/z 

= 2037.063 [MH2]
+
 (calcd. for C132

13
CH148CoN6O10, 2037.062). 
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[CoL9]NEt3CH2Cl 

To a solution of [L1CoL8]NEt3CH2Cl (0.261 g, 0.119 mmol) in CH2Cl2 (100 ml) 

was added Grubbs’ I (0.020 g, 0.024 mmol). The solution was stirred for 1 d, at 

which time more Grubbs’ 1
st
 generation catalyst was added (0.020 g, 0.024 mmol), 

the solution was then stirred for a further 2 d. The solvent was removed under 

reduced pressure and the crude residue was purified by column chromatography 

(1:39:60 Et3N:Me2CO:CH2Cl2) to yield the title compound as a green oil (0.156 g, 

61%). 
1
H NMR (400 MHz, CD2Cl2, 300 K): δ = 1.14 (t, J = 7.3 Hz, 9H, HNCH2CH3), 

1.29 (s, 2H, HNCH2Cl), 1.32 (br, 54H, Hm), 1.54 (m, 4H, HI), 1.74 (m, 4H, HH), 2.11-

2.23 (m, 4H, HJ), 2.79 (q, J = 7.3 Hz, 6H, HNCH2CH3), 3.36 (m, 8H, Hd,D), 3.96 (t, J = 

6.4 Hz, 4H, HG), 4.19 (m, 4H, Hg), 4.25 (m, 4H, Hh), 5.47 (t, J = 4.6 Hz, 1H, 

HKcis/trans), 5.56 (m, 1H, HKcis/trans), 6.12 (m, 4H, HE), 6.37 (m, 4H, HF), 6.52 (d, J = 

8.6 Hz, 4H, He), 6.58 (d, J = 8.6 Hz, 4H, Hf), 6.81 (d, J = 8.9 Hz, 4H, Hi), 7.18 (m, 

16H, Hj,k), 7.28 (d, J = 8.7 Hz, 12H, Hl), 7.40 (d, J = 7.7 Hz, 2H, Hb), 7.85 (m, 3H, 

Ha,B), 8.24 (t, J = 7.8 Hz, 1H, HA); 
13

C NMR (100 MHz, CD2Cl2, 300 K): δ = 8.9, 

25.9, 26.0, 28.4, 30.1, 31.5, 32.3, 34.6, 46.5, 63.5, 67.1, 67.8, 67.9, 113.5, 113.9, 

114.5, 115.1, 122.5, 123.3, 124.7, 127.7, 129.4, 130.8, 132.1, 132.4, 134.9, 135.0, 

138.7, 139.1, 140.5, 144.8, 148.8, 156.8, 157.1, 157.3, 157.6, 158.4, 168.2, 169.0; 

LRESI-MS (CH2Cl2): m/z = 2007 [M]
-
, 150 [NEt3CH2Cl]

+
; HRFAB-MS (3-NOBA 

matrix): m/z = 2008.023 [MH2]
+
 (calcd. for C130H144CoN6O6, 2008.026). 
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H4L10 

To a solution of [CoL9]NEt3CH2Cl (0.146 g, 0.0677 mmol) in CH2Cl2 (5 ml) and 

AcOH (5 ml) was added activated zinc dust (0.146 g) and the suspension stirred for 

30 min. under an atmosphere of air. The reaction mixture was neutralized with a 

17.5% NH3 solution saturated with Na4EDTA (50 ml) and the organic phase was 

extracted into CH2Cl2 (3 x 50 ml), the combined organic layers were washed with 

brine (50 ml), dried (MgSO4) and concentrated under reduced pressure. The crude 

residue was redissolved in THF (5 ml) and 10% w/w Pd/C was added (0.030 g) the 

suspension was repeatedly degassed and purged with N2 before being repeatedly 

degassed and purged with H2 and stirred for 2 d under an atmosphere of H2. The 

reaction mixture was filtered through celite and the solvent was removed under 

reduced pressure, then the crude residue was purified by column chromatography 

(1:9 EtOAc:CH2Cl2) to yield the title compound as a colorless solid (0.110 g, 83%). 

m.p. = 137 °C; 
1
H NMR (400 MHz, CD2Cl2, 300 K): δ = 1.32 (br, 8H, HJ,K), 1.35 (br, 

54H, Hm), 1.42 (m, 4H, HJ), 1.67 (m, 4H, HI), 3.72 (t, J = 6.6 Hz, 4H, HG), 3.93 (m, 

4H, Hg), 3.95 (m, 4H, Hh), 4.46 (m, 8H, Hd,D), 6.39 (d, J = 8.6 Hz, 4H, HF), 6.53 (d, J 

= 8.6 Hz, 4H, Hf), 6.68 (d, J = 8.9 Hz, 4H, Hi), 6.81 (d, J = 8.6 Hz, 4H, HE), 6.97 (d, 

J = 8.6 Hz, 4H, He), 7.13 (m, 16H, Hj,k), 7.29 (d, J = 8.6 Hz, 12H, Hl), 7.89 (t, J = 7.8 

Hz, 1H, Ha), 8.11 (t, J = 7.8 Hz, 1H, HA), 8.33 (d, J = 7.8 Hz, 2H, Hb), 8.39 (t, J = 5.9 

Hz, 2H, Hc), 8.47 (d, J = 7.8 Hz, 2H, HB), 8.54 (t, J = 5.7 Hz, 2H, HC); 
13

C NMR 

(100 MHz, CD2Cl2, 300 K): δ = 25.3, 28.1, 28.3, 29.0, 31.4, 34.3, 43.0, 43.3, 63.0, 

65.8, 66.0, 66.9, 112.8, 113.9, 114.2, 124.1, 125.5, 125.5, 129.0, 129.1, 129.4, 130.0, 

130.6, 132.2, 138.4, 138.9, 140.3, 144.1, 148.3, 149.1, 149.1, 155.9, 157.3, 157.7, 
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163.5, 163.8; LREI-MS: m/z = 1954 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 

1954.134 [MH]
+
 (calcd. for C130H149N6O10, 1954.133). 
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[CoL10]NEt3CH2Cl 

To a solution of rotaxane H4L10 (0.110 g, 0.056 mmol) and Et4N(OAc) (0.015 g, 

0.056 mmol) in EtOH (5 ml) and THF (5 ml) was added Co(OAc)2·(H2O)4 (0.017 g, 

0.067 mmol). To this was added NaOMe (0.013 g, 0.246 mmol) and the solution was 

opened to the air and heated at reflux for a further 1 h. The solvent was removed 

under reduced pressure and the crude residue was purified by column 

chromatography on silica gel (1:39:60 Et3N:Me2CO:CH2Cl2 as eluent) to yield the 

title compound as a green solid (0.019 g, 16%). 
1
H NMR (400 MHz, CD2Cl2, 300 

K): δ = 1.11 (t, J = 7.3 Hz, 9H, HNCH2CH3), 1.28 (br, 4H, HK), 1.31 (br, 54H, Hm), 1.41 

(br, 4H, HJ), 1.47 (m, 4H, HI), 1.74 (m, 4H, HH), 2.14 (s, 2H, HNCH2Cl), 2.76 (q, J = 

7.3 Hz, 6H, HNCH2CH3), 3.35 (m, 8H, Hd,D), 3.95 (t, J = 6.3 Hz, 4H, HG), 4.20 (m, 4H, 

Hg), 4.25 (m, 4H, Hh), 6.14 (d, J = 8.6 Hz, 4H, HE), 6.39 (d, J = 8.6 Hz, 4H, HF), 6.51 

(d, J = 8.7 Hz, 4H, He), 6.58 (d, J = 8.7 Hz, 4H, Hf), 6.81 (d, J = 9.0 Hz, 4H, Hi), 

7.18 (m, 16H, Hj,k), 7.28 (d, J = 8.7 Hz, 12H, Hl), 7.41 (d, J = 7.58 Hz, 2H, Hb), 7.82 

(d, J = 7.8 Hz, 2H, HB), 7.86 (t, J = 7.8 Hz, 1H, Ha), 8.24 (t, J = 7.8 Hz, 1H, HA); 
13

C 

NMR (100 MHz, CD2Cl2, 300 K): δ = 9.2, 25.9, 28.6, 28.7, 29.7, 30.1, 31.5, 34.6, 

46.5, 46.5, 62.1, 63.5, 67.0, 67.1, 67.8, 113.5, 113.9. 114.7, 122.5, 123.3, 124.7, 

127.7, 129.3, 130.8, 132.0, 132.4, 134.8, 138.8, 139.2, 140.5, 144.8, 148.8, 156.9, 

157.1, 157.3, 157.6, 158.3, 168.3, 169.0; LRESI-MS (CH2Cl2): m/z = 2008 [M]
-
, 150 

[Et3NCH2Cl]
+
; HRFAB-MS (3-NOBA matrix): m/z = 2011.047 [MH2]

+
 (calcd. for 
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C130
13

CH146CoN6O10, 2011.047). 

 

Table 2.1. Crystal data and structure refinement for [CoL4]Et3NCH2Cl. 

Identification code  [CoL4]Et3NCH2Cl 

Empirical formula  C70.50H90ClCoN7O8.50 

Formula weight  1265.88 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P2(1)2(1)2(1) 

Unit cell dimensions a = 14.142(4) Å α = 90°. 

 b = 20.476(7) Å β = 90°. 

 c = 23.569(11) Å γ = 90°. 

Volume 6825(4) Å3 

Z 4 

Density (calculated) 1.232 Mg/m3 

Absorption coefficient 0.350 mm-1 

F(000) 2696 

Crystal size 0.2000 x 0.0800 x 0.0800 mm3 

Theta range for data collection 1.75 to 25.35°. 

Index ranges -17 ≤ h ≤ 16, -19 ≤ k ≤ 24, -27 ≤ l ≤ 28 

Reflections collected 42413 

Independent reflections 12213 [R(int) = 0.0716] 

Completeness to theta = 25.35° 98.9%  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.8010 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12213 / 0 / 795 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.1006, wR2 = 0.2380 

R indices (all data) R1 = 0.1349, wR2 = 0.2656 

Absolute structure parameter 0.07(3) 

Extinction coefficient 0.0058(8) 

Largest diff. peak and hole 0.854 and -0.468 e.Å-3 
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Table 2.2. Crystal data and structure refinement for H4L7.2MeCN. 

Identification code  H4L7.2MeCN 

Empirical formula  C66H80N8O8 

Formula weight  1113.38 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.2200(14) Å α = 101.182(4)°. 

 b = 15.396(3) Å β = 90.581(4)°. 

 c = 19.845(3) Å γ = 100.776(4)°. 

Volume 3005.8(8) Å3 

Z 2 

Density (calculated) 1.230 Mg/m3 

Absorption coefficient 0.082 mm-1 

F(000) 1192 

Crystal size 0.2000 x 0.2000 x 0.2000 mm3 

Theta range for data collection 2.03 to 25.35°. 

Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 18, -23 ≤ l ≤ 23 

Reflections collected 19162 

Independent reflections 10447 [R(int) = 0.0210] 

Completeness to theta = 25.35° 94.9%  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.7850 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10447 / 4 / 758 

Goodness-of-fit on F2 1.043 

Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.1057 

R indices (all data) R1 = 0.0519, wR2 = 0.1124 

Extinction coefficient 0.0031(7) 

Largest diff. peak and hole 0.689 and -0.308 e.Å-3 
 



Chapter Two   Cobalt(III) Template Directed Synthesis 

90 

Table 2.3. Crystal data and structure refinement for [CoL7]Et3NH. 

Identification code  [CoL7]Et3NH 

Empirical formula  C68H86CoNO8 

Formula weight  1188.37 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 15.4921(6) Å α= 90°. 

 b = 19.1721(8) Å β= 100.176(2)°. 

 c = 21.3192(9) Å γ = 90°. 

Volume 6232.5(4) Å3 

Z 4 

Density (calculated) 1.266 Mg/m3 

Absorption coefficient 0.336 mm-1 

F(000) 2536 

Crystal size 0.200 x 0.100 x 0.030 mm3 

Theta range for data collection 1.71 to 25.35°. 

Index ranges -17 ≤ h ≤ 18, -23 ≤ k ≤ 22, -25 ≤ l ≤ 25 

Reflections collected 57765 

Independent reflections 11312 [R(int) = 0.0317] 

Completeness to theta = 25.00° 99.2%  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.9433 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11312 / 23 / 762 

Goodness-of-fit on F2 1.033 

Final R indices [I>2sigma(I)] R1 = 0.0666, wR2 = 0.1759 

R indices (all data) R1 = 0.0711, wR2 = 0.1807 

Largest diff. peak and hole 2.419 and -0.941 e.Å-3 
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Synopsis 

In Chapter Two the template effect of a three dimensional octahedral cobalt(III) ion 

was successfully utilized for the construction of interlocked architectures. The 

strategy relied on the metal ion acting to passively gather and organize pyridine-2,6-

biscarboxamido ligands in a mutually orthogonal alignment to favor interlocked 

architecture formation. Chapter Three describes a novel strategy in which a metal 

ion plays a dual role; acting to both gather and organize the ligands, and also 

actively catalyze covalent bond formation between two ‘half-threads’ through the 

cavity of the macrocycle. 

 

Here a square planar Pd(II) pyridine-2,6-biscarboxamido complex is used to 

promote Michael addition reactions between cyano ester and vinyl ketone 

functionalized units to construct a simple rotaxane and a degenerate molecular 

shuttle. The interlocked nature of the simple rotaxane was confirmed by X-ray 

crystallography, demonstrating that the nitrile functional group acted as a “station” 

for the Pd(II)-macrocycle. Incorporation of two nitrile “stations” allowed the 

synthesis of a [2]rotaxane-based degenerate shuttle. The dynamics of the molecular 

shuttle were investigated by VT 
1
H NMR and 2D EXSY 

1
H NMR and were controlled 

by reagent addition. 
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3.1 Introduction 

Active template synthesis,
[1]

 in which a substrate acts as both the template for a 

threaded complex and the catalyst for the covalent bond forming step that captures 

the interlocked product, is a new addition to the strategies available
[2, 3]

 for the 

assembly of rotaxanes. Unlike traditional ‘passive template’ methods,
[3]

 the 

intercomponent interactions responsible for rotaxane formation in an active template 

reaction do not normally ‘live on’ in the final product.
[4]

 Removing the need for 

permanent recognition features increases the structural diversity that can be 

introduced into interlocked architectures but also loses one of the key features of 

rotaxanes that has been so successfully exploited in the early generations of artificial 

molecular machines.
[5]

 Here we report on the first active template reaction in which 

the template interactions between macrocycle and thread persist in the resulting 

rotaxane. A macrocycle-coordinated palladium(II) center promotes the formation of 

carbon-carbon bonds between three other building blocks by successive Michael 

additions while positioning the reactants so that the final covalent bond forms 

through the macrocycle producing [2]rotaxanes in up to 99% yield (Scheme 3.1 and 

Table 3.1). The Pd-nitrile coordination bond that directs and controls the synthesis is 

retained in the rotaxane product, enabling the preparation of both degenerate station 

molecular shuttles (with controllable dynamics, Scheme 3.2) and stimuli-switchable 

molecular shuttles (Scheme 3.1) through a simple one pot multi-component assembly 

process. 

3.2 Results and Discussion 

3.2.1 Rotaxane Synthesis 

The basis for the recognition-element-persistent active template reaction lies in a 

range of tridentate pyrroloimidazolone
[6]

 and bisoxazoline
[7]

 pincer Pd(II) complexes 

that catalyze asymmetric 1,4-conjugate additions of α-cyano esters to alkyl vinyl 

ketones in the presence of N,N-diisopropylethylamine (DIPEA).
[8]

 It seemed that a 

suitably constructed tridentate macrocycle-Pd(II) complex
[9]

 might promote the 
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double Michael addition between ethyl cyanoacetate, L1, and two suitably 

derivatized vinyl ketone ‘half-threads’ (1) to generate [2]rotaxanes with the 

intercomponent recognition motif intact (Scheme 3.1). 

 

Scheme 3.1. Synthesis of metal-coordinated [2]rotaxane [(L3)Pd] by an active template 

Pd(II)-promoted double Michael addition, and its decomplexation to hydrogen bonded 

molecular shuttle H2L3. Reagents and conditions: a) DIPEA, CH2Cl2 (see Table 3.1 for the 

effects of reagent stoichiometry on the yield of rotaxane [(L3)Pd]); b) 1 M HCl (aq):CH2Cl2 

(1:1), reflux, 92%. In CDCl3 the macrocycle in H2L3 shuttles rapidly on the NMR timescale 

between the two thread ketone groups; c) Pd(OAc)2 (2.2 equiv.), CH3CN:CH2Cl2 (1:1), 18 h, 

313 K, 99%. 

Palladium(II)-macrocycle complex [(L2)Pd(CH3CN)] was prepared in five steps 

from commercially available materials (see Schemes 3.4 and 3.5). Treatment of 

[(L2)Pd(CH3CN)] with ethyl cyanoacetate in CH2Cl2, followed by removal of the 

solvent and acetonitrile under reduced pressure, afforded complex [(L2)Pd(L1)], 

which crystallized from a saturated CH2Cl2/Et2O solution in a form suitable for 

investigation by X-ray diffraction.
[10]

 The solid state structures of both 

[(L2)Pd(CH3CN)] (Figures 3.1a and 3.1b) and [(L2)Pd(L1)] (Figures 3.1c and 3.1d) 

show that the coordination mode
[11]

 of L2
2-

 and the shape of the ring holds the nitrile 

ligand occupying the fourth Pd(II) coordination site centrally within the macrocycle 
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cavity. The crystal structures suggested that the first alkylation of the α-methylene 

group should result in one face of the macrocycle being blocked such that the second 

Michael addition must proceed from the other side, generating a [2]rotaxane. 

 

Figure 3.1. X-Ray crystal structures[10] of [(L2)Pd(CH3CN)] from a) face-on and b) side-on 

views and [(L2)Pd(L1)] from c) face-on and d) side-on views and e) rotaxane [(L3)Pd]. 

Selected bond lengths [Å] and angles [°]: [(L2)Pd(CH3CN)]: N1-Pd 2.04, N2-Pd 1.92, N3-Pd 

2.02, N4-Pd 2.02, N1-Pd-N3 161.4, N2-Pd-N4 176.1. [(L2)Pd(L1)]: N1-Pd 2.02, N2-Pd 1.92, 

N3-Pd 2.04, N4-Pd 2.02, N1-Pd-N3 161.7, N2-Pd-N4 177.9. [(L3)Pd]: N1-Pd 2.02, N2-Pd 

1.92, N3-Pd 2.03, N4-Pd 2.00, N1-Pd-N3 161.8, N2-Pd-N4 178.9. 

Pleasingly, the four component assembly of [(L2)Pd(CH3CN)], 1 (x 2) and L1 at RT 

in CH2Cl2, in the presence of DIPEA, led to [2]rotaxane [(L3)Pd], initially in 47% 

yield (Scheme 3.1 and Table 3.1, entry 1). The assignment of [(L3)Pd] as a rotaxane 

was initially made by mass spectrometry and 
1
H NMR spectroscopy (for a stackplot 

of the spectra of [(L3)Pd] and the corresponding thread showing upfield shifts of the 

encapsulated regions of the rotaxane axle,
[12]

 see Figure 3.2). Confirmation of the 

mechanically interlocked structure came from demetallation of [(L3)Pd] (1M HCl 

(aq):CH2Cl2 (1:1), 92%, Scheme 3.1, step b) which gave the weakly hydrogen 

bonded rotaxane H2L3 rather than the de-threaded components. The 
1
H NMR 

spectrum shows the macrocycle in H2L3 preferentially resides over, and rapidly 
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shuttles between, the two thread ketone groups in CDCl3. Finally, single crystals of 

[(L3)Pd] were grown from a saturated butanone/methanol solution. The solid state 

structure
[10]

 (Figure 3.1e) confirms that the Pd-nitrile coordination bond is 

maintained in the metallated rotaxane and is responsible for holding the macrocycle 

and thread in the well-defined co-conformation observed in solution. 

 

Figure 3.2. 1H NMR (400 MHz, CDCl3, 300 K) spectra of (a) macrocycle H2L2 (b) rotaxane 

H2L3 (c) Pd(II)-rotaxane [(L3)Pd] and (d) thread S10. The assignments correspond to the 

lettering in Scheme 3.1. 

The rotaxane-forming reaction shown in Scheme 1 was optimized in terms of reagent 

stoichiometry and conditions (Table 3.1). The amount of base was reduced to 

10 mol% to minimize the background non-palladium promoted reaction (Table 3.1, 

entry 2).
[13]

 A concomitant increase in reaction temperature (to 313 K,
[14]

 Table 3.1, 

entry 3) was then required for the reaction to achieve significant conversion within a 

reasonable timeframe (76% yield of double Michael addition products after 7 d). 

Under these conditions and using a modest excess of the thread building blocks (2.5 

versus 1.0 equiv.), the yield of [2]rotaxane [L3Pd] was increased to >99% (Table 3.1, 

entry 6). This makes this active template reaction amongst the most efficient, albeit 

rather slowly proceeding, rotaxane-forming procedures reported to date. 
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Table 3.1. Optimization of the active template Pd(II)-promoted Michael addition synthesis of 

rotaxane [(L3)Pd].[a]
 

Entry Thread components 

[equiv.][b] 

DIPEA 

[equiv.] 

Total 

conversion [%][c] 

Yield of 

[(L3)Pd] [%] 

1[d] 1.0 1.0 69 47 

2[e] 1.0 0.1 70 53 

3[f] 1.0 0.1 76 60 

4[f] 1.5 0.1 77 85 

5[f] 2.0 0.1 71 96 

6[f] 2.5 0.1 67 >99 

[a] Reaction conditions: [(L2)Pd(CH3CN)], thread components 1 (x 2) and L1, DIPEA, CH2Cl2; 
[b] 2:1 stoichiometry of 1:L1; [c]

 L1 + [(L2)Pd(CH3CN)] + 2 x 1 → [(L3)Pd] + non-interlocked 

thread; [d] 5 days at RT; [e] 19 days at RT; [f] 7 days at 313 K. 

3.2.2 Molecular Shuttle Synthesis 

As the nitrile functionality is preserved in the product of the active template reaction 

it can in principle be used as a binding site or ‘station’ for the macrocycle-Pd 

component in a molecular shuttle. To incorporate two such units into a rotaxane the 

reaction pattern for formation of the thread was reversed, so that shuttle [(L4)Pd] 

was synthesized by Michael additions of two ‘hlaf-thread’ α-cyano esters, L5 to bis-

(vinyl ketone) spacer 2 in the presence of [(L2)Pd(CH3CN)] (Scheme 3.2, step a). 
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Scheme 3.2. Active template synthesis of a metal-coordinated molecular shuttle, [(L4)Pd], 

with stimuli-responsive dynamics. Reagents and conditions: a) L5 (2 equiv.), 2 (1 equiv.), 

[(L2)Pd(CH3CN)] (1 equiv.), DIPEA (0.1 equiv.), CH2Cl2, 313 K, 5 days; 27% [2]rotaxane 

[(L4)Pd] and 32% of the corresponding [3]rotaxane, [(L6)Pd]; b) pyridine (1 equiv.); c) TsOH 

(1 equiv.). 

There are few examples
[15]

 of metal-complexed molecular shuttles and the 

investigation of their dynamics is of interest. At room temperature in CDCl3 the 

exchange of the palladium-coordinated macrocycle between the thread nitrile groups 

in [(L4)Pd] is slow on the NMR timescale. Ligand exchange at Pd(II) centers 

proceeds predominately via associative pathways,
[16]

 possibly through folding at the 

low concentrations employed here, and no assistance for this mechanism is 

intrinsically available from non-coordinating solvents such as CDCl3. Two 

dimensional exchange spectroscopy (2D-EXSY)
[17]

 gave the room temperature 

pseudo-first-order rate constant kobs = 5 × 10
-3

 s
-1

,
 
equivalent to an activation free 

energy of ~20 kcal mol
-1

 (details of the EXSY kinetic measurements are given in 

Section 3.3.4). In [D7]DMF, the separated signals in the 
1
H NMR spectrum caused 

by slow shuttling of the macrocycle at room temperature (Figure 3.3b) coalesced at 

390 K (Figure 3.3c) (see Section 3.3.3 for VT 
1
H NMR details, and for a stacked plot 

of 
1
H NMR spectra of [(L4)Pd] in 10 K intervals from 300 K to 360 K, see Figure 

3.4). EXSY experiments at 300 K determined the shuttling rate in [D7]DMF (kobs = 

3 s
-1

) to be 600x faster than in CDCl3, corresponding to a rate for the bimolecular 

process involving solvent participation, kbi, of 0.2 M
-1

 s
-1

. 
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A bimolecular mechanism could also be made to operate in CDCl3 by simply adding 

pyridine (Scheme 3.2, step b). EXSY experiments showed that at 300 K addition of 

just one equiv. of pyridine led to a 200-fold increase in the rate of macrocycle 

shuttling in [(L4)Pd] to 1 s
-1

,
 
corresponding to a bimolecular rate constant kbi = 95 

M
-1

 s
-1

. In other words, a molecule of pyridine is ~500x more effective at 

accelerating the shuttling rate in [(L4)Pd] than a molecule of DMF.
[18]

 Subsequently 

neutralizing the added pyridine with one equivalent of TsOH (Scheme 3.2, step c) 

returned the shuttling rate to its original value in CDCl3, providing powerful and 

reversible control over the macrocycle dynamics by reagent addition. 

 

Figure 3.3. Partial 1H NMR (500 MHz, [D7]DMF) spectra of a) the free thread at 298 K; b) 

molecular shuttle [(L4)Pd] at 298 K; and c) molecular shuttle [(L4)Pd] at 390 K. The 

assignments correspond to the lettering shown in Scheme 3.2. Signals labeled * are parts of 

sets of diastereotopic protons. 

3.3 Conclusions 

The Pd(II)-catalyzed Michael addition of α-cyano esters to vinyl ketones provides an 

exceptionally high yielding multi-component active metal template reaction in which 

the template motif is retained in the rotaxane product. The reaction is operationally 
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simple to perform and can generate [2]rotaxanes in essentially quantitative yields 

with only a modest excess of the thread-forming components. The reaction can be 

applied to the construction of metal-complexed molecular shuttles in which the 

dynamics of the shuttling can be controlled by the addition of external reagents. The 

search for other active template reactions that offer different or improved rotaxane 

design features compared to existing strategies is ongoing in our laboratory. 

3.4 Experimental Section 
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Scheme 3.3. Synthesis of vinyl ketone functionalized “stopper” 1 from 4-[tris(4-tert-

butylphenyl)methyl]-phenol. Reagents and conditions: a) ethyl 4-bromobutyrate, K2CO3, 

butanone, reflux, 94%; b) LiOH, THF, H2O, 85%; c) (COCl)2, CH2Cl2, DMF (cat.), 96%; d) 

N,O-dimethylhydroxylamine hydrochloride, Et3N, THF, 0 °C, 95%; e) vinyl magnesium 

bromide, THF, -78 °C, 92%. 

O
O

O

a

b

c

d
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Ethyl 4-(4-(tris(4-tert-butylphenyl)methyl)phenoxy)butanoate, S1 

To a stirred solution of 4-[tris(4-tert-butylphenyl)methyl]-phenol (2.10 g, 4.1 mmol) 

and ethyl 4-bromobutyrate (0.90 ml, 6.2 mmol) in butanone (50 ml) was added 
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K2CO3 (5.70 g, 41 mmol). The suspension was heated at reflux for 18 h. The solvent 

was removed under reduced pressure and the residue was redissolved in CH2Cl2 (200 

ml), washed with H2O (3 × 100 ml), dried (MgSO4) and concentrated under reduced 

pressure. The crude residue was purified by column chromatography 

(CH2Cl2:petroleum ether 1:1) to yield the title compound as a colorless powder 

(2.40 g, 94%). m.p. 212 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.26 (t, J = 7.1 

Hz, 3H, Ha), 1.30 (s, 27H, Hj), 2.09 (m, 2H, Hd), 2.51 (t, J = 7.3 Hz, 2H, Hc), 3.98 (t, 

J = 6.1 Hz, 2H, He), 4.14 (q, J = 7.1 Hz, 2H, Hb), 6.75 (d, J = 8.9 Hz, 2H, Hf), 7.08 (d, 

J = 8.6 Hz, 8H, Hg+h), 7.23 (d, J = 8.6 Hz, 6H, Hi); 
13

C NMR (100 MHz, CDCl3, 

300 K): δ = 14.2, 24.7, 30.9, 31.4, 34.3, 60.4, 63.0, 66.5, 112.9, 124.0, 130.7, 132.2, 

139.6, 144.1, 148.3, 156.6, 173.3; LRFAB-MS (3-NOBA matrix): m/z = 618 [M]
+
; 

HRFAB-MS (Glycerol matrix): m/z = 618.4096 (calcd. for C43H54O3, 618.4073). 

 

O
OH

O

a

b

c

defgh

 

4-(4-(Tris(4-tert-butylphenyl)methyl)phenoxy)butanoic acid, S2 

A solution of ester S1 (3.75 g, 6.06 mmol) and LiOH (1.02 g, 24.2 mmol) in THF (45 

ml) and H2O (15 ml) was stirred until S1 had been consumed, as evidenced by TLC 

(EtOAc). The reaction mixture was diluted with CH2Cl2 (100 ml), washed with 1 M 

HCl (50 ml), a saturated aqueous solution of NaHCO3 (50 ml) and brine (50 ml). The 

organic layer was dried (MgSO4), and concentrated under reduced pressure to yield 

the title compound as a colorless solid (3.03 g, 85%). The product was used without 

further purification. m.p. 272 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (s, 

27H, Hh), 2.11 (m, 2H, Hb), 2.58 (t, J = 7.3 Hz, 2H, Ha), 4.00 (t, J = 6.0 Hz, 2H, Hc), 

6.75 (d, J = 8.75 Hz, 2H, Hd), 7.08 (d, J = 8.7 Hz, 8H, He+f), 7.23 (d, J = 8.7 Hz, 6H, 

Hg); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 24.4, 30.3, 31.4, 34.3, 63.0, 66.3, 

112.9, 124.0, 130.7, 132.3, 139.7, 144.1, 148.3, 156.5, 177.8; LRFAB-MS (3-NOBA 
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matrix): m/z = 590 [M]
+
; HRFAB-MS (3-NOBA matrix): m/z = 590.3752 (calcd. for 

C41H50O3, 590.3760). 

 

O
Cl

O

a

b

c

defgh

 

4-(4-(Tris(4-tert-butylphenyl)methyl)phenoxy)butanoyl chloride, S3 

To a solution of acid S2 (3.4 g, 5.7 mmol) in CH2Cl2 (60 ml) was added dropwise 

(COCl)2 (2.9 ml, 29 mmol) and DMF (0.1 ml). The solution was stirred for 5 h at 

which time the solvent was removed under reduced pressure. The crude residue was 

redissolved in boiling hexane and filtered whilst hot. The filtrate was concentrated 

under reduced pressure to yield the title compound as a colorless solid (3.30 g, 96%). 

m.p. 254 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (s, 27H, Hh), 2.16 (m, 2H, 

Hb), 3.14 (t, J = 7.1 Hz, 2H, Ha), 3.98 (t, J = 5.8 Hz, 2H, Hc), 6.74 (d, J = 8.9 Hz, 2H, 

Hd), 7.07 (d, J = 8.6 Hz, 6H, Hf), 7.09 (d, J = 8.9 Hz, 2H, He), 7.23 (d, J = 8.6 Hz, 6H, 

Hg); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 24.5, 30.3, 31.4, 34.3, 63.0, 66.3, 

112.9, 124.0, 130.7, 132.2, 139.8, 144.1, 148.3, 156.5, 177.6; LRFAB-MS (3-NOBA 

matrix): m/z = 608 [M]
+
; HRFAB-MS (3-NOBA matrix): m/z = 608.3420 (calcd. for 

C41H49
35

ClO2, 608. 3421). 
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N-Methoxy-N-methyl-4-(4-(tris(4-tert-butylphenyl)methyl)phenoxy)butanamide, 

S4 

To a solution of N,O-dimethyl hydroxylamine (0.58 g, 5.9 mmol) and Et3N (1.7 ml, 

12 mmol) in CH2Cl2 (60 ml) at 0 °C was added dropwise a solution of acid chloride 

S3 (3.3 g, 5.4 mmol) in CH2Cl2 (10 ml). The solution was allowed to warm to RT 

and stirred for 18 h. The reaction mixture was diluted with CH2Cl2 (200 ml) and 
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washed with 1M HCl (100 ml), saturated aqueous NaHCO3 (100 ml) and brine (100 

ml). The organic layer was dried (MgSO4) and concentrated under reduced pressure. 

The residue was purified by column chromatography (CH2Cl2) to yield the title 

compound as a colorless solid (3.27 g, 95%). m.p. 218 °C; 
1
H NMR (400 MHz, 

CDCl3, 300 K): δ = 1.30 (s, 27H, Hj), 2.11 (m, 2H, Hd), 2.65 (t, J = 7.0 Hz, 2H, Hc), 

3.19 (s, 3H, Hb), 3.67 (s, 3H, Ha), 4.01 (t, J = 6.0 Hz, 2H, He), 6.77 (d, J = 8.9 Hz, 2H, 

Hf), 7.09 (d, J = 8.6 Hz, 8H, Hg+h), 7.23 (d, J = 8.6 Hz, 6H, Hi); 
13

C NMR (100 MHz, 

CDCl3, 300 K): δ = 24.2, 28.3, 31.4, 32.2, 34.3, 61.2, 63.0, 66.8, 112.9, 124.0, 130.7, 

132.2, 139.5, 144.2, 148.3, 156.7, 174.0; LREI-MS: m/z = 634 [MH]
+
; HRFAB-MS 

(3-NOBA matrix): m/z = 634.4260 (calcd. for C43H56NO3, 634.4260). 

 

O
O a,a'

bc

d

e
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6-(4-(Tris(4-tert-butylphenyl)methyl)phenoxy)hex-1-en-3-one, 1 

To a solution of Weinreb amide S4 (1.33 g, 2.1 mmol) in THF (20 ml) at -78 ˚C was 

added dropwise vinyl magnesium bromide (1 M in THF, 5.2 mmol, 5.2 ml). The 

solution was stirred at -78 °C for 30 min, and then allowed to warm to 0 °C for 2 h. 

The reaction was quenched with a cold solution of saturated aqueous NH4Cl (50 ml), 

extracted with CH2Cl2 (4 × 50 ml), the combined organic layers were washed with 

brine (50 ml), dried (MgSO4) and concentrated under reduced pressure. The residue 

was purified by column chromatography (CH2Cl2:petrol 1:1) to yield the title 

compound as colorless solid (1.13 g, 92%) which was stored under an atmosphere of 

N2 in a freezer. m.p. 208 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (s, 27H, 

Hj), 2.10 (m, 2H, Hd), 2.82 (t, J = 7.1 Hz, 2H, Hc), 3.98 (t, J = 5.9 Hz, 2H, He), 5.84 

(d, J = 10.5 Hz, 1H, Hb), 6.25 (d, J = 17.3 Hz, 1H, Ha’), 6.37 (dd, J = 10.5 Hz, 17.3 

Hz, 1H, Ha), 6.75 (d, J = 8.8 Hz, 2H, Hf), 7.08 (d, J = 8.6 Hz, 8H, Hg+h), 7.23 (d, J = 

8.6 Hz, 6H, Hi); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 23.5, 31.4, 34.3, 35.9, 63.0, 

66.6, 112.9, 124.0, 128.2, 130.7, 132.3, 136.6, 139.6, 144.1, 148.3, 156.6, 200.2; 
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LRFAB-MS (3-NOBA matrix): m/z = 600 [M]
+
; HRFAB-MS (3-NOBA matrix): m/z 

= 600.3966 (calcd. for C43H52O2, 600.3967). 
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Scheme 3.4. Synthesis of benzyl protected macrocycle precursor S8 from iodoaniline and 4-

hydroxybenzaldehyde. Reagents and conditions: a) BnBr, K2CO3, KI, DMF, 97%; b) 1,6-

dibromohexane, K2CO3, butanone, reflux, 66%; c) i) S5, n-BuLi, THF, -78 °C, ii) S6, 

THF, -78 °C; d) NaBH4, TFA, CH2Cl2, 46% (over 2 steps). 
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N,N-Dibenzyl-4-iodoaniline, S5 

To a vigorously stirred solution of 4-iodoaniline (16.1 g, 73.4 mmol), BnBr (18.3 ml, 

154 mmol) and KI (2.40 g, 14.7 mmol) in DMF (75 ml) was added K2CO3 (24.4 g, 

176 mmol). The reaction was stirred for 18 h. CH2Cl2 (200 ml) was added and the 

reaction mixture was washed with H2O (100 ml), the organic layer was dried 

(MgSO4) and concentrated under reduced pressure. The crude residue was 

recrystallized from EtOH (1 L) to yield the title compound as colorless needles 

(25.5 g, 97%). m.p. 122 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 4.54 (s, 4H, 

Hbenzylic), 6.41 (d, J = 9.1 Hz, 2H, HA), 7.21 (m, 12H, HB+phenyl); 
13

C NMR (100 MHz, 

CDCl3, 300 K): δ = 54.2, 77.6, 114.7, 126.4, 127.1, 128.8, 137.7, 137.9, 148.6; 

LRFAB-MS (3-NOBA matrix): m/z = 399 [M]
+
; HRFAB-MS (3-NOBA matrix): m/z 

= 399.0502 (calcd. for C20H18IN, 399.0484). 
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4,4’-Hexanediyldioxy dibenzaldehyde, S6 

To a solution of 1,6-dibromohexane (4.4 ml, 29 mmol) and 4-hydroxybenzaldehyde 

(10.5 g, 85.9 mmol) in butanone (300 ml) was added K2CO3 (39.5 g, 286 mmol). The 

suspension was heated at reflux for 18 h. The solvent was removed under reduced 

pressure and the crude residue was redissolved in CH2Cl2 (500 ml) and washed with 

H2O (200 ml). The organic layer was dried (MgSO4) and concentrated under reduced 

pressure. The crude residue was dissolved in hot MeOH and allowed to cool to RT, 

the resultant precipitate was collected by suction filtration to yield the title compound 

as a colorless powder (6.11 g, 66%). m.p. 81-83 °C; 
1
H NMR (400 MHz, CDCl3, 

300 K): δ = 1.57 (m, 4H, HF), 1.87 (m, 4H, HE), 4.06 (t, J = 6.4 Hz, 4H, HD), 6.99 (d, 

J = 8.8 Hz, 4H, HC), 7.83 (d, J = 8.8 Hz, 4H, HB), 9.88 (s, 2H, HA); 
13

C NMR 

(100 MHz, CDCl3, 300 K): δ = 25.8. 29.0, 68.0, 114.7, 129.8, 132.0, 164.1, 190.8; 

LRFAB-MS (3-NOBA matrix): m/z = 327 [MH]
+
; HRFAB-MS (3-NOBA matrix): 

m/z = 327.1593 (calcd. for C20H23O4, 327.1596). 

 

NBn2 Bn2N

O O

HO OH

A

B

CD

E

F
G

H
I

 

S7 

To a solution of iodide S5 (24.1 g, 60.3 mmol) in THF (200 ml) at -78 °C was added 

n-BuLi (1.6 M in hexane, 36.4 ml, 58.2 mmol) dropwise. The temperature was 

maintained at -78 °C for 30 min. A solution of aldehyde S6 (6.55 g, 20.1 mmol) in 

THF (100 ml) was added dropwise whilst maintaining the temperature at -78 °C. The 

reaction was allowed to warm to RT over 2 h. The reaction mixture was diluted with 

CH2Cl2 (500 ml) and washed with saturated aqueous NH4Cl (300 ml) and brine (300 

ml). The organic layer was dried (MgSO4) and concentrated under reduced pressure. 

The product was used without further purification. LRFAB-MS (3-NOBA matrix): 
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m/z = 872 [M]
+
; HRFAB-MS (3-NOBA matrix): m/z = 872.4553 (calcd. for 

C60H60N2O4, 872.4553). 
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4-(4-(6-(4-(4-(Dibenzylamino)benzyl)phenoxy)hexyloxy)benzyl)-N,N-

dibenzylaniline, S8
[19]

 

To a solution of diol S7, obtained from the previous reaction, and TFA (90 ml) in 

CH2Cl2 (120 ml) at 0 ºC was added NaBH4 (7.53 g, 199 mmol) portion-wise. The 

reaction was stirred for 18 h. The reaction was diluted with CH2Cl2 (1 L) and 

neutralized with 1 M NaOH (1.5 L). The organic layer was washed with brine (500 

ml), dried (MgSO4) and concentrated under reduced pressure. The residue was 

purified by column chromatography (petrol:CH2Cl2 3:2) to yield the title compound 

as a colorless solid (7.82 g, 46% from S6). m.p. 105 °C; 
1
H NMR (400 MHz, CDCl3, 

300 K): δ = 1.56 (m, 4H, HH), 1.83 (m, 4H, HG), 3.84 (s, 4H, HC), 3.97 (t, J = 6.5 Hz, 

4H, HF), 4.66 (s, 8H, Hbenzyl), 6.70 (d, J = 8.7 Hz, 4H, HA), 6.84 (d, J = 8.6 Hz, 4H, 

HE), 7.01 (d, J = 8.7 Hz, 4H, HB), 7.13 (d, J = 8.6 Hz, 4H, HD), 7.33 (m, 20H, 

Hphenyl); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 25.9, 29.3, 40.0, 54.3, 67.8, 112.5, 

114.5, 126.8, 127.0, 128.3, 129.2, 129.8, 131.3, 138.8, 133.9, 147.5, 157.3; LRFAB-

MS (3-NOBA matrix): m/z = 841 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 

841.4710 (calcd. for C60H61N2O2, 841.4733). 

 

NH2 H2N

O O

[(L2)Pd(CH3CN)]H2L2
S9

N
O

N

O

NPd

N

O O

N
O

NH

O

HN

O O

a) b) c)

NBn2 Bn2N

O O

S8

Scheme 3.5. Synthesis of Pd(II) macrocycle complex [(L2)Pd(CH3CN)] from S8. Reagents 

and conditions: a) Pd/C (10% w/w), H2, THF, EtOH, 78%; b) pyridine-2,6-dicarbonyl 

dichloride, Et3N, THF, 30%; b) Pd(OAc)2, CH3CN, reflux then RT, 88%. 
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4-(4-(6-(4-(4-Aminobenzyl)phenoxy)hexyloxy)benzyl)aniline, S9 

To a solution of benzyl aniline S8 (7.82 g, 9.30 mmol) in THF (80 ml) and EtOH (20 

ml) was added 10% w/w Pd/C (1.56 g). The reaction mixture was initially purged 

with an atmosphere of N2 and then purged with H2 before being stirred for 18 h 

under an atmosphere of H2. The reaction mixture was filtered through celite, 

concentrated under reduced pressure and purified by column chromatography 

(CH2Cl2:MeOH 99.5:0.5) to give the title compound as a colorless solid (3.48 g, 

78%). m.p. 120 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.53 (m, 4H, HI), 1.80 

(m, 4H, HJ), 3.56 (br, 4H, HA), 3.82 (s, 4H, HD), 3.94 (t, J = 6.4 Hz, 4H, HG), 6.63 (d, 

J = 8.3 Hz, 4H, HB), 6.82 (d, J = 8.5 Hz, 4H, HF), 6.98 (d, J = 8.3 Hz, 4H, HC), 7.08 

(d, J = 8.5 Hz, 4H, HE); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 25.9, 29.3, 40.2, 

67.8, 114.4, 115.3, 129.6, 129.7, 131.7, 133.9, 144.4, 157.3; LRFAB-MS (3-NOBA 

matrix): m/z = 480 [M]; HRFAB-MS (3-NOBA matrix): m/z = 480.2765 (calcd. for 

C32H36N2O2, 480.2777). 
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H2L2 

To a solution of aniline S9 (3.363 g, 7.00 mmol) and Et3N (2.9 ml, 21.0 mmol) in 

THF (4 L) was added, in one portion, pyridine-2,6-dicarbonyl dichloride (1.429 g, 

7.00 mmol), the reaction was stirred for 18 h. The reaction mixture was filtered, 

concentrated under reduced pressure, and purified first by column chromatography 

(CH2Cl2:MeOH; 99.5:0.5) then recrystallized from acetonitrile (50 ml) to yield the 
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title compound as colorless powder (1.28 g, 30%). m.p. 325 °C (dec.); 
1
H NMR 

(400 MHz, CDCl3, 300 K): δ = 1.52 (m, 4H, HK), 1.82 (m, 4H, HJ), 3.94 (s, 4H, HF), 

3.97 (t, J = 6.3 Hz, 4H, HI), 6.83 (d, J = 8.6 Hz, 4H, HH), 7.07 (d, J = 8.5 Hz, 4H, HE), 

7.08 (d, J = 8.6 Hz, 4H, HG), 7.55 (d, J = 8.5 Hz, 4H, HD), 8.15 (t, J = 7.8 Hz, 1H, 

HA), 8.44 (d, J = 7.8 Hz, 2H, HB), 9.52 (s, 2H, HC); 
13

C NMR (100 MHz, CDCl3, 

300 K): δ = 25.4, 29.1, 40.0, 67.8, 114.7, 119.5, 125.1, 129.3, 130.4, 132.7, 134.8, 

139.2, 140.0, 148.7, 157.7, 160.5; LRFAB-MS (3-NOBA matrix): m/z = 612 [MH]
+
; 

HRFAB-MS (3-NOBA matrix): m/z = 612.2864 (calcd. for C39H38N3O4, 612.2862). 
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[(L2)Pd(CH3CN)] 

A stirred suspension of amide H2L2 (1.163 g, 1.90 mmol) and Pd(OAc)2 (0.470 g, 

2.094 mmol) in CH3CN (50 ml) was heated at reflux for 10 mins then stirred at for 

18 h. The resulting suspension was filtered and the precipitate was redissolved in 

CH2Cl2 (50 ml) and filtered through celite. The filtrate was concentrated under 

reduced pressure to yield the title compound as a yellow solid (1.27 g, 88%). m.p. 

310 °C (dec.); 
1
H NMR (400 MHz, CDCl3:CD3CN 95:5, 300 K): δ = 1.46 (m, 4H, 

HK), 1.75 (m, 4H, HJ), 3.79 (s, 4H, HF), 3.84 (t, J = 6.2 Hz, 4H, HI), 6.66 (d, J = 8.6 

Hz, 4H, HH), 6.98 (d, J = 8.6 Hz, 4H, HG), 7.05 (d, J = 8.3 Hz, 4H, HE), 7.11 (d, J = 

8.3 Hz, 4H, HD), 7.85 (d, J = 7.8 Hz, 2H, HB), 8.10 (t, J = 7.8 Hz, 1H, HA); 
13

C NMR 

(100 MHz, CDCl3:CD3CN 95:5, 300 K): δ = 23.6, 26.8, 38.9, 65.9, 112.3, 123.8, 

124.5, 126.7, 127.4, 132.8, 136.5, 139.1, 142.9, 151.1, 155.5, 166.4; LRFAB-MS (3-

NOBA matrix): m/z = 756 [M]; HRFAB-MS (3-NOBA matrix): m/z = 756.1922 

(calcd. for C41H38N4O4
106

Pd, 756.1928). 
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3.4.1 Representative Synthesis of Rotaxane [(L3)Pd] 

To a solution of complex [(L2)Pd(CH3CN)] (0.0304 g, 0.0402mmol), ketone 1 

(0.1208 g, 0.201 mmol) and ethyl cyano acetate L1 (10.7 µl, 0.101 mmol) in CH2Cl2 

(0.4 ml) was added DIPEA (0.698 µl, 0.004 mmol). The solution was stirred for 7 d 

at 40˚C. The solvent was removed under reduced pressure and the crude residue was 

purified by column chromatography (CH2Cl2 then CH2Cl2:MeOH 99:1) to yield 

rotaxane [L3Pd] as a yellow solid (0.081 g, >99%). m.p. 213 °C (dec.); 
1
H NMR 

(400 MHz, CDCl3, 323 K): δ = 0.32 (br, 2H, Hc’), 0.90 (br, 2H, Hc), 1.17 (t, J = 7.1 

Hz, 3H, Ha), 1.25 (br, 2H, Hd’), 1.31 (s, 54H, Hl), 1.44 (br, 4H, HK), 1.49 (br, 2H, 

Hd’), 1.73 (br, 4H, HJ), 2.02 (br, 4H, Hf), 2.36 (br, 4H, He), 3.75 (s, 4H, HF), 3.87 (m, 

J = 7.1 Hz,  2H, Hb), 3.89 (br, 4H, HI), 4.00 (t, J = 4.0 Hz, 4H, Hg), 6.71 (dd, J = 8.5 

Hz, 16.5 Hz, 4H, HH), 6.81 (d, J = 8.3 Hz, 4H, Hh), 6.99 (dd, J = 8.5 Hz, 22.7 Hz, 4H, 

HG), 7.10 (m, 20H, HE+i+j), 7.19 (d, J = 8.2 Hz, 4H, HD), 7.23 (d, J = 8.6 Hz, 12H, 

Hk), 7.83 (dd, J = 3.6 Hz, 7.8 Hz, 2H, HB), 8.05 (t, J = 7.8 Hz, 1H, HA); 
13

C NMR 

(100 MHz, CDCl3, 300 K): δ = 13.8, 25.3, 25.7, 28.9, 29.4, 31.4, 34.3, 40.9, 48.8, 

63.0, 63.5, 66.3, 67.9, 68.1, 112.8, 114.7, 121.5, 124.1, 125.8, 126.3, 128.4, 129.4, 

130.7, 132.4, 134.3, 138.7, 139.1, 139.9, 141.1, 144.1, 144.6, 148.3, 152.9, 156.5, 

157.5, 165.1, 168.6, 206.3; LRFAB-MS (3-NOBA matrix): m/z = 2030 [MH]
+
; 

HRFAB-MS (3-NOBA matrix): m/z = 2030.015 (calcd. for C130H147N4O10
106

Pd, 

2030.015). 
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Thread, S10 

m.p. 202 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.32 (s, 57H, Ha+l), 2.07 (m, 

4H, Hf), 2.13 (ddd, J = 5.1 Hz, 10.3 Hz, 15.8 Hz, 2H, Hc’), 2.28 (ddd, J = 5.4 Hz, 

10.3 Hz, 15.8, 2H, Hc), 2.58 (ddd, J = 5.4 Hz, 10.3 Hz, 17.7 Hz, 2H, Hd’), 2.66 (t, J = 

7.1 Hz, 4H, He), 2.74 (ddd, J = 5.1 Hz, 10.3 Hz, 17.7 Hz, 2H, Hd), 3.95 (t, J = 5.9 Hz, 

4H, Hg), 4.25 (q, J = 7.1 Hz, 2H, Hb), 6.75 (d, J = 8.9 Hz, 4H, Hh), 7.10 (d, J = 8.7 

Hz, 16H, Hi+j), 7.24 (d, J = 8.6 Hz, 12H, Hk); 
13

C NMR (100 MHz, CDCl3, 300 K): δ 

= 14.1, 22.6, 29.7, 31.4, 34.5, 38.3, 39.3, 48.1, 63.1, 63.2, 66.5, 112.9, 118.5, 124.3, 

131.1, 132.6, 139.7, 144.2, 148.3, 156.5, 168.5, 207.3; LRFAB-MS (3-NOBA 

matrix): m/z = 1314 [M]; HRFAB-MS (3-NOBA matrix): m/z = 1313.846 (calcd. for 

C91H111O6N, 1313.841). 
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Half thread, S11 

m.p. 194 °C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.22 (s, 30H, Ha+m), 1.98 (m, 

2H, Hg), 2.17 (m, 1H, Hd’), 2.28 (m, 1H, Hd), 2.58 (t, J = 7.1 Hz, 2H, Hf), 2.64 (t, 7.0 

Hz, 2H, He), 3.62 (dd, J = 6.1 Hz, 8.3 Hz, 1H, Hc), 3.87 (d, J = 5.9 Hz, 2H, Hh), 4.18 

(q, J = 7.1 Hz, 2H, Hb), 6.74 (d, J = 8.9 Hz, 2H, Hi), 7.08 (d, J = 8.6 Hz, 8H, Hj+k), 

7.23 (d, J = 8.6 Hz, 6H, Hl); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 14.0, 23.4, 

23.5, 31.4, 34.3, 36.4, 38.6, 39.3, 63.0, 63.0, 66.4, 112.9, 116.2, 124.1, 130.7, 132.3, 

139.7, 144.1, 148.3, 156.5, 165.7, 208.1; LRFAB-MS (3-NOBA matrix): m/z = 713; 

HRFAB-MS (3-NOBA matrix): m/z = 713.4442 (calcd. for C48H59NO4, 713.4444). 
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H2L3 

A solution of [(L3)Pd] (0.222 g, 0.109 mmol) in CH2Cl2 (0.5 ml) and 1M HCl (0.5 

ml) was heated at reflux for 18 h. The solution was diluted with CH2Cl2 (50 ml) and 

washed with saturated NaHCO3 (20 ml), brine (20 ml), dried (MgSO4), filtered and 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography (CH2Cl2:MeOH 99:1) to yield the title compound as a colorless 

solid (0.194 g, 92%). m.p. 141 ˚C (dec.); 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 

1.13 (t, J = 7.1 Hz, 3H, Ha), 1.30 (s, 56H, Hc’+l), 1.39 (m, 4H, HK), 1.71 (m, 6H, 

HJ+c), 1.80 (m, 4H, Hf), 2.00 (m, 2H, Hd’), 2.06 (m, 2H, Hd), 2.22 (t, J = 7.1 Hz, 4H, 

He), 3.72 (t, J = 5.9 Hz, 4H, Hg), 3.81 (q, J = 4.3 Hz, 6.4 Hz, 4H, HI), 3.85 (d, J = 4.1 

Hz, 4H, HF), 4.00 (q, J = 7.1 Hz, 2H, Hb), 6.60 (d, J = 8.9 Hz, 4H, Hh), 6.70 (dd, J = 

5.3 Hz, 8.5 Hz, 4H, HH), 7.00 (m, 8H, HG+E), 7.08 (d, J = 8.6 Hz, 16H, Hi+j), 7.22 (d, 

J = 8.6 Hz, 12H, Hk), 7.46 (dd, J = 8.4 Hz, 15.0 Hz, 4H, HD), 8.07 (t, J = 7.8 Hz, 1H, 

HA), 8.43 (d, J = 7.8 Hz, 2H, HB), 9.89 (d, J = 9.0 Hz, 2H, HC); 
13

C NMR (100 MHz, 

CDCl3, 300 K): δ = 13.9, 23.1, 25.4, 29.1, 30.1, 31.4, 34.3, 37.9, 40.2, 40.4, 47.7, 

63.0, 66.3, 67.8, 112.8, 114.7, 118.7, 121.4, 124.1, 125.1, 129.0, 130.1, 130.7, 131.1, 

132.3, 133.5, 134.9, 139.3, 139.6, 139.7, 144.1, 148.3, 149.0, 156.4, 157.7, 161.1, 

167.7, 207.3; LRFAB-MS (3-NOBA matrix): m/z = 1926 [MH]
+
; HRFAB-MS (3-

NOBA matrix): m/z = 1926.121 (calcd. for C130H149N4O10, 1926.127). 
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Scheme 3.6. Synthesis of 2-cyanopropanoic acid, S12, from ethyl 2-cyanopropionate. 

Reagents and conditions: a) LiOH, MeOH, H2O, 89%. 
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2-Cyanopropanoic acid, S12 

To a solution of ethyl 2-cyanopropionate (0.749 g, 5.89 mmol) in MeOH (10 ml) and 

water (10 ml) was added LiOH (1.24 g, 29.5 mmol). The suspension was stirred for 

36 h. The reaction mixture was acidified with 1M HCl (100 ml), saturated with NaCl, 

the crude product was then extracted with Et2O (3 x 100 ml), dried (MgSO4) and 

concentrated under reduced pressure to yield acid S12 as a colorless liquid (0.521 g, 

89%). 
1
H NMR and 

13
C NMR data were consistent with the published data.

[20]
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a) b)

S13 L5  

Scheme 3.7. Synthesis of nitrile L5 from 4-[tris(4-tert-butylphenyl)methyl]-phenol. Reagents 

and conditions: a) 3-bromopropan-1-ol, K2CO3, butanone, reflux, 87%; b) S12, EDCI, DMAP, 

CH2Cl2, 0 °C → RT, 79%. 

 

O OH

 

3-(4-(Tris(4-tert-butylphenyl)methyl)phenoxy)propan-1-ol, S13 

To a solution of 4-[tris(4-tert-butylphenyl)methyl]-phenol (2.06 g, 4.08 mmol) and 

3-bromopropan-1-ol (0.540 ml, 6.12 mmol) in butanone (40 ml) was added K2CO3 

(2.82 g, 20.4 mmol), the suspension was heated at reflux for 36 h. The suspension 

was diluted with CH2Cl2 (100 ml) and washed with H2O (100 ml), the aqueous layer 

was further extracted with CH2Cl2 (100 ml), the combined organic layers were dried 

(MgSO4), and concentrated under reduced pressure. The crude residue was purified 

by column chromatography (CH2Cl2) to yield the title compound as a colorless 
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powder (2.00 g, 87%). 
1
H NMR and 

13
C NMR data were consistent with the 

published data.
[1e] 
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3-(4-(Tris(4-tert-butylphenyl)methyl)phenoxy)propyl 2-cyanopropanoate, L5 

To a 0 ˚C solution of alcohol S13 (0.938 g, 1.67 mmol) and 2-cyanopropanoic acid 

S12 (0.206 g, 2.08 mmol) in CH2Cl2 (20 ml) was added DMAP (0.102 g, 0.835 

mmol) and EDCI (0.640 g, 3.34 mmol). The solution was stirred for 18 h. The 

reaction was diluted with CH2Cl2 (100 ml) and washed with 1M HCl (50 ml), 

NaHCO3 (50 ml) and brine (50 ml). The organic layer was dried (MgSO4), filtered, 

concentrated under reduced pressure and purified by column chromatography 

(CH2Cl2) to yield the title compound as colorless solid (0.855 g, 79%). m.p. 224 ˚C; 

1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (s, 27H, Ha), 1.59 (d, J = 7.4 Hz, 3H, 

Hj), 2.16 (m, 2H, Hg), 3.55 (q, J = 7.4 Hz, 1H, Hi), 4.04 (t, J = 5.9 Hz, 2H, Hf), 4.41 

(t, J = 6.3 Hz, 2H, Hh), 6.76 (d, J = 8.9 Hz, 2H, He), 7.08 (d, J = 8.9 Hz, 12H, Hc), 

7.09 (d, J = 8.6 Hz, 2H, Hd), 7.23 (d, J = 8.6 Hz, 12H, Hb); 
13

C NMR (100 MHz, 

CDCl3, 300 K): δ = 15.3, 28.4, 31.4, 31.5, 34.3, 63.0, 63.6, 63.8, 112.9, 117.5, 124.1, 

130.7, 132.3, 139.9, 144.1, 148.3, 156.4, 166.5; LRFAB-MS (3-NOBA matrix): m/z 

= 643 [M]; HRFAB-MS (3-NOBA matrix): m/z = 643.4070 (calcd. for C44H53NO3, 

643.4025). 
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Scheme 3.8. Synthesis of bis-vinyl ketone 2 from sebacic acid. Reagents and conditions: 

a) i) (COCl)2, CH2Cl2, DMF (cat.), ii) N,O-dimethyl hydroxylamine hydrochloride, Et3N, 

CH2Cl2, 0 ˚C, 95%; b) vinyl magnesium bromide, THF, -78 ˚C, 75%. 
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N-Methoxy-11-(methoxy(methyl)amino)-N-methyl-10-oxoundecanamide, S14 

To a suspension of sebacic acid (5.20 g, 25.7 mmol) in CH2Cl2 (250 ml) and DMF 

(0.1 ml) was added dropwise (COCl)2 (22.1 ml, 257 mmol). The suspension was 

stirred for 16 h. The resulting solution was concentrated under reduced pressure and 

the residue was redissolved in CH2Cl2 (20 ml) and added slowly to a 0 ˚C solution of 

N,O-dimethyl hydroxylamine hydrochloride (5.52 g, 56.54 mmol) and Et3N (14.4 ml, 

102 mmol) in CH2Cl2 (250 ml). After the addition was complete the reaction was 

allowed to warm to RT and stirred for 2 h. The reaction was diluted with Et2O (1 L) 

and washed with 1M HCl (500 ml), saturated aqueous NaHCO3 (500 ml) and brine 

(500 ml) before being dried (MgSO4) and concentrated under reduced pressure to 

give the title compound as a pale oil (7.08 g, 95%). The product was used without 

further purification. 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (br, 8H, He+f), 1.60 

(m, 4H, Hd), 2.38 (t, J = 7.5 Hz, 4H, Hc), 3.16 (s, 6H, Hb), 3.66 (s, 6H, Ha); 
13

C NMR 

(100 MHz, CDCl3, 300 K): δ = 24.6, 24.8, 29.2, 29.4, 32.1, 61.2, 174.8; LRFAB-MS 

(3-NOBA matrix): m/z = 289 [MH]
+
; HREI-MS (perfluorotributylamine): m/z = 

288.2043 (calcd. for C14H28N2O4, 288.2044). 

 

O

O
b

a,a'

c

d

e

f  

Tetradeca-1,13-diene-3,12-dione, 2 

To a solution of Weinreb amide S14 (6.87 g, 23.8 mmol) in THF (200 ml) at -78 ˚C 

was added dropwise a 1M solution of vinyl magnesium bromide in THF (119 ml, 

119 mmol). The reaction was stirred at -78 ˚C for 30 min, then allowed to warm to 0 

˚C and stirred for 1 h. The reaction was poured into cold saturated NH4Cl (500 ml) 

and extracted with Et2O (2 x 1 L). The combined organic extracts were washed with 

brine (500 ml), dried (MgSO4) and concentrated under reduced pressure. The crude 

residue was purified by column chromatography (Et2O:petrol 1:1) to yield the title 

compound as a waxy pale solid (3.99 g, 75%). m.p. 60 ˚C (dec.); 
1
H NMR (400 MHz, 

CDCl3, 300 K): δ = 1.30 (br, 8H, He+f), 1.60 (m, 4H, Hd), 2.57 (t, J = 7.4 Hz, 4H, Hc), 

5.81 (dd, J = 1.2, 10.5 Hz, 2H, Hb), 6.21 (dd, J = 1.2, 17.7 Hz, 2H, Ha), 6.35 (dd, J = 
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10.5, 17.7 Hz, 2H, Ha’); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 23.9, 29.2, 29.2, 

39.6, 127.9, 136.6, 201.2; LRFAB-MS (3-NOBA matrix): m/z = 223 [MH]
+
; HREI-

MS (perfluorotributylamine): m/z = 222.1617 (calcd. for C14H22O2, 222.1614). 

 

3.4.2 Synthesis of Molecular Shuttle [(L4)Pd] 

To a solution of complex [(L2)Pd(CH3CN)] (0.0305 g, 0.040 mmol), nitrile L5 

(0.0519 g, 0.081 mmol) and vinyl ketone 2 (0.0089 g, 0.040 mmol) in CH2Cl2 (0.4 

ml) was added DIPEA (0.7 µl, 0.004 mmol). The reaction was stirred at 40 °C for 7 

days. The solvent was removed under reduced pressure and the crude residue was 

purified by column chromatography (CH2Cl2 then CH2Cl2:MeOH 99:1) to yield 

rotaxane [(L4)Pd] as a yellow solid (0.024 g, 27 %) and [3]rotaxane [(L6)Pd] as a 

yellows solid (0.018 g, 32%). 
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[(L4)Pd]: 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 0.00 (s, 3H, Hd’), 0.94 (m, 1H, 

He’*), 1.07 (m, 1H, He’), 1.30 (br, 64H, Hf+i+i’+j+j’+k), 1.45 (br, 4H, HK), 1.52 (m, 4H, 

Hh), 1.59 (s, 3H, Hd), 1.74 (br, 4H, HJ), 2.01 (m, 2H, Hb’), 2.12 (m, 2H, Hb’), 2.17 (m, 

2H, Hb), 2.19 (m, 2H, He), 2.40 (t, J = 7.4 Hz, 2H, Hg), 2.59 (m, 2H, Hf), 3.72 (m, 4H, 

HF), 3.85 (m, 4H, HI), 3.98 (m, 3H, Ha’+c’*), 4.04 (t, J = 5.9 Hz, 2H, Ha), 4.15 (m, 1H, 

Hc’), 4.40 (m, 2H, Hc), 6.64 (m, 4H, HH), 6.76 (d, J = 8.9 Hz, 2H, Ho’), 6.82 (d, J = 

8.9 Hz, 2H, Ho), 7.00 (m, 6H, Hn, G’), 7.07 (m, 18H, Hm+E+G), 7.14 (dd, J = 2.2, 8.6 

Hz, 4H, HD), 7.22 (dd, J = 2.5, 8.6 Hz, 12H, Hl), 7.84 (d, J = 7.8 Hz, 2H, HB), 8.07 (t, 

J = 7.8 Hz, 1H, HA); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 21.5, 23.5, 23.6, 23.7, 

25.2, 25.4, 28.5, 28.9, 29.2, 29.3, 29.4, 29.7, 31.6, 34.3, 36.8, 38.3, 41.3, 42.7, 42.9, 

43.2, 43.6, 63.0, 63.3, 63.6, 63.9, 64.1, 67.7, 68.1, 112.8, 112.9, 114.6, 114.8, 119.5, 

121.9, 124.1, 124.1, 125.8, 126.2, 126.4, 128.2, 128.4, 128.8, 129.3, 130.7, 130.7, 

132.3, 132.4, 134.0, 134.3, 138.8, 138.9, 139.9, 140.3, 141.1, 144.0, 144.1, 144.6, 
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144.7, 148.3, 148.4, 152.8, 152.9, 156.2, 156.4, 157.7, 157.7, 166.1, 168.6, 168.9, 

207.0, 208.2; LRFAB-MS (3-NOBA matrix): m/z = 2224 [M]
+
; HRFAB-MS (3-

NOBA matrix): m/z = 2224.148 (calcd. for C141H164O12N5
105

Pd, 2224.142). 
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[(L6)Pd]: m.p. 219 ˚C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 0.00 (s, 6H, Hd), 

1.04 (m, 4H, He), 1.29 (s, 54H, Hk), 1.38 (m, 10H, Hhalf of f+i+j), 1.46 (m, 8H, HK), 1.53 

(m, 4H, Hh), 1.74 (m, 10H, Hhalf of f+J), 2.01 (m, 4H, Hb), 2.14 (t, J = 7.4 Hz, 4H, Hg), 

3.73 (m, 8H, HF), 3.84 (m, 8H, HI), 3.99 (m, 6H, Hhalf of c+a), 4.16 (m, 2H, Hhalf of c), 

6.65 (m, 8H, HH), 6.82 (d, J = 8.9 Hz, 4H, Ho), 7.07 (m, 32H, Hm+n+E+G), 7.14 (d, J = 

8.2 Hz, 8H, HD), 7.22 (d, J = 8.6 Hz, 12H, Hl), 7.83 (d, J = 7.8 Hz, 4H, HB), 8.07 (t, J 

= 7.8 Hz, 2H, HA); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 21.5, 23.5, 25.2, 25.2, 

28.3, 28.9, 29.5, 31.0, 31.4, 34.3, 36.9, 41.3, 42.7, 43.6, 63.1, 63.3, 64.1, 67.8, 112.8, 

114.8, 121.9, 124.1, 125.8, 126.2, 128.4, 129.3, 130.7, 132.4, 134.0, 138.8, 140.3, 

141.2, 144.0, 144.6, 148.4, 152.8, 156.2, 157.7, 166.1, 168.6, 207.0; LRFAB-MS (3-

NOBA matrix): m/z = 2940 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 2944.326 

(calcd. for 
12

C176
13

C4H199O16N8
102

Pd
104

Pd, 2944.326). 

 

O O

O

N

OO

O

N

O

O
a

b

c
d

e,e'

f g

h

i

j
k l m n o

 

Thread, S15: To a solution of L5 (0.0554 g, 0.086 mmol), 2 (0.0096 g, 0.043 mmol), 

benzylic amide Pd-macrocycle
[15g]

 (0.0296 g, 0.043 mmol) in CH2Cl2 (0.4 ml) was 

added DIPEA (7.5 µl, 0.043 mmol). The solution was heated at 40 ˚C for 7 d, the 

crude residue was concentrated under reduced pressure and purified by column 
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chromatography (CH2Cl2) to yield the title compound as a colorless solid (0.048 g, 

74%). 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.26 (br, 8H, Hi+j), 1.30 (s, 54H, Hk), 

1.54 (m, 4H, Hh), 1.60 (s, 6H, Hd), 2.07 (m, 2H, He), 2.17 (m, 4H, Hb), 2.24 (m, 2H, 

He’), 2.39 (t, J = 7.4 Hz, 4H, Hg), 2.61 (m, 4H, Hf), 4.05 (t, J = 5.9 Hz, 4H, Ha), 4.40 

(m, 4H, Hc), 6.76 (d, J = 8.9 Hz, 4H, Ho), 7.09 (m, 16H, Hm+n), 7.23 (d, J = 8.6 Hz, 

12H, Hl); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 23.6, 23.7, 28.5, 29.1, 29.6, 31.2, 

31.6, 34.3, 38.2, 42.9, 43.2, 63.0, 63.6, 63.9, 112.9, 119.5, 124.1, 130.7, 132.3, 139.9, 

144.1, 148.3, 156.4, 168.9, 208.2. LRFAB-MS (3-NOBA matrix): m/z = 1510 

[MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 1509.971 (calcd. for C102H129O8N2 

1509.975). 

 

3.4.3 Variable Temperature 
1
H NMR investigation of Degenerate Shuttling 

Process in [(L4)Pd] 

Variable temperature 
1
H NMR experiments allow the estimation of the activation 

energy for the shuttling process in rotaxane [(L4)Pd]. Using a Bruker AVA 600 MHz 

spectrometer, 
1
H NMR spectra were taken at 2 K increments from 298 K to 360 K, a 

stacked plot of 
1
H NMR obtained at every 10 K from 300 K to 360 K is shown in 

Figure 3.4. Upon heating the spectra simplified as many of the peaks coalesced, 

although only a few resonances were usable for interpretation. 
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Figure 3.4.
 1H NMR (600 MHz, [D7]DMF) of [(L4)Pd] at 10 K intervals from 300 K to 360 K. 

Resonances c, g and o were used to calculate the kinetic parameters. 

 

Three proton resonances, Ho, Hc and Hg, are useful for interpretation. The 

coalescence temperature, Tc, for those protons along with the maximum peak 

separation, ∆vo, and an estimation of both the observed, kobs, and bimolecular, kbi, 

rates and activation free energy, ∆G
‡
, at the coalescence temperature are listed in 

Table S1. ∆G
‡
 was estimated using a modified Eyring equation: 
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Table 3.2. Estimation of kinetic parameters of [(L4)Pd] from VT 1H NMR. 

 Tc (K) ∆vo (Hz) kobs (s
-1) kbi (M

-1 s-1) ∆G
‡
 (kcal mol-1) 

Ho 338 55.38 123 9.54 18.4 

Hg 353 112.69 250 19.4 18.7 

Hc 357 123.42 274 21.3 18.9 

 

3.4.4 Exchange Spectroscopy (2D-EXSY) Investigation of Degenerate 

Shuttling Process in [(L4)Pd].
[17] 

2D-EXSY allows investigation of the shuttling process in the degenerate molecular 

shuttle [(L4)Pd]; all spectra were recorded on a Bruker 400 MHz NMR spectrometer 

at 300 K and the mixing time, τm, was 0.3 s. Using the equations shown below, where 

IAA and IBB are the diagonal peak intensities and IAB and IBA are the cross-peak 

intensities, we obtain a value for k which is the sum of the forward, k1, and backward, 

k-1, pseudo-first order rate constants for the shuttling process. As both stations are 

identical k1 and k-1 are equal and thus the observed pseudo-first order rate constant, 

kobs, can be determined. It is assumed that the shuttling is mediated by a nucleophile 

which displaces the palladium complex from the nitrile station in an associative 

fashion and that this is the rate determining step. If this is not an intramolecular 

process, the shuttling is a bimolecular process and, where the dominant nucleophile 

could be determined, kobs was converted to kbi which allows the value of ∆G
‡
 to be 

determined using a modified Eyring equation. 
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Figure 3.5. Partial 2D-EXSY spectrum of [(L4)Pd] (400 MHz, [D7]DMF, 300 K). 

 

Table 3.3. Kinetic parameters of [(L4)Pd] in [D7]DMF. Concentration of [D7]DMF in [D7]DMF 

is 12.9 mol dm-3. Estimated error in kobs ± 1 s-1. 

 IAA IAB IBB IBA kobs (s
-1) kbi (M

-1 s-1) ∆G‡ (kcal mol-1) 

Hd 1.86 1.00 0.93 1.04 3 0.2 18 

Hg 1.80 1.00 1.47 1.04 2 0.2 19 
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3.4.5 Controlling Shuttling Rates via the Addition and Removal of Pyridine 

[(L4)Pd] (0.023 g, 0.0113 mmol) was dissolved in CDCl3 (0.75 ml) and a 2D-EXSY 

spectra was obtained. Pyridine (0.92 µl, 0.0113 mmol) was added to the yellow 

solution and a 2D-EXSY was obtained. p-Toluenesulfonic acid (0.0022 g, 0.0113 

mmol) was added to the yellow solution and a 2D-EXSY spectra was obtained which 

showed that the rates had returned to the background level. 

 

 

Figure 3.6. Partial 2D-EXSY spectrum of [(L4)Pd] (400 MHz, CDCl3, 300 K). 

 

Table 3.4. Kinetic parameters of [(L4)Pd] in CDCl3. Estimated error in kobs ± 1 x 10-3 s-1. 

 IAA IAB IBB IBA kobs (s
-1) 

Hd 1402.72 1.00 436.63 1.10 5 × 10-3 
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Figure 3.7. Partial 2D-EXSY spectrum of [(L4)Pd] plus 1 equiv. of pyridine (400 MHz, CDCl3, 

300 K). 

 

Table 3.5. Kinetic parameters of [(L4)Pd] in CDCl3 with 1 equiv. of pyridine. Concentration of 

pyridine present, 0.0119 mol dm-3. Average kbi = 95 M-1 s-1. Estimated error in kobs ± 0.1 s-1. 

 IAA IAB IBB IBA kobs (s
-1) kbi (M

-1 s-1) ∆G‡ (kcal mol-1) 

Hd 4.16 1.00 1.93 1.00 1 96 15 

Hg 4.07 1.00 3.01 1.26 1 93 15 
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Table 3.6. Crystal data and structure refinement for [(L2)Pd(CH3CN)]. 

CCDC-670786 

Identification code  [(L2)Pd(CH3CN)] 

Empirical formula  C41H38N4O4Pd 

Formula weight  757.15 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 13.774(3) Å α = 90°. 

 b = 15.345(3) Å β = 94.23(3)°. 

 c = 16.410(3) Å γ = 90°. 

Volume 3459.3(12) Å3 

Z 4 

Density (calculated) 1.454 Mg/m3 

Absorption coefficient 0.586 mm-1 

F(000) 1560 

Crystal size 0.0800 x 0.0800 x 0.0800 mm3 

Theta range for data collection 1.48 to 25.44°. 

Index ranges -16 ≤ h ≤ 16, -18 ≤ k ≤ 18, -16 ≤ l ≤ 19 

Reflections collected 22408 

Independent reflections 6336 [R(int) = 0.0500] 

Completeness to theta = 25.00° 99.7 %  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.7573 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6336 / 0 / 453 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.0437, wR2 = 0.0787 

R indices (all data) R1 = 0.0630, wR2 = 0.0864 

Largest diff. peak and hole 0.966 and -0.866 e.Å-3 
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Table 3.7. Crystal data and structure refinement for [(L2)Pd(L1)]. 

CCDC-670785 

Identification code  [(L2)Pd(L1)] 

Empirical formula  C45H44Cl2N4O6Pd 

Formula weight  914.14 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1) 

Unit cell dimensions a = 13.658(5) Å α = 90°. 

 b = 10.548(4) Å β = 95.009(7)°. 

 c = 14.508(6) Å γ = 90°. 

Volume 2082.1(14) Å3 

Z 2 

Density (calculated) 1.458 Mg/m3 

Absorption coefficient 0.628 mm-1 

F(000) 940 

Crystal size 0.2000 x 0.1000 x 0.0500 mm3 

Theta range for data collection 2.99 to 25.29°. 

Index ranges -16 ≤ h ≤ 16, -12 ≤ k ≤ 12, -17 ≤ l ≤ 17 

Reflections collected 19257 

Independent reflections 7224 [R(int) = 0.0498] 

Completeness to theta = 25.00° 97.1 %  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.8801 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7224 / 1 / 524 

Goodness-of-fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0384, wR2 = 0.0979 

R indices (all data) R1 = 0.0387, wR2 = 0.0985 

Absolute structure parameter 0.02(2) 

Largest diff. peak and hole 0.637 and -0.755 e.Å-3 
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Table 3.8. Crystal data and structure refinement for [(L3)Pd]. 

CCDC-670784 

Identification code  [(L3)Pd] 

Empirical formula  C133.50H155ClN4O11.50Pd 

Formula weight  2141.47 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.767(2) Å α = 82.166(6)°. 

 b = 21.409(5) Å β = 79.665(8)°. 

 c = 27.970(6) Å γ = 86.688(10)°. 

Volume 6280(2) Å3 

Z 2 

Density (calculated) 1.132 Mg/m3 

Absorption coefficient 0.227 mm-1 

F(000) 2278 

Crystal size 0.2000 x 0.1000 x 0.0100 mm3 

Theta range for data collection 2.09 to 25.36°. 

Index ranges -12 ≤ h ≤ 12, -25 ≤ k ≤ 25, -33 ≤ l ≤ 30 

Reflections collected 63886 

Independent reflections 22787 [R(int) = 0.0988] 

Completeness to theta = 25.00° 99.4 %  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.9554 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 22787 / 6 / 1426 

Goodness-of-fit on F2 1.180 

Final R indices [I>2sigma(I)] R1 = 0.1256, wR2 = 0.3114 

R indices (all data) R1 = 0.1606, wR2 = 0.3348 

Largest diff. peak and hole 1.011 and -0.656 e.Å-3 
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Synopsis 

As discussed in previous chapters, interlocked architectures have been synthesized 

using templates based on three dimensional and two dimensional metal-ligand 

coordination geometries. Here we describe the use of a one dimensional, linear, 

coordination geometry in the construction of catenanes and rotaxanes. 

 

The approach is simple, two monodentate ligands coordinate gold(I), with secondary 

non-covalent interactions acting to promote a favorable orientation for interlocked 

architecture formation. The linear coordination geometry of the pyridine-gold(I)-

pyridine bond and interlocked topology was demonstrated by an X-ray crystal 

structure of the gold(I) catenate. The interlocked nature of the rotaxane was proved 

by 
1
H NMR spectroscopy. 
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4.1 Introduction 

Metal ions with a range of different 2D and 3D coordination geometries (Figure 

4.1a-d) have been used to template the synthesis of catenanes and rotaxanes.
[1, 2]

 The 

result is a rich tapestry of mechanically interlocked ligands and complexes that have 

been studied from the point of view of their electrochemistry,
[3]

 photochemistry,
[4]

 

reactivity,
[5]

 selectivity,
[3b, 6]

 and as prototypes for molecular machines.
[7]

 Some of 

these systems can be assembled under thermodynamic control,
[8]

 others kinetic.
[3-6, 9]

 

Some use sophisticated ligand systems,
[10]

 others relatively simple ones.
[8]

 Some 

feature homoleptic complexation modes,
[3a, 8a,c, 11, 12]

 others heteroleptic.
[9a,c, 13, 14]

 All 

employ at least one multidentate ligand. Here we report on the first use of a 1D 

(linear) metal-ligand coordination geometry (Figure 4.1e) to template the synthesis of 

mechanical bonds.
[15, 16]

 The methodology requires only monodentate units on each 

component (we have used pyridine rings but aryl-Au coordination motifs are also 

well known
[17]

) and both homoleptic (suitable for homocircuit catenanes) and 

heteroleptic (suitable for heterocircuit catenanes and rotaxanes) complexes can be 

assembled. The approach is exemplified through the gold(I) template synthesis of a 

catenane and a rotaxane via ring closing olefin metathesis (RCM) 

macrocyclization
[8a, 11]

 protocols. 

 

Figure 4.1. Metal coordination geometries successfully utilized in the metal template 

synthesis of catenanes and rotaxanes. (a) Four coordinate (tetrahedral);
[3a, 4e, 5a,b, 6, 8c, 9a,b, 11]

 

(b) four coordinate (square planar);
[5d, 9c, 13]

 (c) five coordinate (square based pyramid/ 

trigonal bipyramidal);
[14]

 (d) six coordinate (octahedral);
[8a,b, 12]

 and, this work, (e) two 

coordinate (linear). 
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4.2 Results and Discussion 

4.2.1 Ligand Design 

Although square planar gold(III) has previously been used as a template in synthesis 

(to direct the assembly of aza-macrocycles
[18]

), to the best of our knowledge two 

coordinate gold(I) has not, despite it being an integral part of many oligomeric and 

polymeric supramolecular complexes, helicates and organometallic structures (which 

often feature multiple gold-gold aurophilic interactions in addition to the metal-

ligand interactions).
[15, 19]

 The attractiveness of using a linear coordination mode in 

synthesis lies in its simplicity and the potential generality of a motif that requires just 

two monodentate ligands to bind the metal. However, a key design question in any 

metal-template catenane or rotaxane synthesis is how to promote entwining of the 

ligands once they are attached to the metal. With gold(I) this is particularly easy to 

achieve: two 2,6-dialkylpyridine ligands, which are readily accessible via metal-

mediated cross-couplings with 2,6-dihalopyridines,
[20]

 must necessarily assemble 

with orthogonal orientations about the gold ion with the ‘arms’ of each ligand 

pointing over the other ligand to create the required two cross-over points. For our 

chosen ligand system (L1, Scheme 4.1) we also introduced aromatic rings (Figure 

4.1e) at positions equivalent to those found to form efficient intercomponent 

aromatic stacking interactions in benzylic amide and imine catenanes and rotaxanes 

(Figure 4.1b, d). The terminal functional groups on each ligand should thus be 

oriented such that macrocyclization reactions should favor interlocked products over 

the formation of larger macrocycles, oligomers and polymers. 
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4.2.2 Catenane Synthesis 

 

Scheme 4.1. Gold(I) template catenane synthesis and subsequent chemistry. Reagents and 

conditions: a) 1. AuCl(SMe2), acetone, 5 min.; 2. AgSbF6, 5 min.; b) (PCy3)2Cl2Ru=CHPh, 

CH2Cl2, 2 d; c) 1. 1M HCl(aq.):CH2Cl2 (1:1), 40 ˚C, 18 h; 2. H2, Pd/C, THF:EtOH (1:1), 18 h, 

L2 41% (from L1); d) AuCl(SMe2), acetone, 5 min.; e) AgSbF6, acetone, 5 min. >98%; f) 1M 

HCl(aq.):CH2Cl2 (1:1), 40 ˚C, 18 h or hν 400-700 nm (500 W halogen lamp), CDCl3, 6 d, 

>98%. 

Pyridine ligand L1 was synthesized by alkylation of a known
[2d]

 bis-phenol (see 

Experimental Section 4.3) and a 2:1 complex with gold(I), [(L1)2Au]SbF6, was 

assembled by treating L1 (2 equiv.) with AuCl(SMe2) (1 equiv.) followed by anion 

exchange with AgSbF6 (Scheme 4.1, step a). Ring closing metathesis of 

[(L1)2Au]SbF6 ((PCy3)2Cl2Ru=CHPh, CH2Cl2 (high dilution), 2 days, Scheme 4.1, 

step b) afforded one major and two minor products, each as a mixture of olefin 

diastereomers and in both metallated and de-metallated forms. To facilitate 

purification, the crude product mixture was fully demetallated (1 M HCl(aq):CH2Cl2 

(1:1), 40 ˚C, 18 h) and the olefins reduced (Pd/C, H2, 18 h), before being subjected to 

column chromatography to yield the major product, later confirmed to be the desired 

catenane L2, in 41% yield (from L1). Also isolated were the macrocycle resulting 

from simple cyclization of L1 (20%) and a larger macrocycle (an isomer of the 
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catenane) formed from the 1 + 1 cyclization of L1 (18%). It is not clear whether the 

non-interlocked products arise from unproductive macrocyclization reactions on the 

gold(I) template (similar product distributions have been observed in some Pd(II) 

template catenane syntheses
[13c]

) or from reactions involving uncomplexed L1 (a 

potential disadvantage of using relatively weakly binding monodentate ligands for a 

template synthesis is that unbound ligand can be present during the reaction). 

 

Figure 4.2. 
1
H NMR spectra (400 MHz, CDCl3, 300 K) of a) non-interlocked macrocycle; b) 

metal-free catenand L2; c) [(L2)AuCl]; d) gold(I) catenate [(L2)Au]SbF6; e) thread L3, and f) 

metal-free rotaxane L4. The assignments correspond to the lettering shown in Schemes 4.1 

and 4.2. 

Evidence supporting assignment of the major product as [2]catenane L2 came 

initially from mass spectrometry and 
1
H NMR comparison of the products (e.g. 

Figure 4.2a and 4.2b: the major product (Figure 4.2b) shows shielding effects similar 
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to those found in other catenanes
[8a, b, 13c]

). Confirmation of the mechanically 

interlocked structure was obtained from X-ray crystallography of the bis-p-

toluenesulfonic acid salt (Figure 4.3), in which the protonated pyridine groups lie to 

the outside of each catenane, with the alkyl chains of each macrocycle buried 

through the cavity of the other. 

 

Figure 4.3. Two views of the X-ray crystal structure
[21]

 of bis-protonated catenand 

H2L2(OTs)2 from a single crystal grown by vapor diffusion of diisopropyl ether into a 

saturated acetone solution. Carbon atoms are shown in light blue for one macrocycle and 

brown for the other, oxygen atoms red, nitrogen blue, sulfur yellow. Hydrogen bond lengths 

[Å] and angles [°]: NH1
…

O1 = NH2
…

O2 1.76. N1–H1–O1 = N2–H2–O2 163. 

Gold(I) could be re-introduced into catenand L2 in a two step process. Treatment 

with AuCl(SMe2) quantitatively generated the interesting complex [(L2)AuCl], the 

1
H NMR of which (Figure 4.2c) shows inequivalent resonances for the two 

macrocycles indicating that gold is coordinated to just one ring. Subsequent addition 

of AgSbF6 and filtration through celite generated [(L2)Au]SbF6, whose 
1
H NMR 

spectrum (Figure 4.2d) shows only one set of macrocycle resonances, enhanced 

shielding for aromatic protons HF and HG and reduced shielding of the resonances 

corresponding to the alkyl chain, indicating that a significant co-conformational 

rearrangement takes place for both rings to bind to the gold. Crystals of the gold(I) 

catenate suitable for X-ray crystallography were obtained by vapor diffusion of 

diisopropyl ether into a saturated acetone solution of the complex.
[21]

 The solid state 

structure of [(L2)Au]SbF6 (Figure 4.4), in which the pyridine groups are now 

internal to the catenate so that both can bind the metal, with the alkyl chains to the 

outside, shows the close-to-linear (175.3°) coordination geometry of the pyridine-
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gold(I)-pyridine motif and some of the offset intercomponent aromatic stacking 

interactions introduced to aid catenane formation. The gold ion is fully encapsulated 

within the organic framework and thus prevented from making aurophilic gold-gold 

interactions
[19]

 (the shortest Au
…

Au distance in [(L2)Au]SbF6 in the solid state is 

more than a nanometer). 

 

Figure 4.4. X-Ray crystal structure
[21]

 of gold(I) catenate [(L2)Au]SbF6, viewed a) parallel to 

the N-Au-N bond, b) close to the axis of the N-Au-N bond. Carbon atoms are shown in light 

blue for one macrocycle and brown for the other, oxygen atoms red, nitrogen blue, gold(I) 

gold, antimony grey and fluorine green. Selected bond lengths [Å] and angles [˚]: N1-Au 2.05, 

N2-Au 2.06; N1-Au-N2 175.3. Closest Au
…

Au distance 11.31 Å. 

4.2.3 Rotaxane Synthesis 

To extend the methodology to rotaxane formation required the assembly of a 

heteroleptic complex about the gold(I) center (Scheme 4.2). Treatment of L1 with 

AuCl(SMe2) (1 equiv.) followed by AgSbF6 and L3, attached both the macrocycle 

precursor and the thread to the same gold ion, generating [(L1)Au(L3)]SbF6 

(Scheme 4.2, steps a and b). Subsequent RCM ((PCy3)2Cl2Ru=CHPh (0.2 equiv.), 

CH2Cl2, 2 days, Scheme 4.2, step c) captured the interlocked architecture. As with 

the catenane synthesis, the metal was removed and the double bond hydrogenated 

prior to purification by column chromatography, which yielded metal-free rotaxane 

L4 in 26% yield (from L1) together with 14% of catenane L2 (arising from ligand-

scrambling of [(L1)Au(L3)]SbF6). The 
1
H NMR spectrum of rotaxane L4 (Figure 

4.2f) shows shielding with respect to the spectra of its non-interlocked components 

(macrocycle, Figure 4.2a, and thread, Figure 4.2e) similar to that observed for 

catenane L2 (Figure 4.2b). 
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Scheme 4.2. Gold(I) template rotaxane synthesis. Reagents and conditions: a) 1. 

AuCl(SMe2), acetone, 5 min.; 2. AgSbF6, acetone, 5 min.; b) acetone, 5 min.; c) 1. 

(PCy3)2Cl2Ru=CHPh, CH2Cl2, 2 d; 2. 1M HCl(aq):CH2Cl2 (1:1), 40 ˚C, 18 h; 3. H2, Pd/C, 

THF:EtOH (1:1), 18 h, L4 26% (from L1). 

4.3 Conclusions 

It is easy to forget that prior to Sauvage’s original Cu(I) template synthesis
[9a]

 the 

construction of mechanically interlocked molecules was a task of almost Herculean 

proportions.
[22]

 A quarter of a century on, the gold(I) template synthesis of 

[2]catenane L2 and [2]rotaxane L4 marks the last of the simple metal coordination 

geometries (linear) to join the family of metal-ligand arrangements that can direct the 

formation of mechanical bonds. The ability to form both homoleptic and heteroleptic 

complexes, and the simplicity of the monodentate ligands required, suggests that 

gold(I) could prove to be a particularly versatile template for the synthesis of 

interlocked molecular structures. 
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4.3 Experimental Section 

N

OH OH

N

O

O

3

3
L1

a)

 

Scheme 4.3. Synthesis of ligand L1 from 2,6-bis(3-(4-hydroxyphenyl)-propyl)-pyridine.
[2c]

 

Reagents and conditions: a) 2,6-bis(3-(4-hydroxyphenyl)-propyl)-pyridine, 6-bromohex-1-ene, 

K2CO3, DMF, 48 h, 80%. 

 

N

O O

A

B

C

E

F

G

H

D

I

J

K

L

M  

2,6-Bis(3-(4-(hex-5-enyloxy)phenyl)propyl)pyridine - L1 

To a solution of 2,6-bis(3-(4-hydroxyphenyl)propyl)pyridine
[2c]

 (1.01 g, 2.92 mmol) 

and 6-bromohex-1-ene (1.20 ml, 8.75 mmol) in DMF (30 ml) was added K2CO3 

(4.04 g, 29.2 mmol). The suspension was heated at 80 ˚C for 48 h. The reaction 

mixture was diluted with CH2Cl2 (100 ml) and washed with H2O (50 ml), the organic 

layer was dried (MgSO4), then purified by column chromatography (CH2Cl2:PE 1:1 

then CH2Cl2) to yield the title compound as a colorless waxy solid (1.19 g, 80%). 

m.p. 45 ˚C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.56 (m, 4H, HJ), 1.79 (m, 4H, 

HI), 2.00 (m, 4H, HD), 2.12 (m, 4H, HK), 2.61 (m, 4H, HE), 2.79 (m, 4H, HC), 3.93 (t, 

J = 6.5 Hz, 4H, HH), 5.00 (m, 4H, HM), 5.83 (m, 2H, HL), 6.80 (d, J = 8.5 Hz, 4H, 

HG), 6.93 (d, J = 7.7 Hz, 2H, HB), 7.09 (d, J = 8.5 Hz, 4H, HF), 7.48 (t, J = 7.7 Hz, 

1H, HA); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 25.3, 28.8, 32.1, 33.5, 34.7, 38.0, 

67.7, 114.3, 114.7, 119.8, 129.3, 134.2, 136.5, 138.6, 157.2, 161.5; LRFAB-MS (3-

NOBA matrix): m/z = 512 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 512.3506 

(calcd. C35H46NO2 512.3523). 
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Scheme 4.4. Synthesis of thread L3 from 1-(bis(4-tert-butylphenyl)(4-(pent-4-

ynyloxy)phenyl)methyl)-4-tert-butylbenzene.
[2c]

 Reagents and conditions: a) 2,6-

dibromopyridine, PdCl2(PPh3)2, CuI, Et3N, THF, 85% ; b) Pd/C, THF, EtOH, 18 h, 77%. 

 

N
OO
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j

 

2,6-Bis(5-(4-(tris(4-tert-butylphenyl)methyl)phenoxy)pent-1-ynyl)pyridine – S1 

To a solution of 1-(bis(4-tert-butylphenyl)(4-(pent-4-ynyloxy)phenyl)methyl)-4-tert-

butylbenzene
[2c]

 (2.1 g, 3.7 mmol) and 2,6-dibromopyridine (0.29 g, 1.2 mmol) in 

THF (15 ml) and Et3N (15 ml) was added copper(I) iodide (0.046 g, 0.12 mmol) and 

PdCl2(PPh3)2 (0.084 g, 0.12 mmol). The resulting mixture was stirred at RT for 18 h. 

The solvent was removed under reduced pressure and the residue was redissolved in 

CH2Cl2 (100 mL) and washed with a saturated aqueous solution of NH4Cl (3 × 

50 mL) and brine (100 mL). The organic layer was dried (MgSO4), the solvent 

removed under reduced pressure and the crude residue purified by column 

chromatography on silica (CH2Cl2) to yield the title product as a yellowish solid 

(1.27 g, 85%). m.p. 159 ˚C (dec.); 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.30 (s, 
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54H, Hj), 2.08 (m, 4H, Hd), 2.63 (t, J = 7.0 Hz, 4H, Hc), 4.06 (t, J = 6.0 Hz, 4H, He), 

6.79 (d, J = 8.9 Hz, 4H, Hf), 7.08 (d, J = 8.6 Hz, 16H, Hg+h), 7.23 (m, 14H, Hb+i), 

7.52 (t, J = 7.8 Hz, 1H, Ha); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 16.2, 28.2, 

31.4, 34.3, 63.0, 66.1, 80.5, 90.2, 113.0, 124.0, 125.6, 130.7, 132.2, 136.3, 139.6, 

143.8, 144.1, 148.3, 156.6; LRFAB-MS (3-NOBA matrix): m/z = 1217 [MH]
+
; 

HRFAB-MS (3-NOBA matrix): m/z = 1216.791 (calcd. C89H102NO2, 1216.791). 
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Thread – L3 

After the addition of 10% w/w Pd/C (0.310 g) to a solution of S1 (1.55 g, 1.27 mmol) 

in THF (15 ml), the mixture was repeatedly degassed and purged, first with N2 and 

then with H2, before being stirred for 18 h at RT under a constant atmosphere of H2. 

The reaction mixture was then filtered through celite, the solvent removed under 

reduced pressure and the crude residue purified by column chromatography to yield 

the title compound as a colorless solid (1.19 g, 77%). m.p. 127 ˚C; 
1
H NMR 

(400 MHz, CDCl3, 300 K): δ = 1.32 (s, 54H, Hi), 1.55 (m, 4H, Hk), 1.82 (m, 8H, Hj+l), 

2.81 (m, 4H, Hc), 3.93 (t, J = 6.4 Hz, 4H, Hd), 6.75 (d, J = 8.9 Hz, 4H, He), 6.96 (d, J 

= 7.7 Hz, 2H, Hb), 7.10 (m, 16H, Hf+g), 7.24 (d, J = 8.6 Hz, 12H, Hh), 7.48 (t, J = 7.7 

Hz, 1H, Ha); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 25.2, 28.8, 29.4, 31.2, 34.1, 

39.3, 63.1, 67.7, 113.0, 119.8, 124.0, 130.8, 132.2, 136.5, 139.4, 144.2, 148.2, 156.9, 

161.6; LRFAB-MS (3-NOBA matrix): m/z = 1225 [M]
+
; HRFAB-MS (3-NOBA 

matrix): m/z = 1224.853 (calcd. C88
13

CH109NO2, 1224.849). 
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Catenane - L2 

To a solution of L1 (0.178 g, 0.348 mmol) in acetone (5 ml) was added AuCl(SMe2) 

(0.0513 g, 0.174 mmol), the solution was stirred. After 5 min AgSbF6 (0.0598 g, 

0.174 mmol) was added and the grey-blue suspension was stirred for a further 5 min 

before filtration through a pad of celite and removal of the solvent under reduced 

pressure. The crude residue was redissolved in CH2Cl2 (100 ml) and Grubbs’ 1
st
 

generation olefin metathesis catalyst (0.058 g, 0.070 mmol) was added and the purple 

solution was stirred for 2 d with a stream of nitrogen bubbled directly through the 

solution. The solvent was removed under reduced pressure, the crude residue was 

redissolved in CH2Cl2 (10 ml) to which was added 1M HCl(aq) (10 ml) followed by 

heating at 40 ˚C for 18 h. The reaction mixture was neutralized with saturated 

aqueous sodium bicarbonate (100 ml) then extracted with CH2Cl2 (3 × 100 ml). The 

combined organic layers were washed with brine (50 ml), dried (MgSO4) and 

concentrated under reduced pressure. The crude residue was dissolved in THF (5 ml) 

and EtOH (5 ml) then 10% w/w Pd/C (0.070 g) was added. The reaction vessel was 

repeatedly degassed and purged with N2, then repeatedly degassed and purged with 

H2 and left to stir for 18 h under an atmosphere of H2. The reaction mixture was 

filtered through a pad of celite, concentrated under reduced pressure and then 

purified by column chromatography (0% to 10% EtOAc in CH2Cl2 gradient elution) 

to yield catenane L2 (0.069 g, 41%) as a colorless oil which solidified on standing, 

mono-pyridine macrocycle (0.034 g, 40% w.r.t. L1) and bis-pyridine macrocycle 

(0.030 g, 18 % w.r.t. L1) as a colorless solid. The 
1
H NMR and 

13
C NMR spectra of 

the mono-pyridine macrocycle were consistent with the published data.
[2c] 

 

L2: m.p. 66 ˚C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 0.91 (br, 16H, HK+L), 1.11 

(br, 8H, HJ), 1.50 (m, 8H, HI), 1.78 (m, 8H, HD), 2.49 (m, 8H, HE), 2.65 (m, 8H, HC), 

3.71 (t, J = 6.4 Hz, 8H, HH), 6.61 (d, J = 8.5 Hz, 8H, HG), 6.86 (d, J = 8.5 Hz, 8H, 

HF), 6.92 (d, J = 7.7 Hz, 4H, HB), 7.47 (t, J = 7.7 Hz, 2H, HA); 
13

C NMR (100 MHz, 
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CDCl3, 300 K): δ = 25.6, 28.4, 28.7, 29.6, 32.7, 35.4, 38.4, 67.1, 114.5, 119.6, 129.2, 

134.0, 136.4, 157.0, 161.6; LRFAB-MS (3-NOBA matrix): m/z = 486 [MH2]
2+

; 

HRFAB-MS (3-NOBA matrix): m/z = 486.3387 (calcd. C66H88N2O4 486.3367). 
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Bis-pyridine macrocycle: m.p. 69 ˚C; 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.33 

(br, 16H, HK+L), 1.45 (br, 8H, HJ), 1.76 (m, 8H, HI), 2.01 (m, 8H, HD), 2.62 (m, 8H, 

HE), 2.79 (m, 8H, HC), 3.92 (t, J = 6.5 Hz, 8H, HH), 6.81 (d, J = 8.5 Hz, 8H, HG), 

6.93 (d, J = 7.7 Hz, 4H, HB), 7.09 (d, J = 8.5 Hz, 8H, HF), 7.48 (t, J = 7.7 Hz, 2H, 

HA); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 22.6, 25.8, 29.4, 31.6, 32.1, 34.7, 38.0, 

68.0, 114.3, 119.8, 129.3, 134.2, 136.4, 157.3, 161.5; LRFAB-MS (3-NOBA matrix): 

m/z = 486 [MH2]
2+

; HRFAB-MS (3-NOBA matrix): m/z = 486.3371 (calcd. 

C66H88N2O4 486.3367). 
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Catenate - [(L2)Au]SbF6 

To a solution of L2 (0.157 g, 0.162 mmol) in acetone (2 ml) was added AuCl(SMe2) 

(0.0476 g, 0.162 mmol), the solution was stirred for 5 min to give [(L2)AuCl] [from 

which an aliquot was taken for analysis: 
1
H NMR (400 MHz, CDCl3, 300K): δ = 

1.09 (br, 8H, Hk+l), 1.09 (br, 4H, Hj), 1.44 (m, 12 H, Hi+K+L), 1.60 (br, 4H, HJ), 1.76 

(m 12H, Hd+D+ I), 2.57 (m, 16H, Hc+C+e+E), 3.70 (m, 8H, Hh+H), 6.27 (br, 4H, HG), 

6.60 (d, J = 8.5 Hz, 4H, Hg), 6.72 (br, 4H, HF), 6.85 (d, J = 8.5 Hz, 4H, Hf), 6.91 (d, J 

= 7.7 Hz, 2H, Hb), 7.47 (m, 3H, Ha+B), 8.06 (br, 1H, HA)]. AgSbF6 (0.0557 g, 0.162 

mmol) was added and the resulting grey-blue suspension was stirred for 5 min before 

being filtered through a pad of celite. The solvent was removed under reduced 

pressure to yield the title compound as a colorless solid (0.225 g, 99%). Single 

crystals suitable for investigation by X-ray crystallography were grown by vapor 
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diffusion of diisopropyl ether into a solution of [(L2)Au]SbF6 in acetone. 
1
H NMR 

(400 MHz, CDCl3, 300 K): δ = 1.47 (br, 16H, HK+L), 1.55 (m, 8H, HJ), 1.73 (m, 16H, 

HD+I), 2.47 (m, 8H, HC), 2.55 (m, 8H, HE), 3.69 (t, J = 5.9 Hz, 8H, HH), 6.21 (d, J = 

8.5 Hz, 8H, HG), 6.67 (d, J = 8.5 Hz, 8H, Hf), 7.42 (d, J = 7.8 Hz, 4H, HB), 8.04 (t, J 

= 7.8 Hz, 2H, HA); 
13

C NMR (100 MHz, CDCl3, 300 K): δ = 26.4, 28.9, 29.0, 29.5, 

32.0, 34.2, 39.5, 67.0, 113.5, 123.3, 129.6, 132.3, 141.0, 157.1, 162.6. 
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Rotaxane - L4 

To a solution of L1 (0.0810 g, 0.158 mmol) in acetone (2 ml) was added 

AuCl(SMe2) (0.0467 g, 0.158 mmol), the solution was stirred for 5 min. AgSbF6 

(0.0543 g, 0.158 mmol) was added and the grey-blue suspension was stirred for 5 

min before filtration through a pad of celite into a receiver flask that contained a 

solution of L3 (0.193 g, 0.158 mmol) in acetone (5 ml). The solvent was removed 

under reduced pressure. The crude residue was redissolved in CH2Cl2 (100 ml), 

Grubbs’ 1
st
 generation olefin metathesis catalyst (0.026 g, 0.32 mmol) was added and 

the purple solution was stirred for 2 d with a stream of nitrogen bubbled directly 

through the solution. The solvent was removed under reduced pressure, the crude 

residue was redissolved in CH2Cl2 (10 ml) to which was added 1M HCl(aq) (10 ml) 

followed by heating at 40 ˚C for 18 h. The reaction mixture was neutralized with 

saturated aqueous sodium bicarbonate (100 ml) then extracted with CH2Cl2 (3 × 

100 ml). The combined organic layers were washed with brine (50 ml), dried 

(MgSO4) and concentrated under reduced pressure. The crude residue was 

redissolved in THF (5 ml) and EtOH (5 ml) then 10% w/w Pd/C (0.055 g) was added. 

The reaction vessel was repeatedly degassed and purged with N2, then repeatedly 

degassed and purged with H2 and left to stir for 18 h under an atmosphere of H2. The 

reaction mixture was filtered through a pad of celite, concentrated under reduced 



Chapter Four  Gold(I) Template Directed Synthesis 

150 

pressure and then purified by column chromatography (0% to 10% EtOAc in CH2Cl2 

gradient elution) to yield rotaxane L4 (0.070 g, 26%) as a colorless solid, and 

catenane L2 (0.021 g, 14%) as a colorless solid. Analytical data for L4: m.p. 100 ˚C 

(dec.); 
1
H NMR (400 MHz, CDCl3, 300 K): δ = 1.19 (, 12H, Hk+K+L), 1.31 (m, 58H, 

Hi+J), 1.42 (m, 4H, Hl), 1.49 (m, 4H, Hj), 1.63 (m, 4H, HI), 1.80 (m, 4H, HD), 2.53 (m, 

4H, HE), 2.60 (m, 4H, Hc), 2.68 (m, 4H, HC), 3.48 (t, J = 6.7 Hz, 4H, Hd), 3.80 (t, J = 

6.5 Hz, 4H, HH), 6.54 (m, 8H, He+G), 6.79 (d, J = 8.5 Hz, 4H, HF), 6.84 (m, 4H, 

Hb+B), 6.98 (d, J = 8.9 Hz, 4H, Hf), 7.10 (d, J = 8.6 Hz, 12H, Hg), 7.24 (d, J = 8.6 Hz, 

12H, Hh), 7.33 (t, J = 7.7 Hz, 1H, HA), 7.40 (t, J = 7.6 Hz, 1H, Ha); 
13

C NMR (100 

MHz, CDCl3, 300 K): δ = 25.7, 25.8, 28.8, 29.1, 29.6, 29.7, 29.8, 31.4, 32.9, 34.3, 

34.3, 35.3, 38.5, 63.0, 67.1, 67.4, 113.0, 114.3, 119.6, 119.6, 124.0, 129.1, 130.7, 

132.0, 133.8, 133.9, 136.2, 136.5, 139.0, 144.3, 148.2, 156.8, 156.9, 161.6; LRFAB-

MS (3-NOBA matrix): m/z = 1710 [MH]
+
; HRFAB-MS (3-NOBA matrix): m/z = 

1711.184 (calcd. C120
13

C2H152N2O4 1711.182). 
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Table 4.1. Crystal data and structure refinement for [(L2)Au]SbF6. 

CCDC-680077 

Identification code  [(L2)Au]SbF6 

Empirical formula  C66H86AuF6N2O4Sb 

Formula weight  1404.08 

Temperature  93(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 17.008(2) Å α = 90°. 

 b = 19.798(2) Å β = 90°. 

 c = 36.675(5) Å γ = 90°. 

Volume 12349(3) Å
3
 

Z 8 

Density (calculated) 1.510 Mg/m
3
 

Absorption coefficient 8.418 mm
−1

 

F(000) 5696 

Crystal size 0.1000 × 0.1000 × 0.0300 mm
3
 

Theta range for data collection 2.41 to 68.61°. 

Index ranges -19 ≤ h ≤ 19, -23 ≤ k ≤ 23, -44 ≤ l ≤ 43 

Reflections collected 159948 

Independent reflections 11303 [R(int) = 0.0996] 

Completeness to theta = 66.50° 99.7%  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.6555 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 11303 / 4 / 722 

Goodness-of-fit on F2 1.213 

Final R indices [I>2sigma(I)] R1 = 0.0794, wR2 = 0.1818 

R indices (all data) R1 = 0.0984, wR2 = 0.1958 

Largest diff. peak and hole 0.688 and -1.777 e.Å
−3
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Table 4.2. Crystal data and structure refinement for H2L2(OTs)2. 

CCDC-682689 

Identification code  H2L2(OTs)2 

Empirical formula  C80H106N2O12S2 

Formula weight  1351.79 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 38.606(5) Å α = 90°. 

 b = 10.9310(13) Å β = 108.412(8)°. 

 c = 19.303(3) Å γ = 90°. 

Volume 7729.0(17) Å3 

Z 4 

Density (calculated) 1.162 Mg/m
3
 

Absorption coefficient 0.128 mm
−1

 

F(000) 2912 

Crystal size 0.200 × 0.200 × 0.100 mm
3
 

Theta range for data collection 1.94 to 25.35°. 

Index ranges -45 < h ≤ 45, -13 ≤ k < 13, -21 ≤ l ≤ 23 

Reflections collected 33273 

Independent reflections 6961 [R(int) = 0.1880] 

Completeness to theta = 25.00° 98.9% 

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.9223 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 6961 / 3 / 448 

Goodness-of-fit on F2 1.243 

Final R indices [I>2sigma(I)] R1 = 0.2011, wR2 = 0.3766 

R indices (all data) R1 = 0.2128, wR2 = 0.3831 

Extinction coefficient 0.0018(3) 

Largest diff. peak and hole 0.586 and -0.533 e.Å
−3
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