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Abstract

In contrast to the classic ‘passive template’ approach,! an ‘active-metal’ template
strategy involves a metal centre which acts as both a template and the catalyst for
covalent bond formation in the construction of mechanically interlocked architectures.
The crucial formation of a covalent bond between two ‘half-threads’ is promoted by the
catalyst and directed through the cavity of the macrocycle by the -catalyst’s

coordination requirements.

Scheme 1. Schematic representation of the active-metal template strategy to interlocked

architectures.

The main attractive features of such a synthetic approach are the efficiency (as one step
is required instead of two), the rapid assembly of inaccessible structures, the possibility
of ‘traceless’ assemblies, the versatility, the possibility to use catalytic amount of the

metal template and to provide mechanistic insight.

This novel concept was successfully introduced by our group and applied to a wide
range of well-known transition metal-catalysed reactions. The thesis will present
several examples of active-metal template reactions for the synthesis of interlocked
architectures, including Cu(I)-catalysed alkyne-azide cycloaddition (CuAAC popularised
as the click reaction),? Pd(II)-catalysed alkyne homocouplings3 Pd(II)-catalysed

oxidative Heck cross-couplingstand Lewis acids mediated Diels-Alder reactions.

(1) M.C. Thompson, D. H. Busch, J. Am. Chem. Soc. 1964, 86, 3651-3656.

(2) a)V.Aucagne, K. D. Hanni, D. A. Leigh, P. ]. Lusby, D. B. Walker, J. Am. Chem. Soc. 2006, 128,
2186-2197.b) V. Aucagne, J. Bernd J. D. Crowley, S. M. Goldup, K. D. Hanni, D. A. Leigh, P. .
Lusby, V. E. Ronaldson, A. M. Z. Slawin, A. Viterisi, D. B. Walker, . Am. Chem. Soc. 2007,
129,11950-11963.

(3) ].Berna].D. Crowley, S. M. Goldup, K. D. Hanni, A.-L. Lee, D. A. Leigh, Angew. Chem. Int. Ed.
2007, 46,5709-5713.

(4) ].D.Crowley, K. D. Hanni, A.-L. Lee, D. A. Leigh, 2007, J. Am. Chem. Soc. 129, 12092-12093.
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Introducing Mechanically
Interlocked Architectures
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1.1 Nomenclature and Definitions

Mechanically interlocked architectures (MIAs) are the result of an assembly of two or
more separate molecules connected to each other not through traditional chemical (i.e.
covalent) bonds but through what chemists more recently define as mechanical bonds.!
Although their components are not covalently connected, the assemblies are true
molecules and not supramolecular species, as the cleavage of one covalent bond is
necessary to separate the constituent parts. Schematic representations of the most

representatives MIAs are shown in Figure 1.1.2

Figure 1.1 Representation of the common MIAs, [2]rotaxane, [2]catenane and Borromean rings.

Interest in such molecules grew with the ability of scientists to produce them in
efficient and facile ways. From early inefficient statistical methods (where a linear
molecule is randomly threaded through a macrocycle),3 until the emergence of
supramolecular chemistry and template-directed synthesis, chemists have deployed
their ingenuity to develop efficient protocols towards the preparation of MIAs. Because
of their different properties compared to their non-interlocked analogues, MIAs have a
huge number of potential applications, such as in Molecular Electronic Devices (MEDs),
drug delivery systems,* surface transportation devices, molecular rotors and molecular

machinery.

1.2 Early Synthetic Methodologies

1.2.1  Statistical Approaches

It is claimed that in early 1900s, Willstatter first discussed the possibility of
synthesising mechanically interlocked macrocyclic rings.2 Early synthetic paths
explored were based on statistical approaches: the random threading of a linear
molecule through a macrocyclic followed by its cyclisation. The first preparation of
interlocked rings was reported in 1960 by Wassermann; he achieved the synthesis of
[2]catenane 3 from the penta-deutarated macrocycle 1 and the linear thread 2 in less

than 1% yield (Scheme 1.1).32
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3

Scheme 1.1 The first synthesis of a [2]catenane 2 by Wasserman exploiting the statistical threading
of a linear chain through a macrocycle.

The first synthesis of a [2]rotaxane was published by Harrison and Harrison seven
years later using the same methodology as seen above.3P Pseudo-rotaxane 6 is obtained
by the random threading of the linear diol 4 through a 30-membered ring attached on a
Merrifield resin. Stoppering reaction followed by cleavage from the solid support
yielded [2]rotaxane 7 in a very moderate 6% yield after seventy iterations (Scheme

1.2).

4
Scheme 1.2 Synthesis of the first rotaxane 7 in 6% yield by statistical methodology (70 iterations).

The extremely low yields in the above examples highlight the problem of using
statistical methods: there is no thermodynamic driving force to facilitate the formation

of interlocked species.

1.2.2 Covalent Bond Directed Synthesis

In 1964, Schill and Liittringhaus described the use of covalent bonds as templates in the
first directed synthesis of an MIAs.6 In this multistep synthesis, 8 is the key
intermediate: the geometry design - bond angles, lengths, tetrahedral structure of the
ketal carbon atom, size of the macrocycle, lengths of the alkyl chloride chains - imposes
intramolecular macrocyclisation in a unique and predetermined way. Alkylation of the
amino group occurs only with the two alkyl chloride chains located one above and one
below the plane of the central benzene ring to give 9. Selective cleavage of the aryl-
nitrogen bond and hydrolysis of the ketal group leads to the [2]catenane 10 in 30%
yield.
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Scheme 1.3 Synthesis of the first catenane 10 by covalently directed synthesis

In spite of Schill’s ingenious synthetic routes using a covalent bond template, this
methodology did not resolve the major and limiting problem of poor yields in the
synthesis of such interlocked molecules. Research aimed at improving the yields of

interlocked species focused on the use of template interactions.

1.3 Template Directed Synthesis of Interlocked Architectures

The advent of both supramolecular chemistry and template synthesis marked a new
era for MIAs: the use of non-covalent and weak intermolecular interactions allowed the
formation of stable interlocked systems in high yields. It is undeniable that the work of
Sauvage in the early 1980’s turned MIAs from chemical curiosities into readily
accessible molecules.” Over the past two decades, diverse recognition motifs such as
donor-acceptor m-stacking systems,® hydrogen bonds® and metal coordination!® have

been utilized as a toolbox for the synthesis of complex interlocked structures.

To date, four distinct template approaches have been adopted for the synthesis of
[2]rotaxanes (Scheme 1.4). The capping method!112 employs the conversion of a
dynamic pseudo-rotaxane, wherein the thread and the macrocycle are held together via
non-covalent interactions (i.e. the template), into the corresponding rotaxane by
covalent attachment of two bulky stoppered units at both ends of the linear thread. The
macrocycle is therefore trapped on the thread and its disassociation (or dethreading) is
prevented by the presence of the two bulky stoppers. The clipping methodology!3 is
quite similar to the capping reaction except that the thread is already capped. The
rotaxane is obtained by the closure of an acyclic ligand (U-shape) templated around the
stoppered thread. The slipping strategy!415 involves the macrocyclic unit passing over
the stoppers of a thread at elevated temperatures followed by cooling to render the
complex kinetically trapped. Note that the size of the stoppers must fit perfectly with
the macrocycle cavity. The active-metal template strategy, which Leigh and Saito
research groups have recently began to explore, is a methodology in which the

template plays an active role in promoting the crucial covalent bond in order to capture
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the interlocked structure.’6 The metal centre has a dual function: it acts both as a
template and a catalyst for the formation the covalent bond between two “half-threads”
through the cavity of a macrocycle. The present thesis discusses in detail the discovery,

developments and application of this new technique.

Scheme 1.4 Strategies towards the synthesis of [2]rotaxanes.
1.4 Non Transition Metal Template-based Methodologies to MIAs

1.4.1  Hydrophobic Interactions

The most extensively studied type of rotaxanes formed by the use of hydrophobic
interactions is those with a cyclodextrin-based structure. Cyclodextrins (CDs) are cyclic
oligosaccharides consisting of six or more a-1,4-linked D-glucopyranose units that yield
a truncated cone shape. The exterior of their cavity is hydrophilic, due to the hydroxyl
groups on the outer surface while their core is hydrophobic due to the hydrocarbon
units of the interior. Such physicochemical properties make them both water-soluble
and convenient hosts for complexing lipophilic molecular guests in aqueous media.
Examples of CD-based [2]rotaxanes, reflecting the diversity of possible structures, are

shown in Figure 1.2.
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12

Figure 1.2 Examples of cyclodextrin-based [2]rotaxane 1117 and 1218,

1.4.2 Aromatic Interations

The discussion of synthetic molecular architectures assembled using aromatic
interactions must be centred on the extensive research of Stoddart. In the late 1980s,
they reported the discovery of a route to catenanes that worked using m-m stacking
interactions.!® Stoddart’s research group studied the inclusion complexes of the m-
electron deficient derivative 14 with w-electron-rich guests such as the crown ethers
13 to form host-guest complex 15 (Figure 1.2). Treatment of an acetonitrile solution of
the pseudo-rotaxane with 1,4-dibenzyl bromide resulted in the formation of paraquat-

containing catenane 16 in an impressive 70% yield.
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13 14

15

16

Scheme 1.5 Inclusion complexes using aromatic 7- 7 stacking interactions.

Stoddart used this methodology for the synthesis of a multitude of MIAs such as
rotaxanes,20 catenanes,?! lariats,2%° molecular shuttles20b22 and other devices.23:24 The
general synthetic protocol involves the creation of thermodynamically stable pseudo-
rotaxanes between a bis-functionalized m-donating unit threaded through a m-accepting
macrocycle (or vice-versa). The latest strategy to date used by Stoddart and co-workers
is the combination of the copper catalysed alkyne-azide cycloaddition (CuAAC or “click”
chemistry) together with the donor-acceptor m-stacking strategy. One example is
shown in Scheme 1.6, wherein rotaxanes 21a (X = H) and 21b (X =F) are obtained by
trapping pseudo-rotaxanes 19a and 19b with a CuAAC stoppering reaction (82% and
11% respectively).
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X=H 17a X=H 19a

X=F 17b 20 X=F 19b

X=H 2la
X=F 21b

Scheme 1.6 Synthesis of [2]rotaxanes 21a and 21b by the “threading-followed-by-stoppering”
method via the CuAAC reaction.
1.4.3 Hydrogen-bonding Interactions
Hydrogen bonds are much weaker than covalent bonds or those involved between a
metal centre and ligands. As a consequence, effective H-bonding templates are
generally made up of multi-point recognition sites. The most effective H-bonding

templates are those with a high level of pre-organisation.

1.4.3.1 Amide Hydrogen-bonding Interactions

a) Anion-Based Catenanes and Rotaxanes
Vogtle and co-workers reported the first example of a [2]rotaxane assembled around

an anionic phenolate template in 1999.25 They utilised the binding of an anionic species
to amides present in a macrocycle to template the formation of a [2]rotaxane in an
excellent yield of 95%. The phenoxide-macrocycle complex 22 reacts with the mono-

stoppered thread 23 to form the [2]rotaxane 24 as shown in Scheme 1.7.
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23

22 24

Scheme 1.7 Synthesis of Végtle’s [2]rotaxane 24 assembled using a phenoxide template.

More recently, Beer and co-workers have elegantly shown how chloride ion recognition

motifs can be utilised to assemble rotaxanes?¢ and catenanes?’ (Figure 1.3).

26-Cl

25-Cl
Figure 1.3 Beer’s anion templated MIAs, rotaxane 25-Cl and catenane 26-Cl.

b) Amide-Based Catenanes and Rotaxanes

In an attempt to increase the yield of a macrocyclisation, Hunter discovered a one step
synthesis of the first amide-based catenane 27a in 1992.28 This supramolecular self-
assembly process, wherein multiple H-bonds direct the formation of two interlocking
rings, resulted in a 34% yield of [2]catenane. The remainder of the product is a
tetrameric species and the free macrocycle. This was closely followed by the

publication of a very similar molecule by Vogtle 27b (Figure 1.4).29
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27a R=H: Hunter
27b R=OMe: Vogtle

Figure 1.4 First amide-based [2]catenane reported by Hunter (R = H) and Végtle (R =OMe).

David Leigh published in 1995 his now-famous hydrogen bonding system to produce
MIAs. He reported the synthesis of benzylic amide [2]catenane 30 in 20% yield from
the reaction of isophthaloyl dichloride 28 and para-xylylenediamine 29 in
dichloromethane with the presence of triethylamine at high dilution (Scheme 1.8,
top).?¢ The catenane was the only product left in solution at the end of the reaction, all
other products precipitated. Subsequently, it was observed that if the condensation
reaction was carried out in the presence of a suitably stoppered benzylic 1,3-diamide
thread, [2]rotaxanes could be easily obtained. The more rigid fumaric rotaxane 31a
was synthesized in 97% yield (Scheme 1.8, bottom). This excellent yield is due to the
near-ideal spatial arrangement of the two amide carbonyl groups to template the
formation of the benzylic amide macrocycle. The presence of a double bond also
prevents the thread from forming intramolecular hydrogen bonds, which can disfavour
the rotaxane formation. Leigh has since utilised this methodology to explore the

fascinating world of molecular machinery.30
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30

28 29

3la X=Y=NH 97%
31b X=0, Y=NH 35%
31c X=Y=0 3%

Scheme 1.8 a) Synthesis and crystal structure of the leigh-type benzylic amide [2]catenane 30, b)
Synthesis of fumaramide-containing rotaxanes 31a-c.

1.4.3.2 Ammonium-Crown Ether Template

Crown ethers have also been extensively used to achieve the synthesis of rotaxanes.
Hydrogen bonding between the oxygen donor atoms of the crown ether and the
secondary dialkylammonium unit of the thread offer a suitable host-guest complex
ready for subjection to the capping methodology.3132 Stoddart converted crown ether-
containing pseudo-rotaxane 33 (Scheme 1.9), into the corresponding [2]rotaxane 34
(31% yield) by reacting it with an excess of di-tert-butylacetylenedicarboxylate at

reflux in dichloromethane for several days.33

11



Chapter |

32

33

34

Scheme 1.9 Stoddart’s synthesis of a [2]rotaxane 34 exploiting the binding of secondary dialkyl
ammonium salts by crown ethers.

1.5 Transition Metal Template for the Preparation of MIAs

As suggested above, the work published by Sauvage in 1983 marked a new area in the
preparation of MIAs. Sauvage took advantage of the transition metal’s ability to
predispose ligands in a predictable spatial orientation, creating a cross-over point that
directs subsequent macrocyclisation or capping reactions towards the threaded
architectures. To date, most of these routes depend on the use of neutral or cationic

species to achieve the desired template effect.

1.5.1 Passive Template

Since the synthesis of the first metal template catenanes and rotaxanes, a wide range of
metals with preferences for different coordination geometries have been used with
numerous ligands to template the formation of interlocked architectures. Examples
shown in Figure 1.5 employing a) linear3* b) tetrahedral,” c) square planar,3s d)
octahedral3637.38 and e) trigonal bipyramidal or square pyramidal3® geometries will be

detailed further in this chapter.

12
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Au-35

Pd-37 Cu-36
Rh-38

Co-40

Zn-39
Ru-41
Co-43
M-42

Figure 1.5 Examples of metal geometries used in a classic passive-metal template strategy towards
the synthesis of MIAs. Interlocked architectures are shown before hydrogenation.
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1.5.1.1  Linear (1+1) Template
The achievement of a linear (1+1) template was reported by Leigh and co-worker in
2008.3% The authors exploited the linear geometry of a gold(I) metal centre to achieve
the preparation of the [2]catenane 45 in 26% yield. Coordination of two pyridine
acyclic moieties around the Au(I) ion gave the pre-arranged complex 44. Conversion to
the corresponding catenane was achieved by subjecting 44 to ring closing metathesis

conditions followed by hydrogenation of the newly formed double bond.

45

44
Scheme 1.10 Gold(I) templated synthesis of catenane 45.

1.5.1.2 Tetrahedral (2+2) TM Geometry

Jean-Pierre Sauvage employed the preferred tetrahedral geometry of Cu(I) to organise
two bidentate phenanthroline (phen)-containing ligands in a mutually orthogonal
manner (Scheme 1.11, Route A).72 The copper-containing pseudo-rotaxane 47 is
obtained by subjecting pre-made macrocycle 46 with Cu(I) and acyclic phen ligand 48.
Alkylation of 47 with bisalkyl-iodide gives metal-catenane (or catenate) Cu-50 in 40%
yield. The complementary Route B (Scheme 1.11) was achieved one year later.”? The
alkylation of Cu(I)-complex 49 with a bisalkyl-iodide led to catenate Cu-50 in 27%
yield. Free catenand 50 (indicating a catenane which has been assembled using a metal

template) can be obtained by removing the copper template by treatment with KCN.

14
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a7

Cu-50 49

46
50 48

Scheme 1.11 Sauvage’s phen-Cu(l) directed strategies for the synthesis of [2]catenane 50.

Surprisingly, it was not until 1991 - eight years after Sauvage’s original paper on the
Cu(D)-phenanthroline motif - that the first preparation of a [2]rotaxane using that
methodology was achieved by Gibson and co-workers. They demonstrated that
Sauvage’s pseudo-rotaxane 49 could be alkylated with two bulky stoppered units to
generate (after decomplexation with a cyanide-derivatised resin) metal-free rotaxane

51in 42% yield.

51

49

Scheme 1.12 Synthesis of rotaxane 51 via transition metal coordination.
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By incorporating a terpyridine (terpy) unit in one of their phenanthroline-containing
catenane, Sauvage and co-workers were able to realise a molecular switch based on the
redox chemistry of copper.4® In the lower oxidation state of the copper (Scheme 1.13,
left, Cu!-52), the two phenanthroline (phen) moieties are coordinatied to the metal
centre in a tetrahedral geometry. Positional isomerisation was achieved by oxidation of
the Cu(I) into Cu(II) allowing the terpy and the phenanthroline ligands to be hold in a
trigonal bipyramidal manner (Scheme 1.13, right, Cul-52). The reverse process is

achieved under reducing conditions.

cu'-52 cu"-52

Scheme 1.13 Positional control between the tetradentate (phen-phen) and the pentadentate
(terpy-phen) coordination modes.

A few years later, Sauvage accomplished the synthesis of a switchable molecular shuttle
using the same Cu(I)/Cu(Il) chemistry in which the Cu-phen-macrocycle complex is

displaced between a terpy and a phenanthroline station.*!

Combining the Cu(I)-phenanthroline motif with the CuAAC reaction, Sauvage and co-
workers published recently the preparation of a “clicked” Cu(I)-rotaxane complex.42
Subjecting diazide functionalised pseudo-rotaxane 54 to standard Cu-catalysed alkyne

azide cycloaddition (CuAAC) provided Cu(I)-rotaxane complex Cu-56 in 62% yield.
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48
53 54

55

Cu-56

Scheme 1.14 Passive-metal template synthesis of the Cu(I)-[2]rotaxane 22.

Replacing the diazido-bipyridyl thread 53 by a more hindered phenanthroline-based
thread showed more stability under the CuAAC stoppering conditions and yielded the

corresponding Cu(I)-rotaxane complex in 67%.43

1.5.1.3  Square planar (3+1) Pd Geometry

One year after Sauvage’s first example utilizing a palladium square planar (3+1)
strategy towards the synthesis of a Pd-pseudo-rotaxane complex,** Leigh and co-
workers published in 2004 the preparation of a [2]rotaxane using a palladium square
planar (SP) template.3> The clipping strategy involved the exchange of the labile
acetonitrile molecule in 2,6-dicarboxamide-pyridine-Pd complex Pd-58 by the
monodentate 2,6-disubstitued pyridine thread 57. The pre-rotaxane obtained was
stable enough to be isolated in 63% yield. RCM followed by hydrogenation gave Pd-61
(77%) which could then be demetallated by KCN to afford the metal-free rotaxane in
97% yield (Scheme 1.15, bottom). The Leigh group extended the methodology to the
preparation of [2]catenanes.*> Catenate Pd-60 is obtained in 78% yield from the
assembly of Pd-58 and pyridine macrocyclic ligands 59 around a Pd template followed
by RCM and hydrogenation (Scheme 1.15, top).
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Pd-60

59

57 Pd-58

Pd-61

Scheme 1.15 Synthesis of a square-planar metal coordinated [2]rotaxane.

This successful Pd (3+1) methodology was extensively used to achieve the synthesis of
various MIAs. Takata and Hirano reported the synthesis of rotaxanes using similar
ligands but in a capping method.*¢ David Leigh published an easy and efficient protocol
towards the iterative synthesis of [n]rotaxanes: A pyridine unit (not centred on the
thread) is used as handle to introduce sequentially Pd-U-shape complexes on the
thread. The authors used the following cycle to proceed: complexation of Pd-58 on the
thread via the pyridine unit; RCM; hydrogenation and demetallation. After the first

cycle a [2]rotaxane was obtained and subsequently the second cycle gave [3]rotaxane

18
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62, the third cycle yielded [4]rotaxane 63 (see Scheme 1.16 for the last step). The only

limiting factor in the synthesis of higher order rotaxane is the length of the thread used.

62

63

Scheme 1.16 Iterative synthesis of [4]rotaxane 63 using a Pd-SP template.

1.5.1.4 Trigonal-bipyramidal (3+2) Geometry

The first example of an interlocked architecture obtained by a (3+2) passive template
strategy was reported by Sauvage and collaborators in 2003.3% The Alsatian group
combined divalent zinc ion with bidentate and tridentate ligands. The coordination of
zinc trifluoromethanesulfonate into a terpy-based macrocycle followed by the
replacement of the triflates ligands by a phen U-shaped ligand formed penta-
coordinated Zn-pseudo-rotaxane complex 66. Subjecting this complex to RCM
conditions followed by hydrogenation led to corresponding [2]catenand Zn-67.
Decomplexation by stirring a solution of this catenand in a CH»Cl; with an aqueous base

afforded the metal-free catenane in 40% yield over the 3 last steps.
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Zn-64

65
66 Zn-67

Scheme 1.17 Synthesis of five coordinate Zn(1l) catenate Zn-67.

1.5.1.5 Octahedral (3+3) TM Geometry

The first example of a MIA assembled via an octahedral metal centre was reported by
Sauvage in 1991.47 He used a (3+3) strategy wherein a Ru(Il) ion holds two terpy
ligands in an orthogonal manner. Cyclisation by Williamson alkylation provided the Ru-
catenane Ru-70 in a moderate yield of 11%. Unfortunatelly, due to the stability of the
complex, demetallation has proven to be impossible. Later, Siegel and co-workers
developped strategies using Fe(Il) and Ru(Il) towards the prepartation of (3+3)

catenanes.*8

68

69a

69b Ru-70

Scheme 1.18 Octahedral (3+3) template synthesis of catenate Ru'-70 using Williamson
macrocyclization.

In 2001, Leigh and co-workers reported a simple, general and efficient protocol for the
preparation of catenanes around a wide range of divalent octahedral TM ions (Figure
1.5).3¢ The ligating moieties are based on tridentate benzylic 2,6-di-iminopyridine and
two distinct strategies can be applied towards the preparation of catenanes. The first
approach consists of treating the metal-di-iminopyridine complexes of type 74 with
Grubb’s catalyst to afford catenates in good yield (Scheme 1.19, Route A). As example,

Zinc perchlorate complex Zn-74 was readily prepared in 83% yield from simple
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addition of a solution of ligand 71 in dichloromethane to a methanolic solution of
Zn(Cl04)2(H20)s. Free imines are not normally compatible with RCM conditions but, in
this case, coordination to the TM ion effectively protects the sensitive functionality
allowing Grubbs’ catalyst to mediate the clean conversion of the tetra-olefin complex to
the zinc catenate in 73% yield. The tolerance of this approach was investigated using a
wide range of divalent TM ions with a octahedral geometric preference (i.e Mn(II)-
Zn(I) across the 1st row and Zn(II)-Hg(II) down to group 12) and catenanes were
isolated in each case. The highly preorganised bis-tridentate ligand system introduces
high kinetic stability to the interlocked complexes. Demetallation was achieved by
reduction of the imine functionalities with NaBHs followed by treatment with
Na;H;EDTA to give the metal-free catenand 76. Since this publication, the Leigh group
has extended this (3+3) strategy: they took advantage of the thermodynamical stability
of metal-complexes M-75 to achieve a five component self-assembly process around a
divalent octahedral TM template (Scheme 1.19, Route B) and they used tridentate
pyridine-diamide ligands around a hard trivalent metal ion such as Co(III) (Figure 1.5,

Co-40) to achieve the synthesis of a [2]catenane.?®

71 74

73
M-75

72

76

Zn-75

Scheme 1.19 Synthesis of octahedral catenates (M-75) by ring closing metathesis, using a large
range of divalent TM (Mn-Zn, Cd-Hg).
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1.5.1.6  Octahedral (3+2+1) Template Strategy
Although Seeman and co-workers achieved the synthesis of Borromean rings (BRs)
using DNA strands,5° the chemical assembly of molecular BRs was first realised in 2004
by Stoddart and co-workers. Using computer-aided design to optimise the 7z stacking
interactions and coordination geometries, the Californian group achieved the self-
assembly of BRs from 18 building blocks, arguably one of the most impressive
thermodynamically controlled multi-component reactions described to date.5! This
spectacular synthesis was performed utilising the reversible nature of imine bonds. The
[2+2] macrocyclisation reaction between the 2,6-diformylpyridine unit 72 and the
bipyridyl-containing diamine 77, produced the endo-tridentate diiminopyridyl binding
site. Addition of Zn(0Ac): directed the formation of BRs by binding the exo-bidentate
and endo-tridentate ligands in a slightly distorted octahedral geometry. By following
the reaction by 1H NMR, it was observed that after two days the major (>90%) product
was the desired Borromean rings complex Zng-78. This was confirmed by X-ray crystal
structure determination shown in Scheme 1.20, top (sixth coordination site have been
removed for clarity). The authors proved later that zinc could be replaced by copper
(ID) to yield the corresponding BR’s (Cue-78). Interestingly, when they used a mixed
Zn/Cu 1:1 template, the formation of a Solomon knot (a doubly entwined catenane)
was observed (Scheme 1.20, bottom, Zn2Cuz-79). Although various molecular species
compete with each other in solution, the Solomon’s knot is formed over the other
species (notably BRs) owing to a favourable crystal packing effect (dynamic kinetic

resolution).52
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Zne-78

77

72

Zn-Cu»-79

Scheme 1.20 Impressive achievements of complex interlocked structures via Zn(1I) and Cu(Il)
template using imine reversible bond. Top: molecular borromean rings and bottom: Solomon knot.
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1.5.1.7 Octahedral (4+2) Template Strategy

Jean-Pierre Sauvage, once again, proved his expertise in the introduction of novel
strategies towards the preparation of MIAs utilising transition metals and noteworthy
ligands. Sauvage’s research group introduced a (4+2) octahedral template,>3 complex
Ru-80, which is obtained by coordination of the tetradentate (two phen units)
macrocycle around a divalent ruthenium centre. Replacement of the two acetonitriles
by a bipy U-shaped ligand afforded the Ru-pre-catenane complex 82 which can be
converted into the corresponding Ru-catenate Ru-83 (68% yield) by subsequent RCM
followed by hydrogenation (Scheme 1.21).

82

Ru-80 81

Ru-83

Scheme 1.21 Synthesis of complex Ru-83 with the (4+2) strategy.

Sauvage’s research group investigated the possibility of using of a double
macrocyclisation technique to prepare Ru-83 (46%).54 Structural modifications of both
macrocyclic and the acyclic ligands were proved to be possible: modifications of the
macrocycle poly-ether backbone increased the yield (76%)5 and the use of a 4,4’-
disubstitued bipy ligand afforded a catenane in which the RCM occurred around the
poly-ether thread and not around the metal coordination core, this example used a
Rh(III) metal centre as shown in Figure 1.5 (34% yield, Rh-38).5¢ In contrast with the
previous Ru-(3+3)-octahedral methodology applied (Paragraph 1.5.1.5), where
demetallation is impossible due to the high stability of the ruthenium complex, the
lability of the Ru-bipy can be achieved by irradiating (UV) the complex in presence of
chloride ions. Unfortunately, the methodology showed a lack of success when second-
row TM such as Zn(II) or Fe(Il) were used as template. This methodology was also

extended for the preparation of [2]rotaxanes.5”
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1.5.1.8 Octahedral (2+2+2) TM Strategy

After the success of his (4+2) octahedral strategy, Sauvage explored a novel octahedral
(2+2+2) methodology in which the assembly of three distinct bidentate ligands is
achieved around a same transition metal centre. Bis-isoquinoline ligands were
preferred, as phen or bipy are less encumbered and allow for a less sterically congested
metal coordination site. Triply entwined complexes, such as 86 were generated via an
octahedral (2+2+2) strategy with three bidentate ligands such as 84a (R = Me) around
a divalent ruthenium ion.58 The solid structure of 86 revealed an intriguing
entwinement around the metal ion which was later exploited by Sauvage’s group to
create interlocked architectures such as the impressive [3]rotaxane shown in Scheme
1.22.59 Two bis-isoquinoline rods decorated at each end with azide functionalities
(84b) were threaded into the cavity of macrocycle 85 to generate metal-complexes M-
87 (M = Fe(1I) or Co(III)). Stoppering with bulky alkyne-stoppered unit 55 was realised
via CuAAC reaction to afford Fell-88 and Co!!-88 in very high yields (82% and 89%
yield respectively). The iron(II) complex showed an extreme stability over standard
demetallation conditions (H,O/MeOH 1:1, NazHEDTA, rt), while attempts to use
harsher conditions (CszC0O3, DMF, 80 °C) resulted in the concerted dethreading of the
two stoppered threads through the cavity. The metal-free [3]rotaxane was achieved by
replacing iron(Il) with cobalt(Ill).6¢ Owing to the kinetic stability of Co-88 - and
because it is paramagnetic - the study and characterisation of this complex is possible
by 1H NMR. Oxidation of Co(IIl) into labile Co(Il) complex made the decomplexation
quick and efficient (DMSO, NasHEDTA) affording the metal-free [3]rotaxane 88 in a
quantitative yield. The dethreading process of 88 was followed by 1H NMR and its half-

life was determined to be one week in CH2Cl; at room temperature.
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86

Ligand: 84a:

85

84a R=Me
84b R=chain-N3

Ligand: 84b

88

M-87

M-88

Scheme 1.22 (2+2+2) Octahedral strategy to the preparation of complex 86, pre-rotaxanes Fe'l-87
and Co™-87, and [3]rotaxane 88.

1.5.2 Interlocked Architectures Containing Metal lons in Their
Framework

The rich variation in properties of TMs and alkali metals has led to an exotic selection
of [2]catenanes containing metal ions in their structure being reported in the literature.
The relationship between the complexes, other than their obvious topological

congruity, is their thermodynamically controlled assembly. It has been demonstrated
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that a cyclic structure containing reversible coordination bonds can reorganise to form
a stable interpenetrated TM complex. The energetic gain in stability through

intercomponent recognition outweighs the entropic cost of unifying the two species.

1.5.2.1 Pd-containing Catenanes

This field of research is dominated by the work of Fujita61.6263 who, in 1994, reported a
Pd(II) containing [2]catenane accessed via the quantitative self-assembly of simple
component molecules.s* By mixing Pd(NO3)z(en) with 1,4-bis[(4-pyridyl)-
methyl]benzene 90a in aqueous solution, macrocycle 92a and corresponding
[2]catenane 93a were shown to be in rapid equilibrium with one another (Scheme
1.23). Consequently, by Le Chatelier’s Principle, at concentrations of greater than 50
mM, the reaction conditions favour the single component [2]catenane species 93a. It
has been suggested that the [2]catenane spontaneously forms as a result of double
molecular recognition, i.e. the molecules bind each other in their respective
hydrophobic cavities. By increasing the polarity of the reaction medium through
addition of NaNOs, the yield of [2]catenane 93a was increased to greater than 99%

even at high dilution, which supports this hypothesis.

89
90a n=1
90b n=2
93b
9lan=1
91b n=2
92a A=B=90a 93a A=B=90a
92b A =89, B=91a 93b A =89, B=91a
92c A=B=91b 93c A=B=91b
92d A=89, B=90b 93d A=89, B=90b

Scheme 1.23 Fujita’s original Pd(II) catenane synthesis.
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1.5.2.2  Mixed Cu(ll)/Cu(lll) Dithiocarbamate Catenane

Beer described the synthesis of serendipitous mixed Cu(Il)/Cu(Ill) interlocked
systems.65 The preformed dinuclear copper(Il) dithiocarbamate macrocycle 94 was
submitted to oxidation to afford tetra metal-containing catenane 95 in quantitative
yield. Characterisation techniques (i.e. structural, magnetic susceptibility, ESI-MS and
electrochemical studies) all support the mixed cationic nature of 95 (i.e.
CullCullCul'Cult). The authors later published a protocol in which copper(IlI) is replaced
by gold(III).e6

94 95

Scheme 1.24 Dicationic Cu(ll)/Cu(lll)-containing catenane 95.

1.5.2.3 Assemblies via First- and Second-sphere Coordination Palladium

Following the work of Chang and Jeong, wherein they clipped a hydrogen-bond based
macrocycle around a thread using a Re(I) metal centre,®? the Wisner research group
recently investigated the preparation of self-assembly though first- and second- sphere
coordination. Here, the palladium metal centre acts as both as a template and as a
“covalent” link between the components of the interlocked architecture. In 2006, they
published a very facile protocol towards the preparation of [2]rotaxanes.t8
Coordination of trans-bisbenzonitrile palladium(II) dichloride inside the cavity of the
tetra-amide macrocycle is driven via hydrogen-bonding; further replacement of the two
labile nitrile ligands by stronger-coordinating pyridine moieties gave the Pd-containing
rotaxane 96 in 89% yield (Figure 1.6, top). The authors later extended this
methodology replacing halides by thiocyanate ligands.®® The unexpected
unsymmetrical geometry of the obtained rotaxane (coordination of the thiocyanate
ligands to the Pd centre via the nitrogen atoms) suggests that the SCN moieties act as a
ratchet between two degenerated stations; this hypothesis was supported by variable
temperature 'H-NMR experiments. A similar double-clipping strategy was utilised to

achieve the preparation of [2]catenane 97 (Figure 1.6, bottom).7°
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96

97

Figure 1.6 PdCl;-containing rotaxane 96 and catenane 97 achieved by Blight et al.

1.5.2.4 Macrocycle Shrinking by Palladium Template

In 2004, Asakawa and collaborators introduced the novel threading-followed-by-
shrinking methodology.”t The presence of a binding site (two imine and two hydroxyl
functionalities) designed to accommodate a square planar metal centre permits the
modulation of the cavity size of 98. The reversible threading of dialkylammonium salt
99 though 98 forms the unlocked pseudo-rotaxane 100. Addition of Pd(OAc); afforded
the corresponding locked Pd-rotaxane Pd-100 (30%) by shrinking the macrocycle

around the thread.

100 Pd-100

98

99

Scheme 1.25 Synthesis of [2]rotaxane Pd-100 by shrinking methodology.
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1.5.2.5 Gold-acetylide Based Catenanes

Gold-containing catenanes were first reported by Puddelphatt’? following his
description of Au-diacetylide aggregates.’? The authors subjected gold-acetylide
polymers with neutral bidentate phosphine ligands and obtained macrocycles and
[2]catenanes in good yields. Using a diphosphine ligand with a short spacer (n =1 or 2,
Scheme 1.26, left) yielded macrocycles 103a and 103b respectively in 70% and 81%
yield. Catenanes 104a-c were easily obtained through self-assembly using a longer
spacer (n = 3, 4 or 5, Scheme 1.26, right). Interestingly, the crystal structures of the
interlocked structures show an intramolecular gold-gold distance of 2.968 A suggesting
a significant aurophilic interaction which might be responsible for enhancing the

formation of interlocked products over the formation of macrocycles.

101

103an=1
103b n=2
102a-e

104a n=3
104b n=4
104c¢ n=5

Scheme 1.26 Preparation of gold-containing macrocycle 103a-b and catenanes 104a-c, Phenyl
groups attached to the phosphorus atoms are not shown for clarity.

1.6 The Active-Metal Template Approach

1.6.1 Presentation of the Concept

As seen above, a wide variety of metal template methodologies towards the
preparation of interlocked architectures are available. However, in these approaches
metal centres act only in a passive way (like a glue to hold fragment together while the
mechanical bond is formed), require a stoichiometric quantity of template, and
generally74 require strongly binding recognition motifs to preorganise the components

for a facile interlocking step. Building on well-documented principles of transition
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metal catalysis in a wide range of organic bond forming reactions, the Leigh group
envisages a new kind of approach wherein the metal template also plays an active role
in the bond formation: the metal ion acts simultaneously as both a template and a
catalyst for the formation of an interlocked structure. This active-metal template (AMT)
approach would only require a permanent coordination site on the macrocycle. The
rest of the compound would be assembled through functional groups that react
together under catalysis by the metal-macrocycle complex. The fragments are held in
position such that their metal catalyzed reaction leads to an interlocked product. The
process is shown schematically in Figure 1.7 under a) stoichometric conditions and b)

catalytic ones.

a)

¢ =

b)

Figure 1.7 Schematic representation of the active template approach to interlocked architectures.
a) Stoichiometric active-metal template synthesis of a [2]rotaxane with de-metallation; b)
Catalytic active-metal template synthesis of a [2]rotaxane.

There are several potentially attractive features of such a synthetic approach to
mechanically interlocked architectures, the inherent efficiency of a reaction in which
the macrocycle-metal complex performs multiple functions; the lack of requirement for
permanent recognition elements in each component of the interlocked product which
increases the structural diversity possible in catenanes and rotaxanes and enables their
formation to be “traceless”; in some cases only substoichiometric quantities of the
active template may be required (i.e. the catalytic active-metal template variant, Figure
1.7b); the strategy should prove applicable to many different types of well-known
transition metal catalysed (and even organocatalytic) reactions; reactions that only
proceed through a threaded intermediate would allow access to several currently
inaccessible mechanically linked macromolecular architectures; and finally, the
coordination requirements during key stages of the catalytic cycle of active-template

reactions could provide insight into the mechanisms of metal-catalysed reactions.”s
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1.6.2 CuAAC Active-metal Template

The use of the CuAAC reaction in the synthesis of rotaxanes starts with the publication
by Leigh and co-workers of a novel and elegant active-metal template protocol.16 They
took advantage of both geometrical requirements and catalytic proprieties of the
copper(I) to form a disubstitued triazole ring from half-threads 55 (alkyne) and 105
(azide) through the cavity of the pyridine-containing macrocycle 59 (Scheme 1.27). The
second chapter of the present thesis describes in detail the discovery, extension and

applications of this particular AMT methodology.76

55

59

106
105

+ non-interlocked thread

Scheme 1.27 Active-metal template synthesis of the [2]rotaxane 106 via CuAAC reaction.

1.6.3 Glaser and Ullman Active-metal Template

Saito and co-workers were the next to report an example of an AMT strategy. The
authors investigated Glaser diyne coupling and Ullman C-S bond formation - both
reactions are catalysed by Cu(l) - for the preparation of MIAs.”” The Glaser homo-
coupling of two aryl-alkyne half-threads occurs through the cavity of pre-formed
complex Cu-107 to produce rotaxane 108 in 72% yield (Scheme 1.28, top). In the same
publication they also reported the Ullman coupling between a thiol and a aryl-iodide
half-threads inside the cavity of the same macrocycle-Cu(I) complex, although in this
case more than 10 equivalents of both half-threads were necessary to generate only a
small amount of rotaxane 109 (27% yield, Scheme 1.28, centre left). Two years later,
they reported the first preparation of catenanes by Glaser alkyne homo-coupling using
the same Cul-macrocycle complex and a wide range of double-functionalised U-shapes
(8-64%).78 The most relevant example of the synthesis of a Glaser AMT catenane is
shown in Scheme 1.28, bottom. Later the Leigh group reported an alkyne homo-

coupling AMT towards rotaxanes using palladium as catalyst (see Chapter III).7°
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108

Cu-107

109

110
Scheme 1.28 Saito’s Glaser and Ullman AMT strategies for the preparation of MIAs.

1.6.4 Rotaxanes via Cadiot-Chodkiewicz Active-metal Template

The Leigh research group published a protocol in which rotaxanes were assembled via
an alkyne cross-coupling Cadiot-Chodkiewicz AMT protocol. Coordination of the
preformed copper acetylide half-thread Cu-112 to the bidentate bipy binding side of
macrocycle 111 leads to the complex of type I (Scheme 1.29). Oxidative addition of the
bromo-alkyne half-thread 113 occurs to the opposite side of the macrocycle to afford a
Cu(Ill) intermediate of type II (Scheme 1.29). Reductive elimination of this complex
yielded [2]rotaxane 114 in 85% yield.
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113

111

Cu-112

114

Scheme 1.29 Cadiot-Chodkiewicz active-metal template synthesis of rotaxanes.

To demonstrate the utility of this novel AMT strategy, Leigh and co-workers published
the synthesis and the study of a molecular shuttle obtained by this method. They
created a [2]rotaxane containing two distinct stations which can be switched utilising
weak interactions. In the neutral form of 115 the bipy macrocycle resides
predominantly on the aniline station due to the hydrogen bonding interactions
between the aniline proton and one (or both) N-donor atoms of the bipy unit (Figure
1.8, top). Addition of either p-toluene sulfonic acid or lithium iodide leads to the
displacement of the macrocycle from the aniline to the DMAP station as the positively-
charged centre acts as bridging agent between the DMAP and the bipy units. Return to
the neutral form is achieved either by washing M+-115 with NaHCO3 (in the case of
TsOH treatment) or with H,0 (Lil).
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115

M*-115

Figure 1.8 Shuttling process in the Cadiot-shuttle. The newly formed bond is shown in red.

1.6.5 Pd(Il) Michael Addition towards the Synthesis of Rotaxanes
Combining their previous Pd square-planar strategy (Paragraph 1.5.1.3) with the newly
introduced AMT methodology, Leigh and collaborators investigated the possibility to
construct rotaxanes and molecular shuttles via a double Michael addition strategy
promoted by a Pd(II)-pyridine-2,6-bis-carboxamido complex.80 Reaction of complex Pd-
116 with ethyl cyanoacetate 118 in CH;Cl; leads to - after evaporation of the combined
solvent and acetonitrile - palladium complex 119. Solid state structures of complexes
Pd-116 and 119 show that the nitrile ligands are occupying the fourth coordination
site of the palladium and are located centrally within the cavity of the macrocycle
allowing therefore two successive Michael additions of the vinyl ketone half-thread
117 to both sides of the macrocycle generate rotaxane Pd-120 in 99% yield (Scheme
1.30).
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117

118
Pd-116

119

Pd-120

Scheme 1.30 Pd(1I) promoted Michael addition for the preparation of Rotaxane Pd-45.

Demetallation with KCN gave metal-free rotaxane 120 in which the macrocycle
preferentially resides near one of - or quickly shuttle between - the two carbonyl
groups present in the thread due to its ability to establish hydrogen - bonding
interactions between the carbonyls and the amide groups. As the nitrile ligand is
retained in the final interlocked product, the authors also synthesised a degenerate
shuttle containing two nitrile stations and studied the dynamics of the Pd-macrocycle
complex between those two stations. At room temperature, NMR studies (293 K, ds-
DMF) showed that the Pd-macrocycle complex is unable to shuttle between the nitrile
stations at the NMR time scale. In contrast, increasing the temperature to 300 K
promoted a fast shuttling of the macrocycle. Exchange rates were determined by 2D-
EXSY NMR experiments showing that solvent molecules are involved in the shuttling

process (i.e. the rate in d7-DMF is 600 times faster than in CDCl3).
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1.6.6 Scope of the Thesis

The present thesis exemplifies the active-metal template methodology for the facile

preparation of MIAs via several well-known metal-catalysed reactions. As seen in

Paragraph 1.6.2, Chapter II focuses on the use of the CuAAC reaction to achieve an AMT

synthesis of [2]rotaxanes, [3]rotaxanes and molecular shuttles. Chapters Il and IV

describe the use of palladium(II) as a catalyst to achieve AMT syntheses of MIAs via

alkyne homocoupling’® and oxidative Heck cross-coupling8! reactions, respectively.

Finally, Chapter V illustrates the use of the Diels-Alder reaction mediated by Lewis

acids such as copper and zinc triflate to achieve [2]rotaxanes and a molecular shuttle.
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process. Dr. Stephen Goldup and Dr. Vicki Ronaldson developed
synthetic routes to macrocycles 1j and 1n and finally, Dr. José
Berna investigated alternative synthetic strategies that are not
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2.1 Synopsis

This chapter reports the synthetic approach to rotaxane architectures in which metal
atoms catalyse covalent bond formation while simultaneously acting as the template for
the assembly of the MIA. This active-metal template strategy is exemplified using the
Huisgen-Meldal-Fokin Cu(l)-catalyzed 1,3-cycloaddition of azides with terminal alkynes
(the CuAAC or “click” reaction). Coordination of Cu(I) to an endotopic pyridine-containing
macrocycle allows the alkyne and azide to bind to metal atoms in such a way that the
metal-mediated bond-forming reaction takes place through the cavity of the macrocycle

forming a rotaxane.

A variety of mono- and bidentate macrocyclic ligands are shown to form [2]rotaxanes in
this way, and addition of pyridine enables the metal to turn over during the reaction,
giving a catalytic AMT assembly process. Both the stoichiometric and catalytic versions of
the reaction were also used to synthesise more complex two-station molecular shuttles.
The dynamics of the translocation of the macrocycle by ligand exchange in these two-
station shuttles could be controlled by coordination to different metal ions (rapid

shuttling is observed with Cu(l), slow shuttling with Pd(Il)).

Under AMT reaction conditions that feature a high macrocycle:copper ratio, [3]rotaxanes
are also produced during the reaction. The latter observation shows that under these
conditions the mechanism of the CuAAC involves a reactive intermediate that features at

least two metal ions.
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2.2 Introduction

Since the introduction in 2001 of the Cu(I)-catalysed variant of the Huisgen! 1,3-dipolar
alkyne-azide cycloaddition (CuAAC) by Meldal? and the discovery of both rate and regio
selectivity enhancement independently by Meldal3 and Fokin# research groups, there
has been a tremendous surge of interest in so-called “click” methodologies for
functional molecule synthesis.5 In contrast with the uncatalysed thermal conditions
(Scheme 2.1, b)! which lead to a mixture of 1,4- and 1,5- disubstitued triazole isomers
and require elevated temperature to proceed, the presence of a Cu(l) catalyst
accelerates the rate of the cycloaddition and affords exclusively the 1,4- isomer
(Scheme 2.1, a). The most common catalyst systems for this reaction are aqueous or
alcoholic media and use a Cu(II) salt in the presence of a reducing agent (often sodium
ascorbate - NaAsc - or ascorbic acid) to generate the required Cu(l) catalyst in situ.*®
Metallic copper#© or copper clusters? have also been employed as pre-catalysts, and in
some cases Cu(I) salts can be used directly. However, in apolar solvents Cu(I) salts
usually require the presence of ligands (nitrogen*68 or phosphorus?®), or acetonitrile as
a co-solvent, to stabilise the Cu(I) oxidation state. Under these conditions, undesired
diyne homocoupling products are often observed. Sharpless and co-workers have also
reported the use of a ruthenium based catalyst to achieve the complementary

formation of 1,5-triazole isomers (Scheme 2.1, c).10

Scheme 2.1 Cycloaddition of terminal alkynes with organic azides over a) Cu(l) catalysis, b)
thermal (uncatalysed) conditions, c) Ru-based catalysis.

The basic mechanism of the CuAAC reaction is believed to proceed via a formal Cu(III)
metallacycle which DFT calculations have determined to be more favourable than the
thermal pathway by 11.7 kcal-mol-1.1? However, the exact nature of this reactive

intermediate is unclear (Scheme 2.1, types I-11I).
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Scheme 2.2 Proposed mechanism of the CuAAC reaction.

In absence of competing ligands (referred to as ligandless or ligand-free in the present
thesis), Cu(I) acetylides exist as complex multi metal atom aggregates,'2 and kinetic
studies by Fokin and Finn on the generic ligand-free CuAAC reaction show that in
DMSO-water mixtures the reaction mechanism is second-order with respect to
copper.8213 The same studies found first-order Kinetics with respect to the azide and
alkyne (actually slightly higher than first-order with respect to the alkyne). However,
relatively little is known about the ligand-promoted Cu(I)-catalysed cycloaddition in
organic solvents. Recent experiments by Straub,4 in which mononuclear copper(I)
acetylides ligated to a sterically demanding N-heterocyclic carbene react efficiently
with bulky azides at room temperature, support the notion that a single copper atom
mechanism (Scheme 2.2, 1a) is viable for the reaction, at least when the copper is bound
to bulky ligands. Recent DFT calculations!1b.15 suggest that m-activation of the copper
acetylide unit by coordination of a second copper atom (i.e. Type Ib or, more likely
under ligand-free conditions or with small monodentate ligands, bridged!¢

intermediates such as Ila or IIb, Scheme 2.2) greatly enhances the reactivity of the
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copper m-acetylide, accelerating formation of the metallacycle. Alternatively, a pathway
in which the reacting azide and alkyne are coordinated to different copper atoms
(intermediate Illa or IlIb, Scheme 2.2) would also be consistent with the second-order
Kinetics observed in DMSO-water. It may well be that several of these types of
intermediates can provide viable pathways for the CuAAC reaction, with the different
characteristics of the intermediates being relatively favored or inhibited by factors such
as the solvent, bulk and coordination number of an added ligand, the strength of ligand-
copper binding, and the amount of ligand-free Cu(I) present in solution. Given the
tendency of copper(I) acetylides to aggregate, we can postulate that doubly bridged
intermediates such as II or III should be abundant species under most conditions.
Accordingly, if coordination of the azide to the same copper atom significantly
increases the reactivity of the g-acetylide, type IIb intermediates are probably involved

in the dominant pathways in most reported CuAAC reactions.

2.3 Results and Discussions

2.3.1 Initial Results

In organic solvents, tertiary amines or, better, pyridines, considerably enhance the
reaction Kkinetics,%8P suggesting that a macrocycle bearing an endotopic ligating
nitrogen atom could direct such a catalysed reaction through its cavity. The 2,6-
bis[(alkyloxy)methyl]pyridine macrocycle (1a), previously used!” as both a mono- and
bidentate ligand for various transition metals in classical passive template syntheses,
seemed a suitable candidate for our initial investigations. Cu(MeCN)+PFs was chosen as
the copper source, avoiding ligands that might compete too strongly for the metal with

the macrocycle and other reactants.

Pleasingly, stirring an equimolar mixture of the pyridine-containing macrocycle 1a,
alkyne 2, azide 3, and Cu(MeCN)4PF¢ in CH2Cl; for 24 h afforded - after demetalation
with KCN - a mixture of [2]rotaxane 4a (57%), the non-interlocked triazole thread 5
(41%) and some of the unconsumed starting macrocycle (Scheme 2.3 and Table 2.1,
entry 1).18 By varying the reaction conditions and reactant stoichiometry (Table 2.1),
yields of up to 94% of [2]rotaxane (with respect to 1a) were achieved using conditions
shown in Table 2.1, entry 4. The use of substoichiometric amounts of copper was
investigated to determine whether the metal would turn over as both a template and a
cycloaddition catalyst. When using 0.2 equivalent (with respect to 1a) of Cu(MeCN)4PF¢

at room temperature, the reaction appeared to stop after an amount of [2]rotaxane
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equivalent to the amount of copper present had been formed, suggesting that the
multidentate rotaxane sequesters the transition metal during the reaction, inhibiting
further catalytic activity. Addition of pyridine as a competing ligand enabled the
catalyst to turn over, producing a substoichiometric reaction. However the reaction
was extremely slow at 25 °C (Table 2.1, entry 5). Elevating the temperature (70 °C,
dichloroethane) and using a five-fold excess of both half-threads gave an improved
yield (82%) of rotaxane 4a in a reasonable time period (36 h in total) using only 4 mol

% Cu(I) with respect to both 2 and 3 (Table 2.1, entry 9).

la

4a
+ non-interlocked thread 5

Scheme 2.3 Active-metal template synthesis of the [2]rotaxane 4a via CuAAC reaction.

Table 2.1 Variations in the Experimental Conditions and Reactant Stoichiometry for the Synthesis
of [2]Rotaxane 4a.9

Amt. of Amt. of . anv. to Yield of rot.
Entry 2 anc_i 3 CuL4PF6 Solvent T [°C] Time triazoles 1a->4a [%]
[equiv] [equiv] 2+3-4a+5 [%]
1 1 1 CHzCl2 25 12h >95 57
2 1 1 H20/tBuOH 25 10d >95 22
3 3 1 CHzCl2 25 24h >95 83
4 5 1 CH:Cl: 25 72h 92 94
5 1 0.2 CHzCl2 25 10d 30 20
6b 1 0.2 CHzCl2 25 10d >95 38
7b 5 0.2 CHzCl2 25 20d 44 59
8b 1 0 (CH2Cl)2 25->70 12h—=>72h <5 0
9b 5 0.2 (CH2CI)2 25>70 12h-24h 94 82

aAll reactions were carried out at 0.1 mM concentration with respect to 2 and 3, with 1 equiv of
macrocycle 1a, and without the need for an inert atmosphere nor distilled or dried solvents. A
general experimental procedure is provided in the experimental section. "With 3 equiv of pyridine
<To assess the efficacy of the rotaxane and thread as ligands for a catalytic copper species, the
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reaction conditions from entry 4 were repeated with no macrocycle present but starting with 1
equiv of 4 or 5 instead. The resulting conversions of 2+3 =5 were 2% and 9%, respectively.

Although halogenated solvents give the highest yields of rotaxane, the reaction proved
to be tolerant to a range of media, including semi-aqueous conditions as shown in Table
2.1, entry 2. Later our group investigated various substrate scopes for the CuAAC

active-template rotaxane formation reaction.!?

The H NMR spectrum of 4a in CDCl;z (Figure 2.1, b) shows upfield shifts of several
signals with respect to its non-interlocked components 1a and 5 (Figure 2.1, a and c,
respectively). The shielding, typical of interlocked architectures in which the aromatic
rings of one component are positioned face-on to another component, is observed for
all the non-stoppered resonances of the axle (Hg;) in 4a, indicating that the macrocycle
is able to access the full length of the thread. In contrast, the equivalent spectrum of the
re-metalated rotaxane Cu4aPF¢ (Me,CO, RT, 1 h, quantitative, Figure 2.1, d) shows
pronounced shielding of H; and Hx with respect to 5 (Figure 2.1, c) but not Hy, Hg, or Hs.
This suggests that the Cu(I) binds to the macrocycle and thread in the rotaxane via two
sets of bidentate N,0 donor interactions, fixing the interlocked components in a

position consistent with the observed shielding effects.
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Figure 2.1 1H NMR spectra (400 MHz, CDCl5, 298 K) of a) macrocycle 1a, b) [2]rotaxane 4a, c) non-
interlocked thread 5, d) complex Cu4aPF6 and e) complex CulaPFeé.

2.3.2 Effect of the Macrocycle Structure on [2]Rotaxane Formation
To further investigate both the scope and the mechanism of the active-template
rotaxane-forming reaction shown in Scheme 2.3, we varied the structure of the
pyridine-based macrocycle. The macrocyclic ligands used in the study are shown in
Figure 2.2 (their syntheses are detailed in the Experimental section). To compare the
relative yields of rotaxane and thread within the ligand series, the macrocyclic ligands
were screened using the standard stoichiometric conditions (1 equiv of macrocycles
1a-o, alkyne 2, azide 3, and Cu(MeCN)4PFs, 0.01 M in CH2Cl2, RT, 24 h). In most cases the
starting alkyne 2 and azide 3 were completely consumed during the course of the
reaction. After 24 h (72 h for 1n and 10) each reaction was treated with KCN to remove
the Cu(I) template, analysed by 1H NMR to determine the yield and then purified to give
authentic samples of each [2]rotaxane. The yield (the percentage shown in red in
Figure 2.2) of each rotaxane is the conversion of the macrocycles 1a-o to the
corresponding [2]rotaxanes 4a-o. The conversion to triazole (the percentage in
parentheses in Figure 2.2) is the overall conversion of the alkyne 2 and azide 3 into

both thread 5 and rotaxanes 4a-o.
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[2]rotaxane 4a 57% (>95%)

1d le

[2]rotaxane 4d trace (>95%) [2]rotaxane 4e trace (>95%)

1h 1i

[2]rotaxane 4h 0% (30%)

[2]rotaxane 4i 13% (>95%)

1l im

[2]rotaxane 41 25% (>95%) [2]rotaxane 4m 20% (>95%)

1b

[2]rotaxane 4b 6% (>95%)

1f

[2]rotaxane 4f trace (>95%)

1j

[2]rotaxane 4j 60% (>95%)

1n

[2]rotaxane 4n 45% (>95%)

Chapter Il

1c

[2]rotaxane 4c 0% (>95%)

1g

[2]rotaxane 4g 0% (>95%)

1k

[2]rotaxane 4k 0% (25%)

1o

[2]rotaxane 40 0% (<1%)

Figure 2.2 Influence of the macrocyclic ligand on the AMT CuAAC rotaxane-forming reaction under
standard conditions. Conversion of macrocycle into rotaxane (1 4) is given in red, overall
conversion (2+3 = 4+5) is given in brackets. Traces mean that rotaxane was detected by ESI-MS
but not by '"H NMR. The colour and lettering correspond to the signal assignment of 1TH NMR

spectra shown in Figure 2.3.
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2.3.2.1  Mono- and Tridentate Macrocycles

In addition to the strongly coordinating pyridine nitrogen, macrocycle 1a has two ether
oxygen atoms that could potentially be involved in (albeit weak) coordination to the
metal atom during the AMT reaction, making 1a a monodentate, a weak bidentate or a
very weak tridentate ligand. Not only is macrocycle 1b missing the ether oxygen atoms,
but the pyridine nitrogen atom lone pair is tied up in strong intramolecular hydrogen
bonds to the adjacent amide groups, therefore it was surprising to isolate [2]rotaxane
4b in 6% yield. Coordination of 1b to the copper occurs at the expense of the
intramolecular hydrogen bonds.2? In contrast, the use of 1c - a tridentate macrocyclic
ligand with three hard donor atoms - gave a similar overall conversion to triazole
products but the corresponding rotaxane was not formed. Upon addition of 1c to the
copper catalyst, the solution turned from colourless to blue-green suggesting that most
of the Cu(I) is rapidly oxidised to Cu(II) upon coordination to 1c. The resulting Cu'-1c
complex is then not able to catalyse the CuAAC reaction. In addition, any tridentate
complexes such as Cul-1c lack the free coordination sites necessary to bind azide and
alkyne in the same aggregate. However, enough copper(I) remains in solution (i.e. not
tied up by 1c) for the ligandless thread-forming triazole reaction to proceed to
completion within 24 h. Macrocycle 1d has a similar structure compared to 1a except
that the pyridine nitrogen atom is oxidised. The resulting CuAAC reaction leads to
>98% conversion to triazole-containg products but only traces of rotaxane were
detected by ESI-MS. This shows, as expected, that the N-oxygen atom greatly affects the
ligand’s ability to coordinate copper(I) inside the cavity of 1d. Macrocycle 1e also has a
constitution similar to 1b: the difference is that the secondary amides are methylated,
eliminating their ability to form hydrogen bonds. Computer assisted calculations
(Spartan™) show that the methyl groups distort and partially fill the cavity, with the
result that (as with 1d) little of the CuAAC reaction is directed through the macrocycle
cavity to form the corresponding rotaxane. The same effect is seen for macrocycle 1f,
the bis-N-acetylated analogue of 1c. Removing the pyridine nitrogen atom as in
macrocycle 1g, completely switches off rotaxane formation, confirming the importance
of the presence of a ligating donor atom. Replacing the benzylic oxygens of 1a with
more strongly coordinating sulfur atoms produces another tridentate macrocycle (1h).
As with 1c, no rotaxane is formed - consistent with the premise that Cu(I)-tridentate
ligand complexes lack the vacant coordination sites necessary to bind both azide and

alkyne. The yield of triazole products is also only 30%, indicating that 1h is particularly
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effective in sequestering the catalyst. Oxidation of the sulfide groups into sulfones led
to macrocycle 1i, wherein its binding ability towards Cu(I) is restored and despite the
increased bulk around the coordinated metal ion, a significant amount (13%) of
[2]rotaxane 4i is formed. In contrast with 4h, substitution of the benzylic ether oxygen
atoms for methylene groups confirms that only a monodentate macrocycle with a
single strongly coordinating donor atom is required for an efficient AMT rotaxane-
forming reaction: macrocycle 1j generates just as much [2]rotaxane as the parent
macrocycle 1a. To test whether other macrocycle geometries would be tolerated by the
active-template reaction, macrocycles 1k and 11 were prepared, in which the
substituted benzylic units were replaced by arylalkynyl and aryl groups, respectively.
The 2,6-bisalkynylpyridine unit proved to be unstable under the reaction conditions,
suppressing the overall yield of the CuAAC reaction and suppressing all production of
rotaxane. The AMT CuAAC reaction proceeded smoothly with 11, albeit generating
rather less rotaxane (25%) than the most effective examples of other macrocycle
geometries (1a and 1j). The phenyl groups flanking the pyridine sterically encumber
the nitrogen donor atom, and a combination of sterics and electronic factors probably
reduces the binding affinity of this ligand for Cu(I) metal centres. The weaker binding
leads to the presence of more ligandless Cu(I) in solution, resulting in higher
conversion of the substrates into the non-interlocked thread 5 and the relatively
modest yield of [2]rotaxane 41 (25%). Increasing the steric bulk at the 4-position of the
pyridine group by adding a DMAP unit which simultaneously increases the electron-
donating ability of the heterocyclic nitrogen atom, macrocycle 1m, had little effect on

the rotaxane yield (20%).

2.3.2.2 Bidentate Macrocycles

Having established that monodentate macrocyclic ligands geometries and donor atom
orientations (1a, 1j, 11, 1m) efficiently promote the active-template rotaxane
formation, whereas strongly tridentate macrocycles (1c and 1h) do not, we
investigated the efficacy of bidentate macrocycles 1n and 10. The bipyridyl macrocycle
1n directs the CuAAC reaction through its cavity to form rotaxane almost as efficiently
as the best monodentate macrocycles (45% for 1n—>4n compared to 57% for 1a—>4a
and 60% for 1j—4j). However, it severely inhibits the rate of the CuAAC and it took 3
days for the AMT reaction 1n—>4n to go to completion, compared to 24 h for 1a—~>4a
and 6 h for the ligand-free Cu(I)-catalysed control reaction (kinetic studies in reference

19, not shown here). The inhibition of the Cu(I)-catalysed cycloaddition is even more
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dramatic with another bidentate ligand investigated. The 2,9-diphenylphenanthroline
macrocycle 10 used extensively to assemble MIAs by the Sauvage research group (See
Chapter I) completely inhibits the CuAAC reaction. Even after 3 days under the
standard stoichiometric conditions, no triazole products were obtained. This latter
result is particularly interesting given that phenanthroline ligands have previously
been reported® to promote the reaction. The lack of reactivity is presumably a result of
the steric bulk around the Cu(I) centre in the complex preventing it from undergoing
the various structural variations required for reaction to take place (i.e. tolerating the
change in geometry from Cu(I) to the formal Cu(III) species, Scheme 2.1), together with
the ability of the macrocycle to sequester effectively the Cu(I) in its unreactive form. As
seen in Chapter I, Section 1.5.2.2, a similar Cu(I)-macrocycle complex has been reported
to promote the formation of MIAs via a Glaser diyne coupling and Ullman C-S bond
formation.2! In that case, however, intermediates of type II (Scheme 2.2) are possible
with a bidentate ligand for copper because no azides need be coordinated to the metal

atom.
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la-o

R= (tBUC6H4)3CC6H4- 3

4a-0

Scheme 2.4 Proposed catalytic cycle for the active-metal Template CuAAC Sythesis of [2]rotaxanes
4a-o from alkyne 2, azide 3 and macrocycles 1a-o.

2.3.3 'HNMR Spectra of Metal-Free [2]Rotaxanes

The 'H NMR spectra (400 MHz, 298 K, CDCIs) of each rotaxane formed in more than 5%
yield are shown in Figure 2.3. The 1H NMR spectra of the rotaxanes (Figure 2.3b-g) all
show upfield shifts of several signals with respect to the signals of the non-interlocked
components (thread 5, Figure 2.3a, and the macrocycles 1a, 1b, 1i, 1j, 1m, and 1n; see
reference 19). Such shielding is typical of interlocked structures in which the aromatic
rings of one component are positioned face on to another component and is observed

for all the non-stopper resonances of the axle (Hg), indicating that the macrocycle
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accesses the full length of the thread, as there are no strong intercomponent non-
covalent interactions between the thread and the macrocycle in the metal-free
rotaxanes. The one exception is the amide-containing rotaxane 4b (Figure 2.3c), which
exhibits a significant downfield shift of the amide resonance with respect to the free
macrocycle. This can be attributed to hydrogen bonding between the amides of the
macrocycle and the triazole ring of the thread in an interaction similar to that
previously observed between interlocked amide and pyridine components in rotaxanes

and catenanes.1722

Figure 2.3 'H NMR spectra (400 MHz, CDCl3, 298 K) of a) triazole thread 5, b) [2]rotaxane 4a, c)
[2]rotaxane 4b, d) [2]rotaxane 4i, e) [2]rotaxane 4], f) [2]rotaxane 4m and g) [2]rotaxane 4a. The
assignments correspond to the lettering in Figure 2.2 and in Scheme 2.4.
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2.3.4 Effect of the Nature of the Cu(l) Source

A number of different Cu(I) salts were screened for the reaction shown in Scheme 2.3
using the conditions shown in Table 2.1, entry 1, but replacing the Cu(MeCN).4PFs salt
with other Cu(I) sources. The use of CuOTf-benzene gave a 78% conversion of 2 and 3
into triazole products after 24 h but only a 46% yield of [2]rotaxane 4a. By letting the
reaction continue for a further 2 days (72 h in total), complete conversion of the
starting azide and alkyne to triazole products was achieved (48% rotaxane).
Substituting Cu(MeCN)4PFs with Cul (copper iodide) led to very little reaction during
the first 24 h (8% conversion to triazole products), presumably owing to the low
solubility of Cul in CHCl;, but interestingly, what little alkyne and azide had reacted
formed rotaxane with high selectivity (88:12 rotaxane:thread). The reaction proceeded
slowly to completion (>98% conversion) over three weeks. However, at the end the
product ratio (56:44 rotaxane:thread) was similar to that of the analogous
CuMeCN4PFs-mediated experiment. We also synthesised and isolated various discrete
Cul-1a complexes and tested their efficiency in the AMT reaction. Submitting
macrocycle 1a with several different Cu(I) salts in acetonitrile yielded the
corresponding Cul-l1a complexes which were obtained through precipitation with
diethyl ether. The preformed Cul-la complexes were submitted to the standard
rotaxane-forming reaction conditions (Table 2.1, entry 1). Complex CulaPFs gave 76%
conversion to triazole products and 53% yield of [2]rotaxane 4a; the preformed
CulaOTf complex gave 53% conversion to triazoles but only a little 5% yield of
[2]rotaxane while the Culal complex gave results identical to those of the Culal
complex formed in situ (i.e. >98% triazole conversion over 3 weeks, 56% rotaxane).
Although there is some variation in the efficiency of the various Cu(l) salts on the
rotaxane-forming reaction and some unexplained variation in the rotaxane:thread
ratio. Our initial attempt using Cu(MeCN)4PFs as a copper(I) source is the most

convenient and efficient way of maximising the CuAAC rotaxane-formation reaction.

2.3.5 Template CuAAC Reaction at High Macrocycle:Cu(l) Ratios:
Unexpected Formation of [3]Rotaxanes

The picture of the AMT CuAAC reaction that we can build up is consistent with the
experimental observations: the ligand-free Cu(MeCN)4PFs salt and macrocycles 1a-o
are in equilibrium with the corresponding copper(I)-macrocycle complexes in which, in
most cases, the metal atom directs the cycloaddition of the azide and alkyne through

the macrocycle cavity. Although the ligand-free reaction is inherently faster than the
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AMT one (see kinetic studies in reference 19), the coordinating ability of the
macrocycle means that the rotaxane-forming reaction competes with the thread-
forming reaction. In general, a stronger binding macrocyclic ligand (i.e. 1a compared to
1b) should move this equilibrium in favor the rotaxane formation. However, some
changes in coordination geometry about the metal are required for the CuAAC
mechanism to operate (Scheme 2.2). For example, the most strongly binding
macrocycle 10 does not tolerate such changes and actually inhibits the rotaxane-
forming reaction. In view of this, we decided to investigate other conditions in which
the rotaxane formation might be increased at the expense of the thread. In an attempt
to minimise the amount of ligandless Cu(I) present in solution, we carried out the AMT
CuAAC protocol under the standard set of conditions (1 equiv of 2, 3, and CuMeCN4PFs,
CH2Cly, rt) used previously but in the presence of 10 equivalents of macrocycle (Scheme
2.5). Our initial experiments were carried out with monodentate macrocycle 11, and the
reaction was shown to be much slower with 10 equivalents of the macrocyclic ligand
than it had been with 1 equivalent (more than one week was necessary for the reaction
to go to completion). Upon reaching the end point, the mixture of triazole products was
found to consist of non-interlocked thread 5, [2]rotaxane 41, and [3]rotaxane 61 (30%,
37% and 33% respectively), yields are quoted with respect to the alkyne and azide
half-threads) as shown in Scheme 2.6. The reaction using macrocycle 1a under the
same conditions was also slower (3 days to reach completion compared to 24 h),
generating a product mixture of thread 5 (5%), [2]rotaxane 4a (90%), and [3]rotaxane
6a (5%). A similar but less dramatic trend was seen with bidentate macrocycle 1n:
with 10 equivalents of 1n the reaction took 10 days to complete (cf. 3 days with 1
equivalent), producing 3% thread 5 and 97% [2]rotaxane 4n but no [3]rotaxane 6n

was detected by 'H NMR spectroscopy or by ESI-MS.

Single crystals of 6l suitable for X-ray crystallography were grown by slow cooling of a
hot saturated solution of 6l in acetonitrile. The solid-state structure (Scheme 2.5,
bottom) confirmed the constitution of 6l as a [3]rotaxane. Although it may superficially
appear that face-to-face m-stacking interactions might aid the relative orientation of the
two macrocycles on the thread, in the solid state the aromatic rings of adjacent
macrocycles are not coplanar and their separation (>3.8 A) is greater than that

typically associated with aromatic stacking interactions.
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4]

6l

Scheme 2.5 Serendipitous synthesis of [3]rotaxane 61 by using 10 equivalents of macrocycle 1n.

The remarkable features of these high macrocycle:Cu(I) ratio active-metal template

reactions are:

(i) Exceptional combined rotaxane yields: 95% (4a + 6a) compared to 57% for 4a with
1 equivalent of 1a; 70% (41 + 61) compared to 25% for 41 with 1 equivalent of 11; 97%
(4n) compared to 45% for 4n with 1 equivalent of 1n.

(ii) Significant decrease of the reaction rates compared to the low macrocycle:Cu(I)
ratio reactions. The largest effect on the rate is seen with the weakly copper-binding
macrocycle 11; the smallest effect on the rate occurs for the strongly copper-binding
macrocycle 1n. This is strongly suggestive experimental evidence that the dominant

mechanism of the CuAAC reaction under these conditions involves activation of the
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copper o-acetylide unit by a second, preferably ligandless for steric reasons, copper

atom (i.e. I or II, Scheme 2.6).

(iii) Formation of [3]rotaxane (in 33% yield using macrocycle 11) - i.e. two macrocycles
being threaded during the formation of one triazole ring. Molecular models (Spartan™)
show that it is possible for this to occur through the bridged two copper atom
intermediate III shown in Scheme 2.6. Since such a doubly bridged intermediate cannot
occur with bidentate ligands (no [3]rotaxane is observed with 1n), it seems likely that
monodentate pyridine ligand promoted CuAAC reactions proceed via doubly bridged
intermediates such as I (Scheme 2.6 = intermediate IIb in Scheme 2.2), whereas
bidentate bipyridyl ligand promoted CuAAC reactions proceed via simple -

coordinated complexes such as II (Scheme 2.6 = intermediate Ia in Scheme 2.2).
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1la, 1l or 1n,2 and 3

(laor1l)

(1n) 6a, 6l

4a, 41, 4n

Scheme 2.6 Effect of the macrocycle:Cu(l) ratio on the active-metal template CuAAC reaction.

The 'H NMR spectra of [2]rotaxane 41 and [3]rotaxane 6l are shown in parts b and c,
respectively, Figure 2.4. The resonances for the axle (Hg;) of the rotaxanes are shifted
upfield compared to the signal for the non-interlocked thread 5 (Figure 2.4, a). The
effect is more pronounced in the [3]rotaxane (Figure 2.4, c) than in the [2]rotaxane
(Figure 2.4, b). Owing to the asymmetry of the thread, the 'H NMR spectrum of
[3]rotaxane 61 displays inequivalent but overlapping peaks for the two macrocycle
components, which are twice as intense as those of the corresponding macrocycle

signals in the [2]rotaxane.
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Figure 2.4 'H NMR spectra (400 MHz, CDCl3, 298 K) of a) triazole thread 5, b) [2]rotaxane 41 and c)
[3]rotaxane 6l. The assignments correspond to the lettering shown in Figure 2.2 and Scheme 2.1.

2.3.6 Stoichiometric and Catalytic Active-metal Template Synthesis of
Bistriazole [2]Rotaxanes

To see whether the copper(I) would turn over catalytically during the formation of a
single molecule, we investigated systems which require two cycloaddition reactions to
be catalysed in the formation of one molecule: [2]Rotaxanes 9a and 11a were each
obtained in good yields (81% and 74%, respectively) using the conditions shown in
Scheme 2.1 (0.5 equiv of Cu(I) for each triazole ring formed in a rotaxane) with either
1a, 2, and the diazide 7 or 1a, 3, and the dialkyne 8. Since the rotaxane-Cu(I) complex
in 4a is strong enough to sequester the metal in the absence of pyridine, the lack of
formation of more than trace amounts of [3]rotaxane in the reaction mixtures suggests
that only one macrocycle-Cu(I) complex acts processively to catalyse the formation of
two triazole rings in an individual rotaxane thread. Such observation is consistent with
the publication of Rodionov et al. in which they reported a strong kinetic enhancement
in the second cycloaddition reaction when using diazide reactants (albeit this is in a
ligand-free Cu(I) system).!3 Reducing the amount of the copper salt to 0.2 equivalent
with respect to 1a (10 mol % with respect to each triazole ring formed) and utilising 3
equivalents of pyridine in the reaction of 1a, 2, and 7 allowed the catalyst to turn over

intermolecularly and still generated [2]rotaxane 9a in 63% yield.
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10
9a
8
4a
7
1la
12

Scheme 2.7 Synthesis of bistriazole molecular shuttles 9 and 11 via CuAAC.

2.3.7 Transition Metal-mediated Control of the Shuttling Rate in
Degenerate BisTriazole-Station Molecular Shuttles

It proved possible to introduce diamagnetic TM such as Cu(I) or Pd(II) in order to
control the shuttling of the ring in the degenerate two-station bis-triazole rotaxane 9a.
This was investigated using 'H NMR spectroscopy in d3-MeCN/CDCl; 9:1. In contrast
with most previously reported molecular shuttles where the interactions used to direct

the synthesis of the rotaxanes persist in the interlocked structure, there are no strong
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non-covalent interactions between the components of metal-free 9a. Comparison of the
1H NMR spectrum of the free thread 10 (Figure 2.5, a) with that of the rotaxane 9a
(Figure 2.5, b) shows uniform shielding of the thread signals (Hq.n), indicating that the
macrocycle randomly explores the full length of the thread. Reintroducing copper(I)
into the bis-triazole rotaxane?3 to form Cu9aPFs (Scheme 2.8, top) gave a complex that
exhibited fast shuttling of the macrocycle between the two triazole stations in the room
temperature 'H NMR spectra (Figure 2.5,c). Although fast shuttling between well-
defined macrocycle binding sites is very unusual for metal-coordinated molecular
shuttles,2* Cu(I) complexes can exhibit extremely fast exchange rates.25 Molecular
models (Spartan™) have shown that a folded complex, wherein the two triazole rings
are together bound to the Cu(l) centre, is viable but very improbable. Indeed, the
resulting steric hindrance induced by the presence of both the metal centre and the
aliphatic chain (Hn-m) inside the macrocycle’s cavity makes the formation of this
complex very unlikely. Additionally, the NMR spectrum of Cu9aPFs (Figure 2.5c)
exhibits a simple pattern, suggesting a symmetrical structure. A folded form, where the
loop created by the aliphatic chain is to one side or the other of the macrocycle, would
produce an unsymmetrical complex and its corresponding NMR spectrum would
exhibit a more complicated pattern (i.e. splitting of signals such as Hq, He, Hf, Hhom). In
contrast to the dynamic behaviour of Cu9aPFs, the 1H NMR spectrum (Figure 2.5, d) of
rotaxane 9a following by coordination of PdCl, (Scheme 2.8, bottom) displays two sets
of peaks for protons close to the thread triazole rings (e.g. Her, Hg/y). The chemical
shifts of one set of the duplicated signals (e.g. Hr) correspond closely to those of the free
thread 10 (Figure 2.5, a). This observation is indicative of the macrocycle in the
Pd9aCl; complex being unable to shuttle between the triazole stations on the NMR
timescale. This shuttling restriction also manifests itself in the geminal splitting of the
H¢ and Hp signals of the macrocycle, which occurs as a consequence of the two faces of
the ring being in different chemical environments. The chemical shifts of one set of the
duplicated signals (e.g. Hf) correspond closely to those of the free thread 10. The other
set of duplicate signals (e.g. Hr) correspond closely to a model single-triazole rotaxane-
PdCl; complex, Pd4aCl,. Heating the sample of Pd10Cl; to 343 K did not lead to any
broadening of the signals, indicating that the macrocycle shuttling is blocked by
coordination to a Pd(II) centre. The formation of folded complexes, in this case, is also
very unfavourable. Molecular models (Spartan™) demonstrated that the cavity of the

macrocycle is too small to accommodate the corresponding aggregate (i.e. the metal
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centre, the chloride ligand, the aliphatic chain and both triazole rings in cis and trans

configurations).

Cu9aPFg

9a

Pd9aCl;

Scheme 2.8 Controlling the dynamics of bis-triazole molecule shuttle 9a by coordination to Cu(l) or
Pd(ll).

The notable features of these degenerate two-station bis-triazole rotaxanes are:

(i) To our knowledge these are the first examples of molecular shuttles containing two

degenerate transition-metal-binding stations.

(ii) The dynamics of the macrocycle exchange between the two well-defined discrete
binding sites can be controlled with remarkable ease, simply through the judicious

choice of different transition-metal ions.
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(iii) An AMT strategy is much more amendable to the synthesis of such shuttles than
traditional (passive) metal template strategies, because the number of recognition sites
in the products is not necessarily related to the number of template sites used for the

shuttle synthesis.

Figure 2.5 1H NMR spectra (400 MHz, d3-MeCN/CD:CI; 9:1, 298 K) of a) bis-triazole thread 10, b)
bis-triazole rotaxane 9a c) copper- bis-triazole rotaxane complex Cu9aPFs, d) palladium- bis-
triazole rotaxane-dichloride complex Pd9aCly, e) palladium-triazole rotaxane-dichloride complex
Pd4acCly. The assignments correspond to the lettering shown in Scheme 2.8.

2.4 Conclusion

The Cu(l)-catalysed 1,3-cycloaddition of azides with terminal alkynes is a highly
effective reaction for the AMT synthesis of rotaxanes, as illustrated with both
stoichiometric (up to 94% yields) and catalytic (up to 82% yields) versions of the
strategy. The rotaxane-forming reaction tolerates a wide variety of both monodentate
and bidentate macrocyclic ligands, although they inherently make the reaction slower

than the ligand-free Cu(I)-catalysed reaction. They are still competitive by
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sequestration of the majority of the Cu(l) present in solution. The addition of pyridine
enables the Cu(l) active-metal template to turn over without significantly
compromising the rotaxane production. Among several potentially attractive features
of this type of synthetic strategy is that it offers an unusual experimental probe of the
reaction mechanism. The increase in rates of rotaxane formation by an excess of ligand-
free Cu(I) supports the suggestion that in CH2Cl; the copper o-acetylide is activated by
coordination to a second ligandless copper atom. In addition, the sluggish reaction
rates and remarkable formation of [3]rotaxanes with monodentate macrocycles at high
macrocycle:Cu(I) ratios suggest that, under these conditions, the CuAAC reaction
proceeds via a doubly bridged two copper atom intermediate (type IIb, Scheme 2.2)
when using a monodentate macrocyclic ligand and via a simpler m-coordinated two
copper atom intermediate (type Ib, Scheme 2.2) when using a bidentate macrocyclic
ligand. The experimental results concerning the active-metal template CuAAC synthesis
of bis-triazole rotaxanes suggest that the macrocycle-Cu(I) complex acts processively to
catalyse the formation of more than one triazole ring per thread molecule. The
resulting two-triazole-station molecular shuttles have interesting and unusual dynamic
properties: coordination of the rotaxane macrocycle to Cu(l) gives a metal-complexed
shuttle in which the ring still shuttles rapidly between the two triazole stations, even at
low temperatures in non-coordinating solvents. In contrast, complexation of the same
two-triazole shuttle to PdCl; gives a rotaxane in which shuttling does not occur even at

343 K in the presence of dz-acetonitrile.

2.5 Experimental Section

2.5.1 General Procedure for the Formation of AMT-CuAAC Rotaxanes

CAUTION: copper acetylides, which are potential by-products of this reaction, are
shock-sensitive when dry. Care should be taken if performing these reactions on a large
scale that these are not isolated in other than trace amounts by washing with basic

ammonium citrate or dilute HCI.

A solution of macrocycle, (1 equiv.), azide, (1 equiv.), alkyne, (1 equiv.) and
Cu(MeCN)4PF¢ (1.1 equiv.) in dry CH2Cl; (5 mL) and under N; was stirred at room
temperature for 24 h. The resulting mixture was diluted with CH2Cl, (5 mL) and
methanol (15 mL). A solution of KCN (10 equiv.) in methanol (2 mL) was added and the
resulting suspension stirred vigorously for 1 h. Solvents were evaporated (80 2C) and

the residue was partitioned between water (15 mL) and CH:Cl; (20 mL). The layers
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were separated and the aqueous layer was extracted with CHCl; (3 x 10 mL). The
combined organic fractions were washed with water (10 mL) and brine (10 mL), then
dried (MgS0.) and concentrated under reduced pressure. The resulting solid was
purified by flash column chromatography and/or preparative TLC to give pure

rotaxane.

2.5.2 Preparation of Half-threads

El

E3

E2

Scheme 2.9 a) Propargyl bromide, K;CO3, DMF, 80 °C, 18 h, 95%; b) NaN3, H;0, 80 °C, 18 h, 78%; c)
p-TsCl, CHzClz, 0 °C = RT, 18 h, 75%;, d) K2CO3, butanone, 80 °C, 18 h, 75%.

1-(prop-3-ynoxy)-4-(tris-(4-tert-butyl-phenyl)-methyl)-benzene (2)

To a solution of 4-[tris-(4-tert-butyl-phenyl)-methyl]-phenol (E1)2¢ (1.60 g, 3 mmol, 1
equiv.) and propargyl bromide (80 % solution in toluene, 0.49 mL, 4.5 mmo], 1.5 equiv.)
in DMF (30 mL) was added potassium carbonate (2.08 g, 15 mmol, 5 equiv.). The
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suspension was heated at 80 °C for 18 h under an atmosphere of nitrogen. After
cooling, the solution was concentrated under reduced pressure then diluted with water
(30 mL) and extracted with EtOAc (3 x 20 mL). The resulting yellow solid was
recrystallized from 5% CHCl3; in MeCN to give the expected alkyne as a colorless solid.
(1.53 g, 95%). m.p. 267-269°C (dec.); 1H NMR (400 MHz, CDCls, 298 K): 6§ = 1.30 (s, 27H,
H.), 2.62 (t, 1H, J = 2.4 Hz, H,), 4.66 (d, 2H, ] = 2.4 Hz, Hy), 6.84 (d, 2H,J = 8.9 Hz, He), 7.07
(d, 6H, J = 8.6 Hz, Hyp), 7.11 (d, 2H, ] = 8.9 Hz, Hq4), 7.23 (d, 6H, J = 8.6 Hz, H.); 13C NMR
(100 MHz, CDCl3, 298 K): 6 = 31.4, 34.1,55.8, 63.1, 75.4, 78.8, 113.3, 124.1, 130.7, 132.3,
140.5, 144.0, 148.4, 155.5; LRFAB-MS (3-NOBA matrix): m/z = 542 [M]*; HRFAB-MS (3-
NOBA matrix): m/z = 542.35433 [M]* (calcd. for C4H460, 542.35487).

3-azido-propan-1-ol (E2)

To a solution of 3-bromo-propan-1-ol (1.92 g, 13.8 mmol, 1 equiv.) in water (40 mL)
was added sodium azide (1.80 g, 28.0 mmol, 2 equiv.) and the solution was heated at 80
°C for 18 h. The aqueous solution was extracted with EtOAc (5 x 40 mL). The organic
layers were washed with brine (30 mL), dried over MgSO,, filtered and concentrated
under reduced pressure* to give pure 3-azido-propanol as a colorless oil (1.09 g, 78%).
1H NMR (400 MHz, CDCl3, 298 K): 6 = 3.76 (t, 2H, J = 6.0 Hz, Ha), 3.45 (t, 2H, ] = 6.6 Hz,
He), 1.79-1.87 (m, 2H, Hy); LRESI-MS: m/z = 102 [M+1]-.

*as low molecular weight organic azides have been reported as potential explosives, care must be
taken during the concentration operation. The authors used a standard PVC blast shield.

3-azidopropyl tosylate (E3)

A solution of 3-azido-propan-1-ol (1.09 g, 10.8 mmol, 1 equiv.) and EtsN (3.04 mL, 21.6
mmol, 2 equiv.) in CH2Cl; (100 mL) was cooled to 0 °C. p-Toluenesulfonyl chloride (2.17
g, 11.4 mmol, 1.05 equiv.) was added and the solution was stirred at RT for 18 h. The
reaction was quenched with water (50 mL). The organic layer was separated, dried
over MgSQ,, filtered, concentrated under reduced pressure and the resulting crude oil
was purified by column chromatography (Petrol/CH:Cl; 9:1 to 5:5) to yield 3-
azidopropyl tosylate as a colorless oil (2.06 g, 75%). 'H NMR (400 MHz, CDCl3, 298 K): §
=7.78 (d, 2H,J = 8.1 Hz, H¢), 7.35 (d, 2H, J = 8.1 Hz, Hy), 4.09 (t, 2H, ] = 6.5 Hz, H4), 3.75

67



Chapter Il
(t, 2H, ] = 6.3 Hz, H), 2.47 (s, 3H, H.), 1.85-1.95 (m, 2H, H.); 13C NMR (100 MHz, CDCls,
298 K): 145.1, 132.7, 130.0, 127.9, 67.0, 47.3, 28.4, 21.7; LRESI-MS: m/z = 256 [M+1]*.

1-(3-azido-propoxy)-4-(tris-(4-tert-butyl-phenyl)-methyl)-benzene (3)

To a solution of 4-[tris-(4-tert-butyl-phenyl)-methyl]-phenol (E1)2¢ (1.30 g, 2.58 mmol,
1 equiv.) and 3-azidopropyl tosylate (E3) (658 mg, 2.58 mmol, 1 equiv.) in butanone
(25 mL), was added potassium carbonate (1.78 g, 12.9 mmol, 5 equiv.). The suspension
was heated at 80 °C for 18 h under an atmosphere of nitrogen. After cooling, the
solution was filtrated through a sintered glass funnel then concentrated under reduced
pressure. The resulting yellow solid was purified by column chromatography
(Petrol/CHCl; 7:3) to yield azide 3 as a colorless solid (1.14 g, 75%). m.p. 212-214 °C;
1H NMR (400 MHz, CDCl3, 298 K): 6 = 7.30 (d, 6H, J = 8.6 Hz, H¢), 7.09 (d, 2H, ] = 8.9 Hz,
Ha), 7.08 (d, 6H, J = 8.6 Hz, Hy), 6.76 (d, 2H, ] = 8.9 Hz, He), 4.02 (d, 2H, ] = 6.0 Hz, Hy),
3.51 (d, 2H, J = 6.7 Hz, Hy), 2.00-2.07 (m, 2H, Hg), 1.30 (s, 27H, Ha); 13C NMR (100 MHz,
CDCl;, 298 K): & = 28.8, 31.4, 34.3, 48.3, 63.0, 64.3, 112.9, 124.1, 130.7, 132.3, 139.9,
144.1, 148,3, 156.4 ; LRFABMS (3-NOBA matrix): m/z = 588 [M+H]*; HRFAB-MS (3-
NOBA matrix): m/z = 587.38756 [M]* (calcd. for C4H49N30, 587.38747).

2.5.3 Preparation of Macrocycles
The syntheses presented in this section are the ones specifically made (or remade) by

the author. For the synthesis of all the macrocycles, please see reference 19.

la
E4

ES
E6

68



Chapter Il

Scheme 2.10 a) 2,6-bis(hydroxymethyl)pyridine, NaH,, DMF, 0 °C — RT, 16 h, 72%; b) Pd(PPh3)s,
aniline, 30 °C, 2 h, 78%; c) 1,10-dibromodecane, K2CO3, DMF, 65 °C, 16 h, 35%.

E5

To a suspension of 2,6 pyridine dimethanol (12.0 g, 90 mmol, 1 equiv.) in DMF (1.4 L) at
0 °C was added NaH (60% dispersion in mineral oil, 10.4 g, 260 mmol, 2.9 equiv.) and
the mixture stirred until effervescence ceased. 1-Allyloxy-4-bromomethylbenzene
(E4)?7 (58.0 g, 260 mmol, 2.9 equiv.) was added, the cooling bath removed and the
mixture was stirred at RT for 16 h. The reaction mixture was partitioned between H,0
(500 mL) and CHCI3/iPrOH (3:1, 500 mL) and the layers separated. The aqueous phase
was extracted with CHCl3/iPrOH (3:1, 2 x 500 mL), the organic layers combined, dried
(MgS04) and the solvent removed under reduced pressure. Chromatography (Gradient,
CH2Cl; to MeOH/CH:Cl;, 2:98) gave E5 as a pale yellow oil (25 g, 72%). 1H NMR (400
MHz, CDCl3, 298 K): 6§ = 7.77 (t, 1H, ] = 7.8 Hz, Ha), 7.45 (d, 2H, ] = 7.8 Hz, Hs), 7.37 (d,
4H, ] = 8.6 Hz, Hr), 6.97 (d, 4H, ] = 8.7 Hz, Hg), 6.13 (tdd, 2H, J = 17.2, 10.5, 5.31 Hz, Hu),
5.48 (dq, 1H, J = 17.24, 1.53 Hz, Hy), 5.36 (dq, 2H, J = 10.5, 1.30 Hz, one of Hr), 4.71 (s,
4H, Hc), 4.64 (s, 4H, Hp), 4.61 (dt, 4H, ] = 5.3, 1.5 Hz, H¢): 3C NMR (100 MHz, CDCl3, 298
K): 6 =157.7 (x 2), 137.2, 133.2, 129.5, 120.0, 117.7, 114.7, 72.8, 72.6, 68.8; LRESI-MS
(MeOH/TFA): m/z = 432 [M+H]".

E6
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To a solution of diallyl ether E5 (25 g, 60 mmol, 1 equiv.) in THF (80 mL) was added
aniline (6.2 mL, 68 mmol, 1.1 equiv.) then Pd(PPhs)4 (2.8 g, 2.4 mmol, 0.04 equiv.) and
the mixture stirred at 30 °C for 2 h. The mixture was partitioned between H,0 (500 mL)
and CHClz/iPrOH (3:1, 500 mL) and the layers separated. The organic phase was
washed with H,O (500 mL) then brine (500 mL), dried (MgSO.) and the solvent
concentrated under reduced pressure. Chromatography (Gradient, CH:Cl; then
CH:Clz/acetone 95:5) gave E6 as a pale yellow solid (16.4 g, 78%). M.p. 53-57 °C; 1H
NMR (400 MHz, d4-MeOD, 298 K): 6 = 7.79 (t, 1H, /= 7.8 Hz, Ha), 7.40 (d, 2H, ] = 7.8 Hz,
Hg), 7.19 (d, 4H, J = 8.5 Hz, Hg), 6.76 (d, 4H, ] = 8.5 Hz, Hg), 4.56 (s, 4H, Hc), 4.50 (s, 4H,
Hp); 13C NMR (100 MHz, ds-MeOD, 298 K): 6 = 159.0, 158.2, 139.1, 130.8, 129.8, 121.7,
116.0, 73.7, 72.9; LRESI-MS (MeOH/TFA): m/z = 352 [M+H]*.

1a

K,COs (12 g, 87 mmol, 8.3 equiv.) was added to a stirred solution of diphenol E6 (3.70 g,
10.5 mmol, 1 equiv.) and 1,10-dibromodecane (3.16 g, 10.5 mmol, 1 equiv.) in DMF (1.8
L) and the mixture heated at 65 °C for 16 h. The solvent was removed under reduced
pressure and the residue partitioned between brine (500 mL) and EtOAc (500 mL) and
the layers separated. The aqueous phase was extracted with CH,Cl, (2 x 500 ml), the
organic layers combined, dried (MgSO4) and the solvent removed under reduced
pressure. Chromatography (Gradient, CH:Cl; then 99:1 CHCl,/acetone) gave
macrocycle 1a as a white solid (1.8 g, 35%). M.p. 61-62 °C; tH NMR (400 MHz, CDCl3;,
298 K): 6 =7.69 (t, 1H, /= 7.8 Hz, Ha), 7.36 (d, 2H, ] = 7.8 Hz, Hg), 7.23 (d, 4H, / = 8.6 Hz,
Hg), 6.80 (d, 4H, J = 8.6 Hz, Hg), 4.60 (s, 4H, Hc), 4.43 (s, 4H, Hp), 3.97 (t, 4H, ] = 6.3 Hz,
Hg), 1.73 (m, 4H, Hy), 1.22-1.48 (m, 12H, H;, H;and Hk); 3C NMR (100 MHz, CDCls, 298
K): 6 = 158.7, 157.7, 137.1, 130.0, 129.2, 119.9, 114.5, 72.2, 71.2, 67.3, 29.3, 28.6, 28.5,
25.6. LRESI-MS (MeOH/TFA): m/z = 490 [M+H]-.
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1g

E4

E7
E8

Scheme 2.11 a) 1,3-bis(bromomethyl)benzene, NaH, THF, Reflux, 40 h; b) Pd/C, KOH, MeOH, Reflux,
24h, 60% (over 2 steps); c) 1,10-dibromodecane, K;CO3, butanone, reflux, 24 h, 20%.

E8

To a solution of 1-Allyloxy-4-hydroxymethyl-benzene (E4)27 (6.56 g, 0.04 mol, 2.5
equiv.) and 1,3-bis(bromomethyl)benzene (4.10 g, 0.016 mmol, 1.0 equiv.) in THF (150
mL) under a nitrogen atmosphere was added NaH (5.00 g, 60% dispersion in mineral
oil, 0.128 mol, 8.0 equiv.). The reaction was refluxed for 40 h. The solvents were
removed under reduced pressure and the resulting oil was dissolved in CH;Cl; (20 mL)
and washed with a saturated aqueous NH4Cl solution (2 x 100 mL), saturated aqueous
NaCl solution (2 x 100 mL). The organic layer was dried with MgSO,, filtered,
concentrated under reduced pressure then passed through a plug of silica to yield the
corresponding diallyl ether U-shape E7 as a yellow oil (4.10 g). Without further
purification, this oil was dissolved into CHzCl; (75 mL) and 10 % KOH/MeOH (75 mL).
10% Pd/C (0.80 g, 0.2 equiv.) was added and the resulting mixture was refluxed for 24
h. The reaction mixture was cooled to room temperature and filtered through celite.
The solvents were removed under reduced pressure and the resulting yellow oil was
purified by flash column chromatography (CH:Cl,/Et;0 9:1) to give the diphenol U-
shape E8 as a clear oil (2.05 g, 60%). 'H NMR (400 MHz, CDCls, 298 K): ): § = 7.36 (s,
1H, Ha), 7.23-7.33 (m, 3H, Hg and Hc), 7.15 (d, / = 8.48 Hz, 4H, HF), 6.65 (d, ] = 8.52 Hz,
4H, Hg), 6.19 (s, 2H, Hu), 4.52 (s, 4H, Hp), 4.43 (s, 4H, Hg). 13C NMR (100 MHz, CDCl;, 298
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K): 6 = 155.5, 138.2, 129.9 (x 2), 129.6, 128.6, 127.4, 115.4, 71.8, 71.7; LRESI-MS
(MeOH, NH3): m/z = 349 [M-H]; HRFAB-MS (3-NOBA matrix): m/z = 350.15140 [M]+
(calc. for C22H2204 350.15181).

1g

To a solution of E8 (285 mg, 0.82 mmol, 1 equiv.) and 1,10-dibromodecane (243 mg,
0.82 mmol, 1 equiv.) in butanone (900 mL) was added potassium carbonate (570 mg,
4.1 mmol, 5 equiv.). The suspension was heated at 80 °C for 18 hours under a nitrogen
atmosphere. After cooling, the suspention was concentrated under reduced pressure
and the residue was dissolved in CH2Cl; (50 mL). The organic layer was washed with
water (3 x 50 mL), dried (MgS0.4), filtered and concentrated under reduced pressure.
The resulting yellow oil was purified by flash column chromatography (petrol-CH,Cl,
95:5 to 0:100 then petrol/AcOEt 96:4 to 92:8) to yield the macrocycle 1g as a
colourless solid (75 mg, 20%). M.p. 46-48 °C, *H NMR (400 MHz, CDCls, 298 K): § =
7.30-7.34 (m, 3H, Hs, Hc), 7.28 (s, 1H, Ha), 7.25 (d, J = 8.5 Hz, 4H, Hf), 6.86 (d, J = 8.6 Hz,
4H, Hg), 4.49 (s, 4H, Hg), 4.48 (s, 4H, Hp), 3.98 (t, ] = 6.3 Hz, 4H, Hy), 1.73-1.82 (m, 4H,
Hi), 1.41-1.52 (m, 4H, Hj), 1.28-1.38 (m, 8H, Hk and H.). 3C NMR (100 MHz, CDCls, 298
K): 6 =158.1,138.0,129.4, 129.0, 127.7, 126.4, 126.3, 113.9, 71.2, 70.7, 67.0, 28.0, 27.9,
27.6, 24.9; LRFAB-MS (3-NOBA matrix): m/z = 488 [M]*; HRFAB-MS (THIOG matrix):
m/z = 488.29291 [M]* (calc. for C3;H4004 488.29266).
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E9 1h

E10

Scheme 2.12 a) TFA, CH:Cly, RT, 20 h, 12%.

1h

To a solution of pyridine 2,6-di-methanethiol (E10)28 (128 mg, 0.75 mmol, 1 equiv.)
and 1,10-(4-hydroxymethyl-phenoxy)-decane (E9)17 (289 mg, 0.74 mmol, 1.0 equiv.)
in CH2Cl; (500 mL) under N, atmosphere was added TFA (10 mL). The reaction was
stirred at room temperature for 20 h. Solvents were removed under reduced pressure,
the resulting oil was dissolved in CH2Cl; (20 mL) and washed with a saturated aqueous
KHCO3 solution (2 x 5mL). The organic layer was dried (MgS0.), filtered, concentrated
under reduced pressure then purified by flash column chromatography (petrol/CH.Cl,
35:65 then 25:75) to give the macrocycle 1h as a yellow solid (48 mg, 12%). M.p. 69-
73°C; 'H NMR (400 MHz, CDCls, 298 K): 6 = 7.64 (t, 1H, J = 7.7 Hz, Ha), 7.31 (d, 2H, ] =
7.7 Hz, Hg), 7.22 (d, 4H, J = 8.6 Hz, Hg), 6.79 (d, 4H, ] = 8.6 Hz, Hy), 3.93 (t, 4H, ] = 6.3 Hz,
Hg), 3.70 (s, 4H, Hp), 3.6 (s, 4H, Hc), 1.75 (dt, 4H, ] = 6.8, 6.8 Hz, Hu), 1.51-1.41 (m, 4H,
Hi), 1.39-1.29 (m, 8H, Hj, Hk); 13C NMR (100 MHz, CDCl3, 298 K): § = 158.0 (x 2), 137.5,
130.1, 129.8, 121.1, 114.4, 67.5, 36.5, 34.8, 28.5, 28.0, 27.7, 25.2; LRFAB-MS (3-NOBA
matrix): m/z = 522 [M+H]+; HRFAB-MS (3-NOBA matrix): m/z = 522.25074 [M+H]*
(calc. for C31H4oNO2S; 522.25005).
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1h

E1ll
E12
E13

Scheme 2.13 a) 4-allyloxyiodobenzene, Pd(PPh3):Cl;, Cul, benzene, H;0, DABCO, RT, 20 h,?° b)
Pd/C, KOH, MeOH, reflux, 24 h, 60%; c) 1,16-bis-(0-tosyl)hexadecane,?° K;CO3, butanone, reflux, 24
h, 10%.

E12

2,6-bis{(trimethylsilyl)ethynyl}pyridine,3t (2.00 g, 7.38 mmol, 1 equiv.) and 4-
allyloxyiodophenol (4.70 g, 18.50 mmol, 2.5 equiv.) were dissolved in benzene (25 mL).
Pd(PPhs)2Cl; (0.50 g, 0.71 mmol. 0.1 equiv.) and Cul (0.30 g, 1.57 mmol. 0.2 equiv.)
were added as solids, and the reaction flask was sealed with a septum and purged with
nitrogen. DBU (6.73 g, 44.2 mmol, 6 equiv.) and H;0 (0.053 g, 2.95 mmol, 0.4 equiv.)
were added to the reaction mixture and the resulting brown solution was stirred at
room temperature for 20 h, during which time a white prepitate formed and the color
of the solution became black. The reaction mixture was quenched with water (10 mL)
and extracted with EtOAc (3 x 50ml). The organic layer was then washed with an
aqueous saturated NH4Cl solution (2 x 50 ml), and brine (2 x 50 ml). The combined
organic fractions were dried (MgS0.), filtered, concentrated under reduced pressure
then subjected to flash column chromatography (Et.0) to give a tan coloured solid. This
tan coloured material was washed with boiling hexanes to provide the diallylprotected-
U-shape E12 as a white solid (1.70 g, 70 %). M.p 138-140 °C; H NMR (400 MHz, CDCls,
298 K): 6 =7.52 (t,1H, /= 7.8 Hz, Ha), 7.41 (d, 4H, ] = 8.9 Hz, Hp), 7.29 (d, 2H, ] = 7.8 Hz,
Hg), 6.77 (d, 4H, ] = 8.9 Hz, Hc), 5.93 (m, 2H, Hr), 5.30 (dd, 2H,J = 1.6, 17.3 Hz, H¢), 5.19
(dd, 2H, J = 1.3 Hz, 10.5 Hz, H¢), 4.44 (td, 4H, J = 1.5 Hz, Hz Hg); 13C NMR (100 MHz,
CDCl;, 298 K): 6 = 159.2, 144.0, 136.3, 133.6, 132.7, 125.7, 118.0, 114.8, 114.3, 89.8,
87.4, 68.8; LRESI-MS (MeOH/TFA): m/z = 392 [M+H]".
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E13-HCI

Diallylprotected U-shape E12 (0.50 g, 1.27 mmol, 1 equiv.) was dissolved in a mixture
of CH2Cl; (20 mL) and 10 % KOH/MeOH (20 mL). 10% Pd/C (0.10 g, 0.2 equiv.) was
added and the resulting suspension was refluxed for 24 h, after which time the reaction
mixture was cooled to room temperature and filtered through celite. The solvents were
removed under reduced pressure and then resulting yellow oil was purified by flash
column chromatography (Et20) to give the diphenol U-shape E13 as a yellow oil. This
was dissolved into a mixture of EtOAc/Et;0 1:1 and excess HCI in Et;0 was added to
preciptate a yellow/ orange solid. This solid was recrystallised from MeOH/Et,0 to
provide E13-HCI as a yellow solid (0.20 g, 60%). M.p. 192-194 °C (dec.); tH NMR (400
MHz, d4-MeOD, 298 K): 6 = 8.50 (t, 1H, /= 8.1 Hz, Ha), 8.04 (d, 2H,J = 8.1 Hz, Hs), 7.86 (d,
4H, ] = 8.8 Hz, Hc), 7.06 (d, 4H, J = 8.8 Hz, Hp), 4.74 (s, 3H, Hg and HCI) 13C NMR (100
MHz, d4-MeOD): 6 = 164.2, 148.1, 140.7, 137.8, 131.0, 119.2, 113.1, 105.5, 83.3; LRESI-
MS (MeOH): m/z = 312 [M+H-Cl]*; HRFAB-MS (THIOG matrix): m/z = 312.10249
[M+H]* (calc. for C21H14NO2 312.10245).

1k

To a solution of E13-HCl (150 mg, 0.43 mmol, 1 equiv.) and 1,16-Bis-(0-tosyl)
hexadecane3? (243 mg, 0.43 mmol, 1 equiv.) in butanone (600 mL) was added
potassium carbonate (297 mg, 2.15 mmol, 5 equiv.). The suspension was heated at 80
°C for 18 hours under nitrogen atmosphere. After cooling, the suspension was
concentrated under reduced pressure and the residue was extracted with CH2Cl; (100

mL). The organic layer was washed with water (3 x 50 mL), dried (MgS04) filtered and
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concentrated under reduced pressure. The resulting yellow solid was purified by
column chromatography (AcOEt/petrol 1:9 to 2:8) to yield the macrocycle 1k as a
white solid (5 mg, 2 %). M.p. 130-132 °C. 1H NMR (400 MHz, CDCls, 298 K): 6 = 7.66 (t,]
= 7.8 Hz, 1H, Ha), 7.51 (d, / = 8.8 Hz, 4H, Hc), 7.36 (d, J = 7.8 Hz, 2H, Hs), 6.87 (d, ] = 8.8
Hz, 4H, Hp), 4.17 (t, ] = 6.6 Hz, 4H, Hg), 1.62-1.73 (m, 4H, Hg), 1.13-1.39 (m, 24H, H¢.1).
13C NMR (100 MHz, CDCl3, 298 K): 6 = 210.5, 136.6, 133.5, 124.2, 115.4, 103.4, 90.0,
87.8, 85.6, 67.8, 30.6, 30.4 (x 2), 29.6, 29.1, 27.9, 25.2. LRESI-MS (MeOH/TFA): m/z =
534 [M+H]*; LRFAB-MS (3-NOBA matrix): m/z = 534.33775 [M+H]* (calc. for
C37H44NO2: 534.33720).

2.5.4 Preparation of CURAC-AMT Rotaxanes

5

Spectroscopic data of the non-interlocked thread 5 generated during AMT-CuAAC
rotaxane-formation reactions: 'H NMR (400 MHz, CDCl3, 298 K): 6 = 7.61 (s, 1H, Hj),
7.21 (d, 12H, ] = 8.5 Hz, Hy, Hy), 7.03-7.11 (m, 16H, H¢, Hg, Hm, Hi), 6.82 (d, 2H, /] = 8.9 Hz,
Hy), 6.72 (d, 2H, J = 8.9 Hz, H¢), 5.17 (s, 2H, Hj), 4.59 (t, 2H, ] = 6.9 Hz, Hy), 3.94 (t, 2H, J =
5.5 Hz, Hy), 1.23-1.43 (m, 2H, ] = 6.26 Hz, H), 1.29 (s, 54H, Ha and H,). 13C NMR (100
MHz, CDCl3, 298 K): § = 156.1, 156.0, 148.3 (x2), 144.3, 144.0 (x2), 140.1 (x2), 132.3
(x2), 130.6 (x2), 124.0 (x2), 123.1, 113.2, 112.9, 63.7, 63.0 (x2), 61.9, 47.2, 34.2 (x2),
31.3 (x2), 29.9; HRFAB-MS (3-NOBA matrix): m/z = 1130.75171 [M+H]* (calcd. for
CaoHosN302, 1130.75025).
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4a

Following the general procedure with macrocycle 1a (100 mg, 0.2 mmol, 1 equiv.)
alkyne 2 (542 mg, 1.0 mmol, 5.0 equiv.), azide 3 (587 mg, 1 mmol, 5.0 equiv.),
Cu(CH3CN4)PF¢ (75 mg, 0.2mmol, 1 eq) and KCN (130 mg, 2.0 mmol, 10.0 equiv.).
Purification by column chromatography (CHCl, then a gradient from 5 to 20 % MeCN
in CH2Cl;) gave pure rotaxane 4a as a colorless solid (180 mg, 54%). tH NMR (400 MHz,
CDCl3, 298 K): 6 = 7.50 (t, 1H, J = 7.7 Hz, Ha), 7.31 (s, 1H, H;), 7.22-7.30 (m, 14H, Hg, Hy
and H,), 7.09-7.17 (m, 12H, Hmw and H¢), 7.08 (d, 2H, ] = 8.6 Hz, Hi), 7.04 (d, 2H, /= 8.6 Hz,
Hq4), 6.97 (d, 4H, J = 8.3 Hz, Hg), 6.77 (d, 2H, J = 8.6 Hz, Hi), 6.56 (d, 4H, J = 8.3 Hz, Hg),
6.48 (d, 2H, ] = 8.6 Hz, H¢), 4.91 (br s, 2H, H;), 4.49 (br s, 4H, Hp), 4.31 (bs, 4H, Hc), 3.76-
3.87 (m, 4H, Hq), 3.71 (t, 2H, /= 7.1 Hz, Hy), 3.34 (t, 2H, ] = 5.4 Hz, Hy), 1.61-1.73 (m, 4H,
Hu), 1.54-1.62 (m, 2H, Hg), 1.34 (s, 27H, Ha or H,), 1.33 (s, 27H, Ha or H,), 1.17-1.41 (m,
12H, H;, Hj and Hk); 13C NMR (100 MHz, CDCl3, 298 K): 6 = 158.8, 157.7, 156.4 (x 2),
146.4 (x2), 144.4, 144.3, 143.5, 139.9, 139.7, 137.3, 132.3, 132.1, 130.1, 130.0, 129.1 (x
2),124.2,124.1,123.6,120.2, 114.4,113.3,113.1, 72.6, 71.4, 67.2, 64.0 (x 2), 63.2, 61.6,
46.7,34.4, 34.3, 31.5 (x 2), 29.7, 29.5, 28.7 (x 2), 25.8; LRESI-MS: m/z = 1619 [M+H]*;
HRFAB-MS (3-NOBA matrix): m/z = 1621.04087 [M+1+H]* (calcd. for 13C12C1190H135N40¢,
1621.04152).
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6a

A solution of macrocycle 1a (400 mg, 0.817 mmol, 10 equiv.), alkyne 2 (48.0 mg, 8.17
umol, 1.0 equiv.), azide 3 (44.3 mg, 8.17 umol, 1.0 equiv.), Cu(MeCN)4+PF¢ (30.0 mg, 38.5
umol, 1.0 equiv.) in dry CH2Cl; (10 mL) and under N; was stirred at RT for 72 h. The
solution was refluxed for further 48 h then cooled to RT. The resulting mixture was
diluted with CH2Cl; (15 mL) and methanol (25 mL). A solution of KCN (106 mg, 1.63
mmol, 20 equiv.) in methanol (2 mL) was added and the resulting suspension stirred
vigorously for 2 h. Solvents were evaporated (80 °C) and the residue was partitioned
between water (15 mL) and CH:Cl; (20 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (3 x 15 mL). The combined organic fractions
were washed with water (10 mL) and brine (10 mL), then dried (MgSO4) and
concentrated under reduced pressure to give the crude product as a mixture of [2]-
rotaxane 4a, [3]-rotaxane 6a, thread 5 (90:5:5, by 'H NMR spectroscopy) and
macrocycle 1a. Purification by column chromatography (MeCN-CH:Cl,-Petrol; 5:35:60)
followed by preparative TLC on silica gel (5 elutions in MeCN-CH;Cl,-Petrol; 7:33:60)
gave pure rotaxane 6a as a white solid (3.5 mg, 2%); m.p. 210-212 °C; tH NMR (400
MHz, CDCl3, 298 K): 6 = 7.48 (m, 2H, Ha, Ha), 7.27-7.20 (m, 16H, Hg, Hg,, Hp, Hy), 7.19 (s,
1H, Hy), 7.10 (d, 6H, J = 8.5 Hz, H or Hn), 7.07 (d, 6H, ] = 8.5 Hz, H. or Hy,), 6.98 (d, 4H, ] =
8.4 Hz, Hg or Hr'), 6.94 (d, 4H, ] = 8.4 Hz, Hg or Hr), 6.76 (t, 4H, ] = 8.8 Hz, Hy, Hy), 6.52 (d,
4H, ] = 8.5 Hz, Hr or Hr), 6.49 (d, 4H, J = 8.5 Hz, Hr or Hr), 6.15 (d, 2H, ] = 8.8 Hz, Hy),
5.99 (d, 2H, J = 8.8 Hz, H.), 4.54-4.45 (m, 8H, Hc, Hc), 4.39 (s, 2H, Hj), 4.25(s, 8H, Hp, Hp),
3,84-3.66 (m, 8H, Hg, H¢), 3.66-3.56 (m, 2H, Hy), 3.00 (t, 2H, J = 5.8 Hz, Hy), 1.70-1.52 (m,
10H, Hy, Hw, Hg), 1.47-0.93 (m, 24H, H,, Hr, H;, Hy, Hk, Hx’), 1.31 (2s, 54H, H,, Ho); 6 = 13C
NMR (100 MHz, CDCls, 298 K): § = 158.6 (x2), 157.6 (x2), 155.9 (x2), 148.0 (x2),
144.3(x2), 143.1, 139.1, 139.0, 136.9 (x2), 131.6, 131.5, 130.7 (x2), 129.8 (x2), 129.0,
128.8, 124.0 (x2),123.2,119.4 (x2), 114.3 (x2), 112.8,112.7,72.4,72.3,70.9, 70.8, 67.0
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(x2), 63.8, 62.9 (x2), 61.0, 46.7, 34.2 (x2), 31.4 (x2), 29.6 (x2), 29.6, 28.7, 28.6, 28.5
(x2), 25.6, 25.5; LRFAB-MS (3-NOBA matrix): m/z = 2110 [M+H]*; HRFAB-MS (3-NOBA
matrix): m/z = 2110.33050 [M+1+H]* (calc. for 13C12C141H174N5010, 2110.32943).

4b

Following the general procedure with macrocycle 1b (260 mg, 0.50 mmol, 1.0 equiv.),
alkyne 2 (300 mg, 0.55 mmol, 1.1 equiv.), azide 3 (296mg, 0.50 mmol, 1.0 equiv.),
Cu(CH3CN4)PFs (206 mg, 0.55 mmol, 1.1 eq) and KCN (327 mg, 5.03 mmol, 10 equiv.).
Purification by flash column chromatography (Acetone/CH:Clz; 2:96 to 5:95) followed
by preparative TLC on silica gel (2 elutions in Acetone/CHClz; 4:96) gave the rotaxane
4b as a white solid (20 mg, 3%). M.p. 165-168 °C; tH NMR (400 MHz, CDCl3, 298 K): & =
9.02 (t, 2H, ] = 6.3 Hz, Hc), 8.37 (d, 2H, J = 7.8 Hz, Hg), 7.90 (t, 1H, /] = 7.9 Hz, Ha), 7.24-
7.22 (m, 12H, Hp and H,), 7.13-7.03 (m, 16H, H¢, Hq, Hm, Hi), 6.90 (s, 1H, H;), 6.72 (d, 4H, J
= 8.5 Hz, Hg), 6.66 (d, 2H, ] = 8.9 Hz, Hy), 6.61 (d, 2H, J = 8.9 Hz, He), 6.41 (d, 4H, ] = 8.6
Hz, Hr), 4.58 (s, 2H, Hj), 4.48 (dd, 2H, ] = 6.6 Hz, ] = 14.6 Hz, Hp ), 4.29 (dd, 2H,J = 6.5 Hz,
J =14.6 Hz, Hp), 3.77 (t, 4H, ] = 6.0 Hz, H¢), 3.66 (t, 2H, J = 7.5 Hz, Hy), 3.55 (t, 2H, /= 5.8
Hz, Hy), 1.71-1.54(m, 6H, Hg, Hu), 1.47-1.10 (m, 12H, H;, H;, Hk), 1.30 (s, 27H, Ha or H,),
1.29 (s, 27H, Ha or Ho); 13C NMR (100 MHz, CDCl3, 298 K): 6 = 163.6, 157.7, 155.8, 155.6,
149.1, 148.3, 148.3, 143.9 (x2), 143.8, 140.4, 140.2, 138.6, 132.2 (x2), 130.6 (x2), 130.2,
129.0, 125.2, 124.1 (x2), 122.4, 113.8, 112.8, 112.6, 66.7, 63.8, 63.0 (x2), 60.8, 46.7,
42.5,34.2 (x2), 31.3 (x2), 29.4, 28.6, 28.4, 28.3 and 25.5; LRFAB-MS (3-NOBA matrix):
m/z = 1647 [M+H]+*; HRFAB-MS (3-NOBA matrix): m/z = 1646.03336 (calcd. for
13C12C110H133N606, 1646.02866).
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4i

Following the general procedure with macrocycle 1i (20.0 mg, 34.1 umol, 1.0 equiv.),
alkyne 2 (20.3 mg, 37.5 umol, 1.1 equiv.), azide 3 (20.0 mg, 34.1 pmol, 1.0 equiv.),
Cu(MeCN)4PFs (14.0 mg, 37.5 pmol, 1.1 eq) and KCN (22.2 mg, 0.34 mmol, 10 equiv.).
Purification by preparative TLC on silica gel (1 elution in MeCN/CHCl;/Petrol;
11:29:60) gave the rotaxane 4i as a white solid (5 mg, 8%). M.p. 92-95°C; 1H NMR (400
MHz, CDCl, 298 K): 6 = 7.67 (t, 1H, ] = 7.6 Hz, Ha), 7.48 (s, 1H, Hi) 7.46 (d, 2H, ] = 8 Hz,
Hg), 7.26-7.15 (m, 12H, Hy, Hy), 7.15-7.00 (m, 16H, H¢, Hq, Hm, Hi), 6.93 (d, 4H, ] = 8.6 Hz,
Hg), 6.75 (d, 2H, J = 8.9 Hz, Hy), 6.59 (d, 2H, ] = 8.9 Hz, He), 6.49 (d, 4H, ] = 8.6 Hz, Hg),
4.88 (s, 2H, Hj), 4.11 (s, 4H, Hc), 4.09 (s, 4H, Hp), 3.87 (t, 2H, J = 7.3 Hz, Hy), 3.78-3.69 (m,
4H, Hg), 3.52 (t, 2H, ] = 6.0 Hz, Hy), 1.73 (quint, 2H, J = 6.5 Hz, Hg), 1.67 (dt, 4H, ] = 6.6,
6.6 Hz, Hy), 1.47-1.09 (m, 12H, H;, Hj, Hk); 1.30 and 1.29 (2s, 54H, H,, Ho); 13C NMR (100
MHz, CDCI3): § = 159.6, 156.2 (x2), 148.2, 147.7 (x2), 144.1, 144.0, 143.3, 139.7, 139.6,
137.5,132.1,132.0, 131.6, 130.6 (x2), 126.3, 124.0 (x2), 123.8,118.4, 114.9, 113.0 (x2),
67.4, 64.2, 63.0 (x2), 60.1, 58.3 (x2), 46.6, 34.2 (x2), 31.3 (x2), 29.6, 29.0, 28.5, 28.3,
25.4; LRFAB-MS (3-NOBA matrix): m/z = 1716 [M+H]+; HRFABMS (3-NOBA matrix):
m/z=1716.97173 [M+1+H]* (calcd. for 13C12C110H135N408Sz, 1716.97549).

4j
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Following the general procedure with macrocycle 1j (12.1 mg, 25.0 umol, 1.0 equiv.),
alkyne 2 (14.9 mg, 27.5 umol, 1.1 equiv.), azide 3 (14.7 mg, 25.0 pmol, 1.0 equiv.),
Cu(MeCN)4PF¢ (10.0 mg, 27.5 pmol, 1.1 eq) and KCN (16.0 mg, 0.25 mmol, 10 equiv.).
Purification by preparative TLC on silica gel (2 elutions in MeCN/CH:Cl./Petrol;
3.5:40:56.5) gave the rotaxane 4j as a white solid (17 mg, 42%). M.p. 128-132 °C; 1H
NMR (400 MHz, CDCl3, 298 K): 6 = 7.33 (t, 1H, J = 7.6 Hz, Ha), 7.24 (d, 6H, J = 8.5 Hz, Hy.),
7.21-7.01 (m, 23H, Hy, He, Hg, H;, Hy, Hm), 6.83 (d, 2H, J = 7.7 Hz, Hg), 7.74 (bd, 6H, ] = 8.4
Hz, H, Hy), 6.48 (d, 6H, ] = 8.6 Hz, Hg, He), 4.91 (s, 2H, Hj), 3.81-3.70 (m, 6H, Hy, Hu), 3.34
(t, 2H, J = 5.8 Hz, Hy), 2.60 (2d, 4H, ] = 6.8 Hz, Hc), 2.51 (t, 4H, ] = 7.3 Hz, Hg), 1.84-1.72
(m, 4H, Hp), 1.70-1.60 (m, 6H, H;, H,), 1.57-1.11 (m, 12H, H;, Hk Hy), 1.31 and 1.30 (2s,
54H, H,, Ho); 13C NMR (100 MHz, CDCl3, 298 K): § = 161.4, 156.9, 156.1 (x2), 148.2 (x2),
144.1, 144.0, 143.5, 139.7, 139.5 (x2), 133.5, 132.1, 132.0, 130.6 (x2), 129.1, 124.0 (x2),
123.1,119.6, 114.2, 113.0, 112.9, 67.0, 63.8, 63.0 (x2), 61.5, 46.7, 37.9, 35.0, 34.2 (x2),
32.4, 31.3 (x2), 29.4, 29.3, 28.6, 28.5, 25.6; LRFAB-MS (3-NOBA matrix): m/z = 1617
[M+H]*; HRFAB-MS (3-NOBA matrix): m/z = 1617.08218 [M+1+H]* (calcd. for
13C12C112H139N404, 1617.08299).

41

Following the general procedure with macrocycle 11 (29.0 mg, 60.4 umol, 1.0 equiv.),
alkyne 2 (36.0 mg, 66.4 pmol, 1.1 equiv.), azide 3 (35.5 mg, 60.4 umol, 1.0 equiv.),
Cu(MeCN)4PFs (24.8 mg, 66.4 umol, 1.1 eq) and KCN (40 mg, 0.66 mmol, 10 equiv.).
Purification by flash column chromatography (MeCN/CH:Cl,/Petrol; 2.5:20:77.5) gave
the rotaxane 41 as a white solid (15 mg, 14%). M.p. 130-132°C; *H NMR (400 MHz,
CDCl3, 298 K): 6 =7.73 (d, 4H, J = 8.8 Hz, Hc), 7.61 (t, 1H, J = 7.8 Hz, Ha), 7.39 (d, 2H, ] =
7.8 Hz, Hg), 7.22-7.18 (m, 12H, Hy, H,), 7.10-7.03 (m, 16H, H, Hq, Hm, Hi), 6.89 (s, 1H, Hj),
6.82 (d, 4H,J = 8.8 Hz, Hp), 6.78 (d, 2H, J = 8.9 Hz, Hy), 6.66 (d, 2H, ] = 8.9 Hz, H.), 4.96 (s,
2H, Hj), 4.04 (t, 4H, ] = 7.2 Hz, Hg), 4.00 (t, 2H, J = 7.1 Hz, Hy), 3.70 (t, 2H, J = 5.6 Hz, Hy),
1.97 (quint, 2H, J = 6.4 Hz, Hy), 1.60 (dt, 4H, J = 7.0, 7.0 Hz, Hr), 1.33-0.98 (m, 24H, Hg,
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Hu, Hi, Hj, Hy, Hy), 1.30 and 1.29 (2s, 54H, H,, H,); 13C NMR (100 MHz, CDCls, 298 K): & =
158.9, 156.9, 156.2 (x2), 148.2 (x2), 144.0 (x2), 143.5, 139.8 (x2), 137.3, 132.5 (x2),
132.1,130.7, 130.6, 128.8, 124.0 (x2), 123.2,117.2,115.3, 113.1, 112.8, 68.0, 63.9, 63.0
(x2), 61.7, 46.7, 34.2 (x2), 31.3 (x2), 30.1, 30.0, 29.6 (x2), 29.5 (x2), 28.2, 25.7; LRFAB-
MS (3-NOBA matrix): m/z = 1617 [M+H]*; HRFAB-MS (3-NOBA matrix): m/z =
1617.08485 [M+1+H]* (calcd. for 13C12Cy1,H130N404, 1617.08299).

61

A solution of macrocycle 11 (170 mg, 0.35 mmol, 10 equiv.), alkyne 2 (19.0 mg, 35.0
umol, 1.1 equiv.), azide 3 (20.6 mg, 35.0 umol, 1.0 equiv.), Cu(MeCN)+PF¢ (14.3 mg, 38.5
umol, 1.1 eq) in CH2Cl; (10 mL) under N was stirred at RT for 8 days. The solution was
then refluxed for further 48 h then cooled to RT. The resulting mixture was diluted with
CH2Cl; (5 mL) and methanol (15 mL). A solution of KCN (25 mg, 0.38 mmol, 10 equiv.)
in methanol (2 mL) was added and the resulting suspension stirred vigorously for 1 h.
Solvents were evaporated (80 °C) and the residue was partitioned between water (15
mL) and CH:Cl; (20 mL). The layers were separated and the aqueous layer was
extracted with CHzCl; (3 x 10 mL). The combined organic fractions were washed with
water (10 mL) and brine (10 mL), then dried (MgS04) and concentrated under reduced
pressure to give the crude product as a mixture of [2]rotaxane 4l, [3]rotaxane 6],
thread 5 (33:37:30, by 1H NMR spectroscopy), macrocycle 11, remaining alkyne 2 and
azide 3, (75% overall conversion). Purification by preparative TLC on silica gel (3
elutions in MeCN/CH:Cl,/Petrol; 3.5:40:56.5) gave the [3]rotaxane 61 as a white solid
(15 mg, 20%). M.p. 302-304 °C; 'H NMR (400 MHz, CDCl3, 298 K): § = 7.68 (m, 10H, H,
He, Ha, Ha), 7.37 (d, 4H, J = 7.8 Hz, Hp, Hp), 7.20 -7.10 (m, 12H, Hy, Hy), 7.09 (s, 1H, Hj),
7.05-6.91 (m, 16H, H, Hm, Hq, Hi), 6.82 (d, 2H, ] = 8.9 Hz, Hy), 6.74-6,65 (m, 8H, Hp, Hp),
6.46 (d, 2H, ] = 8.9 Hz, H.), 5.04 (s, 2H, H;), 4.03-3.89 (m, 8H, J = 7.2 Hz, Hg, Hr), 3.70 (t,
2H,] =7.5 Hz, Hy), 3.50 (t, 2H, ] = 5.7 Hz, Hy), 1.69 (br. quint., 2H, J = 6.7 Hz, Hg), 1.54 (br.
quint, 8H, J = 7.35 Hz, Hg), 1.40-0.81 (m, 48H, H¢, He, Hy, Hw, Hi, Hr, Hj, Hp, Hk, Hk, Hi,
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Hv), 1.27 and 1.26 (2s, 54H, H,, Ho); 13C NMR (100 MHz, CDCl3, 298 K): § = 158.9, 158.8,
156.8, 156.7, 156.2, 156.1, 148.1, 148.0, 144.0 (x2), 143.1, 139.7, 139.5, 137.1, 136.9,
132.5,132.1,132.0, 131.8,130.6 (x2), 128.6 (x2), 123.9 (x2),123.1, 116.9, 116.7, 115.2,
115.0,113.3,113.0, 68.2, 68.1, 64.1, 62.9 (x2), 61.7,46.7, 34.2 (x2), 31.3 (x2), 30.1, 29.9
(x2), 29.7 (x2), 29.6 (x2), 29.5 (x2), 29.4 (x2), 28.3, 28.2 and 25.7 (x2), LRFAB-MS (3-
NOBA matrix): m/z = 2101 [M]*; HRFAB-MS (3-NOBA matrix): m/z = 2102.41114
[M+1+H]* (calc. for 13C12C145 H182N506, 2102.41237).

Following the general procedure with macrocycle 1m (12.1 mg, 25.0 umol, 1.0 equiv.),
alkyne 2 (14.9 mg, 27.5 pmol, 1.1 equiv.), azide 3 (14.7 mg, 25.0 pmol, 1.0 equiv.),
Cu(MeCN)4PFs (10.0 mg, 27.5 pmol, 1.1 eq) and KCN (16.0 mg, 0.25 mmol, 10 equiv.).
Purification by flash column chromatography (MeCN/CH.Clz/Petrol; 3.5:20:76.5)
followed by preparative TLC on alumina (3 elutions in MeCN/CHCl;/Petrol;
2.5:15:82.5) gave the rotaxane 4m as a white solid (10 mg, 16 %). M.p. 99-101 °C; 'H
NMR (400 MHz, CDCl3, 298 K): 6 = 7.71 (d, 4H, ] = 8.6 Hz, H¢), 7.21 (d, 6H, ] = 8.5 Hz, Hy),
7.20 (d, 6H, ] = 8.5 Hz, Hy) 7.12-7.03 (m, 16H, Hc, Hg, Hm, Hi), 6.99 (s, 1H, H;). 6.80 (d, 6H,
J =8.6 Hz, Hp, Hy), 6.71 (s, 2H, Hg), 6.69 (d, 2H, ] = 8.8 Hz, H.), 4.91 (s, 2H, H)), 4.04 (t, 4H,
J=7.1Hz Hg), 3.97 (t, 2H,J = 7.1 Hz, Hy), 3.72 (t, 2H, J = 5.8 Hz, Hs), 3.00 (s, 6H, Ha), 1.94
(br quint,, 2H, J = 6.5 Hz, Hg), 1.58 (br quint, 4H, J = 7.1 Hz, Hg), 1.46-0.97 (m, 24H, Hg,
Hu, Hi, Hj, Hk, Hu), 1.29 (s, 54H, H,, Ho); 13C NMR (100 MHz, CDCl3, 298 K): 6§ = 158.5,
157.5, 156.3 (x2), 155.8, 148.2 (x2), 144.0 (x2), 143.3, 139.7 (x2), 133.8, 132.1 (x2),
130.7 (x2), 128.8, 124.0 (x2), 123.5, 115.1, 113.1, 112.9, 100.8, 68.0, 64.1, 63.0 (x2),
61.6,46.7,39.4,34.2 (x2), 31.3 (x2), 30.1, 30.0, 29.7, 29.6, 29.5 (x2), 28.2, 25.7; LRFAB-
MS (3-NOBA matrix): m/z = 1660 [M+H]*; HRFAB-MS (3-NOBA): m/z = 1659.13501
[M+1]* (calc. for 13C12C114H143N504, 1659.11736 [M+H]*).
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4n

Following the general procedure with macrocycle 1n (9.9 mg, 17.4 pmol, 1.0 equiv.),
alkyne 2 (10.4 mg, 19.2 umol, 1.1 equiv.), azide 3 (10.2 mg, 17.4 pmol, 1.0 equiv.),
Cu(MeCN)4PFs (7.1 mg, 19.2 pmol, 1.1 eq) and KCN (11.4 mg, 0.17 mmol, 10 equiv.).
Purification by flash column chromatography (Acetone/CH:Cly; 4:96) followed by
preparative TLC on alumina (3 elutions in Et,0/Petrol; 1:1) gave the rotaxane 4n as a
white solid (10 mg, 35%). M.p. 90-94°C; 'H NMR (400 MHz, CDCl3, 298 K): 6 = 7.89 (d,
2H, ] =7.7 Hz, Ha), 7.43 (t, 2H, ] = 7.7 Hz, Hg), 7.30-7.17 (m, 14H, Hy, Hy, He), 7.17-7.00
(m, 16H, H,, Hg, Hm, Hi), 7.00-6,92 (m, 5H, Hr, Hi), 6.66 (d, 2H, J = 8.8 Hz, Hy), 6.54 (d, 4H,
J =8.5 Hz, Hg), 6.33 (d, 2H, J = 8.8 Hz, He), 4.81 (s, 2H, H;j), 4.54 (s, 4H, Hp), 4.51 (s, 4H,
Hg), 3.75- 3.66 (m, 6H, Hy, Hy), 3.24 (t, 2H, / = 5.6 Hz, Hy), 1.65-1.50 (m., 6H, Hj, Hy), 1.40-
1.03 (m, 12H, Hj, Hk, Hy), 1.30 and 1.29 (2s, 54H, H,, H,); 13C NMR (100 MHz, CDCl3, 298
K): § = 158.5 (x2), 158.1, 156.1 (x2), 148.2 (x2), 144.1, 144.0, 143.4, 139.8, 139.5,
137.1, 132.1, 131.9, 130.6 (x2), 129.6, 129.5, 124.0 (x2), 123.1, 121.5, 119.9, 114.2,
113.0,112.7,72.4,72.2, 67.5, 63.6, 63.0 (x2), 61.5, 46.7, 34.2 (x2), 31.3 (x2), 29.6, 29.2,
28.7 (x2), 25.7; LRFAB-MS (3-NOBA matrix): m/z = 1698 [M+H]*; HRFAB-MS (3-NOBA
matrix): m/z = 1698.06527 [M+1+H]* (calc. for 13C12C115H138N506 1698.06807).

9a
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Following the general procedure, macrocycle 1a (50 mg, 0.1 mmol, 1 equiv.) was
reacted with alkyne 2 (542 mg, 1 mmol, 10 equiv.) and diazide 8 (126 mg, 0.5 mmol, 5
equiv.) to give a crude yellow solid. Purification by column chromatography (CH:Cl
then a gradient from 5% to 20 % MeCN in CH:Cl;) gave the rotaxane 9a as a colorless
solid (240 mg, 81%). M.p. 98-100°C; 'H NMR (400 MHz, CDCl3, 298 K): § = 7.55 (t, 1H, J
= 7.9 Hz, Ha), 7.44 (s, 2H, Hg), 7.27 (d, 2H, J = 8.0 Hz, Hg), 7.22 (d, 12H, J = 8.5 Hz, Hy),
7.04-7.09 (m, 4H, Hq), 7.07 (d, 12H, J = 8.5 Hz, H.), 7.03 (d, 4H, J = 8.3 Hz, Hg), 6.79 (d,
4H, ] = 8.8 Hz, He), 6.61 (d, 4H, J = 8.5 Hz, H¢), 5.04 (s, 4H, H¢), 4.50 (s, 4H, Hp), 4.30 (s,
4H, Hc), 3.93 (t, 4H, J = 7.5 Hz, Hy), 3.83 (t, 4H, / = 6.4 Hz, H¢), 1.64-1.71 (m, 4H, ] = 6.8
Hz, Hu), 1.46-1.55 (m, 4H, H;), 1.33-1.42 (m, 4H, H), 1.31 (s, 54H, H.), 0.95-1.28 (m, 24H,
Hjm and Hjx). 13C NMR (100 MHz, CDCl3, 298 K): 6 = 158.7, 157.6, 157.4, 157.3, 156.2,
148.3, 144.1, 143.9, 140.0, 132.3, 130.7, 129.9, 129.0, 124.0, 122.7, 119.8, 114.2, 113.2,
72.5,71.1, 67.1, 63.1, 61.9, 50.1, 34.3, 31.4, 30.0, 29.6, 29.5, 29.3, 29.0, 28.6, 26.4, 25.7.
LRESI-MS: m/z = 1826 [M+H]*; HRFAB-MS (3-NOBA matrix): m/z = 1828.21534
[M+1+H] (calcd. for 13C12C12;H156N706, 1828.21507).

10

Spectroscopic data of the non-interlocked thread 10 generated during AMT-CuAAC
rotaxane-formation reactions: H NMR (400 MHz, CDCl3, 298 K): § = 7.58 (s, 2H, Hg),
7.23 (d,J = 8.6 Hz, 12H, Hy), 7.08 (d, / = 8.6 Hz, 16H, H. and Hq), 6.85 (d, J = 8.9 Hz, 4H,
He), 5.18 (s, 4H, Hy), 4.34 (t, J = 7.2 Hz, 4H, Hy), 1.85-1.97 (m, 4H, H;), 1.30 (s, 54H, H.),
1.23-1.34 (m, 16H, Hjn). 3C NMR (100 MHz, CDCl3, 298 K): 6 = 156.1, 148.3, 144.3,
144.0, 140.1, 132.3, 130.7, 124.0, 122.3, 113.2, 63.0, 62.1, 50.4, 34.3, 31.4, 30.3, 29.4,
29.3, 28.9, 26.4; LRFABMS (3-NOBA matrix): m/z = 1338.5 [M+H]*; HRFAB-MS (3-
NOBA matrix): m/z =1337.92367 [M+H]* (calcd. for Co2H117N¢02, 1337.92380).
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11a

Following the general procedure, macrocycle 1a (50 mg, 0.1 mmol) was reacted with
azide 3 (587 mg, 1 mmol, 10 equiv.) and dialkyne 9 (139 mg, 0.5 mmol, 5 equiv.) to give
a crude white solid. Purification by column chromatography (CH.Cl,/Acetone 100:0 to
88:12) afforded 11a (17 mg, 86%) as a colorless amorphous solid. tH NMR (400 MHz,
CDCl3, 298 K): & = 7.55 (t, 1H, J = 7.7 Hz, Ha), 7.39 (s, 2H, Hi), 7.28 (s, 2H, Hs), 7.24 (d,
12H,J=8.5 Hz, Hy), 7.09 (d, 12H, / = 8.5 Hz, H¢), 7.03 (m, 8H, Hq and Hg), 6.60 (d, 4H, J =
8.5 Hz, Hr), 6.56 (d, 4H,J = 8.9 Hz, H.), 4.51 (s, 4H, Hp), 4.53 (s, 4H, H;), 4.18 (t, 4H,/ = 7.1
Hz, Hy), 4.29 (s, 4H, Hc), 3.82 (t, 4H, ] = 6.3 Hz, Hq), 3.62 (t, 4H, ] = 5.7 Hz, Hy), 3.43 (t, 4H,
J = 6.7 Hz, Hy), 1.95-2.05 (m, 4H, J = 6.4 Hz, Hy), 1.58-1.70 (m, 4H, J = 6.7 Hz, Hy), 1.47-
1.56 (m, 4H, ] = 7.1 Hz, Hy), 1.30 (s, 54H, Ha), 1.11-1.27 (m, 28H, Hmp and Hix). 13C NMR
(100 MHz, CDCl3, 298 K): 6 = 157.7, 156.6, 155.2, 147.3, 144.1, 143.1, 138.8, 136.1,
131.1,129.7,128.9,128.0, 123.0, 121.8, 118.8, 113.3, 111.9, 71.4, 70.0, 69.9, 69.5, 66.1,
63.2, 62.8, 62.0, 45.9, 33.3, 30.4 (x 2), 28.7 (x 2), 28.6, 28.5, 27.7, 27.6, 25.1, 24.7.
LRFAB-MS (3-NOBA matrix): m/z = 1944 [M+H]*; HRFAB-MS (THIOG matrix): m/z =
1944.30187 [M+1+H]* (calc. for 13C12C128H16sN70g 1944.29880).

12

Spectroscopic data of the non-interlocked thread 12 generated during AMT-CuAAC
rotaxane-formation reactions: 1H NMR (400 MHz, CDCl3, 298 K): 6 = 7.59 (s, 2H, Hj),
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7.28 (d, 12H, J = 8.5 Hz, Hy), 7.13 (d, 16H, J = 8.5 Hz, Hc and Hq), 6.78 (d, 4H, J = 8.9 Hz,
He), 4.65 (s, 4H, Hj), 4.61 (t, 4H, /] = 6.9 Hz, Hx), 3.99 (t, 4H, ] = 5.6 Hz, Hy), 3.55 (t, 4H, ] =
6.6 Hz, Hy), 2.36- 2.47 (m, 4H, Hg), 1.57-1.68 (m, 4H, H)), 1.35 (s, 54H, Ha), 1.27-1.33 (m,
16H, Hmp). 13C NMR (100 MHz, CDCl3, 298 K): 6 = 156.1, 148.2, 145.3, 143.9, 140.0,
132.2,130.6, 123.9, 122.7,112.8, 70.8, 64.2, 63.7, 62.9, 62.8, 47.0, 34.2, 31.3, 29.9, 29.5,
29.5, 29.4, 26.0. LRFAB-MS (3-NOBA matrix): m/z = 1456 [M+H]+; HRFAB-MS (THIOG
matrix): m/z = 1455.01298 [M]+ (calc. for CogH128N604 1455.01381).

Cu9aPF6

To a solution of bis-triazole rotaxane 9a (5.0 mg, 0.0028 mmol, 1 equiv.) in CH2Cl; was
added Cu(MeCN)4PFs (0.7 mg, 0.0028 mmol, 1 equiv.) and the solution stirred for 5
minutes. The solvent was removed in vacuo to yield a pale orange solid (5.1 mg, 91%).
M.p. 142-144 °C. 1H NMR (400 MHz, d3-MeCN/CDCl; 9:1, 298 K): § = 7.61 (m, 3H, Ha
and Hy), 7.27 (d, ] = 8.5 Hz, 14H, Hg and H.), 7.13 (d, / = 8.5 Hz, 12H, Hy), 7.06 (d, /= 7.6
Hz, 4H, Hq), 6.96 (d, ] = 7.9 Hz, 4H, H§), 6.66 (d, ] = 8.1 Hz, 4H, Hg), 6.54 (d, / = 8.1 Hz, 4H,
H.), 4.78 (s, 4H, Hy), 4.44 (s, 4H, Hp), 4.33 (s, 4H, H¢), 4.12 (t,/ = 7.1 Hz, 4H, Hy), 3.79 (t,]
= 6.2, 4H, H¢), 1.56-1.70 (m, 8H, Hy and H;), 1.28-1.39 (m, 4H, Hy), 1.25 (s, 54H, H.), 1.02-
1.22 (m, 24H, Hjx and Hj.n). 13C NMR: (100 MHz, d3-MeCN/CD:Cl2 9:1, 298 K): § = 211.0,
193.2,159.4, 157.4, 156.7, 149.1, 145.2, 140.8, 138.8, 132.4, 130.9, 125.2, 121.7, 114.5,
114.0,73.3,71.5,67.7,63.8, 54.9, 54.7, 54.4, 54.1, 51.3, 34.7, 31.4, 30.4, 30.1, 29.7, 29.7,
29.3, 29.2, 26.8, 26.3. LRFAB-MS (3-NOBA matrix): m/z = 1890.4 [M+H]+; HRFAB-MS
(3-NOBA matrix): m/z = 1890.13790 [M+1+H]* (calc. for 13C12C12;H155CuN70O¢
1890.14684).
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Pd9acCl;

To a solution of bis-triazole rotaxane 9a (5.0 mg, 0.0028 mmol, 1 equiv.) in CH2Cl; was
added Pd(MeCN).Cl; (0.7 mg, 0.0028 mmol, 1 equiv.) and the solution stirred for 5
minutes. The solvent was removed in vacuo to yield a pale orange solid (5.1 mg, 91%).
M.p. 208-210°C (dec.). 1H NMR (400 MHz, d3-MeCN/CD,Cl; 9:1): § = 7.81 (s, 1H, Hy),
7.77 (t,y = 7.8 Hz, 1H, Ha), 7.49 (m, 3H, Hy and Hg), 7.36-6.86 (m, 34H, Hy.q, He Hy-¢ and
Hr), 6.71 (d, ; = 8.6 Hz, 4H, Hg), 6.52 (d, ; = 8.5 Hz, 2H, H.), 5.96 (d, y = 14.8 Hz, 2H, Hp),
5.56 (s, 2H, Hr), 5.34 (d, ; = 14.9 Hz, 2H, Hp'), 5.10 (s, 2H, Hy), 4.87 (d,; = 12.4 Hz, 2H, H¢),
4.56 (d,; = 12.3 Hz, 2H, H¢), 4.38 (t,; = 7.02 Hz, 2H, Hy), 3.79-3.90 (m, 6H, H¢ and Hy),
1.61-1.75 (m, 4H, Hy), 0.81-1.48 (m, 86H, Hi,and «, Hix and Hiy). 13C NMR The complex
was insufficiently soluble to obtain satisfactory data. LRFAB-MS (3-NOBA matrix): m/z
= 1932 [M-2Cl]*; HRFAB-MS (THIOG matrix): m/z = 1933.10664 [M+1-2Cl]*+ (calc. for
13C12C12,H155N706Pd 1933.11044).
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Chapter 111
3.1 Synopsis

This chapter describes a method to assemble [2]rotaxanes using stoichometric and
catalytic amounts of palladium. A trans-dichloridepalladium(Ill) complex undergoes
transmetallation with alkynyl cuprate half-threads. The reductive elimination of the
resulting complex produces interlocked structures. The metal can turnover during the
reaction by the use of iodine to reoxidise the metal, resulting in a catalytic AMT assembly

process.

A variety of mono-, bi- and tridentate Pd-macrocycle complexes were investigated under
palladium rotaxane-formation conditions. The minimum of two available binding sites is
necessary for the reaction to proceed, as the metal centre has to accommodate two

stoppered ligands in order to produce a rotaxane.
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3.2 Introduction

The rapid growth in the number and variety of palladium-catalysed transformations
over the latter part of the 20t century has seen palladium become the workhorse of
modern synthetic chemistry.! Palladium-catalysed processes include the formation of
C-0, C-N, C-S, and, most notably, C-C bonds. Since Glaser publication in 1869,2
considerable efforts were directed towards the development of facile and efficient
methodologies for the preparation of symmetrical and dissymmetrical 1,4-diynes.
Traditional protocols of alkyne coupling reactions include: Cadiot-Chodkiewicz,3
Eglington,* Glaser,2°> Hay,® and Sonogashira’ coupling. It has been shown that catalytic
systems using Pd(0) or Pd(II) species are the most efficient, mild and selectivelc for the
oxidative coupling of alkynes over the traditional copper-mediated methodologies
(Cu': Cadiot, Glaser, Hay; Cul: Eglington). Palladium-catalysed homocoupling reactions
are generally carried out in the presence of phosphines (PPhs) or amine ligands
(iPrz:NH, iPr;NEt, DABCO, NEt3), although recent literature reports the use of ligand-free
conditions.8 A typical Pd-mediated alkyne homocoupling is shown in Scheme 3.1: the
formation of a copper-acetylide occurs first by base-assisted deprotonation of the
alkyne in the presence of Cul. Further transmetallation with Pd(II) gives a
dialkynylpalladium(II) species I (Scheme 3.1). Reductive elimination of I releases the
diyne product and Pd(0). Reoxidation of Pd(0) to Pd(II) with various oxidants (i.e. Iz,

Cu(OAc), or benzoquinone) completes the catalytic cycle.

Scheme 3.1 General mechanism of the Pd-mediated alkyne homocoupling reaction.
3.3 Results and Discussion

Although Pd(II) has a square-planar coordination geometry, it has proved possible to
use its two dimensional motif to assemble rotaxanes® and catenanes!? in classical
passive template strategies by utilising steric control over the required crossover point

in the third dimension (see also Chapter I, Paragraph 1.5.4, 1.5.10 and 1.5.12).
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Macrocycle 1a (Scheme 3.2) was chosen as a suitable candidate ligand for developing a
novel palladium active-template rotaxane synthesis. X-ray crystallography of a related
palladium(II) [2]catenate shows that the trans-coordinated chloride ligands protrude
from opposite sides of the macrocycle cavity (Scheme 3.2, right). We reasoned that if
the chloride ligands of trans-2a could be replaced by suitably functionalized stoppered
groups it would generate a threaded complex of type I (Scheme 3.2). If the palladium
centre is able to retain the stoppered ligands until it has mediated a covalent bond
forming reaction between them (II, Scheme 3.2), a [2]rotaxane would be formed. This
idea was investigated using the palladium(Il)-mediated homocoupling of terminal

alkynes.11

la

2a

Scheme 3.2 Initial idea of using Pd-catalysed alkyne homocoupling. Chloride ligands in trans
configuration in the X-Ray crystal structure.

Initial attempts in subjecting a propargylic half-thread, previously used in Chapter II, to
standard Pd-mediated alkyne homo-coupling conditions together with 2a led to the
complete consumption of the alkyne. Unfortunately, instead of observing the desired
homocoupled diyne as major products, the corresponding deprotected phenol was
obtained in nearly quantitative yield. This observation is consistent with the
publication of Pal et al. in 2003,12 wherein they report a facile protocol to cleave

propargyl protecting groups on phenols using Pd(0) (Scheme 3.3). To prevent phenol-
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derived by-products, the half-thread spacer between the bulky stoppered unit and the
alkyne functionality was extended from one to three carbon atoms as in half-thread 3.

This avoids the allenyl-palladium intermediate necessary for the deprotection.

Scheme 3.3 Deprotection of the propargyl protected phenol with help of Pd(0) by Pal et al.

Complex trans-2a was treated with 2.5 equivalents of an appropriately derivatised
alkyne (3) and Cul (5 mol% with respect to 3) in diisopropylamine (DIPA; Table 3.1,
entry 1). After 12 h at room temperature the desired [2]rotaxane 4a was formed in
43% yield (based on 2a), while the homocoupling reaction proceeded to completion
(>98% conversion into the diyne products, rotaxane 4a, and non-interlocked thread 5,

Scheme 3.4).

2a 4a

+ non-interlocked thread 5

Scheme 3.4 Pd-mediated alkyne homocoupling active template synthesis of rotaxane 4a.

Carrying out the reaction using a five-fold excess of 3 increased the yield of [2]rotaxane
4a to 61% (Table 3.1, entry 2). The proposed mechanism for rotaxane formation is
shown in Scheme 3.5. Standard Pd ligand-substitution chemistry®13 dictates that under
transmetallation conditions the acetylide units should directly replace the chloride
ligands of trans-2a, initially retaining their relative stereochemistry and thus leading to
the threaded trans palladium bis(alkyne) adduct I. Isomerisation of I to the cis
geometry necessary for the reductive elimination must occur without breaking either
Pd-acetylide bond, as models (Spartan™) show that the unthreaded cis isomer (which
would generate non-interlocked macrocycle 1a and thread 5 rather than [2]rotaxane

4a) would be preferred on steric grounds. Reductive elimination then generates the
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Pd(0)-rotaxane complex II and decomplexation of the weakly binding Pd(0) liberates

the free rotaxane 4a.

la

2a

R = (BuCgH4)3CCeHy-

4a

Scheme 3.5 Pd(11)-mediated AMT synthesis of [2]rotaxane 4a. For yields and conditions see Table 1.

Having achieved an efficient stoichiometric version of the active-metal template
reaction, we turned our attention towards developing a synthesis that was catalytic
with respect to palladium (Table 3.1, entries 3-7). This required that the metal turn
over as both a template and a covalent bond forming catalyst. The palladium-mediated

alkyne homocoupling reaction is particularly well-suited in this respect because diyne
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formation is accompanied by reduction of the Pd(II) to intrinsically weaker
coordinating Pd(0). A combination of iodine and oxygen is typically used as the oxidant
to render such reactions catalytic.! We initially tried conditions similar to those
employed in the stoichiometric rotaxane-forming reaction, but using 10 mol% of trans-
2a in the presence of I; (Table 3.1, entry 3). No rotaxane was produced under these
conditions, however, and the overall conversion of alkyne to diyne products was only
37%. Switching from DIPA to benzene as the solvent led to a significant improvement
in both the yield of diyne products and the formation of [2]rotaxane 4a (57% and 27%,
respectively, entry 4). Increasing the reaction time from 12 to 24 h gave further
improvements (83% diyne products, 35% [2]rotaxane, entry 5). Finally, increasing the
equivalents of 3, reducing the loading of 2a to 5 mol% (with respect to 1a), and further
extending the reaction time to 72 h improved the yield of rotaxane 4a to up to 90%
(entries 6 and 7 respectively). Increasing the temperature up to 50 °C led to no

ameliorations: only 52% of total conversion was achieved with 47% of rotaxane 4a.

Table 3.1 Effect of reactant stoichiometry and experimental conditions on the Pd(II)-mediated
AMT synthesis of [2]rotaxane 4a.¢

Amt.of 1a  Amt. of 2a Amt. of 3 Amt. of I2 . Conv. to diynes  Yield of rot.
Entry Time

[equiv] [equiv] [equiv] [equiv] 3-4a+5 [%] 1la—>4a [%]d
1b - 1 2.5 - 12h >98 43
2b - 1 10 - 12h >98 61
3b 0.9 0.1 10 0.5 12h 37 <1
4c 0.9 0.1 10 0.5 12h 57 27
5¢ 0.9 0.1 10 0.5 24 h 83 35
6¢ 0.95 0.05 15 0.5 72h 94 81
7¢ 0.95 0.05 30 0.5 72 h 49 920

aAll Reactions were carried out at 298 K using anhydrous solvents and protection from moisture.
b10 mM trans-2a, Cul (5 mol% with respect to 3), neat DIPA; <14 mM macrocycle (1a+trans-2a)
Cul (5 mol% with respect to 3), DIPA (5 equiv), benzene.

Control experiments were carried out to confirm the necessity of the presence of both
Pd and Cu in the palladium(II)-mediated homocoupling of terminal alkynes reaction.
Conditions described in Table 3.1, entry 2 (stoichiometric) or Table 3.1, entry 6
(catalytic) were repeated, firstly in the absence of Pd, and then in the absence of Cul: no
diyne products were detected by 'H NMR in either cases. Even the Cu(I)-mediated
Glaser alkyne homocoupling!* occurs to a negligible extent under these reaction

conditions (< 1%).
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3.3.1 Effect of the Macrocycle Structure on [2]Rotaxane Formation

Mono- (2b), bi- (2c), and tridentate (2d and 2e) Pd-macrocycle complexes shown in
Figure 3.1 (their syntheses are detailed in the Experimental Section) were used to
explore the influence of the nature of the macrocyclic ligand on the AMT reaction.
Reaction of 2b and 2c¢ under the standard stoichiometric conditions resulted in the
formation of the corresponding [2]rotaxanes 4b and 4c in 38% and 10% yields
respectively (Table 2, entries 1 and 4). The low yield obtained with the bidentate
complex 2c¢ presumably reflects the fact that the two chloride ligands are necessarily cis
for transmetallation. Even with the larger macrocycle cavity of 2¢ relative to 2a, the cis
orientation significantly decreases the chance of the two alkyne substitutions occurring
through opposite faces of the macrocycle. Carrying out the same reactions in the
presence of 10 equivalents of 3 increased the yield of [2]rotaxane 4c to 20% (Table 2,
entry 5) but, to our surprise, resulted in a decrease in the yield of rotaxane 4b from
38% to 30%(Table 2, entry 2). As expected, reaction of 3 with the tridentate palladium
complexes 2d and 2e failed to generate any reaction products (Table 2, entries 7 and
8), as two labile coordination sites on the metal are necessary for the alkyne

homocoupling mechanism (Scheme 3.5).

2a 2b 2c
[2]rotaxane 4a [2]rotaxane 4b [2]rotaxane 4c
43% (>98%) 38% (82%) 10% (77%)
90% (49%) 14% (64%) 76% (19%)
2d 2e
[2]rotaxane 4d [2]rotaxane 4e
none (0%) none (0%)

Figure 3.1 Screening of different Pd-macrocycle complexes for the Pd(11)-mediated active-metal
template synthesis of [2]rotaxanes. Conversion of complex into rotaxane (2 — 4) is given in red
(stoichiometric conditions: Table 3.1, entry 1). Conversion of macrocycle into rotaxane (1 — 4) is
given in green (catalytic conditions: Table 3.1, entry 7). 1a-e are the metal-free macrocycles.
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As found earlier for 4a (Table 1, entries 2 and 7), the yield of rotaxane 4c was greatly
improved (from 20% to 76%; Table 2, entries 5 and 6) by changing from stoichiometric
to catalytic palladium conditions. In contrast, the yield of rotaxane 4b decreased to
14% under similar catalytic conditions, although the overall conversion into diyne
products (4b+5) was a respectable 63% (Table 2, entry 3). It is possible that this
disparity occurs because the benzylic oxygen atoms in 2a can play a role in dynamic
ligation to the palladium centre. In their absence the macrocycle is a poorer ligand.
Thus, when the amount of alkyne 3 present with respect to 2b is increased (Table 2,
entries 2 or 3), the excess alkyne is able to compete with the pyridine macrocycle for
the palladium, thereby reducing the yield of rotaxane 4b. In addition, the pyridine
coordination site on the macrocycle is crucial for rotaxane formation: when conditions
used in Table 1, entry 1 were repeated with the non-pyridine version of macrocycle 1a
(pyridine replaced by benzene), no rotaxane was detected and non-interlocked thread
5 was only formed in 19% yield after 3 days. It is interesting to note that the catalytic
conditions with 2a and 2c¢ provide much cleaner conversions and higher yields of
[2]rotaxanes than the stoichiometric conditions. The use of stoichiometric amounts of
Pd(1I), especially with the solvent concentrations of DIPA required for high conversions
in the stoichiometric reactions, probably gives rise to side-reactions and other

macrocycle-Pd species that do not afford [2]rotaxane.

Table 3.2 Effect of macrocycle structure on the Pd(1l)-mediated active-metal template synthesis of
[2]rotaxanes.a

Entry Pd-mac complex  Amt. of 3 [equiv] Time C;) ivzi:l g?ﬁ;ﬁs f;iigf[l;z;
1b 2b 2.5 18h 82 38
2b 2b 10 18 h 75 30
3c 2b 30 72 h 63 14
4b 2c 2.5 18 h 75 10
5b 2c 10 18h 87 20
6¢ 2c 30 72h 19 76
7b 2d 2.5 72h 0d 0d
8b 2e 2.5 72h 0d 0d

aAll reactions were carried out at 298 K using anhydrous solvents and protection from moisture.
bstoichiometric conditions (10 mm). <Catalytic conditions (14 mm). 4No diyne products were
detected. ¢eWith respect to the Pd-complexes.
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3.3.2 'H NMR of the Interlocked Compound

The 'H NMR spectrum of 4a in CDCl3z (Figure 3.2 b) shows the upfield shift of several
signals with respect to the non-interlocked components (a, ¢ and d). The shielding,
typical of interlocked architectures in which the aromatic rings of one component are
positioned face-on to another component, occurs for all the non-stopper resonances of
the axle (Hgn) indicating that in the metal-free rotaxane the macrocycle is able to access

the full length of the thread.

Figure 3.2 '"H NMR spectra (400 MHz, CDCl3, 298 K) of a) macrocycle 1a, b) [2]rotaxane 4a, c) non-
interlocked thread 5, d) half-thread 3. The assignments correspond to the lettering in Scheme 3.5.

3.4 Conclusion

The template-directed assembly of otherwise difficult-to-access molecules and the
catalysis of covalent-bond formation are two of the most useful tasks that transition
metals can perform in organic chemistry. The present work demonstrates that the
currently rare combination of these apparently disparate functions can produce high-
yielding, mild and effective synthetic routes to complex molecular architectures that

require only sub-stoichiometric amounts of metal.
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3.5 Experimental Section

3.5.1 Preparation of Half-thread 3

El 3

Scheme 3.6 a) p-TsCl, CH;Cl;, 0 °C = RT, 18 h, 71%; d) K2CO3, butanone, 80 °C, 18 h, 82%.

E2

A solution of 4-pentyn-1-ol (5.96 g, 70.9 mmol, 1 equiv.) and EtzN (20 mL, 138 mmol, 2
equiv.) in anhydrous CH>Cl; (200 mL) was cooled to 0 °C. p-Toluenesulfonyl chloride
(14.33 g, 75.2 mmol, 1.05 equiv.) was added and the solution was stirred at RT for 18 h.
The reaction was quenched with water (100 mL). The organic layer was separated,
dried (MgSO0.), filtered, concentrated under reduced pressure and the resulting crude
oil was purified by column chromatography (Gradient, hexane/CH:Cl; 9:1 then 5:5) to
yield tosylate E2 as a colorless oil (11.99 g, 71%). tH NMR (400 MHz, CDCl3, 298 K): § =
7.77 (d,] = 8.3 Hz, 2H, H¢), 7.33 (d, ] = 8.3 Hz, 2H, Hy), 4.12 (t,/ = 6.1 Hz, 2H, Hq), 2.43 (s,
3H, Ha), 2.23 (td, / = 6.9 Hz, 2.6 Hz, 2H, Hy), 1.87 (t, / = 2.6 Hz 1H, H), 1.84 (m, 2H, He);
13C NMR (100 MHz, CDCI3): § = 144.8, 132.8, 129.8, 127.8, 82.0, 69.4, 68.7, 27.6, 21.6,
14.6; LRESI-MS: m/z = 238 [M]+; HRESI-MS: m/z = 238.06547 [M]* (calcd. for C12H1403S,
238.06582).

1-(pent-5-ynoxy)-4-(tris-(4-tert-butyl-phenyl)-methyl)-benzene (3)
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A solution of 4-[tris-(4-tert-butylphenyl)methyl]phenol (E1) 15 (5.00 g, 9.95 mmol, 1
equiv.) and tosylate E2 (3.81 g, 15.91 mmol, 1.6 equiv.) in butanone (75 mL) containing
K2CO03 (6.9 g, 50 mmol, 5 equiv.) and 18-crown-6 (50 mg) was heated under reflux for
42 h. After cooling to room temperature, the reaction mixture was filtered through a
sintered glass funnel and the solid washed with CHzCl; (50 mL). The combined organic
phases were concentrated under reduced pressure and the resulting residue was
dissolved in CH2Cl; (150 mL), washed with water (2 x 100 mL), and dried (MgSO.).
After removal of the solvent the residue was purified by column chromatography
(CH2Clz/MeOH 97:3) to give alkyne 3 as a colorless solid which was recrystallized from
hot hexane (4.66 g, 82%). M.p. 228-230 °C; 1H NMR (400 MHz, CDCl3, 298 K): 6 = 7.22
(d,J=8.7 Hz, 6H, Hy), 7.07 (d, ] = 8.7 Hz, 6H, H.), 6.76 (d, ] = 9.0 Hz, 2H, Hq), 6.76 (d,] =
9.0 Hz, 2H, He), 4.04 (t,] = 6.1 Hz, 2H, Hy), 2.40 (td, / = 7.0Hz, 2.7 Hz, 2H, Hy), 1.99 (m, 2H,
Hg), 1.96 (t, / = 2.7 Hz, 1H, H;), 1.30 (s, 27H, H,); 13C NMR (100 MHz, CDCl3, 298 K): & =
156.6, 148.3, 144.1, 139.6, 132.2, 130.7, 124.0, 12.9, 83.6, 68.8, 65.9, 63.0, 34.3, 31.4,
28.2, 15.2; LRFAB-MS (3-NOBA matrix): m/z = 570 [M]*; HRFAB-MS (3- NOBA matrix):
m/z =570.38676 [M]* (calcd. for C42Hs00, 570.38617).

3.5.2 Preparation of Pd-complexes

Complexes 2a1%a and 2d19P were prepared according to literature procedures.

1b

2b
E3

E4
E5

Scheme 3.7 a) 1. Zn, I, DMF, 80 °C, 4 h, 2. 2,6-dibromopyridine, Pd(PPhz),, DMF, RT, 20 h; b) BBr3,
CH:Cl;, -78 °C — RT, 1 h, 50% (over three steps); c) 1,10-dibromodecane, K;CO3, DMF, 100 °C, 24 h,
36%; d) Pd(MeCN):Cl;, CHzCl;, RT, 1 h, 90%.
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E6

1c 2c

E7
E8

Scheme 3.8 a) NiCl;-6H:z0, PPhs, Zn, DMF, 50 °C, 3 h, 82%; b) 1-Allyloxy-4-bromomethylbenzene,1¢
NaH, DMF, 0 °C — RT, 16 h, 84%; c) Pd(PPh3)s4, aniline, 30 °C, 2 ., 88%; d) 1,10-dibromodecane,
K>CO3, DMF, 80 °C, 16 h, 31%; d) Pd(MeCN):Cl;, CHCl;, RT, 2.5 h, 88%.

le 2e

E10
E9

Ell

Scheme 3.9 a) SOCIz, pyridine, CH;Cl;, 0 °C — RT, 16 h, 99%; b) K2COs, butanone, 80 °C, 72 h, 19%;
c) Pd(MeCN)4(BF4);, MeCN, reflux, 2 h, then brine, RT, 2 h, 41%.

E4

To a stirred suspension of Zn (0.98 g, 15 mmol, 1.50 equiv.) in DMF (10 mL) at RT was
added I (130 mg, 0.50 mmol, 0.05 equiv.) and the mixture stirred until the colour of
the iodine had disappeared (approximately 2 min). 4-(4-Methoxyphenyl)propyl
bromide (E3)17 (2.3 g, 10 mmol, 1.00 equiv.) was added and the reaction mixture was
heated to 80 °C for 4 h after which time the reaction mixture was cooled to RT and 2,6-
dibromopyridine (0.95 g, 4.0 mmol, 0.40 equiv.) was added followed by Pd(PPh3)4 (0.12
g, 0.10 mmol, 0.01 equiv.) and the reaction mixture stirred for a further 16 h at RT. The

suspension was then partitioned between aqueous NH3 (10 M, 200 mL) and EtOAc (200
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ml) and the layers separated. The organic phase was washed with H,0 (200 mL) and
brine (200 mL), dried (MgS04) and the solvent removed under reduced pressure.
Purification by column chromatography (CH:Cl; then 2% MeOH in CH»Cl,) gave 2,6-bis-
[3-(4-methoxyphenyl)propyl]pyridine (E4) as a pale yellow oil (1.2 g, 80%). 1H NMR
(400 MHz, d4-MeOD, 298 K): 6 = 7.48 (t,J = 7.5, 1H, Ha), 7.11 (d, ] = 8.5, 4H, Hg), 6.94 (d,
J=7.5, 2H, Hg), 6.82 (d, ] = 8.5, 4H, Hg), 3.78 (s, 6H, Ox), 2.79 (t, ] = 8.0, 4H, Hc), 2.62 (t,]
= 8.0, 4H, Hg), 2.05-1.97 (m, 4H, Hp); 13C NMR (100 MHz, d4-MeOD, 298 K) 6 = 161.3,
157.5, 136.3, 134.3, 129.2, 119.7, 113.6, 55.1, 37.9, 34.5, 31.9; LRESI-MS (MeOH/TFA):
m/z =376 [M+H]*.

E5

To a solution of dimethylether E4 (1.2 g, 3.2 mmol, 1 equiv.) in CH>Cl; (20 mL) at-78 °C
was added BBr; (1.5 mL, 16 mmol, 5 equiv.) and the reaction warmed to RT over 2 h. At
this time the reaction was diluted with CH2Cl; (200 mL) and sat. NaHCO3 (200 mL)
followed by MeOH until all the solids dissolved. The layers were separated and the
aqueous phase extracted with CH;Cl;/MeOH 98:2 (200 mL). The combined organic
extracts were dried (MgS04) and concentrated under reduced pressure. Purification by
column chromatography (CH:Cl; then 5% MeOH in CH:Cl;) gave the diphenol U-shape
E5 as a pale yellow solid (700 mg, 63%). M.p. 42-44 °C; tH NMR (400 MHz, CDCl;, 298
K): 6=9.14 (s, 2H, Hy), 7.57 (t,] = 7.5 Hz, 1H, Ha), 7.02 (d, / = 7.5 Hz, 2H, Hg), 6.97 (d, ] =
8.5, 4H, Hg), 6.66 (d,] = 8.5, 4H, H¢), 2.67 (t,] = 7.5, 4H, Hc), 2.48 (t,/ = 7.5, 4H, Hg), 1.92-
1.85 (m, 4H, Hp); 3C NMR (100 MHz, CDCls, 298 K): § = 160.7, 156.2, 136.6, 132.0,
129.1, 119.8, 115.0, 36.9, 33.9, 31.4; LRFAB-MS (3-NOBA matrix): m/z = 348 [M+H]*;
HRFAB-MS (3-NOBA matrix): m/z = 348.19629 [M+H]* (calcd. for Cz3H2NO3,
348.19635).
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1b

To a solution of diphenol U-shape E5 (348 mg, 1 mmol, 1 equiv.) in DMF (500 mL) was
added K>CO3 (2.76 g, 20 mmol, 20 equiv.) and 1,10-dibromodecane (300 mg, 1 mmol, 1
equiv.) and the resulting suspension stirred for 24 h at 100 °C. The solvent was
removed under reduced pressure and the residue dissolved in EtOAc (200 mL). This
solution was washed with NaHCO3 (200 mL), H,O (200 mL) and brine (200 mL), then
dried (MgS04). The solvent was removed under reduced pressure and the residue
purified by column chromatography (hexane/EtOAc 9:91) to provide macrocycle 1b as
a colourless oil which crystallised as a colourless solid on standing (174 mg, 36%); M.p.
50-54 °C; 'H NMR (400 MHz, CDCl3, 298 K): § = 7.49 (t,] = 7.6 Hz, 1H, Ha), 7.06 (d, ] =
8.6 Hz, 4H, Hg), 6.97 (d,J = 7.7 Hz, 2H, Hg), 6.78 (d, ] = 8.6 Hz, 4H, H¢), 3.94 (t,] = 6.4 Hz,
4H, Hy), 2.80 (t, ] = 7.8 Hz, 4H, Hc), 2.64-2.52 (m, 4H, Hg), 2.05-1.93 (m, 4H, Hp), 1.76 (dt,
J =6.7, 6.7 Hz, 4H, Hi), 1.51-1.31(m, 4H, Hj), 1.31-1.25 (m, 8H, HK, H.); 13C NMR (100
MHz, CDCI3): § = 161.3, 157.1, 136.4, 134.2, 129.2, 119.9, 114.3, 67.4, 37.9, 34.7, 32.4,
28.8, 28.6, 28.2, 25.5; LRFAB-MS (3-NOBA matrix): m/z = 486 [M+H]+; HRFAB-MS (3-
NOBA matrix): m/z = 486.33723 [M+H]* (calcd. for C33H44NO2, 486.33721).

2b
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A solution of pyridine macrocycle 1b18 (116 mg, 0.24 mmol, 1 equiv.) and trans-
bis(acetonitrile)dichloropalladium(II) (62 mg, 0.24 mmol, 1 equiv.) in CH2Cl; (5 mL)
was allowed to stir at room temperature under N; for 1 h. The solvent was removed
under reduced pressure and the resulting orange solid was purified by recrystallisation
(CH2Cl;/MeCN 1:1) to give palladium complex 2b as a yellow-orange solid (152 mg,
90%). M.p. 214-218 °C; *H NMR (400 MHz, CDCl3/d3-MeCN 9:1, 298 K): 6 = 7.35 (t, ] =
7.7 Hz, 1H, Ha), 7.15 (d,] = 8.5 Hz, 4H, H¥), 6.87 (d,] = 7.7 Hz, 2H, Hs), 6.70 (d, / = 8.5 Hz,
4H, Hg), 4.01 (t, ] = 8.0 Hz, 4H, Hu), 3.87 (t, ] = 6.6 Hz, 4H, Hc), 2.77 (t, ] = 6.8 Hz, 4H, Hg),
2.25 (tt, /= 6.8 Hz, 6.6 Hz, 4H, Hp), 1.64 (tt, ] = 6.8 Hz, 8.0 Hz, 4H, H;), 1.38-1.13 (m, 12H,
Hj, Hk, Hy); 13C NMR (100 MHz, CDCl3/d3-MeCN 9:1, 298 K): § = 163.7, 156.8, 138.1,
133.4,129.8,122.4, 116.4, 1144, 67.5, 39.8, 34.4, 30.5, 28.8, 28.5, 28.4, 25.5, 0.95 (m);
LRFAB-MS (3-NOBA matrix): m/z = 626 [M-Cl-MeCN]+; HRFAB-MS (3-NOBA matrix):
m/z=626.20161 [M-Cl-MeCN]+ (calcd. for C33H43CINO,106Pd, 626.20143).

E6-HCl

To a solution of PPh3 (89.3 g, 340 mmol, 4.00 equiv.) and NiCl,.6H0 (20.3 g, 85.4 mmol,
1.00 equiv.) in DMF (350 mL) was added Zn (5.6 g, 85.4 mmol, 1.00 equiv.) and the
resultant suspension stirred for 1 h (6-Bromo-pyridin-2-yl)-methanol (16.0 g, 85.1
mmol, 0.99 equiv.) was added to the deep red suspension and the reaction mixture
stirred for 2 h then allowed to cool to RT. The mixture was poured into a mixture of
conc. NHz (250 mL), H20 (250 mL) and sat. EDTA/K2CO3 (100 mL) and extracted with
CHCl3/iPrOH 3:1 (4 x 500 mL). The combined organic phases were dried (MgS04) and
the solvent removed under reduced pressure. The residue was dissolved in CH»Cl, (500
mL) and HCl gas bubbled through the solution to give a white suspension. Suction
filtration gave salt E6-HCI as a colourless solid (8.8 g, 82%); M.p. 208-212 °C; 1H NMR
(400 MHz, d¢-DMSO, 298 K): 6§ = 8.38 (d, ] = 7.9 Hz, 2H, Ha), 8.17 (t,/ = 7.8 Hz, 2H, Hs),
7.72 (d, ] = 7.8 Hz, 2H, Hc), 4.77 (s, 4H, Hp); 13C NMR (100 MHz, ds-DMSO, 298 K): § =
170.7 (x 2), 149.6, 131.6, 129.8, 72.7; LRESI-MS (MeOH): m/z = 217 [M+H]+; HRESI-MS
(MeOH): m/z = 216.0887 [M]* (calcd. for C12H12N202, 216.08933).
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E7

To a suspension of salt E6-HCI (1.56 g, 6.17 mmol, 1 equiv.) in DMF (30 mL) at 0 °C was
added NaH (60% dispersion in mineral oil, 0.99 g, 24.7 mmol, 4 equiv.) and the mixture
stirred until effervescence ceased. 1-Allyloxy-4-bromomethylbenzenel® (4.20 g, 18.5
mmol, 3 equiv.) was added, the cooling bath removed and the mixture was stirred at RT
for 16 h. The reaction mixture was partitioned between H,0 (150 mL) and CHCI3/iPrOH
3:1 (150 mL) and the layers separated. The aqueous phase was extracted with
CHCI3/iPrOH 3:1 (2 x 150 mL), the combined organic layers were dried (MgS04) and
the solvent removed under reduced pressure. Chromatography (Gradient CH;Cl, then
acetone/CHzCl,, 2:98) gave diallyl ether E7 as a pale yellow solid (2.64 g, 84%); M.p.
86-90 °C; 'H NMR (400 MHz, CDCl3, 298 K): § = 8.27 (d, ] = 7.8 Hz, 2H, Ha), 7.80 (t,] =
7.8 Hz, 2H, Hg), 7.49 (d,] = 7.7 Hz, 2H, H¢), 7.32 (d, ] = 8.6 Hz, 4H, H¢), 6.91 (d, ] = 8.6 Hz,
4H, Hg), 6.05 (ddt, ] = 17.3, 10.5, 5.3 Hz, 2H, Hi), 5.41 (ddt, ] = 17.3, 1.6, 1.6 Hz, 2H, H)),
5.28 (ddt, ] = 10.5, 1.4, 1.3 Hz, 2H, Hy), 4.74 (s, 4H, Hp), 4.61 (s, 4H, Hg) 4.54 (dt, ] = 5.3,
1.5 Hz, 4H, Hy); 13C NMR (100 MHz, CDCl3, 298 K): 6 = 158.3, 158.2, 155.4, 137.4, 133.2,
130.3, 1294, 121.2, 119.7, 117.7, 114.6, 73.0, 72.5, 68.8; LRFAB-MS (3-NOBA matrix):
m/z = 509 [M+H]*; HRFAB-MS (3-NOBA matrix): m/z = 509.24403 [M+H]* (calcd. for
C32H33N204, 509.24403).

E8

To a solution of diallyl ether E7 (2.64 g, 5.20 mmol, 1.00 equiv.) in THF (6 mL) was
added aniline (1.85 mL, 20.40 mmol, 4.00 equiv.) then Pd(PPh3)s (0.86 g, 0.74 mmol],
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0.15 equiv.) and the mixture stirred at 30 °C for 2 h. The mixture was poured into H,0
(100 mL) and extracted with CHCl3/iPrOH 3:1 (3 x 100 mL). The combined organic
phases were dried (MgSO4) and the solvent removed under reduced pressure.
Purification by column chromatography (CH:Cl; to MeOH/CH:Cl;, 3:97) gave the
diphenol U-shape E8 as a pale yellow oil which crystallised on standing (2.0 g, 88%);
M.p. 128-130 °C; 'H NMR (400 MHz, d4-MeOD, 298 K): § = 8.20 (d, ] = 7.7 Hz, 2H, Ha),
7.84 (t,] = 7.8 Hz, 2H, Hg), 7.55 (d, ] = 7.6 Hz, 2H, H¢), 7.22 (d, ] = 8.6 Hz, 4H, H¢), 6.78 (d,
] = 8.6 Hz, 4H, Hg), 4.90 (s, 2H, Hu), 4.66 (s, 4H, Hp), 4.54 (s, 4H, Hg); 13C NMR (100 MHz,
d4+-MeOD, 298 K): § = 159.6, 158.4, 156.7, 138.9, 130.9, 130.1, 122.8, 121.2, 116.2, 73.8,
73.6; LRFAB-MS (3-NOBA matrix): m/z = 429 [M+H]*.

1c

K2CO3 (7.5 g, 48 mmol, 10 equiv.) was added to a stirred solution of diphenol U-shape
E8 (2.06 g, 4.80 mmol, 1 equiv.) and 1,10-dibromodecane (1.44 g, 4.80 mmol, 1 equiv.)
in DMF (2 L) and the mixture heated at 80 °C for 16 h. The solvent was removed under
reduced pressure and the residue partitioned between H,0 (500 mL) and EtOAc (500
mL) and the layers separated. The aqueous phase was extracted with CH»Cl, (3 x 500
ml). The combined organic layers were dried (MgS0.) and the solvent removed under
reduced pressure. Purification by column chromatography (Petrol/EtOAc 93:7 to
75:25) gave macrocycle 1c as a colourless solid (0.85 g, 31%); M.p. 90-94 °C; 'H NMR
(400 MHz, CDCl3, 298 K): 6 =8.04 (d, ] = 7.7 Hz, 2H, Ha), 7.72 (t,] = 7.8 Hz, 2H, Hg), 7.40
(d, ] =7.6 Hz, 2H, H¢), 7.19 (d, ] = 8.5 Hz, 4H, Hr), 6.76 (d, ] = 8.6 Hz, 4H, Hg), 4.66 (s, 4H,
Hbp), 4.64 (s, 4H, He), 3.91 (t,] = 6.5 Hz, 4H, Hu), 1.70 (dt, ] = 6.6, 6.6 Hz, 4H, Hi), 1.50-1.35
(m, 4H, Hj), 1.34-1.18 (m, 8H, Hk, Hy); 3C NMR (100 MHz, CDCls, 298 K): § = 158.6,
158.5, 155.6, 137.1, 129.8, 129.6, 121.2, 119.9, 114.4, 72.5, 72.1, 67.6, 29.2, 28.8, 28.6,
25.7; LRFAB-MS (3-NOBA matrix): m/z = 567 [M+H]*; HRFAB-MS (THIOG matrix): m/z
=567.32262 [M+H]* (calcd. for C3sH43N204, 567.32228).
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2c

A solution of bipyridine macrocycle 1¢!8 (75 mg, 0.14 mmol, 1 equiv.) and trans-
bis(acetonitrile)dichloropalladium(II) (35 mg, 0.14 mmol, 1 equiv.) in CH2Cl; (5 mL)
was allowed to stir at room temperature under N for 2.5 h. The solvent was removed
under reduced pressure and the resulting orange solid was purified by recrystallisation
(CH2CLz/Et20 1:1) to yield the palladium-macrocycle complex 2¢ as an orange solid (87
mg, 88%). Mp 186-190 °C; 'H NMR (400 MHz, CDCl3, 298 K): § = 7.96 (t, ] = 7.9 Hz, 2H,
Hg), 7.86 (d, ] = 7.9 Hz, 2H, Ha), 6.87 (d, ] = 7.9 Hz, 2H, Hc), 7.28 (d, ] = 8.6 Hz, 4H, Hg),
6.79 (t, ] = 8.6 Hz, 4H, Hg), 5.20 (s, 4H, Hp), 4.64 (s, 4H, Hg), 3.87 (t, ] = 6.3 Hz, 4H, Hy),
1.65 (tt, ] = 6.3 Hz, 6.6 Hz, 4H, Hi), 1.41-1.21 (m, 16H, Hj..); 3C NMR (100 MHz, CDCl5,
298 K): 6§ =166.1,158.8, 156.1, 140.0, 130.0, 129.1, 126.1, 120.6, 114.6, 73.6, 72.6, 67.6,
28.4, 28.12, 28.05, 25.0; LRFAB-MS (3-NOBA matrix): m/z = 707 [M-Cl]*; HRFAB-MS
(3-NOBA matrix): m/z = 707.18589 [M-Cl]* (calcd. for C3sH42CIN204106Pd, 707.18651
[M-Cl]*). X-ray quality crystals were grown by slow cooling in a saturated MeCN

solution of 2c.
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Table 3.3 Crystal data and structure refinement for 2c.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume 3404.5(3) A3

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

C36H42C12N204Pd

744.02

93(2) K

0.71073 A

Monoclinic

P2(1)/c

a=15.7455(9) A a=90°
b=21.3155(12)A B =102.575(3)°
c=10.3932(6) A Y =90°

4

1.452 Mg/m3

0.743 mm™

1536

0.050 x 0.050 x 0.030 mm3
3.11 to 25.35°.

-18<=h<=18, -25<=k<=24, -12<=1<=12
28560

6096 [R(int) = 0.0517]

98.6 %

Multiscan

1.0000 and 0.4740

Full-matrix least-squares on F2
6096 /0 / 407

1.135

R1=0.0347, wR2 =0.0769
R1=0.0387, wR2 =0.0786
0.533 and -0.501 e.A3
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E10

At 0 °C, SOCl; (2.2 mL, 0.029 mol, 3 equiv.) was added to a solution of 1,10-(4-
hydroxymethylphenoxy)decane (E9)102 (3.86 g, 0.010 mol, 1 equiv.) and pyridine (3.20
mL, 0.039 mol, 1.3 equiv.) in chloroform (500 mL). The reaction mixture was stirred
under nitrogen atmosphere for 16 h. The solvent was removed under reduced pressure
and the residue was dissolved in CH2Cl; (100 mL). The organic layer was washed with
sat. NH4CI solution (2 x 100 mL) then with brine (1 x 100 mL), dried (MgS0.), filtered
and concentrated under reduced pressure. The residue was purified by flash column
chromatography (Petrol/CH:Cl; 1:1) to yield dichloride E4 as a colourless solid (4.23g,
99%); M.p. 72-74 °C; 1H NMR (400 MHz, CDCls, 298 K): 6 = 7.24 (d, 4H, ] = 8.6 Hz, Hp),
6.82 (d, 4H,J = 8.7 Hz, Hc), 4.52 (s, 4H, Ha), 3.90 (t, 4H, / = 6.5 Hz, Hp), 1.68- 1.78 (m, 4H,
Hg), 1.36-1.46 (m, 4H, Hr), 1.25-1.36 (m, 8H, He and Hy); 13C NMR (100 MHz, CDCl3, 298
K): 6§ =159.3,130.0, 129.5, 114.7, 68.0, 46.4, 29.5, 29.3, 29.2, 26.0. LRFAB-MS (3- NOBA
matrix): m/z = 422.5 [M]*, 387.4 [M-Cl]*. HRFAB-MS (3-NOBA matrix): m/z =
422.17753 [M]* (calcd. for C24H32Cl202, 422.17793).

le

To a solution of dichloride E4 (1.50 g 3.54 mmol, 1 equiv.) and 1,3
bis(mercaptomethyl)benzene (E11)° (0.60 g, 3.54 mmol, 1 equiv.) in butanone (700
mL) was added potassium carbonate (5.00 g, 35.4 mmol, 10 equiv.). The suspension

was heated at 80 °C for 72 h under nitrogen atmosphere. After cooling, the suspension
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was concentrated under reduced pressure and the residue was dissolved in CH2Cl; (50
mL). The organic layer was washed with water (2 x 150 mL), dried (MgS0.), filtered
and concentrated under reduced pressure. The residue was purified by flash column
chromatography (Petrol/CH:Cl; 6:4) to yield macrocycle 1e as a colourless solid (346
mg, 19%); M.p. 66-68 °C; TH NMR (400 MHz, CDCl3, 298 K): 6 = 7.25 (s, 2H, Hc), 7.21 (s,
1H, Hg), 7.12 (d, 4H, ] = 8.6 Hz, H¢), 6.91 (b, 1H, Ha), 6.77 (d, 4H, ] = 8.6 Hz, Hg), 3.91 (t,
4H, ] = 6.3 Hz, Hn), 3.52 (s, 4H, Hg), 3.50 (s, 4H, Hp), 1.67-1.77 (m, 4H, H;), 1.38-1.48 (m,
4H, Hj), 1.25-1.34 (m, 8H, Hk and H.); 13C NMR (100 MHz, CDCls, 298 K): 6 = 158.1,
137.9, 129.9, 129.8, 1289, 127.5, 114.4, 68.0, 67.6, 35.1, 35.0, 28.5, 28.2, 27.9, 25.3;
LRFAB-MS (3-NOBA matrix): m/z = 521.2 [M+H]+*; HRFAB-MS (3-NOBA matrix): m/z =
521.25295 [M+H]* (calcd. for C32H410S>, 521.25480).

2e

A solution of macrocycle 1e (100 mg, 0.19 mmol, 1 equiv.) and Pd(MeCN)4(BF4). (85.3
mg, 0.19 mmol, 1 equiv.) in acetonitrile (20 mL) was stirred under reflux until the
colour changed to pale yellow. After cooling to RT and evaporation of the solvent, the
resulting yellow solid was dissolved in a mixture of CH2Clz/MeCN 3:1 (20 mL) and the
reaction mixture was stirred vigorously for 2 h with brine (20 mL). The layers were
separated and the organic layer was washed with water (50 mL), dried (MgSO.),
filtered and concentrated under reduced pressure to afford palladium complex 2e as a
yellow solid (52 mg, 41%); M.p. 88-90 °C; tH NMR (400 MHz, CDClz/ds-acetone 9:1, 323
K): 6 =7.52 (d, 4H, ] = 8.6 Hz, Hr), 6.74 (d, 4H, ] = 8.7 Hz, Hg), 6.63-6.71 (m, 3H, Ha and
Hg), 3.91 (t, 4H, J = 6.2 Hz, H¢), 3.72-4.40 (bm, 8H, Hc and Hp), 1.66-1.77 (m, 4H, Hu),
1.38-1.49 (m, 4H, Hi), 1.28-1.35 (m, 8H, Hj and Hk); 13C NMR (100 MHz, ds-acetone, 298
K): 6 = 158.4, 147.9, 131.2, 125.2, 123.6, 120.9, 114.0, 67.0, 42.5, 39.9, 29.1, 27.7, 27.1,
27.0, 24.5; LRFAB-MS (3-NOBA matrix): m/z = 627.1 [M-Cl]*; HRFAB-MS (3-NOBA
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matrix): m/z = 625.14262 [M-CI]* (calcd. for Cs32H390,S:196Pd, 625.14262), m/z =
627.13991 [M_Cl]+ (calc. fOI‘ C32H390252108Pd, 627.14304).

3.5.3 Preparation of AMT Alkynes Homocoupling Rotaxanes

5

Spectroscopic data of the non-interlocked thread 5 generated during AMT Alkynes
Homocoupling rotaxane-formation reactions: Mp 140 °C (dec.); 'H NMR (400 MHz,
CDCl3, 298 K): 6 = 7.23 (d, / = 8.6 Hz, 12H, Hy), 7.08 (d, J = 8.6 Hz, 12H, H.), 6.75 (d, ] =
8.9 Hz, 4H, Hq), 6.76 (d, ] = 9.0 Hz, 4H, He), 4.01 (t, ] = 6.0 Hz, 4H, Hy), 2.47 (t,] = 6.9 Hz,
4H, Hy), 1.98 (m, 4H, Hg), 1.30 (s, 54H, Ha); 13C NMR (100 MHz, CDClI3, 298 K): 6 = 156.5,
148.2, 144.1, 139.6, 132.2, 130.7, 124.0, 112.9, 76.6, 65.9, 65.7, 63.0, 34.3, 31.4, 28.2,
16.1; LRFAB-MS (glycerol matrix): m/z = 1139.7 [M]*; HRFAB-MS (glycerol matrix):
m/z=1138.75907 [M]* (calcd. for CgsHos02, 1138.75668).

4a

A 5 mL round-bottomed flask, equipped with a drying CaCl, tube, was charged with a
solution of alkyne 3 (484 mg, 0.84 mmol, 30 equiv.) in anhydrous benzene (2 mL).
Diisopropylamine (28 mg, 0.28 mmol, 10 equiv.), copper iodide (8 mg, 42.0 umol 1.5
equiv.), macrocycle 1a (13 mg, 26.6 pmol, 0.95 equiv.) and iodine (4 mg, 14 umol, 0.5
equiv.) were added sequentially. A solution of the corresponding palladium macrocycle

complex 2a (1 mg, 1.4 umol, 0.05 equiv) in anhydrous benzene (1 mL) was slowly
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added over a period of 12 h using a syringe pump. When addition was complete the
reaction mixture was allowed to stir for a further 72 h at room temperature after which
time the crude was taken into a partition of CH2Cl, and sat. Na4;EDTA solution (15 mL)
and stirred for 1 h. The layers were separated and the aqueous layer extracted with
CH2Cl; (2 x 5 mL). The combined organic phase was then washed with brine (15 mL),
dried (MgSO0.), filtered and concentrated under reduced pressure. The resulting residue
was purified by column chromatography (hexane/CH:Cl,/MeCN 70:25:5) to afford 4a
(41 mg, 90%). 1H NMR (400 MHz, CDCl3, 298 K): 6 = 7.50 (t,/ = 7.7 Hz, 1H, Ha), 7.23 (d,]
=8.6 Hz, 12H, Hy), 7.23 (d, ] = 7.7 Hz, 2H, Hg), 7.07 (d, / = 8.6 Hz, 12H, H.), 7.07 (d, ] = 8.6
Hz, 4H, Hq), 6.95 (d, ] = 8.9 Hz, 4H, Hg), 6.67 (d, ] = 8.6 Hz, 4H, H¢), 6.44 (d,] = 8.9 Hz, 4H,
Hr), 4.52 (s, 4H, Hc), 4.28 (s, 4H, Hp), 3.84 (t, ] = 6.5 Hz, 4H, Hg), 3.51 (t,/ = 6.0 Hz, 4H,
Hy), 2.08 (t, / = 7.0 Hz, 4H, Hy), 1.64 (m, 4H, Hy), 1.55 (m, 4H, Hy), 1.30 (s, 54H, Ha), 1.35-
1.16 (m, 12H, Hj;, Hj, Hk); 13C NMR (100 MHz, CDCl3, 298 K): § = 158.7, 157.7, 156.4,
148.2, 144.2, 139.3, 136.9, 132.0, 130.7, 129.8, 129.1, 124.0, 119.4, 114.5, 112.8, 72.2,
70.8, 67.2, 65.8, 65.6, 63.0, 34.3, 31.4, 29.7, 29.6, 28.74, 28.69, 28.0, 25.7, 15.8; HRFAB-
MS (3-NOBA matrix): m/z = 1630.05527 [M+1+H]* (calcd. for 13C12Ci14 Hi3sNOe,
1630.05577).

4b

A suspension of alkyne 3 (30 mg, 0.053 mmol, 2.5 equiv.), Pd-macrocycle 2b (15 mg,
0.021 mmol, 1 equiv.) and diisopropylamine (2 mL) was sonicated at RT for 10 min.
Copper(I) iodide (1 mg, 5.3 pmol, 0.25 equiv.) was added and the resulting suspension
allowed to stir at RT for 23 h CH:(Cl, silica and a basic solution of EDTA (aq.) were
added and air was bubbled through the resulting suspension for 1 h. The aqueous layer
was extracted with CH2Cl; (x 3) and the combined organic layers dried (MgSO4). The
crude mixture was purified by preparative TLC (hexane/CH,Cl,/MeCN 7:2.5:0.5) to
yield 4b as a pale yellow film (10 mg, 30%). 'H NMR (400 MHz, CDCl3, 298 K): 6 = 7.31
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(t.J=7.6 Hz, 1H, Ha), 7.23 (d,/ = 8.6 Hz, 12H, Hy), 7.09 (d,/ = 8.6 Hz, 12H, H), 6.97 (d, ] =
8.9 Hz, 4H, Hr), 6.88 (d,/ = 8.5 Hz, 4H, Hq), 6.82 (d,] = 7.6 Hz, 2H, Hg), 6.64 (d,] = 8.5 Hz,
4H, He), 6.49 (d,] = 8.9 Hz, 4H, H¢), 3.85 (t,J = 6.5 Hz, 4H, Hu), 3.51 (t, ] = 6.1 Hz, 4H, Hy),
2.67 (t,] = 8.3 Hz, 4H, Hc), 2.54 (t, ] = 8.0 Hz, 4H, Hg), 2.02 (t,/ = 7.1 Hz, 4H, Hy), 1.78 (m,
4H, Hp), 1.64 (m, 4H, H)), 1.53 (m, 4H, Hg), 1.35-1.19 (m, 12H, Hj, Hk, H.), 1.30 (s, 54H,
H.); 13C NMR (100 MHz, CDCI3): 6 = 161.5, 157.0, 156.4, 148.2, 144.2, 139.3, 136.5,
133.9, 132.0, 130.7, 129.2, 124.0, 119.7, 114.6, 112.9, 67.3, 65.9, 65.7, 63.0, 38.5, 35.3,
34.3, 33.0, 31.4, 29.6, 29.7, 28.74, 28.70, 28.0, 25.7, 15.8. LRFAB-MS (3-NOBA matrix):
m/z = 1626 [M+H]+; HRFAB-MS (3-NOBA matrix): m/z = 1626.09732 [M+H+1]* (calcd.
for 13C12C161H142N04, 1626.09724).

4c

A 5 mL round-bottomed flask, equipped with a drying CaCl;, tube, was charged with a
solution of alkyne 3 (470 mg, 0.82 mmol, 30 equiv.) in anhydrous benzene (1 mL).
Diisopropylamine (28 mg, 0.28 mmol, 10 equiv.), copper iodide (10 mg, 53.0 pmol, 1.5
equiv.), macrocycle 1c (15 mg, 26.9 umol, 0.95 equiv.) and iodine (4 mg, 14.0 umol, 0.5
equiv.) were added sequentially. A solution of the corresponding palladium macrocycle
complex 2¢ (1 mg, 1.37 pmol, 0.05 equiv.) in anhydrous benzene (1 mL) was slowly
added over a period of 12 h using a syringe pump. When addition was complete the
reaction mixture was allowed to stir for a further 72 h at room temperature after which
time the crude was taken into a partition of CH2Cl; and sat. Na4;EDTA solution (15 mL)
and stirred for 1 h. The layers were separated and the aqueous layer extracted with
CH2Cl; (2 x 5 mL). The combined organic phase was then washed with brine (15 mL),
dried (MgS0,), filtered and concentrated under reduced pressure. A solution of KCN
(19 mg, 0.28 mmol, 10 equiv.) in MeOH (3 mL) was added to the solution of the crude
products in CH2Cl (3 mL). After stirring at RT for 1 h, the solvents were removed under

reduced pressure. The resulting residue was dissolved in CH;Cl,;, washed with water,
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brine and dried (MgS0.). The resulting residue was purified by column
chromatography (hexane/CH:Cl/MeCN 70:25:4) to afford the 4c (37 mg, 76%). H
NMR (400 MHz, CDCls, 298 K): 6 = 8.02 (d, /] = 7.6 Hz, 2H, Ha), 7.51 (dd, / = 7.8, 7.6 Hz,
2H, Hg), 7.28 (d, ] = 7.8 Hz, 2H, H¢), 7.16 (d, ] = 8.6 Hz, 12H, Hy), 7.00 (d, ] = 8.6 Hz, 12H,
Hc), 6.96 (d, ] = 8.6 Hz, 4H, Ha), 6.86 (d, ] = 8.9 Hz, 4H, Hs), 6.54 (d, ] = 8.6 Hz, 4H, H.),
6.32 (d,] = 8.9 Hz, 4H, H¢), 4.51 (s, 4H, Hp or Hg), 4.49 (s, 4H, Hpor Hg), 3.69 (t,] = 6.6 Hz,
4H, Hu), 3.44 (t, /] = 6.0 Hz, 4H, Hy), 2.02 (t, / = 7.0 Hz, 4H, Hy), 1.56-1.41 (m, 8H, Hg, Hi),
1.23 (s, 54H, Ha), 1.21-1.06 (m, 12H, Hy, Hk, Hj); 13C NMR (100 MHz, CDCl3, 298 K): 6 =
158.6, 158.2, 156.4, 155.3, 148.2, 144.2, 139.3, 137.0, 134.7, 132.0, 130.7, 129.7, 124.0,
121.3,119.6, 114.4, 112.8, 72.4, 72.2, 67.6, 65.8, 65.6, 64.2, 63.0, 34.3, 31.4, 29.4, 28.9,
28.8, 28.0, 25.8, 15.8; LRFAB-MS (3-NOBA matrix): m/z = 1707 [M+1+H]*; HRFAB-MS
(3-NOBA matrix): m/z = 1707.08219 [M+1+H]+ (calcd. for 13C12C119H141N20s,
1707.08232).
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Chapter IV
4.1 Synopsis

This Chapter presents an extension of the Pd(1l)-catalysed alkyne homocoupling strategy
towards the accomplishment of a cross-coupling AMT protocol for the preparation of
[2]rotaxanes. Because Pd(0) species do not ligate to our macrocycles and produce only
non-interlocked products, they have to be replaced by Pd(Il)-based catalyst. The Pd(Il)
oxidative Heck cross-coupling reaction was used to achieve this goal. Coordination of
Pd(1I) to an endotopic bipy-containing macrocycle allows the boronic acids and alkenes to
bind to the transition metal in such a way that the metal-mediated bond-forming reaction

takes place through the cavity of the macrocycle, forming a rotaxane.

A variety of boronic acids and alkenes are demonstrated to form [2]rotaxanes in excellent
yields using catalyst’s loadings as low as 1 mol%, which makes it one of the most efficient

and powerful methods for the preparation of MIAs.
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4.2 Introduction

Palladium-catalysed cross-coupling reactions are extremely powerful tools for organic
synthesis, routinely providing efficient protocols for the construction of C-C bonds.!
Following the success of the palladium(Il) catalysed alkyne homocoupling for the
active-template synthesis of [2]rotaxanes (see Chapter III), we attempted to extend this
methodology to palladium cross-coupling reactions. Typical Pd catalysed cross-
coupling reactions are mediated by Pd(0) (Heck, Suzuki, Negishi, Kumada, Stille,
Hiyama, Sonogashira). As seen in Chapter III, as a consequence of the reductive
elimination of the two alkyne ligands into the corresponding diyne product, the Pd(0)
produced is not anymore - or is weakly - bound to the pyridine nitrogen atom of the
macrocyclic ligand. This observation, together with the lack of success utilising classical
Heck reaction conditions to assemble [2]rotaxanes (Paragraph 4.3.1), suggests that
Pd(0) is not ligated successfully by our pyridine-based macrocycles. This allows the
catalyst to direct the reaction not through the cavity of the macrocycle to afford
[2]rotaxane, but freely in solution wherein only non-interlocked products are
produced. There are two possible ways to overcome this issue: the design and
fastidious synthesis of novel macrocyclic ligands able to maintain the Pd(0) catalyst (i.e.
phosphines, carbene) as seen in Scheme 4.1a, or to turn our attention towards Pd(II)-

mediated cross-couplings as to avoid Pd(0) ones (Scheme 4.1, b).

Scheme 4.1 Strategies to avoid Pd(0)-mediated cross-couplings: a) Design and synthesis of new
macrocyclic ligands (phosphines or NHC); b) Using reactions mediated by Pd(I]).

Recently, Pd(II)-catalysed cross-couplings have been developed as a novel alternative

to the traditional Pd(0) systems, offering a change in both mechanism and reaction
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parameters.2 Studies have shown that bidentate ligands such as bipyridine and
phenanthroline are the most efficient for promoting oxidative Heck reactions at room

temperature.2ac

Scheme 4.2 Conventional vs. oxidative conditions for the Heck reaction.
4.3 Results and Discussion

4.3.1 Initial Attempts using Pd’-mediated Heck Cross-coupling

Initial attempts to construct rotaxanes using Pd(0)-catalysed reactions with various
mono-, bi-, and tridentate macrocycles, shown in Scheme 4.3, were unsuccessful in
producing rotaxanes: non-interlocked thread 5 was generated in good yields in all

cases (80-90%) but the desired [2]rotaxanes were detected neither by 1H NMR nor by
ESI-MS.

2a-e

2a 2e
2b 2c 2d

Scheme 4.3 Attempted active-template Pd(0)-catalyzed heck cross-couplings. 1a-e are the
corresponding metal-free macrocycles.
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Because the Pd(0) does not remain coordinated to the macrocycle during key stages of
the catalytic cycle, we reasoned that Pd(II) should be ligated strongly by the bipyridine
macrocycle 1a, thereby remaining attached inside the cavity of the macrocycle during

the crucial C-C bond-forming step.

4.3.2 Pd(Il) Oxidative Heck: Initial Screening Conditions

A number of different oxidants and solvent systems were screened for the reaction
shown in Scheme 4.4: The Pd-macrocycle complex is formed in situ by mixing
macrocycle 1a (1 equiv) with a catalytic quantity (10 mol %) of Pd(OAc).. Addition of
boronic acid 6 (2 equiv), alkene 4 (1 equiv), and an oxidising agent (1 equiv), followed
by simple stirring under an atmosphere of oxygen at room temperature for 72 h, led to
the desired [2]rotaxane 7 and its corresponding non-interlocked thread 8. According to
Jung and co-workers,?P the oxidative Heck cross-coupling shows the greatest efficiency
in polar aprotic solvents. However, owing to the low solubility of both half-threads in
solvents such as DMF and DMA, we decided to turn our attention to a mixture of

DMF/chloroform 1:1 as solvent system.

la

R = (tBUC6H4)3CC5H4-

+ non-interlocked thread

Scheme 4.4 Oxidative Heck cross-coupling for AMT the synthesis of rotaxane 5 from boronic acid 3
and activated vinyl ester 4.

The reaction in DMF/CHCI3 under an oxygen atmosphere gave an excellent conversion

(>98%) but only 40% yield of the corresponding [2]rotaxane 7 (Table 4.1, entry 1).
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Substituting oxygen for iodine (Table 4.1, entry 2) seems to completely shut down the
reaction, possibly due to the fact that boronic acids can be converted into the
corresponding aryl iodide with the presence of iodide ions in oxidative conditions,34
and therefore are unable to react under the oxidative Heck cross-coupling conditions.
The use of Cu(OAc): led to very little reaction conversion (22%, no rotaxane, entry 3).
Using benzoquinone (BQ) as an oxidising agent provides much cleaner conversion
(entry 4) even if the yield of the [2]rotaxane was sightly lower (22%). Based on these
observations, we decided to use a combination of BQ and oxygen as oxidising agents. As
expected, the rotaxane-formation reaction in neat DMF (BQ + O; as oxidants, entry 5)
did not lead to a significant improvement (55% conversion, 16% of 7). However,
carrying out the same reaction in neat chloroform (entry 6) and in CH2Cl; (entry 7)
gave similar results as the conditions used in Table 4.1, entry 1 (70% conversion, 48%
of 7, >98% conversion, 45% of 7, respectively). Surprisingly, the use a 1:1 mixture of
CHCI3/CH2Cl; was found to be the optimal solvent system for the studies presented here
(73% of 6, entry 8). The presence of BQ is necessary for an efficient rotaxane-formation
reaction as seen in Table 4.1, entry 8: optimal conditions with O as the only oxidant

reduced the yield of rotaxane 7 to 24% (entry 9).

Table 4.1 Effect of oxidant and solvent the Pd(Il) oxidative Heck cross-coupling to [2]rotaxane 7

Entry Solvent system Oxidant Conversion 4+6 — 7+8 Yield of rotaxane 1a—7

1a DMF/CHCl3 1:1b 02 >98% 40%
2a DMF/CHCls 1:1 I2 <1% 0%

3a DMF/CHCls 1:1 Cu(0Ac): 22% 0%

4a DMF/CHCl5 1:1 BQ 78% 22%
5a DMF 0z +BQ 55% 16%
62 CHCls 02 +BQ 70% 48%
7a CH2Cl2 0z +BQ >98% 45%
8a CHCl3/CHzCl2 1:1 0z + BQ >98% 73%
9a CHCl3/CH2Cl2 1:1 02 >98% 24%

aAll reactions were carried out at 16 mM concentration with respect to 1a. Reaction conditions: 6
(2 equiv.), 4 (1 equiv.) and Pd(OAc): (10 mol% with respect to 1a).bUsing 30 mol% of Pd(OAc), led
to 68% of conversion and 19% of [2]rotaxane 7.

We next investigated the effect of lowering the amount of the palladium catalyst in the
rotaxane-forming reaction. When reaction conditions presented in Table 4.1, entry 8

(CHCI3/CH2Cl; 1:1, 1 equiv. of 1a, 4 and BQ, 2 equiv. of 6, under an 0; atm.) were used
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with a loading of 5 mol% of Pd(0Ac)2, 52% of rotaxane 7 was obtained (Table 4.2, entry
2). Letting the reaction continue for a further 9 days (12 days in total) led to a complete
conversion with an impressive 70% yield of rotaxane 7 (Table 4.2, entry 3). Lowering
the amount of Pd down to 1 mol% afforded 21% of rotaxane after 3 days (entry 4) and
still produced a 66% yield of rotaxane (i.e., the metal template turns over 65 times

during the reaction!), albeit over a 16 day reaction time (entry 5).

Table 4.2 Effect of Lowering Pd(OAc); Loading for the Formation of rotaxane 5.

Entry Amt of Pd(OAc)z [equiv.] Time Conversion 4+6 — 7+8 Yield of rotaxane 1a—7
1 0.1 72h >98% 73%
2 0.05 72h 66% 52%
3 0.05 12 d. >98% 70%
4 0.01 72h 33% 21%
5 0.01 16d >98% 66%

aAll reactions were carried out at 16 mM concentration with respect to 1a. Reaction conditions: 5
(2 equiv.), 3 (1 equiv.) in CHCIl3/CHCI; 1:1.

The proposed mechanism for rotaxane formation is shown in Scheme 4.5:
transmetalation of the aryl boronic acid 6 with the Pd(II) complex 2a, followed by 7-
coordination of alkene 4, affords intermediate I. In order to achieve successful rotaxane
formation, the two building blocks that ultimately form the thread need to be held on
opposite faces of the macrocycle and the palladium needs to retain the stoppered
ligands until it has mediated a covalent bond-forming reaction between them.
Migratory insertion followed by -Hydride elimination thus forms a mechanical as well
as a covalent bond. Decomplexation of the weakly binding Pd(0) liberates free rotaxane
7. Reoxidation of Pd(0) to Pd(II) regenerates the catalytically active complex 2a and

enables the reaction to be conducted using substoichiometric amounts of palladium.
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la
2a

R= (tBUCsH4)3CC6H4-

Scheme 4.5 Proposed catalytic cycle for the oxidative Heck active-template synthesis of [2]rotaxane
7 from 1a, 4, and 6.
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4.3.3 'HNMR of the Interlocked Structure

The 'H NMR spectrum of rotaxane 7 in CDCl; (Figure 4.1, b) shows an upfield shift of
several signals with respect to the non-interlocked components (Figure 4.1, a and c).
The shielding, typical of interlocked architectures in which the aromatic rings of one
component are positioned face-on to another component, occurs for all nonstopper
resonances of the axle (Ht,), indicating that the macrocycle accesses the full length of
the thread in the rotaxane. However, the resonances of the protons on the half of the
axle bearing the aryl ring (Hm-o) are shielded to a greater extend than those on the other
half (Hen). This preference of the macrocycle for the aromatic region of the thread is

probably a result of both m-stacking interactions and solvation effects.

Figure 4.1 1H NMR spectra (400 MHz, CDCl3, 298 K) of a) macrocycle 1a, b) [2]rotaxane 7, c)non-
interlocked thread 8. The assignments correspond to the lettering shown in Scheme 4.5.

4.3.4 Substrate Scope

To examine if this new cross-coupling approach to [2]rotaxanes is tolerant of a range of
different cross-coupling partners, we screened a number of alkene and boronic acid
functionalised half-threads, generating a variety of [2]rotaxanes (Table 4.3). Vinyl
ketone 9 and styrene derivative 11 can replace vinyl ester 4 as the alkene cross-
coupling partner to produce the corresponding rotaxanes 10 and 12 in 70% and 50%
yields, respectively (Table 4.3, entries 2 and 3). The electron-poor aryl boronic acid 13

can also be used in place of the electron-rich aryl boronic acid 6 without affecting the
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yield (14, 76%, entry 4). The rotaxane-forming reaction, however, is sensitive to steric
hindrances although trisubstituted alkenes can be formed in high yields using the
oxidative Heck method; the attempted coupling of disubstituted alkene 15 with boronic
acid 3 resulted in only traces of the corresponding rotaxane 16. Alkene boronic acid 17
also proved suitable as a substrate, giving butadiene [2]rotaxane 18 in 30% yield

(Table 4.3, entry 6).

Table 4.3 Substrate Scope in the Oxidative Heck Active-Template Synthesis of [2]Rotaxanes.?

Entry Alkene used Boronic acid used Rotaxane, yield [%]
1
4 6 7,73%
2
9 6 10, 70%
3
11 6
12, 50%
4
4 13 14, 76%
5
15 6 16, trace
b
6 17
4 c
18, 30%

2R = (tBuCsH4)3CCsH4O(CH;)3-. Reaction conditions: macrocycle 1 (1 equiv), Pd(OAc); (10 mol %),
alkene (1 equiv), boronic acid (2 equiv) and benzoquinone (BQ, 1 equiv) in CHCl3/CHCl; 1:1 were
allowed to stir under O; at RT for 72 h. bConditions as for other entries except alkene 4 (1.2 equiv.),
boronic acid 17 (3 equiv), no benzoquinone, CHCl3/DMF 1:1 as solvent. All reactions were carried
out at a concentration of 16 mM. <Unoptimised yield. Rotaxane 18 proved difficult to isolate free
from the accompanying by-product thread.
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4.4 Conclusion

The introduction of active-template palladium cross-coupling routes to [2]rotaxanes
opens up the possibility of using one of the most powerful bond-forming methodologies
in organic chemistry for the assembly of MIAs. The reaction is mild, substrate-tolerant,
and essentially traceless with respect to the thread, and as little as 1% of the catalytic

Pd(II) template is required.

4.5 Experimental Section

4.5.1 Preparation of Half-threads

Half-thread 9 was prepared according to the literature procedure.

El E2 4

Scheme 4.6 a)1-bromopropanol, K;CO3, butanone, 80 °C, 48h, 92%; b) acryloyl chloride, EDCI, NEt;
DMAP, CHCl;, 0 °C — RT, 2h, 63%.

El E3

Scheme 4.7 a) 1-bromopropanol, PPhs, DIAD, THF, 0°C — RT, 48h, 72%; b) p-iodophenol, K2COs3,
butanone, 80 °C, 48 h, 91%; c) n-BulLi, THF, -78 °C, 30 min. then B(OMe)3, -78 °C — RT, 18 h, then
HCL, 71%.
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E2 3
11 13

Scheme 4.8 a) Crotonoyl chloride, EDCI, NEt; DMAP, CH:Cl;, 0 °C — RT, 18h, 53%; b) DBU, THF, 0°C
— RT, 18 h, 87%; c) p-iodo-benzoic acid, EDCI, NEts, DMAP, 0 °C — RT, 19h, 71%; d) bis-(2-
dimethylaminoethyl)-ether, iPrMgCl, THF, 15 °C, B(OMe)3, 0 °C, 20 min. 77%. e) 4-vinylbenzoic
acid, EDCI, NEts DMAP, CHCl;, 0 °C — RT, 18h, 72%;

E6 17

Scheme 4.9 a) Catechol borane, THF, 0 °C, then 18 h, reflux, 42%.
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E2

To a solution of 4-[tris-(4-tert-butylphenyl)methyl]phenol (E1)® (2.00 g, 4.00 mmol, 1.0
equiv.) and 1-bromopropanol (0.52 mL, 6.00 mmol, 1.5 equiv.) in butanone (160 mL)
was added potassium carbonate (5.94 g, 39.6 mmol, 10 equiv.). The suspension was
heated at 80 °C for 48 h under nitrogen atmosphere. After cooling, the suspension was
concentrated under reduced pressure and the residue was dissolved in CH2Cl, (50 mL).
The organic layer was washed with water (3 x 50 mL), dried (MgS0s4), filtered and
concentrated under reduced pressure. The residue was redissolved in CH2Cl; (10 mL)
and precipitated with MeOH. The precipitate was filtered, washed with MeOH and dried
under reduced pressure to yield the alcohol E2 as a colorless solid (2.05 g, 92%). M.p.
290-292 °C. 'H NMR (400 MHz, CDCls, 298 K): 6 = 7.23 (d, / = 8.6 Hz, 6H, Hy), 7.08 (d, ] =
8.6 Hz, 8H, Hc and Hq), 6.77 (d, /] = 8.9 Hz, 2H, H¢), 4.10 (t, / = 5.9 Hz, 2H, Hy), 3.86 (q, J =
4.8 Hz, 2H, Hy), 2.04 (m, 2H, Hy), 1.78 (t, ] = 4.8 Hz, 1H, H;), 1.30 (s, 27H, H,). 13C NMR
(100 MHz, CDCl3, 298 K): 6 = 156.4, 148.2, 144.0, 139.8, 132.2, 130.6, 124.0, 112.9, 65.7,
63.0, 60.7, 34.2, 31.9, 31.3. LRFAB-MS (3-NOBA matrix): m/z = 562.4 [M]+; HRFAB-MS
(3-NOBA matrix): m/z = 562.38193 [M]* (calcd. for C4Hs002, 562.38108).

3

4-lodobenzoic acid (264 mg, 1.07 mmol, 2 equiv.), DMAP (6.50 mg, 53.0 umol, 0.1
equiv.) and EDCI (118 mg, 0.61 mmol, 1.2 equiv.) were added successively to a solution

of the alcohol E2 (300 mg, 0.53 mmol, 1 equiv.) in CH2Cl; (10 mL). The resulting
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solution was allowed to stir at RT for 19 h. The reaction mixture was quenched by
addition of water, the aqueous layer extracted with CH:Cl, (x3) and the combined
organic layers dried (MgS04). Purification by flash column chromatography
(hexane/EtOAc 91:9) yielded the title compound 3 as a colourless solid (300 mg, 71%);
M.p. 232-234 °C. 1H NMR (400 MHz, CDCls, 298 K): 6 = 7.79 (d, J = 8.6 Hz, 2H, Hj), 7.73
(d, J = 8.6 Hz, 2H, Hj), 7.23 (d, / = 8.6 Hz, 6H, Hy), 7.08 (d, /] = 9.0 Hz, 2H, Hq), 7.07 (d, ] =
8.6 Hz, 6H, H.), 6.76 (d, / = 9.0 Hz, 2H, He), 4.51 (t,/ = 6.3 Hz, 2H, Hy), 4.10 (t, / = 6.1 Hz,
2H, Hy), 2.27-2.20 (m, 2H, Hg), 1.30 (s, 27H, Ha). 13C NMR (100 MHz, CDCl3, 298 K): 6 =
166.0, 156.5, 148.3, 144.1, 139.8, 137.7, 132.3, 131.0, 130.7, 129.7, 124.0, 112.9, 100.7,
64.1, 63.0, 62.2, 34.3, 31.4, 28.7. LRFAB-MS (3-NOBA matrix): m/z = 792 [M]+; HRFAB-
MS (3-NOBA matrix): m/z = 792.3024 [M]* (calcd. for C47Hs3031, 792.3040).

4

Triethylamine (1.86 mL, 13.3 mmol, 5.00 equiv.) was added to a solution of alcohol E2
(1.50 g, 2.67 mmol, 1.00 equiv.) in CH2Cl; (40 mL) and the resulting mixture was cooled
to 0 °C. Acryloyl chloride (0.54 mL, 6.66 mmol, 2.50 equiv.) and DMAP (49 mg, 0.40
mmol, 0.15 equiv.) was added. The resulting mixture was allowed to stir at 0 °C for 2 h
before the reaction was quenched by addition of water. The aqueous layer was
extracted with CH:Cl; (x3), washed with brine and dried (MgS0.). Purification by
column chromatography (hexane/EtOAc 75:25) provided the alkene 4 as a colourless
solid (1.04 g, 63%); M.p. 210-212 °C. 'H NMR (400 MHz, CDCl3, 298 K): 6 =7.23 (d, ] =
8.6 Hz, 6H, Hy), 7.08 (d, ] = 8.6 Hz, 8H, Hcand Hq), 7.76 (d, /] = 8.9 Hz, 2H, He), 6.40 (d,] =
17.3 Hz, 1H, H;), 6.12 (dd,J=17.3 and 11.9 Hz, 1H, H;), 5.82 (d,/=11.9 Hz, 1H, Hy), 4.36
(t, /= 6.3 Hz, 2H, Hy), 4.04 (t, / = 6.1 Hz, 2H, Hy), 2.19-2.10 (m, 2H, Hy), 1.30 (s, 27H, Ha.).
13C NMR (100 MHz, CDCl3, 298 K): § = 166.2, 156.6, 148.3, 144.1, 139.8, 139.5, 132.3,
130.7, 128.4, 124.0, 113.0, 64.1, 63.1, 61.5, 34.3, 31.4, 28.7. LRFAB-MS (3-NOBA
matrix): m/z = 616 [M]*; HRFAB-MS (3-NOBA matrix): m/z = 616.3928 [M]* (calcd. for
C43Hs203, 616.3917).
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E3

4-[Tris-(4-tert-butylphenyl)methyl]phenol (E1)¢ (3.00 g, 5.94 mmol, 1 equiv.), 3-
bromo-1-propanol (1.00 mL, 11.9 mmol, 2 equiv.) and triphenylphosphine (3.20 g, 11.9
mmol, 2 equiv.) were dissolved in THF at 0 °C. DIAD (2.30 mL, 11.9 mmol, 2 equiv.) was
added dropwise. When addition was complete the reaction mixture was allowed to stir
for a further 48 h at RT. The solution was concentrated under reduced pressure, the
residue was dissolved in CH2Cl; (10 mL) and precipitated with MeOH. The precipitate
was filtered, washed with MeOH (3 x 10 mL) and redissolved in CH;Cl,. The solution
was passed through a plug of silica (CH»Cl) to afford E3 as a colourless powder (2.68 g,
72%); M.p. 244-246 °C. TH NMR (400 MHz, CDCl3, 298 K): 6 = 7.23 (d, ] = 8.6 Hz, 6H, Hy),
7.08 (d,J = 8.6 Hz, 8H, Hc and Hq), 6.77 (d, J = 8.9 Hz, 2H, H¢), 4.08 (t, ] = 5.8 Hz, 2H, Hy),
3.60 (t, ] = 6.4 Hz, 2H, Hy), 2.27-2.35 (m, 2H, Hg), 1.54 (s, 27H, Ha). 13C NMR (100 MHz,
CDCl3, 298 K): 6 = 156.4, 148.3, 144.1, 139.8, 132.2, 130.7, 124.0, 112.9, 65.1, 63.0, 34.3,
32.4,31.4, 30.2. LRFAB-MS (3-NOBA matrix): m/z = 625.1 [M+H]+; HRFAB-MS (3-NOBA
matrix): m/z = 624.29625 [M]* (calcd. for C40H49Br0, 624.29668).

E4

To a solution of E3 (1.00 g, 1.59 mmol, 1 equiv.) and 4-iodophenol (700 mg, 3.18 mmol,
2 equiv.) in butanone (160 mL) was added potassium carbonate (2.20 g, 16.0 mmol, 10
equiv.) The suspension was heated at 80 °C for 48 h under nitrogen atmosphere. After

cooling, the suspension was concentrated under reduced pressure and the residue was
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dissolved in CHzCl; (50 mL). The organic layer was washed with a solution of NaOH 1 M
(3 x 50 mL) then with water (1 x 50 mL), dried (MgS0s4), filtered and concentrated
under reduced pressure. The residue was redissolved in CH:Cl; (10 mL) and
precipitated with MeOH. The precipitate was filtered, washed with MeOH and dried
under reduced pressure to yield the aryl iodide E4 as a colourless solid (1.10 g, 91%);
M. p. 201-203 °C. *H NMR (400 MHz, CDCls, 298 K): § = 7.53 (d, /] = 8.9 Hz, 2H, H;), 7.22
(d,J=8.6 Hz, 6H, Hy), 7.07 (d, J = 8.6 Hz, 8H, Hc and Hg), 6.76 (d, J = 8.9 Hz, 2H, Hi), 6.68
(d, ] = 8.9 Hz, 2H, He), 4.11 (t, / = 6.0 Hz, 4H, Hr and Hy), 2.19-2.27 (m, 2H, Hg), 1.30 (s,
27H, Ha). 13C NMR (100 MHz, CDCl;, 298 K): 6 = 158.7, 156.5, 148.3, 144.1, 139.7,
138.1, 132.2, 130.7, 124.0, 116.9, 112.9, 82.7, 64.6, 64.0, 63.0, 34.3, 31.3, 29.2. LRFAB-
MS (3-NOBA matrix): m/z = 764 [M+H]+*; HRFAB-MS (3-NOBA matrix): m/z =
764.30903 [M]* (calcd. for CasHs3102, 764.30903).

6

n-BuLi, (1.04 mL, 2.5 M solution in hexanes, 2.60 mmol) was added dropwise to a
solution of E4 (1.00 g, 1.30 mmol, 1 equiv.) in THF (20 mL) at -78 °C. After 30 min. of
stirring at -78 °C, trimethyl borate (0.73 mL, 6.50 mmol, 5 equiv.) was added. The
solution was stirred at -78 °C for another 2 h before it was allowed to stir for a further
18 h at RT. The reaction mixture was quenched with MeOH (2 mL) and the solvents
removed under reduced pressure. The residue was dissolved in CH2Cl, (10 mL) and
stirred vigorously for 1 h with 5% HCl (aq.) (10 mL) until the colour of the organic
layer became orange. The layers were separated and the organic layer washed with
water (50 mL), dried (MgS0,), filtered and concentrated under reduced pressure. The
residue was purified by column chromatography (gradient 1% to 5% of MeOH in
CH2Cl;) to afford the boronic acid 6 as a pale yellow powder (631 mg, 71%), M.p. 184-
186 °C. 'H NMR (400 MHz, CDCl3/ds-DMSO 95:5, 298 K): § = 7.73 (d, / = 8.6 Hz, 2H, Hj),
7.18 (d, ] = 8.6 Hz, 6H, Hy), 7.03 (d, / = 8.6 Hz, 8H, Hc and Hq), 6.85 (d, / = 8.6 Hz, 2H, H)),
6.72 (d,J =9.0 Hz, He), 6.14 (s, 2H, Hx), 4.13 (t,/ = 6.1 Hz, 2H, Hy), 4.08 (t, / = 6.2 Hz, 2H,
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Hy), 2.20 (tt, ] = 6.2, 6.1 Hz, 2H, H,), 1.25 (s, 27H, Ha). 13C NMR (100 MHz, CDCls, 298 K):
6 = 156.6, 148.2, 144.1, 139.6, 137.4, 135.8, 132.2, 130.6, 124.0, 113.9, 113.7, 112.9,
64.2,63.0,40.1, 34.2, 31.3, 29.3; LRESI-MS (MeOH/CH.Cl,): m/z = 696 [M+MeOH-H.0]".

13

To a solution of E2 (100 mg, 0.12 mmol, 1 equiv.) and bis-(2-dimethylaminoethyl)-
ether (0.028 mL, 0.15 mmol, 1.25 equiv.) in THF (1 mL) was added
isopropylmagnesium chloride (0.075 mL, 0.15 mmol, 1.25 equiv.) at 15 °C. The mixture
was stirred at RT for 20 min. and trimethylborate (0.067 mL, 0.6 mmol, 5 equiv.) was
added at 0 °C. The mixture was then quenched with HCl1 1 M (2 mL), extracted with
CH2Cl; (3 mL) and the organic phase was dried (MgS0,), filtered and concentrated
under reduced pressure. The residue was purified by column chromatography
(CH2Clz/MeOH 100:0 to 95:5) to afford the boronic acid 13 as a colourless powder (66
mg, 77%). M.p. 192-194 °C. tH NMR (400 MHz, CDCl3/ds-DMSO 97:3, 298 K): 6 = 7.91
(d, ] = 8.0 Hz, 2H, Hi), 7.83 (d, ] = 8.1 Hz, 2H, Hj), 7.13 (d, ] = 8.5 Hz, 6H, Hb), 6.98 (d, ] =
8.4 Hz, 8H, Hc and Hd), 6.68 (d, ] = 8.8 Hz, 2H, He), 6.36 (s, 2H, Hk), 4.41 (t,] = 6.1 Hz,
2H, Hh), 4.02 (t, ] = 6.0 Hz, 2H, Hf), 2.10-2.20 (m, 2H, Hg), 1.20 (s, 27H, Ha). 13C NMR
(100 MHz, CDCI3/ d6-DMSO0 9:1, 298 K): 156.2, 154.2, 148.0, 143.8, 139.4, 133.9, 131.9,
130.4, 128.2, 123.8, 112.7, 111.0, 106.9, 95.3, 63.9, 61.6, 34.0, 31.1, 28.5; LRESI-MS
(MeOH/CH:Cl2): m/z = 724 [M+MeOH-H:0]*;

11
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A solution of alcohol E2 (1.00 g, 1.72 mmol, 1.0 equiv.) and 4-vinylbenzoic acid (310
mg, 2.06 mmol, 1.2 equiv.) in CH2Cl; (50 mL) was cooled to 0 °C. EDCI (430 mg, 2.25
mmol, 1.5 equiv.) and DMAP (210 mg, 1.72 mmol, 1.0 equiv.) were added. The resulting
mixture was allowed to stir overnight at RT. The reaction was quenched by addition of
water and the resulting aqueous layer extracted with CH,Cl, (x3). The combined
organic layers were dried over anhydrous MgS0s. Purification by column
chromatography (hexane/EtOAc 9:1) provided the alkene 11 as a colourless solid (850
mg, 72%); M.p. 180-183 °C. tH NMR (400 MHz, CDCl3, 298 K): § = 7.91 (d, J = 8.3 Hz, 2H,
Hi), 7.36 (d,/ = 8.3 Hz, 2H, H;), 7.14 (d, ] = 8.5 Hz, 6H, Hy), 7.00 (d,J = 8.5 Hz, 6H, H.), 7.00
(d,J = 8.8 Hz, 2H, Hy), 6.69 (d, ] = 8.8 Hz, 2H, He), 6.66 (dd, J = 17.6, 10.9 Hz, 1H, Hy), 5.77
(d,/J=17.6 Hz, 1H, H)), 5.29 (d,] = 10.9 Hz, 1H, Hy), 4.43 (t,/ = 6.2 Hz, 2H, Hy), 4.02 (t,] =
6.1 Hz, 2H, Hy), 2.16 (tt,J = 6.2, 6.1 Hz, 2H, H,), 1.21 (s, 27H, Ha). 13C NMR (100 MHz, 298
K, CDCl3): 6 = 166.3, 156.6, 148.3, 144.1, 142.0, 139.8, 136.0, 132.3, 130.7, 129.9, 1294,
126.1, 124.3, 116.5, 113.0, 64.3, 63.1, 61.9, 34.3, 31.4, 28.9. LRFAB-MS (3-NOBA
matrix): m/z = 692.8 [M]*; HRFAB-MS (3-NOBA matrix): m/z = 692.4226 [M]* (calcd.
for Ca9Hs603, 692.4230).

E5+ 15

A solution of alcohol E2 (1.00 g, 1.78 mmol, 1.00 equiv.) and triethylamine (1.24 mlL,
8.88 mmol, 5.00 equiv.) in CH2Cl; (30 mL) was cooled to 0 °C. Crotonyl chloride (0.43
mL, 4.44 mmol, 2.50 equiv.) and DMAP (33 mg, 0.27 mmol, 0.15 equiv.) were added
before allowing the reaction mixture to stir overnight at RT. The reaction was
quenched by addition of water and the resulting aqueous layer extracted with CHCl,
(x3). The combined organic layers were washed with brine and dried (MgSO0a4).
Purification by column chromatography (hexane:EtOAc 91:9) provided the alkene E5
as a pale yellow solid (593 mg, 53%). 'H NMR (400 MHz, CDCl3, 298 K): 6 =7.23 (d,] =
8.7 Hz, 6H, Hy), 7.08 (d, ] = 8.7 Hz, 6H, H.), 7.08 (d, / = 8.9 Hz, 2H, Hq), 6.75 (d, / = 8.9 Hz,
2H, H¢), 5.92 (m, 1H, Hj), 5.16 (m, 2H, Hx), 4.29 (t, ] = 6.3 Hz, 2H, Hy), 4.02 (t,/ = 6.1 Hz,
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2H, Hy), 3.10 (dt,/ = 7.0, 1.4 Hz, 2H, H;), 2.11 (tt,/ = 6.3, 6.1 Hz, 2H, Hg), 1.30 (s, 27H, Ha).
DBU (0.18 mL, 1.19 mmol, 1.25 equiv.) was added dropwise to a solution of E5 (593
mg, 0.94 mmol, 1 equiv.) in THF (12 mL) at 0 °C. The resulting mixture was allowed to
warm slowly to RT and stirred overnight. THF was removed under reduced pressure
and the resulting oil redissolved in CH,Cl,. The organic layer was washed with 1M HCl
(ag.) (x3), the aqueous layer extracted with CH2Cl; (x3) and the combined organic
layers washed with dilute NaOH (aq.), 1M HCI (aq.), water and dried (MgSO4) to yield
the alkene 15 as a pale yellow solid (515 mg, 87%); M.p. 185-188 °C. *H NMR (400
MHz, CDCl3, 298 K): 6 = 7.13 (d, / = 8.5 Hz, 6H, Hy), 6.99 (d,/ = 8.5 Hz, 6H, H¢), 6.99 (d, ] =
8.9 Hz, 2H, Hq), 6.88 (dq, J = 15.5, 6.9 Hz, 1H, H)), 6.66 (d, ] = 8.9 Hz, 2H, H¢), 5.75 (dq, ] =
15.5, 1.6 Hz, 1H, Hi), 4.22 (t,] = 6.2 Hz, 2H, Hy), 3.93 (t,] = 6.1 Hz, 2H, Hy), 2.03 (tt, /= 6.2,
6.1 Hz, 2H, Hy), 1.77 (dd, ] = 6.9, 1.6 Hz, 2H, Hy), 1.21 (s, 27H, Ha). 13C NMR (100 MHz,
CDCI3, 298 K): 6 = 166.5, 156.6, 148.3, 144.8, 144.2, 139.7, 132.3, 130.4, 123.7, 122.6,
113.0, 64.2, 63.1, 61.1, 34.3, 31.4, 28.8, 18.0. LRFAB-MS (3-NOBA matrix): m/z = 630.8
[M]*; HRFAB-MS (3-NOBA matrix): m/z = 630.4072 [M]* (calcd. for CssHs4Os3,
630.4073).

17

At 0 °C, Catechol borane (0.12 mL, 1.09 mmol, 1.25 equiv.) was added dropwise to a
solution of alkyne E67 (500 mg, 0.87 mmol, 1 equiv.) in THF (2mL) under an
atmosphere of nitrogen. The resulting mixture was refluxed for 18 h. After cooling,
water was added dropwise and the reaction mixture was allowed to stir at RT for 1 h
CHCl; and water were added (10 mL). The aqueous layer was washed with CH2Cl, (3 x
10 mL) and the combined organic layers were washed with water and dried (MgS04).
Purification by column chromatography (hexane/EtOAc 5:5) yielded the boronic acid
17 as a pale yellow solid (225 mg, 42%). 'H NMR (400 MHz, CDCl3/ds-DMSO 95:5, 298
K): 6 =7.22 (d, ] = 8.6 Hz, 6H, Hy), 7.03-7.10 (m, 8H, Hc and Hq), 6.79 (d, / = 8.9 Hz, 2H,
He), 6.57 (dt,J = 6.3,17.9, 1H, H)), 5.46 (dt,/ = 1.3, 17.9, 1H, H;), 5.23 (bs, 2H, Hy), 3.93 (t,
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] = 6.4 Hz, 2H, Hy), 2.33 (dt, ] = 1.3, 6.8 Hz, 2H, Hy), 1.89 (dt, ] = 6.8, 6.8 Hz, 2H, H,), 1.29
(s, 27H, H.).13C NMR (100 MHz, CDCls, 298 K) § = 156.7, 151.0, 148.2, 144.1 (x2), 139.4,
132.2, 130.7, 124.0, 112.9, 66.9, 63.0, 34.3, 31.9, 31.3, 28.0. LRESI-MS: m/z = 630.4
[M+MeOH-H,0]*.

4.5.2 General Experimental Procedure for the Oxidative Heck Active-
Metal Template Reaction

A solution of the alkene half-thread (1 equiv.), boronic acid half-thread (2 equiv.), bipy
macrocycle 1a (1 equiv.), Pd(OAc). (0.1 equiv.) and benzoquinone (1 equiv.) in a 1:1
mixture of CHCl3/CHCl; was allowed to stir under a balloon of 0. After 72 h, a solution
of KCN (10 equiv.) in MeOH was added and the resulting suspension allowed to stir at
RT for 1 h. The solvents were removed under reduced pressure and the resulting crude
mixture dissolved in CHCl; and water. The aqueous layer was extracted with CHCl;
(x3), washed with brine and dried (MgS04). Purification by column chromatography
(hexane/CH:Cl,/MeCN 5:4.5:0.5) provided the rotaxane as a colourless film.

6

Following the general procedure with macrocycle 1a (9 mg, 0.016 mmol, 1 equiv.),
alkene 4 (11 mg, 0.016 mmol, 1 equiv.), boronic acid 6 (22 mg, 0.032 mmol, 2 equiv.),
Pd(OAc). (0.4 mg, 1.0 pmol, 0.1 equiv.) benzoquinone (1.7 mg, 0.016 mmol, 1 equiv.)
and KCN (11 mg, 0.160 mmol, 10 equiv.) gave a crude yellow solid. Purification by
column chromatography (hexane/CH>Cl,/MeCN 5:4.5:0.5) afforded 6 (18 mg, 62%) as
a colourless film. tH NMR (400 MHz, CDCl3, 298 K): § = 7.96 (d, / = 7.6 Hz, 2H, Ha), 7.49
(dd,J=7.8, 7.6 Hz, 2H, Hg), 7.39 (d, J = 15.9 Hz, 1H, H;), 7.28 (d, / = 7.8 Hz, 2H, Hc), 7.23
(d, ] = 8.7 Hz, 12H, Hy, Hs), 7.10-6.99 (m, 22H, H,, Hy, Hr, Hq, Hq, Hy), 6.62 (d, / = 8.6 Hz,
6H, Hg, He), 6.56 (d, ] = 8.9 Hz, 2H, Hy), 6.39 (d,] = 8.7 Hz, 2H, Hi), 6.04 (d, /= 15.9 Hz, 1H,
Hj), 4.56 (s, 4H, Hp/e), 4.55 (s, 4H, Hp/e), 4.24 (t,] = 6.2 Hz, 2H, Hy), 3.85 (t,/ = 6.2 Hz, 2H,
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Hy), 3.74 (t, ] = 6.2 Hz, 6H, Hy, Hiyo), 3.64 (t, ] = 6.2 Hz, 2H, Huyo), 2.00 (tt, J = 6.2, 6.2 Hz,
2H, Hg), 1.85 (tt, ] = 6.2, 6.2 Hz, 2H, Hy), 1.59-1.53 (m, 4H, Hi), 1.30 (s, 54H, H,, Hy), 1.26-
1.05 (m, 12H, Hj, Hg, Hy). 13C NMR (100 MHz, 298 K, CDCl3): 6 = 167.1, 160.3, 158.5,
158.2, 156.5, 156.4, 155.1, 148.2, 148.2, 144.5, 144.1 (x2), 139.5, 139.4 (x2), 136.8,
132.1,132.0, 130.6, 129.7, 129.3, 126.6, 124.0, 124.0, 121.0, 119.5, 114.9, 114.3, 114.2,
112.8 (x2), 112.8,72.4, 72.0, 67.5, 64.2, 63.9, 63.8, 63.0 (x2), 61.0, 34.2 (x2), 31.3 (x2),
29.7, 29.3, 289, 28.7 (x2), 25.7; LRFAB-MS (3-NOBA matrix): m/z = 1821 [M+H]*
HRFAB-MS (3-NOBA matrix): m/z = 1820.1117 [M+H]* (calcd. for Ci25H147N20s,
1820.1107).

10

Following the general procedure with macrocycle 1a (9 mg, 0.016 mmol, 1 equiv.),
alkene 9 (9.5 mg, 0.016 mmol, 1 equiv.), boronic acid 6 (22 mg, 0.032 mmol, 2 equiv.),
Pd(0OAc). (0.4 mg, 1.0 umol, 0.1 equiv.) benzoquinone (1.7 mg, 0.016 mmol, 1 equiv.)
and KCN (11 mg, 0.160 mmol, 10 equiv.) gave a crude yellow solid. Purification by
column chromatography (hexane/CH,Cl,/MeCN 5:4.5:0.5) afforded 10 (18 mg, 62%) as
a colourless film. 1H NMR (400 MHz, CDCl3, 298 K): 6 = 7.94 (d, / = 7.7 Hz, 2H, Ha), 7.48
(dd,J=7.7, 7.7 Hz, 2H, Hs), 7.27 (d, ] = 7.7 Hz, 2H, Hc), 7.23 (d, / = 8.5 Hz, 12H, Hy, Hy),
7.18 (d,J = 16.3 Hz, 1H, H;), 7.10-6.98 (m, 20H, H, H,, Hr, Hg, Hq), 6.99 (d, / = 8.7 Hz, 2H,
Hy), 6.65-6.57 (m, 8H, H¢, He, Hp), 6.41 (d, ] = 8.7 Hz, 2H, H)), 6.27 (d, /] = 16.3 Hz, 1H, H)),
4.55 (s, 8H, Hp, Hg), 3.80 (t,/ = 6.2 Hz, 2H, H¢), 3.78 (t, ] = 6.2 Hz, 2H, Hio), 3.74 (t, /= 6.4
Hz, 4H, Hu), 3.69 (t, ] = 6.2 Hz, 2H, Huyo), 2.58 (t, /= 7.1, 2H, Hy), 1.95 (tt, /= 7.1, 6.2 Hz,
2H, Hg), 1.90 (tt, J = 6.2, 6.2 Hz, 2H, H,), 1.59-1.53 (m, 4H, Hj), 1.30 (s, 54H, H,, Hy), 1.25-
0.80 (m, 12H, Hj, Hk, Hi). 13C NMR (100 MHz, 298 K, CDCl3): 6 = 199.4, 160.5, 158.6,
158.2, 156.7, 156.5, 155.2, 148.3, 148.2, 144.2 (x2), 142.3, 139.5 (x2), 139.4, 1384,
136.9,132.1 (x2),130.7 (x2), 129.7,129.7,124.0 (x2), 123.6,121.1,119.6, 114.4, 114.3,
112.9,112.9,72.4,72.1, 67.5, 66.7, 64.3, 63.8 (x2), 63.0, 36.7, 34.3 (x2), 31.4 (x2), 29.7,
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29.4,28.9, 28.8, 28.8, 23.6. LRESI-MS: m/z = 1804 [M+H]*; HRFAB-MS (3-NOBA matrix):
m/z = 1805.1256 [M+1+H]* (calcd. for 13C12C;24H147N20g, 1805.1191).

12

Following the general procedure with macrocycle 1a (9 mg, 0.016 mmol, 1 equiv.),
alkene 11 (11 mg, 0.016 mmol, 1 equiv.), boronic acid 6 (22 mg, 0.032 mmol, 2 equiv.),
Pd(0Ac); (0.4 mg, 1.0 umol, 0.1 equiv.) benzoquinone (1.7 mg, 0.016 mmol, 1 equiv.)
and KCN (11 mg, 0.160 mmol, 10 equiv.) gave a crude yellow solid. Purification by
column chromatography (hexane/CHCl;/MeCN 5:4.5:0.5) afforded 12 (14 mg, 48%) as
a colourless film. *H NMR (400 MHz, CDCl3, 298 K): 6 = 7.93 (d, / = 7.7 Hz, 2H, Ha), 7.78
(d,]J =8.4 Hz, 2H, Hi), 7.46 (t,/ = 7.7 Hz, 2H, Hg), 7.20-7.29 (m, Hy, Hy and H¢), 7.16 (d, ] =
8.4 Hz, 2H, H;), 7.02-7.11 (m, H,, Hq, Hs, Hr and Hg), 6.74 (d, ] = 15.9 Hz, 1H, Hy), 6.51-6.68
(m, 9H, He, Hy, H; and Hg), 4.55 (2s, 8H, Hp and Hg), 4.38 (t,/ = 6.4 Hz, 2H, Hy), 3.94 (t,] =
6.1 Hz, 2H, Hy), 3.87 (t,/ = 5.8 Hz, 2H, H, or Hy), 3.84 (t,] = 6.1 Hz, 2H, H, or Hy), 3.74 (t,]
= 6.4 Hz, 4H, Hy), 2.06-2.15 (m, 2H, Hg), 1.95-2.06 (m, 2H, Hp), 1.51-1.60 (m, 4H, Hj),
1.29 (2s, 54H, Ha and H,), 1.15-1.24 (m, 4H, Hj), 1.00-1.10 (m, 4H, Hk), 0.79-0.91 (m, 4H,
Hy). 13C NMR (100 MHz, CDCl3, 298 K): 6 = 166.2, 158.5, 158..3, 158.1, 156.5, 156.4,
155.2,148.2, 144.2, 144.2, 139.5, 136.9, 136.8, 132.3,132.1, 132.1, 131.7, 130.7, 130.7,
130.0, 129.8, 129.7, 129.6, 129.5, 128.6, 127.9, 127.3, 124.0, 124.0, 121.1, 119.6, 114.4,
114.3, 114.0, 112.8, 72.4, 72.4, 72.1, 72.1, 67.5, 64.1, 63.9, 63.0, 51.7, 34.3, 34.3, 314,
31.4,29.7,29.4, 28.9, 28.8, 28.7. 25.8. LRESI-MS: m/z = 1897.25 [M+H]+; HRFAB-MS (3-
NOBA matrix): m/z = 1896.14476 [M]* (calcd. for C131H151N2 O9, 1896.14796).
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14

Following the general procedure with macrocycle 1a (9 mg, 0.016 mmol, 1 equiv.),
alkene 4 (10 mg, 0.016 mmol, 1 equiv.), boronic acid 13 (22.7 mg, 0.032 mmol, 2
equiv.), Pd(OAc): (0.4 mg, 1.0 umol, 0.1 equiv.), benzoquinone (1.7 mg, 0.016 mmol, 1
equiv.) and KCN (11 mg, 0.160 mmol, 10 equiv.) gave a crude yellow solid. Purification
by column chromatography (hexane/CH,Cl,/MeCN 5:4.5:0.5) afforded 14(8 mg, 27%)
as a colourless film; M.p. 94-96 °C. 1H NMR (400 MHz, CDCl3, 298 K): 6=7.90 (d,] = 7.7
Hz, 2H, Ha), 7.62 (d, ] = 8.3 Hz, 2H, H)), 7.47 (t,] = 7.7 Hz, 2H, Hs), 7.30 (d, ] = 16.0 Hz, 1H,
Hj), 7.25-7.28 (m, 2H, Hc¢), 7.22 (d, ] = 8.5 Hz, 12H, Hy and Hs), 7.07 (d, ] = 8.5 Hz, 16H, H,,
Hg, Hq and H;), 7.00-7.05 (m, 6H, Hx and Hr), 6.59-6.65 (m, 8H, He, Hp and Hg¢), 6.12 (d, ] =
16.0 Hz, 1H, H;), 4.53 (2s, 8H, Hp and Hg), 4.31 (t, ] = 6.3 Hz, 2H, Hu), 4.22 (t,] = 6.3 Hz,
2H, Hy), 3.81-3.88 (m, 4H, H, and Hy), 3.74 (t, ] = 6.4 Hz, 4H, Hyu), 1.93-2.07 (m, 4H, H,
and H,), 1.51-1.61 (m, 4H, Hj), 1.29 (s, 54H, Ha and Hy), 1.15-1.24 (m, 4H, Hj), 0.78-1.15
(m, 8H, Hx and Hy). 13C NMR (100 MHz, CDCl3, 298 K): 6 = 166.3, 165.6, 158.5, 158.2,
156.4 (x2), 155.1, 148.2 (x2), 144.1 (x3), 143.1, 139.6 (x2), 136.8, 132.2 (x2), 130.7
(x2), 129.8, 129.7, 127.6, 124.0 (x2), 121.1, 120.0, 119.5, 114.3 (x2), 112.8 (x3), 72.4,
72.0, 67.5, 63.8 (x2), 63.0 (x2), 61.9, 61.4, 34.3 (x2), 31.4 (x2), 29.7, 29.4, 28.9, 28.8,
28.6, 25.8. LRFAB-MS (3-NOBA matrix): m/z = 1847.9 [M+H]*; HRFAB-MS (3-NOBA
matrix): m/z = 1849.11402 [M+1+H]* (calcd. for 13C12C125H147N2010, 1849.10893).
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18

A solution of the alkene 4 (35 mg, 0.057 mmol, 3 equiv.), boronic acid 17 (14 mg, 0.023
mmol, 1.2 equiv.), bipy macrocycle 1a (11 mg, 0.019 mmo], 1 equiv.), Pd(OAc). (0.5 mg,
1.9 pmol, 0.1 equiv.) in a 1:1 mixture of DMF/CHCI; (1 mL) was allowed to stir under a
balloon of O,. After 72 h, a solution of KCN (13 mg, 0.190 mmol, 10 equiv.) in MeOH was
added and the resulting suspension allowed to stir at RT for 1 h. The solvents were
removed under reduced pressure and the resulting crude mixture dissolved in CH:Cl;
and water. The aqueous layer was extracted with CH2Cl, (x3), washed with brine and
dried (MgS0O.). Attempts of purification by column chromatography (hexane/
CHClz/MeCN 5:4.5:0.5) afforded 7 mg of an impure sample of rotaxane 18 (20% yield)
which proved to be highly difficult to isolate free from the accompanying homo-coupled

by-product thread.

4.5.3 Spectroscopic Data of Corresponding Non-interlocked Threads

5

M.p. 152-156 °C. 1H NMR (400 MHz, CDCls, 298 K): & = 8.03 (d, ] = 8.4 Hz, 2H, H)), 7.69
(d, ] = 16.0 Hz, 1H, H;), 7.56 (d, ] = 8.4 Hz, 2H, Hy), 8.53 (d, ] = 8.5 Hz, 12H, Hy and Hy),
8.56 (d, ] = 8.5 Hz, 16H, H,, H, Ha, Hy), 6.77 (d, ] = 8.9 Hz, 4H, H and H,), 6.50 (d, ] = 16.0
Hz, 1H, Hy), 4.53 (t, ] = 6.3 Hz, 2H, Hy/m), 4.42 (t, ] = 6.2 Hz, 2H, Hym), 4.13-4.06 (m, 4H,
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H, and Hg), 2.28-2.14 (m, 4H, Hg and H,), 1.30 (s, 54H, H¢). 13C NMR (100 MHz, CDCI3): 8
166.5, 165.9, 156.5 (x2), 148.3 (x2), 144.1 (x2), 143.5, 139.8 (x2), 138.6, 132.3 (x2),
131.5, 130.7 (x2), 130.1, 127.9, 124.0 (x2), 120.4, 112.9 (x2), 64.13, 64.07, 63.0, 62.2,
61.7 (plus one overlaping peak in this region), 34.3(x2), 31.4 (x2), 28.8 (x2). LRFAB-MS
(3-NOBA matrix): m/z = 1281 [M+H]*; HRFAB-MS (THIOG matrix): m/z = 1280.7890
[M]* (calcd. for CooH10406, 1280.7833).

8

1H NMR (400 MHz, CDCI3, 298 K): 6 = 7.63 (d,/ = 15.9 Hz, 1H, Hj), 7.45 (d, ] = 8.7 Hz, 2H,
Hy), 7.22 (d, / = 8.4 Hz, 12H, H, and Hs), 7.07 (d, J = 8.6 Hz, 16H, H,, Hy, Hq and H,), 6.89
(d,J=8.7 Hz, 2H, H)), 6.77 (d, ] = 8.9 Hz, 4H, He and H;), 6.29 (d, ] = 15.9 Hz, 1H, H;), 4.38
(t,/=6.2 Hz, 2H, Hy), 4.18 (t,/ = 6.1 Hz, 2H, Hw/o), 4.13 (t, ] = 6.0 Hz, 2H, Hiy0), 4.07 (t,] =
6.1 Hz, 2H, Hy), 2.26 (tt, ] = 6.1, 6.1 Hz, 2H, H.), 2.18 (tt, ] = 6.2, 6.0 Hz, 2H, Hg), 1.29 (s,
54H, Ha and Hy); 13C NMR (100 MHz, CDCl3, 298 K): 6 = 167.2, 160.6, 156.5, 156.5, 148.2,
148.2, 144.5, 144.1, 144.1, 139.7, 139.6, 132.2, 132.2, 130.6 (x2), 129.7, 127.1, 124.0
(x2), 115.4, 114.8, 112.9, 112.8, 64.6, 64.2, 63.9, 63.0 (x2), 61.2, 34.2 (x2), 31.3 (x2),
29.2, 28.8; LRFAB-MS (3-NOBA): m/z = 1253 [M]*. HRFAB-MS (3-NOBA): m/z =
1252.78975 [M]* (calcd. for CgoH10405, 1252.78837).

E6

1H NMR (400 MHz, CDCls, 298 K): § = 7.53 (d, ] = 16.1 Hz, 1H, H;), 7.47 (d, ] = 8.8 Hz, 2H,
Hy), 7.22 (d, ] = 8.5 Hz, 12H, H, and Hy), 7.07 (d, ] = 8.5 Hz, 16H, H., Ha, Hy and H.), 6.90
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(d,] = 8.8 Hz, 2H, Hy), 6.77 (d, ] = 8.8 Hz, 4H, H and H,), 6.63 (d, / = 16.1 Hz, 1H, H), 4.18
(t,] = 6.0 Hz, 2H, Hm/o), 4.13 (t, ] = 6.0 Hz, 2H, Hm/o), 4.01 (t, ] = 6.0 Hz, 2H, Hy), 2.87 (t,] =
7.1 Hz, 2H, Hy), 2.26 (tt, ] = 6.0, 6.0 Hz, 2H, Hy), 2.15 (tt, ] = 7.1, 6.0 Hz, Hy), 1.30 (s, 54H,
Ha, He). 33C NMR (100 MHz, CDCl3, 298 K): § = 199.9, 161.1, 156.9, 156.8, 148.51, 148.47,
144.4,144.3, 142.7,140.0 (x2), 139.8, 132.5 (x2), 130.9 (x2), 130.2, 127.3, 124.3, 124.2,
114.8,113.1 (x2), 68.0, 64.9, 64.2, 63.2 (x2), 37.1, 34.5 (x2), 31.6 (x2), 29.4, 24.2.

E7

Mixture of isomers: 1H NMR (400 MHz, CDCls, 298 K): § = 8.00 (d, J = 8.4 Hz, 2H, Hj),
7.46 (d, ] = 8.3 Hz, minor isomer), 7.52 (d, / = 8.5 Hz, 2H, H;), 7.46 (d, ] = 8.7 Hz, 2H, Hn),
7.32 (d, ] = 8.3 Hz, minor isomer), 7.17-7.25 (m, 13H, Hy, Hy, and Hy), 7.05-7.11 (m, 16H,
He, Hg, Hs and Hy), 6.98 (d, /] = 16.3 Hz, 1H, H)), 6.91 (d, ] = 8.7 Hz, 2H, H.), 6.72-6.81 (m,
4H, He and H,), 6.55 (dd, J = 12.3, 49.5 Hz, minor isomer), 4.46-4.54 (m, 2H, Hy), 4.06-
4.25 (m, 6H, Hy, Ho and Hy), 2.18-2.23 (m, 4H, Hg and Hp), 1.29 (2s, 54H, Ha and H,). 13C
NMR (400 MHz, CDCl3, 298 K): 6 = 159.3, 152.0, 149.5 (x2), 141.2 (x2), 137.0, 135.5,
135.2, 132.6 (x2), 125.2, 123.7, 123.6, 123.1, 122.9, 122.5, 121.7, 121.0, 118.9, 118.3,
117.0, 107.7, 107.2, 105.9, 61.1, 57.5, 57.3, 57.2, 57.1, 57.0, 56.0, 54.8, 27.2, 24.3, 22.6,
22.2,21.8 (x2). LRESI-MS: m/z = 1330.6 [M+H]*.
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Chapter VvV
5.1 Synopsis

The concept of the AMT has been extended to the well-known Diels-Alder (DA)
cycloaddition. A synthetic approach to [2]rotaxanes is described in which Lewis acids
(LAs) triflates such as Zn(ll) and Cu(ll) are able to catalyse a Diels-Alder (DA)
cycloaddition while simultaneously acting as the template for the assembly of MIAs.
Coordination of the LA to an endotopic pyridine-containing macrocycle allows the
orientated chelation of the dienophile. The obtained LA-activated double bond can react
with an incoming stoppered diene through the cavity of the macrocycle to afford
[2]rotaxanes. A more complex two-station molecular shuttle was also prepared utilising
this DA-AMT methodology. The translocation dynamics of the macrocycle could be
controlled by coordination to different metal ions such as Zn(1l) and Pd(Il). This strategy
is an affordable, high-yielding and effective synthetic route toward interlocked

architectures.
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5.2 Introduction

Since its discovery by Otto Diels and Kurt Alder in the early twentieth century,! there
has been an explosive growth in the number of applications of the Diels-Alder (DA)
reaction. Its ability to produce C-C, C-N, and C-O bonds makes it an essential tool for the
design and the synthesis of new complex organic molecules (heterocycles,
norbornene).2 It has even proved possible to use it to control the motion in molecular
machines3 by utilising steric control to induce the shuttling of the macrocycle between
two stations.* Lewis acids are involved in catalytic systems of many organic reactions
and in particular in Diels-Alder cycloadditions.> As early as 1942, Wasserman had
introduced Bronsted acids as catalysts for DA reactions,t but it was not until 1960 -
twenty years later — with the work of Yate and Eaton’ that the use of Lewis acids began,
contributing to the development of diene catalytic reactions and their asymmetric

versions.

For example, the reaction between isoprene and methyl vinyl ketone (Scheme 5.1a) 8 in
a sealed tube at 120 °C (toluene), gives moderate yields (54%) with a poor 1,4:1,3
regioselectivity (1,4:1,3 = 71:29). In the presence of Tin(IV) chloride as catalyst,
however, the reaction goes smoothly at 0 °C, giving improved yields (71 %) with a high
regioselectivity of 1,4:1,3 = 93:7. Similarly, the uncatalysed reaction between
cyclopentadiene and methyl acrylate (Scheme 5.1b) at 0 °C (CH:Cl;) produces low
yields (51%) with a moderate endo:exo enantioselectivity (endo:exo = 82:18). The
presence of Tin chloride, however, affords improved yields (67-79%) with a high

enantioselectivity of endo:exo = 95:5.

Scheme 5.1 Lowering of the dienophile LUMOs by the complexation with a Lewis acid.

The complexation of a dienophile to a Lewis acid results in an acceleration of the
reaction rate by six orders of magnitude, increases the efficiency and improves the

regio- (1,3/1,4) and the enantio- (endo/exo) selectivity. Pyridine ligands such as
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pyridine-2,6-bisoxazoline (pybox),°d-e bipyridyli%r bisoxazolines (box)? have shown
their efficiency to catalyse enantioselective Lewis acid promoted cycloaddition
reactions. Diels-Alder cycloadducts can also be obtained in excellent yields using a wide
range of Lewis acids - most often transition metal salts.!! a,3-Unsaturated-2-acyl-
oxazolidinones, imidazolidones or pyrazolidinones!2 are very convenient substrates on
which to carry out these reactions: they provide an organised chelation around the

metal centre allowing the LA-activated double bond to react with a selected diene.

5.3 Results and Discussion

Inspired by previous studies,!3 we postulated that the introduction of zinc chloride into
well-defined macrocycles would lead to a trigonal bipyramidal configuration allowing
the two chloride ligands to be located on opposite sides of the macrocycle (Scheme 5.2,
top right). We reasoned that if an acroyl-imidazolidone half-thread could chelate to the
metal centre inside the cavity of the macrocycle, it would generate an orientated
complex of type II (Scheme 5.2) exposing the activated double bond to an incoming

stoppered diene. Cycloaddition through the cavity would provide a [2]rotaxane.

la

ZnlacCl,

4a

Scheme 5.2 Initial idea of using ZnCl>-catalysed DA cycloaddition. Chloride ligands are in trans
configuration in the X-Ray crystal structure.
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Our initial attempts to produce rotaxane with ZnCl;-complexes (Figure 5.1, a-c) were
unsuccessful (Table 5.1, entry 1), probably owing to the fact that the two chloride
ligands are too strongly coordinated to the metal. Non-coordinating ligands such as
triflate were then preferred for our further investigations. Complex I is formed in situ
by mixing macrocycle 1a (1 equiv) with zinc triflate (1 equiv.) in CH»Cl,. Addition of
acroyl-imidazolidone half-thread 2 (1 equiv.)) at room temperature and
cyclopentadiene half-thread 3 (1 equiv) at -78 °C, followed by stirring at that
temperature for 20 h and at room temperature for 4 h, afforded the rotaxane 4a in 8%
yield (Table 5.1, entry 2). Changing the Lewis acid from zinc to copper triflate increased
the yield of [2]rotaxane 4a to 47 % (Table 5.1, entry 3). Increasing the equivalents of 2
and 3 and extending the reaction time to 96 h (48 h at -78 °C then 48 h at room

temperature) improved the yield of rotaxane 4a up to 83% (Table 5.1, entry 5).

Table 5.1 Effect of reactant stoichiometry and experimental conditions on the DA Active-Metal
template synthesis of the rotaxane 4a.c

Entry LA Amt. of 2 [equiv.] Amt. of 3 [equiv.]  Time Yield of rot. 1a—>4a [%]d
1b ZnCl2 1 1 24 h 0%
26 Zn(OTf: 1 1 24h 8%
35 Cu(0Tf: 1 1 24h 47%
4c  Zn(OTDH: 1.2 2 72d 43%
5¢  Cu(OTf): 1.2 2 72d 83%

2All Reactions were carried out using anhydrous solvents under a nitrogen atmosphere, 9 mM.
bReaction mixture was stirred at -78 °C for 20 h and then allowed to stir at room temperature for 4
h. cReaction mixture was stirred at -78 °C for 48 h, then allowed to stir at room temperature for 48
h. dWith respect of 1a.
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Figure 5.1 X-ray crystal structure of complexes a) Zn1aCl, please note the two Zn environments
(trigonal bipyramidal and tetrahedral), b) Zn1bCl;, c) Zn1cCl; and d) CulaCl,.

The proposed mechanism of rotaxane formation is shown in Scheme 1. Replacement of
the two labile ligands by the two oxygen atoms of the acroyl-imidazolidone half-thread
2 affords the activated, orientated complex of type II in which the double bond could
react with the corresponding cyclopentadiene half-thread 3 (the 2-substitued isomer
only). Demetallation by treatment with ammonia (or EDTA) liberates the metal-free
rotaxane 4a. Using a substoichiometric amount of copper triflate (30 mol%) yielded the
[2]rotaxane 4a in 37%, suggesting that the rotaxane is sequestering the metal after its

formation.
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Scheme 5.3 Proposed mechanism for the DA Active-Metal Template Synthesis of [2]Rotaxane 4a
from 1a, 2 and 3.

150



Chapter VvV
The energy barrier of the [1,5]-sigmatropic shift of a monosubstitued cyclopentadiene
such as 1-methyl cyclopentadiene (1-MCP) into 2-methyl cyclopentadiene (2-MCP) is
known to be 28 kcal-mol! and the equilibrium ratio between 1-MCP and 2-MCP was
determined to be 39:61 at 298 K and 1 atm.14 Under the stated conditions, half-thread 3
was obtained as a mixture of 1- (3') and 2-substituted (3) cyclopentadiene stoppered
unit in a 55:45 ratio determined by !H NMR spectroscopy. Interestingly, when
subjected to the DA-AMT rotaxane-formation conditions, only the 2-substitued isomer
3 was able to react with the activated double bond through the cavity of the macrocycle
to afford rotaxanes 4a and 4a’ as a mixture of two endo-adducts.* 1,4-Disubstitued
rotaxane 4a is favoured over its 1,3-disubstitued isomer 4a’ in a ratio of 9:1, most likely

because 4a is the product in which the two bulky ‘stoppered’ groups are farthest apart.

In contrast, when the reaction does not occur inside the cavity of the macrocycle,
cyclopentadiene half-threads can create four distinct endo-adducts.* Non-interlocked
threads 5 and 6, respectively from 3 and 3’, were produced in a 61:39 ratio, where the
ratio of 1,3- (5') over 1,4-disubstitued (5) thread was determined to be 95:5. As 6 and
6’ are indistinguishable by 'H NMR and seemed to be impossible to separate by column
chromatography, we were unable to determine the 6:6’ ratio. Knowing that only 3
reacts to form rotaxane (not 3’), the modest yield of entry 3 Table 5.1, can be explained
by the presence of only 0.55 equivalent of 3 during the process. The recalculated yield
was determined to be 85% which is in accordance with the result of entry 5. In the
absence of macrocycle, we observed a lack of selectivity for the production of non-
interlocked threads (mixture of regio- and chemo-isomers 5 and 6), suggesting that
only the 2-substitued cyclopentadiene isomer (3) is able to form DA-adducts through

the macrocycle cavity.

5.3.1 'H NMR of the Interlocked Product

The 'H NMR spectrum of 4a in CDCl; at 328 K (Figure 5.2, a) shows an upfield shift of
several signals with respect to the non-interlocked components (Figure 5.2, a and c).
The shielding, typical of interlocked architectures in which the aromatic rings of one
component are positioned face-on to another component, occurs for all aliphatic non-
stopper resonances of the axle (Hri, Hqs and Hi;) indicating that the macrocycle is more
likely to explore the non-hindered parts of the thread, avoiding the bulky norborene

unit. This is probably owing to both high steric hindrance of the norbornene unit and

* The two exo adducts are probably also synthesised as minor side products.
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electron repulsion between the lone pairs of both the a-carbonyl-imidazolidone unit

and the macrocycle.

Figure 5.2 1H NMR spectra (400 MHz, CDCls, 328 K) of a) macrocycle 1a, b) [2]rotaxanes 4a:4a’
9:1, c) thread 5 and 6 61:39. The assignments correspond to the lettering shown in Scheme 5.3.

5.3.2 Influence of the Macrocyclic Ligand on the DA-AMT Rotaxane
Formation Reaction

To explore the influence of the nature of the macrocyclic ligand on the AMT
cycloaddition reaction, we employed four different macrocycles shown in Figure 5.3.
Pleasingly, reaction of 1b under the same conditions resulted in the formation of the
corresponding [2]rotaxane 4b in 91% yield with a higher 1,4-/1,3-disubstitued ratio of
99:1. Substitution of the benzylic ether oxygen atoms of 1a by strong coordinating
atoms such as sulfur (1c) switches off the rotaxane formation, this is probably owing to
the ability of sulfur atoms to lower the Lewis acidity of the metal centre and
subsequently deactivate the formation of rotaxane. Similar results (i.e. no rotaxane
formation) are observed when benzylic oxygen atoms are replaced by methylene
groups (1d) or when the pyridine nitrogen atom is removed as in benzene analogue
macrocycle 1e, confirming the need of both nitrogen and ligating donor atoms such as

oxygen for the coordination of the metal centre inside the macrocycle cavity.

152



Chapter VvV

la 1b lc
[2]rotaxanes 4a+4a’ [2]rotaxanes 4b+4b’ [2]rotaxane 4c
83% (9:1) 91% (>99:1) none (-)
1d le
[2]rotaxane 4d [2]rotaxane 4e
none (-) none (-)

Figure 5.3 Influence of the macrocyclic ligand on the DA AMT rotaxane-forming reaction. The ratio
between 4 (1,4-) and 4’ (1,3-) is shown in parentheses.

5.3.3 Transition Metal-mediated Control of the Shuttling in Two-Station
Molecular Shuttle

To demonstrate the utility of this new active-metal template reaction, the metal-
switchable molecular shuttle 8a was prepared in 42% yield (ratio 1,4-/1,3-disubstitued
95:5) from a pyridine-containing dienophile building block (see Experimental section)
and 3. The pyridine and the a-carbonyl-imidazolidone functionalities could be then
used as recognition sites for the shuttling of a metallated macrocycle as shown in

Scheme 5.4.
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Zn-8a

8a

Pd8aCl.

Scheme 5.4 Controlling the dynamics of DA-Shuttle: a) coordination to Zn(1I): [8aZn](OTf)., b)
metal-free rotaxane 8a and c) coordination to Pd(1l): [8aPd]Cl..

As with 4a, the 1H NMR spectrum of 8a (CD:Cl;/CD3CN 9:1 - Figure 5.4, b) shows an
upfield shift of the aliphatic and pyridine signals with respect to the non-interlocked
thread (Hes, Hp-s and Hi-m respectively - Figure 5.4, a), indicating that the macrocycle is
more likely to explore the less-hindered parts of the thread, avoiding the bulky
norbonene unit. The 'H NMR spectrum of 8a with only one equivalent of Zn(0Tf);
(CD2Cl>/CD3CN 9:1, 298 K) shows a very complicated pattern, suggesting that dynamics
of both the metal (coordinated vs. in solution) and of the Zn-macrocycle unit (shuttling
between the two stations) could be considered. Saturating all the binding sites by
adding four more equivalents of Zn(OTf), (5 equiv. in total) greatly simplifies the

spectrum, however, and shows both significant upfield shifts of the a-carbonyl-
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imidazolidone moiety (Hq, Hv, Hy, and H;) and downfield shifts of the pyridine station
(Hj-n). These observations suggest that more than one zinc ion is necessary to lock the
macrocycle on the a-carbonyl-imidazolidone station: by coordination, one Zn centre is
blocking the pyridine station while another metal is keeping the macrocycle sitting
preferentially on the other station (Figure 5.4, c). Demetallation with EDTA (RT, 1
hour) returns the system to the metal-free rotaxane 8a. In contrast, the 1H NMR
spectrum of complex Pd8aCl; (Figure 5.4, d) displays two sets of peaks, for the pyridine
protons (Hx and Hn) and those adjacent to the station (H;j and H,), which are consistent
with the chemical shifts of the switchable palladium-complexed molecular shuttle
previously reported,!> while signals of the a-carbonyl-imidazolidone moiety show
similar shifts to the non-interlocked thread. Demetallation with KCN (MeOH/CH:Cl;
1:1, RT, 1 hour) returns 8a.

Figure 5.4 '"H NMR spectra (400 MHz, 298 K, CD,Cl;/CD3CN 9:1) of a) threads 9 and 10 68:32, b)
[2]rotaxane 8a:8a’ 95:5, c) complex [8aZn](0Tf); and d) complex [8aPd]Cl,. The assignments
correspond to the lettering shown in Scheme 5.4.

5.4 Conclusion

The development of the Diels-Alder Active-Metal template strategy has allowed us to
use one of the most powerful recognised synthetic sequences in organic synthesis. It
can produce affordable, high-yielding and effective synthetic routes towards

[2]rotaxanes and molecular shuttles.
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5.5 Experimental Section

5.5.1 General Procedure for the Preparation of Metal-complexes

Syntheses of macrocycle 1a, 1b, 1c, 1d and 1e are described in previous chapters

(Chapter Il for 1a, 1c and 1e - chapter III for 1b and 1c).

A solution of metal chloride (0.02 mmol, 1 equiv.) in MeOH (0.5 mL) was added
dropwise to a solution of macrocycle (0.02 mmol, 1 equiv.) in acetone (0.5 mL) with
stirring. The solution was slowly diluted with toluene (1 mL) and was allowed to

evaporate slowly to afford metal-macrocycle complexes.

ZnlacCl;

Following the general procedure with ZnCl; (2.8 mg, 0.02 mmol, 1 equiv.), macrocycle
1a (10.0 mg, 0.02 mmol, 1 equiv.) afforded complex Zn1acCl; as colourless X-ray-quality
crystals. tTH-NMR (400 MHz, CDCl3, 298 K): 6 = 7.99 (t,J = 7.9 Hz, 1H, Ha), 7.41 (d, ] = 8.6
Hz, 4H, He), 7.31 (d, /= 7.9 H, 2H, Hg), 6.86 (d, ] = 8.7 Hz, 4H, Hr), 5.07 (s, 4H, Hc), 4.88 (s,
4H, Hp), 3.96 (t,] = 6.6 Hz, 4H, H¢), 2.90 (s, 2H, H20), 1.79 (dt, ] = 6.8 Hz, 6.8 Hz, 4H, Hy),
1.43-1.54 (m, 4H, Hy), 1.33-1.43 (m, 8H, Hj and Hk). 13C NMR (100 MHz, CDCls, 298 K) 6
=159.4,154.4,153.2,140.3, 131.9,126.2, 120.7, 114.5, 73.3, 67.7, 65.9, 28.8, 28.2, 25.4.
LRESI-MS: m/z = 553.2 [M-2Cl]*
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Table 5.2 Crystal data and structure refinement for ZnlacCl:

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

C31H39C12NO4Zn
625.90

93(2) K

0.71073 A

Triclinic

P-1

a=13.0715(9) A o =70.911(4)°
b=15.7296(10)A B =75.535(4)°
c=15.7800(9) A y =81.991(5)°
2963.0(3) A3

4

1.403 Mg/m3

1.046 mm-1

1312

0.1000 x 0.0300 x 0.0300 mm3

1.40 to 25.34°.

-12<=h<=15, -18<=k<=13, -18<=1<=18
19564

10213 [R(int) = 0.0312]

95.0 %

Multiscan

1.0000 and 0.8661

Full-matrix least-squares on F2
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Data / restraints / parameters 10213 /0 /704

Goodness-of-fit on F2 1.019

Final R indices [I>2sigma(I)] R1=0.0439, wR2 =0.0938

R indices (all data) R1=0.0576, wR2 =0.1025

Largest diff. peak and hole 1.435 and -1.410 e.A3
CulacCl;

Following the general procedure with CuCl; (2.8 mg, 0.02 mmol, 1 equiv.), macrocycle
1a (10.0 mg, 0.02 mmol, 1 equiv.) afforded complex [1aCu]Cl; as deep red X-ray-quality

crystals.

Table 5.3 Crystal data and structure refinement for CulacCl;

Empirical formula C31H39Cl,CuNO4
Formula weight 624.07
Temperature 93(2) K
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Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

y/

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

0.71073 A

Monoclinic

P2(1)/c

a=175116(11)A  a=90°.

b=8.6269(5) A B = 104.

c=21.0769(14)A  y=90°.
3086.4(3) A3

4

1.343 Mg/m3

0.916 mm!

1308

0.100 x 0.080 x 0.050 mm3
2.40 to 25.35°.
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229(3)°.

-21<=h<=21, -10<=k<=10, -24<=1<=25

28924

5627 [R(int) = 0.0466]
99.3 %

Multiscan

1.0000 and 0.9521
Full-matrix least-squares on F2
5627 /0 /353

1.229

R1=0.0470,wR2 =0.1098
R1=0.0490, wR2 =0.1108
0.518 and -0.270 e. A3

anbCh
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Following the general procedure with ZnCl; (2.8 mg, 0.02 mmol, 1 equiv.), macrocycle

1b (11.3 mg, 0.02 mmol, 1 equiv.) afforded complex Zn2cCl; as colourless X-ray-quality
crystals. tH NMR (400 MHz, CDCls, 298 K): § = 7.96-8.04 (m, 4H, Ha and Hg), 7.68 (dd, J
= 3.0 Hz, 5.7 Hz, 2H, Hs), 7.41 (d, ] = 8.6 Hz, 4H, H§), 6.85 (d, J = 8.6 Hz, 4H, Hg), 4.97 (s,
4H, Hp), 4.79 (s, 4H, Hg), 3.97 (t,] = 7.0 Hz, 4H, Hx), 1.72 (dt, ] = 7.0 Hz, 7.0 Hz, 4H, H)),
1.32-1.41 (m, 4H, Hj), 1.20-1.32 (m, 8H, Hk and Hy). 13C NMR (100 MHz, CDCl3, 298 K): 6
= 159.9, 158.9, 148.3, 140.8, 130.5, 128.1, 123.8, 119.7, 114.8, 72.9, 68.1, 67.9, 29.2,

28.7,28.4, 25.5.

Table 5.4 Crystal data and structure refinement for Zn1cCl,

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

C37.50 H46C12N205Zn
741.03

93(2) K

0.71073 A
Monoclinic
P2(1)/c
a=18.1258(18) A
b=15.0266(14) A
c=14.6076(15) A
3830.1(7) A3

4

o =90°.
B=105.704(6)°.
y=90°.
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Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

1.285 Mg/m3

0.823 mm

1556

0.150x0.100 x 0.030 mm3
1.79 to 25.35°.
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-21<=h<=21, -18<=k<=18, -16<=1<=17

32849

6858 [R(int) = 0.1154]
98.2 %

Multiscan

1.0000 and 0.8488
Full-matrix least-squares on F2
6858 / 29 / 452

1.167

R1=0.0880, wR2 =0.1971
R1=0.0978, wR2 = 0.2039
1.830 and -0.708 e.A-3

anbCIZ

Following the general procedure with ZnCl; (2.8 mg, 0.02 mmol, 1 equiv.), macrocycle

1c¢ (10.0 mg, 0.02 mmol, 1 equiv.) afforded complex Zn1bCl; as colourless X-ray-quality
crystals. tH NMR (400 MHz, CDCl3, 298 K): 6 = 7.32 (t, / = 7.7 Hz, 1H, Ha), 6.99 (d, ] = 8.5
Hz, 2H, Hg), 6.62 (d, ] = 7.7 Hz, 2H, Hs), 6.51 (d, ] = 8.6 Hz, 4H, Hf), 3.38 (t,/ = 6.1 Hz, 4H,
Hq), 3.68 (s, 4H, Hc), 3.77 (s, 4H, Hp), 1.69 (dt, ] = 6.5 HZ, 6.5 Hz, 4H, Hy), 1.36-1.45 (m,
4H, Hi), 1.21-1.34 (m, 8H, H; and Hk). 13C NMR (100 MHz, CDCl3, 298 K): 6 = 163.0,
158.2,139.1,130.9,123.2,114.3,67.2, 35.7, 35.6, 29.7, 29.3, 28.7, 28.5, 25.5.
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Table 5.5 Crystal data and structure refinement for Zn1cCl,

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

C31H39C12N0,S,Zn

658.02

93(2) K

0.71073 A

Orthorhombic

Pbca

a=26.267(9) A o =90°.
b=9.004(3) A B =90°.
c=26.253(9) A Y = 90°.
6209(4) A3

8

1.408 Mg/m3

1.127 mm-1

2752

0.1000 x 0.0300 x 0.0300 mm3
1.73 to 25.34°.
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-29<=h<=31, -10<=k<=10, -31<=1<=27

37530

5649 [R(int) = 0.1853]
99.5 %

Multiscan

1.0000 and 0.8493

Full-matrix least-squares on F2
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Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

5.5.2 Preparation of Half-threads

El

E2

Chapter VvV
5649 /0 /353
1.107
R1=0.1293, wR2 = 0.3075
R1=0.1616, wR2 = 0.3398
4.254 and -0.896 e.A3

3+3'

Scheme 5.5 a) Imidazolidone, NaH, DMF/THF 1:2, 10 h, RT, 33%; b) DIPEA, acryloyl chloride, Cu(l,
CH:Cl;, 8 h, 40 C, 60%; c) NaCp 2M in THF, THF, 10 h, RT, 46%.

Under nitrogen atmosphere, a solution of 2-imidazolidone (304.0 mg, 3.2 mmol, 2

equiv.) in dry DMF (75 mL) was stirred with molecular sieve for one hour. Sodium

hydride (128.0 mg, 60% in oil, 3.2 mmol, 2 equiv.) was added in small portions and the

reaction mixture was stirred for another hour before a solution of 1-(3-

bromopropoxy)4-(tris(4-tert-butylphenyl)methyl)benzene (E1)!6 (1.0 g, 1.6 mmol, 1
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equiv.) in dry THF (150 mL) was added dropwise through a cannula. The solution was
stirred at room temperature for 10 hours and then quenched with MeOH (20 mL). The
solvents were removed under reduced pressure and the resulting crude mixture dissolved
in CHzCl; (20 mL). The organic layer was washed with brine (3 x 20 mL), dried
(MgS0,), filtered and concentrated under reduced pressure. Purification by column
chromatography (CH:Cl,/Me,CO 9:1 to 7:3) provided E2 (334 mg, 33%) as a white
powder; M.p. 225-227 °C. 1H NMR (400 MHz, CDCl3, 298 K): § = 7.23 (d, J = 8.6 Hz, 6H,
Hyp), 7.08 (d, J = 8.5 Hz, 8H, Hc and Ha), 6.75 (d, ] = 8.9 Hz, 2H, He), 4.55 (bs, 1H, Hy), 3.99
(t,J = 6.3 Hz, 2H, Hy), 3.38-3.50 (m, 4H, Hi and Hj), 3.37 (t,/ = 7.0 Hz, 2H, Hy), 2.01 (dt, ] =
6.7 Hz, 6.7 Hz, 2H, Hg), 1.30 (s, 27H, Ha). 13C NMR (100 MHz, CDCl3, 298 K): & = 162.8,
156.6, 148.2, 144.1, 139.6, 132.2, 130.7, 124.0, 112.9, 65.3, 63.0, 45.5, 40.9, 38.2, 34.3,
31.4, 27.7. LRESI-MS: m/z = 631.5 [M+H]*, HRFAB-MS (3-NOBA matrix): m/z =
631.42434 [M+H]* (calcd. for C43Hs502N>, 631.42581).

2

A solution of E2 (334 mg, 0.53 mmol, 1 equiv.), diisopropyl ethyl amine (0.10 mL, 0.58
mmol, 1.1 equiv.), acryloyl chloride (0.45 mL, 0.58 mmol, 1.1 equiv.) and a catalytic
amount of CuCl in dry CH2Cl; (5 mL) was refluxed under nitrogen atmosphere. After 8
hours, ammonia (10 mL, 38% in water) was added and the organic phase was washed
with water (2 x 10 mL), dried (Na2SO4), filtered and concentrated under reduced
pressure. The residue was purified by column chromatography (CH»Cl>/Me,CO, 99:1 to
98:2) to afford 3 (220 mg, 60%) as a white solid; M.p. 206-207 °C. 1H NMR (400 MHz,
CDCl3, 298 K): 6 = 7.59 (dd, J = 10.4 Hz, 17.1 Hz, 1H, Hy), 7.23 (d, / = 8.6 Hz, 6H, Hy),
7.04-7.10 (m, 8H, Hc and Hq), 6.74 (d, ] = 8.9 Hz, 2H, H¢), 6.46 (dd, J = 2.0 Hz, 17.1 Hz, 1H,
Hi), 5.76 (dd, J = 2.0 Hz, 10.5 Hz, 1H, Hy), 4.00 (t,J = 6.0 Hz, 2H, Hy), 3.91 (t,/ = 8.0 Hz, 2H,
Hp), 3.46-3.52 (m, 4H, Hi and Hj), 2.05 (dt, ] = 6.3 Hz, 6.3 Hz, 2H, Hy), 1.30 (s, 27H, Ha).
13C NMR (100 MHz, CDCl3, 298 K): & = 165.5, 156.3, 154.6, 148.3, 144.0, 139.8, 132.3,
130.7,129.4, 128.4,124.0, 112.8, 65.1, 63.0, 41.4, 41.3, 39.7, 34.3, 31.3, 27.1. LSIMS-MS:
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m/z = 685.5 [M+H]*. HRFAB-MS (3-NOBA matrix): m/z = 684.42887 [M]+ (calcd. for
C46Hs6N203, 684.42909).

3+3'

Sodium cyclopentadienide (3.2 mL, 2M in THF, 6.4 mmol, 4 equiv.) was added to a
solution of 1-(3-bromopropoxy)4-(tris(4-tert-butylphenyl)methyl)benzene (E1)16
(1.0g, 1.6 mmol, 1 equiv.) in dry THF (30 mL). The solution was stirred for 10 hours at
room temperature and then quenched with MeOH (5 mL). The solvent was removed
under reduced pressure and the resulting crude mixture dissolved in CH,Cl, (20 mL).
The organic layer was washed with brine (3 x 20 mL), dried (MgSO0.), filtered and
concentrated under reduced pressure. Purification by column chromatography
(CHzCl;/Hexane 1:9) provided 3 as a mixture of isomers (ratio 2-substitued/1-
substitued 55:45, 453 mg, 46%) as a white powder. The product was stored at -20 °C to
avoid its dimerisation. M.p. 194-195 °C. tH NMR (400 MHz, CDCls, 298 K): 6 = 7.23 (d,J
= 8.6 Hz, 6H, Huy), 7.05-7.11 (m, 8H, Hce and Haa), 6.76 (d, ] = 8.9 Hz, 2H, Hee), 6.46 (dq, J
= 1.4 Hz, 5.2 Hz, 0.55H, Hy), 6.41-6.44 (m, 1H, H; and Hy), 6.26 (dq, / = 1.3 Hz, 5.4 Hz,
0.45H, Hy), 6.19 (dt, ] = 1.5 Hz, 1.5 Hz, 0.45H, H,), 6.04 (dt, ] = 1.6 Hz, 0.55H, H;), 3.96 (t,]
= 6.4 Hz, 2H, Hy), 2.94-2.96 (m, 1.1H, Hj), 2.90-2.92 (m, 0.9H, H;), 2.58 (td, /= 1.1 Hz, 7.3
Hz, 0.9H, Hy), 2.54 (td, / = 1.1 Hz, 7.6 Hz, 1.1H, Hy), 1.97-2.08 (m, 2H, Hgg), 1.30 (s, 27H,
Haa). 13C NMR (100 MHz, CDCl3, 298 K): & = 148.2, 144.1, 134.6, 133.9, 132.2, 130.7,
126.7, 126.3, 124.0, 112.9, 67.2, 43.3, 41.3, 34.3, 31.4, 29.2, 28.4, 27.1, 26.2. LRESI-MS:
m/z = 610.5 [M]+, HRESI-MS (3-NOBA matrix): m/z = 628.45086 [M+NH4]+ (calcd. for
CasHssNO, 628.45184).
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E3

ES5

E4 E6

E7

E8

Scheme 5.6 a) 2-Bromo-6-iodopyridine, Pd(PPhsz)s, Cul, THF/NEt3; 1:1, RT, 16 h, 74%;, b) NaH, DMF,
RT, 16 h, 23%; c) Pd(PPhs)s, Cul, THF/NEt; 2:1, RT, 48 h, 73%; d) Pd(OH);/C, H2, THF, RT, 2.5 h,
73%; e) DIPEA, acryloyl chloride, CuCl, CH>Clz, 40 C, 8 h, 46%.
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E4

A solution of 2-bromo-6-iodopyridine (546.0 mg, 1.92 mmol, 1.1 equiv.), E317 (1.0 g,
1.77 mmol, 1 equiv.), Pd(PPh3)s (204.5 mg, 0.17 mmol, 0.1 equiv.) and Cul (67.4 mg,
0.35 mmol, 0.2 equiv.) in THF/NEt; 1:1 (30 mL) was stirred at room temperature for 16
h. The solvents were removed under reduced pressure and the residue was extracted
with CH2Cl; (50 mL). The organic layer was washed with NH4Cl sat. (2 x 50 mL) and
with NH3z (35% in water, 10 mL), dried (MgSO0.), filtered and concentrated under
reduced pressure. Purification by column chromatography (Et:0/Hexane 0:100 to
100:0) provided E4 (1.03 g, 74%) as a yellow solid. M.p. 175-176 °C. tH NMR (400 MHz,
CDCl3, 298 K): 6 =7.45 (t,] = 7.7 Hz, 1H, H;), 7.38 (dd, J = 0.9, 7.9 Hz, 1H, Hy), 7.30 (dd, J
=0.9, 7.4 Hz, 1H, Hy), 7.23 (d, ] = 8.6 Hz, 6H, Hy), 7.08 (d, / = 8.4 Hz, 8H, Hc and Hqa), 6.77
(d, /] = 8.9 Hz, 2H, He), 4.06 (t,] = 5.9 Hz, 2H, Hy), 2.65 (t,/ = 7.0 Hz, 2H, Hy), 2.08 (dt, ] =
6.5, 6.5 Hz, 2H, Hy), 1.30 (s, 27H, Ha). 13C NMR (100 MHz, CDCl3, 298 K): § = 156.5, 148.2,
144.1, 141.5, 139.6, 138.2, 132.2, 130.7, 127.0, 125.7, 124.0, 113.9, 112.9, 91.8, 79.7,
66.0, 63.0, 34.3, 31.4, 28.0, 16.2. LRESI-MS: m/z = 726.6 [M]+, HRESI-MS: m/z =
726.3303 [M+H]* (calcd. for C47Hs3BrNO 726.3305).

E6

Under nitrogen atmosphere, a solution of 2-imidazolidone (3.4 g, 35.7 mmol, 3 equiv.)
in dry DMF (75 mL) was stirred with molecular sieve for one hour. Sodium hydride
(714.0 mg, 60% in oil, 17.8 mmol, 1.5 equiv.) was added in small portions and the
reaction mixture was stirred for another hour before hex-5-ynyl-4-
methylbenzenesulfonate (E5)!8 (3.0 g, 11.9 mmol, 1 equiv.) was added dropwise. The
solution was stirred at room temperature for 10 hours and then quenched with MeOH

(20 mL). The solvent was removed under reduced pressure and the resulting crude
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mixture dissolved in CH2Clz (100 mL). The organic layer was washed with brine (3 x 100
mL), dried (MgS04), filtered and concentrated under reduced pressure. Purification by
column chromatography (CH2Cl,/Me,CO/NEt; 98:0:2 to 49:49:2) provided E6 (456 mg,
23%) as a yellow oil. 1H NMR (400 MHz, CDCl3, 298 K): 6 = 4.86 (bs, 1H, H.), 3.38-3.41
(m, 4H, Hy and H), 3.18 (t,/ = 7.0 Hz, 2H, Hq), 2.21 (td, /] = 2.7, 6.8 Hz 2H, Hg), 1.93 (t,] =
2.7 Hz, 1H, Hy), 1.48-1.78 (m, 4H, He and Hy). 13C NMR (100 MHz, CDCls, 298 K): 6 =
162.9, 84.1, 68.6, 44.9, 42.9, 38.2, 26.5, 25.4, 18.1. LRESI-MS: m/z = 198.3 [M+Na]*,
HRESI-MS: m/z = 167.1180 [M+H]* (calcd. for CoH15N20, 167.1184).

E7

A solution of E5 (230.0 mg, 1.38 mmol, 1.2 equiv.), E6 (191.0 mg, 1.15 mmol, 1 equiv.),
Pd(PPhs)4 (127.1 mg, 0.11 mmol, 0.1 equiv.) and Cul (43.7 mg, 0.23 mmol, 0.2 equiv.) in
THF/NEt; 2:1 (15 mL) was stirred at room temperature for 48 hours. The solvents
were removed under reduced pressure and the residue was extracted with CH,Cl, (20
mL). The organic layer was washed with NH4Cl sat. (2 x 10 mL) and with NHz (35% in
water, 10 mL), dried (MgS0.), filtered and concentrated under reduced pressure.
Purification by column chromatography (CH:Cl,/Me,CO/NEt; 98:0:2 to 49:49:2)
provided S7 (888 mg, 73%) as a yellow foam. M.p. 178-180 °C (dec.) *H NMR (400 MHz,
CDCls, 298 K): 6 = 7.53 (t, ] = 7.8 Hz, 1H, H)), 7.20-7.28 (m, 8H, Hy, Hi and H;), 7.07 (d,] =
8.5 Hz, 8H, Hc and Hq), 6.76 (d, / = 8.9 Hz, 2H, H.), 4.21 (bs, 1H, H,), 4.06 (t,/ = 6.0 Hz, 2H,
Hy), 3.38-3.48 (m, 4H, H, and Hy), 3.22 (t,/ = 6.7 Hz, 2H, H,), 2.63 (t,/ = 7.0 Hz, 2H, Hy),
2.47 (t,] = 6.6 Hz, 2H, H)), 2.07 (dt, ] = 6.5, 6.5 Hz, 2H, Hg), 1.60-1.73 (m, 4H, Hr, and H,),
1.29 (s, 27H, Ha). 13C NMR (100 MHz, CDCl3, 298 K): 6§ = 156.6, 148.2, 144.1, 139.6, 136.2
(x2),132.2, 130.7, 125.5 (x2), 124.0, 112.9, 90.1, 80.4 (x2), 66.0 (x2), 44.9, 42.9, 38.1,
34.2, 31.3, 28.1 (x2), 26.8, 25.3, 22.0 (x2), 19.0, 16.1. LRESI-MS: m/z = 812.7 [M],
HRESI-MS: m/z = 812.5153 [M+H]* (calcd. for CssHesN302, 812.5155).
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S8

Pd(OH); on charcoal (142 mg, 20 wt%) was added to a solution of E7 (710 mg, 0.87
mmol) in THF (22 mL). The resulting suspension was stirred at room temperature
under a hydrogen atmosphere. After 2.5 hours, the reaction mixture was passed
through neutralized celite and the solvent was removed under reduced pressure to
afford E8 (144 mg, quant.) as a white foam. M.p. 138-140 °C. 1H NMR (400 MHz, CDCl;,
298K): 6 =7.48 (t,] = 7.6 Hz, 1H, H)), 7.22 (d, ] = 8.5 Hz, 6H, Hy), 7.04-7.10 (m, 10H, H,,
Hq and Hy), 6.94 (d,/ = 7.7 Hz, 1H, Hu), 6.74 (d, ] = 8.9 Hz, 2H, H.), 4.18 (bs, 1H, H,), 3.92
(t,J = 6.5 Hz, 2H, Hy), 3.36-3.41 (m, 4H, Hrand Hu), 3.16 (t,/ = 7.3 Hz, 2H, H), 2.77 (¢, ] =
7.8 Hz, 2H, H;), 2.74 (t, ]/ = 7.8 Hz, 2H, H,), 1.73-1.85 (m, 4H, Hg and H;), 1.65-1.73 (m, 2H,
Ho), 1.44-1.57 (m, 4H, Hy and H;), 1.32-1.42 (m, 4H, H, and Hy), 1.29 (s, 27H, Ha). 13C
NMR (100 MHz, CDCl3, 298 K): 6 = 161.7,161.5, 156.8, 156.6, 148.2, 144.1, 139.3, 136.4,
132.1,130.7, 124.0, 119.7 (x2), 112.8, 67.6, 63.0, 53.9, 44.9, 43.5, 38.4, 38.2, 34.2, 31.3,
30.1 (x2), 29.2 (x2), 27.5, 26.6, 25.9. LRESI-MS: m/z = 821.0 [M+H]*, HRESI-MS: m/z =
820.5762 [M+H]* (calcd. for Cs¢H74N302, 820.5781).

7

A solution of E8 (144.0 mg, 0.17 mmol, 1 equiv.), diisopropyl ethyl amine (24.5 pL, 0.19
mmol, 1.1 equiv.), acryloyl chloride (15.6 pL, 0.19 mmol, 1.1 equiv.) and a catalytic
amount of CuCl in dry CH2Cl; (2 mL) was refluxed under nitrogen atmosphere. After 8

hours, ammonia (5 mL, 38% in water) was added and the organic phase was washed
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with water (2 x 5 mL), dried (Na;S04), filtered and concentrated under reduced
pressure. The residue was purified by column chromatography (CH:Cl,, Me,CO, 95:5 to
9:1) to afford 7 (68 mg, 46%) as a white film. M.p. 132-134 °C. 'H NMR (400 MHz,
CDCl3, 298 K): 6 =7.63 (dd, J =10.4,17.1 Hz, 1H, Hy), 7.48 (t,/ = 7.6 Hz, 1H, H)), 7.22 (d, ]
= 8.6 Hz, 6H, Hp), 7.05-7.11 (m, 8H, Hc and Ha), 6.95 (d, J = 3.6 Hz, 1H, Hk), 3.94 (d,/ = 3.6
Hz, 1H, Hu), 6.74 (d, ] = 8.9 Hz, 2H, H.), 6.47 (dd, J = 2.0, 17.1 Hz, 1H, Hy), 5.77 (dd, ] =
2.0, 10.4 Hz, 1H, Hy), 3.85-3.95 (m, 4H, Hrand Hy), 3.41 (t,J = 8.0 Hz, 2H, H,), 3.26 (t, J =
7.3 Hz, 2H, Hs), 2.71-2.80 (m, 4H, Hj and Hu.), 1.74-1.85 (m, 4H, Hg and H;i), 1.66-1.74 (m,
2H, H,), 1.49-1.57 (m, 4H, Hy and H;), 1.32-1.43 (m, 4H, H, and Hy), 1.30 (s, 27H, Ha,). 13C
NMR (100 MHz, CDCIs, 298 K): 6 = 165.5, 161.6 (d), 156.8, 148.2, 144.1, 139.3, 136.4,
132.2,130.7 (x2), 129.3, 128.4, 124.0, 119.7 (d), 112.8, 67.6, 63.0, 43.7, 40.8, 39.6, 38.4
(x2), 34.2, 31.3, 30.0 (x2), 29.2, 29.0, 27.0, 26.6, 25.9. LRESI-MS: m/z = 874.6 [M+H]*,
HRESI-MS: m/z = 874.5872 [M+H]* (calcd. for CsoH7¢N303 874.5881).

5.5.3 General Procedure for the DA-rotaxane Formation Reaction

A dry schlenk tube was charged with M(OTf), (1.0 equiv, 0.014 mmol) and with
macrocycle (1.0 equiv, 0.014 mmol) under a nitrogen atmosphere. Dry CH>Cl (0.5 mL)
was added and the mixture was stirred at room temperature for 30 min. A solution of
acroyl-imidazolidone stopper 2 (1.2 equiv, 0.017 mmol) in dry CH.Cl; (0.5 mL) was
added and the mixture was stirred for another 30 min. The mixture was then cooled to
-78 °C and stirred for 5 minutes before a solution of cyclopentadiene stopper 3 (2
equiv, 0.028 mmol) in dry CH2Cl; (0.5 mL) was added. The reaction mixture was stirred
at -78 °C for 2 days then allowed to stir at room temperature for another two days. The
reaction was quenched with ammonia (35% in water) and the aqueous layer was
extracted with CH;Cl; (2x). The organic layers were combined, washed with brine (3x),
dried (Na;SO4), filtered and concentrated under reduced pressure. Purification by
column chromatography (MeCN/Hexane/CH.Cl, 5:45:55) provided the rotaxane as a

colourless film.
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4a + 4a’

Following the general procedure, Cu(OTf); (20.0 mg, 56.0 pmol, 1 equiv.), macrocycle
1a (28.0 mg, 56.0 umol, 1 equiv.) in dry CH2Cl; (1.0 mL). Addition of 2 (46.0 mg, 68
umol, 1.2 equiv.) in dry CH2Cl, (1.0 mL). Addition of 3 (68.8 mg, 112 ummol, 2 equiv.) in
dry CHzCl; (1.0 mL). Ammonia (6 mL, 35% in water). Purification by column
chromatography provided the rotaxane 4a as a mixture of isomers (ratio 1,4-
disubstitued/1,3-disubstitued 9:1, 77 mg, 75%) as a colourless film. M.p. 112-116 °C. tH
NMR (400 MHz, CDCl3, 328 K): 6 = 7.50 (t, / = 7.7 Hz, 1H, Ha), 7.21-7.26 (m, 14H, Hs, Hp
and Hy), 7.06-7.12 (m, 12H, H. and Hw), 7.03 (d, / = 3.6 Hz, 2H, Hg), 7.01 (d, = 3.6 Hz,
2H, Hr), 6.96 (d, ] = 6.9 Hz, 2H, Hq), 6.94 (d, J = 6.9 Hz, 2H, H.), 6.56-6.62 (m, 4H, Hg),
6.48 (d, J = 8.3 Hz, 2H, Hy), 6.42 (d, ] = 8.8 Hz, 2H, He), 5.63 (bs, 0.1H, Hp4ay), 5.35 (bs,
0.9H, Hp4a)), 4.46-4.56 (m, 4H, Hp), 4.27 (s, 4H, Hc), 4.04-4.11 (m, 1H, Hy), 3.82 (t,/ = 6.3
Hz, 2H, Hg), 3.80 (t,J/ = 6.3 Hz, 2H, H¢), 3.56-3.64 (m, 2H, Hs), 3.46-3.56 (m, 2H, H;), 3.42
(bt,J =5.2 Hz, 2H, Hy), 3.19 (bs, 1H, H,), 2.97-3.11 (m, 2H, H;), 3.93 (t, ] = 7.8 Hz, 2H, Hu),
2.68 (bs, 0.9H, Hma), 2.61 (bs, 0.1H, Hnuay), 2.11 (bt, ] = 7.3 Hz, 2H, Hg), 1.91-1.98 (m,
0.1H, Higan), 1.83 (ddd, J = 3.5 Hz, 9.0 Hz, 12.5 Hz, 1H, Hiua)), 1.70-1.77 (m, 2H, H,), 1.66
(dt, J = 6.6 Hz, 6.6 Hz, 2H, Hu), 1.65 (dt, ] = 6.6 Hz, 6.6 Hz, 2H, Hy), 1.35-1.44 (m, 3H, H,
and Hy), 1.38 (d, ] = 8.8 Hz, 2H, H.), 1.31 (2s, 54H, H,, Hy), 1.27-1.33 (m, 4H, Hi), 1.24-
1.26 (m, 4H, Hj), 1.15-1.21 (m, 4H, Hk). 13C NMR (100 MHz, CDCls, 328 K): § = 174.8,
158.6 (x2), 157.6, 156.8, 156.3, 154.4, 151.5, 148.2, 144.2, 139.4, 138.9, 136.9, 131.9,
130.7, 129.8, 129.1, 124.0, 124.0, 123.6, 119.4 (x2), 114.3, 112.9 (x2), 77.3, 77.0, 76.7,
72.3, 71.0 (x2), 67.3, 67.1 (x2), 49.8, 47.2, 46.3, 44.7, 40.9, 40.8, 39.8, 34.3, 31.4, 29.7
(x2), 29.6, 29.1, 28.7, 28.6, 27.2, 27.0, 26.2, 25.6. LRESI-MS: m/z = 1785 [M+H]*
HRFAB-MS (3-NOBA matrix): m/z = 1785.11478 [M+H]* (calcd. for Ci2:Hi15002Ns3,
1785.14229).
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4b

Following the general procedure, Cu(OTf); (15.0 mg, 42.0 pmol, 1 equiv.), macrocycle
1b (24.0 mg, 42.0 pmol, 1 equiv.) in dry CH2Cl; (1.5 mL). Addition of 2 (34.5 mg, 50.4
umol, 1.2 equiv.) in dry CH2Cl; (1.5 mL). Addition of 3 (51.6 mg, 84.0 pmmol, 2 equiv.)
in dry CH:Cl; (1.5 mL). Ammonia (6 mL, 35% in water). Purification by column
chromatography provided the rotaxane 4b (ratio 1,4-disubstitued/1,3-disubstitued
99:1, 69 mg, 87%) as a colourless film. M.p. 115-116 °C. tH NMR (400 MHz, CDCl3, 298
K):6=7.99 (d,] = 7.8 Hz, 2H, Ha), 7.51 (t,/ = 7.7 Hz, 2H, Hs), 7.29 (d, ] = 7.6 Hz, 2H, H¢),
7.20-7.25 (m, 12H, Hy and Hy), 7.05-7.12 (m, 12H, Hc and Hy), 7.02 (d, ] = 8.5 Hz, 2H, Hg),
7.01 (d, J = 8.6 Hz, 2H, Hr), 6.97 (d, / = 5.8 Hz, 2H, Hq), 6.95 (d, J = 5.9 Hz, 2H, H.), 6.55-
6.60 (m, 4H, Hc), 6.48 (d, ] = 9.0 Hz, 2H, Hy), 6.37 (d,] = 8.9 Hz, 2H, He), 5.32 (bs, 1H, H;),
4.55 (2s, 8H, Hp and Hg), 4.00-4.05 (m, 1H, Hy), 3.75 (t,/ = 6.4 Hz, 2H, Hy), 3.74 (t,] = 6.4
Hz, 2H, Hy), 3.59-3.56 (m, 2H, Hs), 3.40-3.49 (m, 2H, Hj), 3.37 (t,] = 6.0 Hz, 2H, Hy), 3.14
(bs, 1H, H,), 2.87-3.05 (m, 2H, Hj), 2.82 (t,] = 7.9 Hz, 2H, Hy), 2.64 (bs, 1H, Hn), 2.11 (t,]
= 7.7 Hz, 2H, Hy), 1.76-1.83 (m, 1H, H)), 1.67-1.76 (m, 2H, H;), 1.52-1.67 (m, 4H, Hi),
1.40-1.52 (m, 3H, Hg and Hy), 1.34 (d, ] = 9.6 Hz, 2H, Hn), 1.30 (2s, 54H, Ha and Hy), 1.28-
1.31 (m, 4H, H; and Hk), 1.24-1.26 (m, 4H, H.). 13C NMR (100 MHz, CDCl3, 298 K): 6 =
158.5,158.1,155.3, 148.2, 148.1, 144.2, 144.2, 137.2 (x2), 137.0, 131.9 (x2), 130.7 (x2),
129.6 (x2), 124.0, 124.0, 123.6, 121.3 (x2), 119.7, 114.2, 112.8 (x2), 72.3, 72.1 (x2),
67.5, 67.3, 64.5,49.8,49.4, 47.2, 46.2, 44.7, 44.1, 41.9, 41.4, 41.3, 40.9, 40.8, 39.7, 34.2
(x2),31.4,29.7, 29.4, 28.9, 28.8, 27.2, 26.9, 25.8. LRFAB-MS: m/z = 1862.8 [M]*. HRESI-
MS: m/z = 1863.1669 [M]* (calcd. for C127H154N40g 1863.1767).
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8a + 8a’

Following the general procedure, Cu(OTf); (36.0 mg, 0.10 mmol, 1 equiv.), macrocycle
1a (50.0 mg, 0.10 mmol, 1 equiv.) in dry CH2Cl; (5.0 mL). Addition of 7 (107.5 mg, 0.12
umol, 1.2 equiv.) in dry CH2Cl; (5.0 mL). Addition of 3 (122.0 mg, 0.20 mmmol], 2 equiv.)
in dry CHzCl; (5.0 mL). Ammonia (15 mL, 35% in water). Purification by column
chromatography provided the rotaxane 8a (ratio 1,4-disubstitued/1,3-disubstitued
95:5, 83 mg, 42%) as a colourless film. M.p. 100-102 °C. 'H NMR (400 MHz, CDCl3, 298
K): 6 =7.52 (t,J=7.7 Hz, 1H, Ha), 7.45 (t, ] = 7.6 Hz, 1H, H)), 7.23 (d, ] = 8.4 Hz, 14H, Hp,
Hy and H,), 7.10 (d, ] = 3.1 Hz, 6H, H.), 7.07 (d, ] = 3.2 Hz, 6H, Hy), 7.04 (dd, J = 2.2, 8.5
Hz, 4H, Hg), 6.97 (d, ] = 4.1 Hz, 2H, Ha), 6.95 (d,/ = 4.1 Hz, 2H, H,), 6.88 (d, ] = 7.7 Hz, 1H,
Hy), 6.86 (d,J = 7.8 Hz, 1H, Hy), 6.62 (dd, J = 3.4, 8.5 Hz, 4H, Hf), 6.56 (d, / = 8.2 Hz, 2H,
H.), 6.49 (d,] = 8.8 Hz, 2H, H¢), 5.66 (bs, 0.14H, H,san), 5.38 (bs, 0.86H, Hysa)), 4.47-4.57
(m, 4H, Hc), 4.28 (s, 4H, Hp), 4.07-4.14 (m, 1H, H,), 3.82 (t,J = 6.0 Hz, 4H, H¢), 3.68-3.75
(m, 2H, Hg), 3.57-3.68 (m, 2H, Hy), 3.50 (t, / = 6.3 Hz, 2H, Hy), 3.20 (bs, 1H, H,), 2.97-3.17
(m, 4H, Hs and Hy), 2.69 (bs, 1H, Hy), 2.60-2.69 (m, 4H, H; and H.), 2.17 (bt, /] = 7.1 Hz,
2H, Hg), 1.75-1.88 (m, 9H, H;, H,, H;, Hw and H,), 1.60-1.70 (m, 4H, Hy), 1.44-1.60 (m, 7H,
Hg, Hin, Hw and Hy), 1.32-1.44 (m, 6H, H;, H, and Hg), 1.30 (s, 54H, H. and H,), 1.10-1.28
(m, Hy and Hk). 3C NMR (100 MHz, CDCl3, 298 K): 6 = 174.9, 168.6, 161.5, 158.7, 157.6,
156.8, 156.7, 154.5, 151.4, 148.1, 144.2 (x2), 141.4, 141.1, 139.0, 136.8, 136.3, 132.0
(x2),130.7, 129.8, 129.1, 124.0, 123.7, 119.6 (x2), 119.1, 114.3, 112.9 (x2), 72.2, 70.7,
67.4, 67.3, 67.0, 63.0, 49.8, 47.2, 46.3, 44.8, 43.6, 40.6, 39.8, 38.4 (x2), 34.2, 34.1, 31.4,
29.9, 29.8, 29.6 (x2), 29.2, 29.1 (x2), 28.7, 28.7, 27.2, 27.0 (x2), 26.6, 26.2, 25.8, 25.7,
22.3,14.0. LRESI-MS: m/z = 1974.5 [M+H]*, HRESI-MS: m/z = 1974.2853 [M+H]* (calcd.
for C135H160N408 1974.2940).
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7Zn-8a

A solution of Zn(0Tf); (9.5 mg, 8.5 pumol, 3 equiv) in MeOH (0.5 mL) was added
dropwise to a solution of 8a (10.0 mg, 5.0 umol, 1 equiv.) in CH2Cl; (0.5 mL) with
stirring. The solution was stirred for 1 h at room temperature and the solvents were
removed under reduced pressure to afford the complex Zn-8a as a white amorphous
solid. tH NMR (400 MHz, CD.Clz/CD3CN 9:1, 298 K): 6 = 8.22 (t,/ = 7.9 Hz, 1H, H)), 7.76
(t,/J=7.9 Hz, 1H, Ha), 7.58 (d,/ = 7.9 Hz, 1H, Hx), 7.54 (d, ] = 79 Hz, 1H, Hn), 7.31 (d, ] =
7.9 Hz, 2H, Hg), 7.19-7.25 (m, 12H, Hy and H,), 7.05-7.19 (m, 20H, H,, H4, H;, Hy and Hg),
6.81 (d,J = 8.5 Hz, 2H, H,), 6.67-6.78 (m, 6H, He and Hr), 4.61-4.76 and 4.91-5.20 (m, 8H,
Hc¢ and Hp), 4.90 (bs, 1H, H,), 3.92-4.01 (m, 2H, Hs), 3.89 (t,/ = 5.9 Hz, 4H, H¢), 3.65-3.80
(m, 2H, Hs), 3.12-3.37 (m, 6H, Hs, Hy, Hy and Hy), 3.01-3.12 (m, 4H, H; and H.), 2.75 (bs,
1H, Hz), 2.69 (bs, 1H, Hy), 2.31-2.38 (m, 2H, Hp), 1.62-1.88 (m, 7H, Hw, H, and Hu), 1.45-
1.62 (m, 7H, Hg, Hy, Hw and Hy), 1.31-1.45 (m, 8H, H,, Hq and Hy), 1.25 (s, 54H, Haand H)),
1.00-1.22 (m, 8H, H; and Hk). 3C NMR (100 MHz, CD,Cl,/CD3CN 9:1, 298 K): § = 158.1,
157.4, 156.8, 156.6, 156.3 (x2), 155.7, 155.5, 154.6, 151.9 (x2), 147.3, 147.2, 145.3,
143.4,143.3, 140.1, 138.8, 138.4, 138.2, 138.1, 138.1, 136.9, 134.8, 130.8, 130.7, 129.7,
129.2 (x2), 123.2, 123.2, 122.4, 120.1, 112.6, 112.0 (x2), 73.6, 73.5, 69.6 (x2), 66.3,
66.2, 66.0, 48.1, 45.3, 44.7, 43.3, 40.0 (x2), 39.6, 33.0, 32.0, 31.9, 29.9, 28.6, 28.5, 28.3,
28.0, 27.6, 27.0, 25.9, 25.2 (x2), 24.8 (x2), 24.5, 24.3. LRESI-MS: m/z = 2336.3 [M+H]*,
2189.7 [M-OTf]*, 2037.1 [M-20Tf]*, HRESI-MS: m/z = 2336.1 [M+H]+ (calcd. for
C137H169F6N4014S2Zn 2336.12).
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Pd8acCl;

PdCl; (0.9 mg, 5.1 umol, 1.05 equiv.) was added to a solution of 8a (10 mg, 5.0 pmol,
1.00 equiv.) in CH:Cl; (0.5 mL). The suspension was stirred until the solid was
dissolved and the solvent was removed under reduced pressure to afford Pd8aCl; as a
yellow amorphous solid (10.7 mg, quant.). tH NMR (400 MHz, CD,Cl,/CDs;CN 9:1, 298
K): 6 =7.68 (bt,J = 7.8 Hz, 1H, H)), 7.62 (bt, ] = 7.8 Hz, 1H, Ha), 7.02-7.30 (m, 31H, Hs, H,
Hq, Hy, Hy,, Hy, Hg and Hg), 7.01 (d, ] = 8.8 Hz, 1H, He), 6.97 (d, / = 7.8 Hz, 1H, Hu), 6.90 (d,
J=8.7 Hz, 1H, He"), 6.76 (d, ] = 8.7 Hz, 2H, H,), 6.72 (d, ] = 8.6 Hz, 2H, Hf), 6.61 (d, /] = 8.5
Hz, 2H, He), 6.36 (bd, J = 6.7 Hz, 1H, Hr), 6.21 (bd, J = 7.9 Hz, 1H, H), 5.6-5.75 (m, 4H,
Hc), 5.34 (bs, 1H, H,), 4.64-4.72 (m, 4H, Hp), 3.92-4.12 (m, 5H, H,, Hs and Hg¢), 3.60-3.92
(m, 5H, H¢, Hy and Hg), 3.17-3.42 (m, 4H, Hs and Hy), 3.10-3.17 (m, 2H, Hj), 3.07 (bs, 1H,
H,), 2.92 (t,] = 6.3, 2H, H,), 2.68 (bs, 1H, Hy), 1.93-2.08 (m, 4H, H; and H,), 1.68-1.74 (5H,
Hi, Hw and H,), 1.54-1.66 (m, 4H, Hu), 1.34-1.54 (m, 7H, Hg, Hy, Hw and Hy), 1.25-1.34
(8H, Hy, Hq and Hy), 1.24 (s, 54H, Ha and H,), 0.95-1.22 (4H, Hj and Hk). 13C NMR (100
MHz, CD2Cl;/CD3CN 9:1, 298 K): § = 162.7, 159.3 (x2, 8a"), 157.8 (x2), 155.8, 147.1 (x3,
8a’), 143.6,143.4 (x3,8a’), 138.3,137.8 (x3, 8a"), 130.7, 130.6, 130.3, 129.3 (x2), 129.2
(x2), 129.1, 123.1 (x2), 121.3 (x2, 8a’), 121.1, 120.9 (x2, 8a"), 120.6, 120.5, 1204,
113.2 (x2, 8a’), 113.2 (x2, 8a'), 112.9, 112.8, 112.1, 112.0 (x2), 72.0, 70.3, 70.2, 66.6,
66.3 (x2,8a"), 65.9, 65.7,61.9, 42.3, 39.5 (x3, 8a’), 39.3 (x3, 8a’), 39.3, 38.8, 33.0, 29.9,
28.4 (x2,8a"),27.9,27.7,27.4 (x2),27.2,27.1 (x2,8a’), 25.3 (x2), 25.2, 24.6, 24.2, 22.1.
LRESI-MS: m/z = 2079.2 [M-2Cl]+
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5.5.4 Spectroscopic Data of Corresponding Non-interlocked Threads

5+6

M.p. 142-144 °C. 'H NMR (400 MHz, CDCls, 328 K): & = 7.19-7.25 (m, 12H, Hy and H.),
7.04-7.12 (m, 16H, H,, He, Hy and H.,), 6.75 (d, ] = 8.7 Hz, 2H, Hy), 6.72 (d, ] = 8.2 Hz, 2H,
He), 6.15 (dd, J = 3.1 Hz, 4.8 Hz, 0.38H, Hy), 6.06 (d, ] = 5.6 Hz, 0.38H, Ho), 5.75 (bs,
0.03H, Hpsy), 5.42 (bs, 0.56H, Hys), 4.05-4.12 (m, 1H, Hy), 4.01 (t, ] = 5.8 Hz, 2H, Hy),
3.90-3.94 (m, 2H, H), 3.72-3.94 (m, 2H, H)), 3.38-3.52 (m, 4H, Hx and H), 3.19 (bs,
0.56H, Hy,), 2.91 (bs, 0.03H, Hus»), 2.80 (bs, 0.38H, Hm)), 2.75 (bs, 0.56H, Hms)), 2.27-
2.42 (m, 2.38H, Hys) and Hy), 1.91-2.10 (m, 4H, H, and H,), 1.79-1.88 (m, 1H, H)), 1.53
(bd,] = 11.9 Hz, Hr), 1.44 (d, ] = 10.2 Hz, 2H, H,),1.30 (bs, 54H, H,, and H,). 13C NMR (100
MHz, CDCls, 328 K): & = 175.3, 175.0, 156.9 (d), 156.3 (d), 154.8, 154.6, 151.3, 148.2 (d),
144.1 (d), 139.7, 139.2 (d), 137.7, 136.0, 132.2 (x2), 130.6, 124.0 (x2), 112.9 (x2), 112.8
(d), 68.2, 67.5, 65.2 (x2), 62.9, 58.0, 52.4, 49.8, 47.2, 47.0, 46.3, 44.7, 42.3, 41.4 (x2),
41.2 (x2), 39.9 (x2), 35.8, 31.3, 29.0, 27.2 (x2), 26.6, 26.3. LRESI-MS: m/z = 1294.5 [M]-.

9+10
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M.p. 135-136 °C. 'H NMR (400 MHz, CDCl3, 298 K): § = 7.48 (bt, ] = 6.9 Hz, 1H, H)), 7.22
(d,J=8.5 Hz, 12H, Hy and H,), 7.03-7.10 (m, 16H, H,, Hy, H; and Hyp), 6.91-6.98 (bm, 2H,
Hy and Hw), 6.70-6.78 (m, 4H, He and H,), 6.14 (dd, J = 3.1, 5.4 Hz, 0.24H, H,10)), 6.06 (d,
J = 5.5 Hz, 0.24H, H;u0), 5.75 (bs, 0.07H, H9), 5.42 (bs, 0.45H, Hy(9)), 4.08-4.14 (m,
0.7H, Hy(9)), 4.04-4.08 (m, 0.3H, Hy10y), 3.89-4.00 (m, 4H, Hr and H;), 3.68-3.78 (m, 2H,
Hu), 3.28-3.39 (m, 2H, Hy), 3.19-3.28 (m, 3H, Hs and H,), 2.92 (bs, 0.07H, Hxn), 2.70-2.83
(m, 5H, Hj, Hn and Hx), 2.36-2.44 (m, 0.3H, Hguo)), 2.30 (bt, / = 6.7 Hz, 0.7H, Hp9)), 1.90-
2.00 (m, 2H, H,), 1.64-1.75 (m, 7H, Hg, Hy, H: and Hy) 1.75-1.90 (4H, H; and H,), 1.47-
1.56 (m, 3H, Hw and Hy), 1.32-1.47 (m, 4H, Hp and Hy), 1.30 (s, 54H, H. and H,). 13C NMR
(100 MHz, CDCls3, 298 K): 6 = 156.9, 156.8 (x2, 10), 154.7, 154.5, 151.3, 148.2 (x2),
144.1, 139.3 (x2, 10), 139.2, 137.9, 136.4 (x2), 135.9, 132.2, 130.7, 124.0, 123.9, 119.7,
112.9 (x2, 10), 68.2, 67.6 (x2, 10), 63.0, 58.0, 52.4, 49.9, 47.3 (x2, 10), 46.4, 44.8, 43.7
(x2, 10), 42.3, 40.8 (x2, 10), 40.7, 39.9 (x2, 10), 39.7, 38.4, 36.0, 34.2, 31.3, 30.0, 29.9,
29.2, 29.1, 29.0 (x2), 28.0, 27.2, 27.1, 27.0, 26.6 (x2, 10), 26.3, 25.9. LRESI-MS: m/z =
1484.0 [M]*, HRESI-MS: m/z = 1485.0028 [M+H]* (calcd. for C104H130N304 1485.0061).
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The publication of the first example of an active-metal template strategy in 2006
marked a new area for the synthesis of mechanically interlocked architectures. The
concept was rapidly adopted and expanded through a wide range of metal-catalysed
reactions. This idea was exemplified with reactions such as the copper(I)-catalysed
alkyne-azide cycladdition (CuAAC), the copper(I)-mediated Ulmann coupling,
palladium- and copper-catalysed alkyne homocouplings and heterocouplings,
palladium(II)-catalysed oxidative Heck cross-couplings and Michael additions, and
Lewis acids-mediated Diels-Alder cycloadditions. In contrast with the passive metal
template methods, wherein the metal is used only as a directional scaffold to arrange
components into space, the active-metal template strategy takes advantage of both the
spatial arrangements and catalytic proprieties of the metal ion to introduce a
mechanical bond between three appropriately designed components. No permanent
recognition motifs are required on any of the components (i.e. the assembly can be
traceless) and the template can often be used in sub-stoichiometric quantities to
produce rotaxanes and catenanes in exceptionally high yields. In addition to the
construction of simple architectures such as rotaxanes and catenanes, the synthetic
strategy can also be used to assemble switchable molecular shuttles with weak
intercomponent interactions (a requirement for fast shuttling) and to provide insight

into the mechanisms of transition metal-catalysed reactions.

The Leigh group is currently engaged in extending the active-metal template approach
to more intricate structures including knots and Borromean rings and in exploring new
concepts involving an active template-like clipping methodology or the development of

an organocatalytic synthesis of interlocked systems.
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The preparation of rotaxanes and other mechanically inter-
locked molecules by the oriented assembly of ligands around
metal ions is a classic demonstration!! of the utility and
effectiveness of template-directed synthesis.” However,
besides organizing the organic fragments through its prefer-
red coordination geometry, the metal template is usually
otherwise passive during such reactions. To exploit the
richness of the metal’s chemistry more fully in synthesis, we
recently started to explore a strategy for rotaxane formation
in which the metal plays a dual role, acting as both a template
for threading and catalyzing covalent-bond formation.P!
Unlike “passive” template methodologies, in which the
rotaxane product is normally a better ligand for the metal
than the non-interlocked components, this type of “active”
template can, in principle, be made to work substoichiometri-
cally. The feasibility of such an approach was first demon-
strated® using tetrahedral Cu' centers, which is both the most
well-established"™™*! coordination geometry for metal tem-
plate rotaxane-forming reactions and an extremely structur-
ally tolerant catalyst® for the azide-alkyne 1,3-cycloaddition
(a so-called “click” reaction®). Herein we report an applica-
tion of the active-metal template concept to palladium
chemistry, which is rather more demanding in terms of
template geometry, but somewhat more significant in terms of
catalysis.

The explosive growth in the number and variety of
palladium-catalyzed transformations over the latter part of
the 20th century has seen palladium become the workhorse of
modern synthetic chemistry.”) Palladium-catalyzed processes
include the formation of C—O, C—N, C—S, and, most notably,
C—C bonds.[" Although Pd" has a square-planar coordination
geometry, it has proved possible to use its two-dimensional
motif to assemble rotaxanes’™ and catenanes in classical
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passive template strategies by utilizing steric control over the
required crossover point in the third dimension.!”
Macrocycle 1a (Scheme 1) was chosen as a suitable
candidate ligand for developing a palladium active-template
rotaxane synthesis. X-ray crystallography of a related palla-
dium(II) [2]catenate shows that the frans-coordinated chlo-
ride ligands protrude out of opposite sides of the macrocycle

Scheme 1. Pd"-mediated active-metal template synthesis of [2]rotaxane
4a. For yields and conditions see Table 1.
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cavity.”®! We reasoned that if the chloride ligands of trans-
2a™ could be replaced by suitably functionalized stopper
groups it would generate a threaded complex (e.g. I,
Scheme 1). If the palladium center is able to retain the
stoppered ligands until it has mediated a covalent bond
forming reaction between them (II, Scheme 1), a [2]rotaxane
would be formed.

This idea was investigated using the palladium(II)-medi-
ated homocoupling of terminal alkynes (Scheme 1)."%3
Complex trans-2a was treated with 2.5 equivalents of an
appropriately derivatized alkyne (3) and Cul (5 mol % with
respect to 3) in diisopropylamine (DIPA ; Table 1, entry 1).1'4

Table 1: Effect of reactant stoichiometry and experimental conditions on
the Pd"-mediated active-metal template synthesis of [2]rotaxane 4a.F!

Entry Ta trans-2a 3 I, t[h] Conversion Yield of
[equiv] [equiv] [equiv] [equiv] 3— 4a [%]
445 (%]
101 _ 1 2.5 - 12 >098 43
okl _ 1 10 - 12 >98 61
309 0.1 10 0.5 12 37 <1
44 09 0.1 10 0.5 12 57 27
509 0.1 10 0.5 24 83 35
69 095 0.5 15 0.5 72 94 81
74 0.95 0.05 30 0.5 72 49 90

[a] Reactions were carried out at 298 K'¥ using anhydrous solvents and
protected from moisture (see the Experimental Section);!' [b] 10 mm
trans-2a, Cul (5 mol % with respect to 3), DIPA; [c] 14 mMm macrocycle
(1a+trans-2a) Cul (5 mol % with respect to 3), DIPA (5 equiv), benzene;
[d] with respect to 1a+trans-2a.

We were delighted to find that after 12 h at room temperature
the desired [2]rotaxane 4a was formed in 43 % yield (based on
2a). The homocoupling reaction essentially proceeded to
completion (>98% conversion into the diyne products,
rotaxane 4a, and non-interlocked thread 5).!”! Carrying out
the reaction using a fivefold excess of 3 increased the yield of
[2]rotaxane 4a to 61 % (Table 1, entry 2).

The '"H NMR spectrum of 4a in CDCl; (Figure 1b) shows
an upfield shift of several signals with respect to the non-
interlocked components (Figure 1a,c,d). The shielding,
which is typical of interlocked architectures in which the
aromatic rings of one component are positioned face-on to
another component, occurs for all the nonstopper resonances
of the axle (Hy,), indicating that in the metal-free rotaxane
the macrocycle is able to access the full length of the thread.!"®!

The proposed mechanism for rotaxane formation is shown
in Scheme 1. Standard Pd ligand-substitution chemistry”-!”
means that under transmetalation the acetylide units should
directly replace the chloride ligands of trans-2a, initially
retaining their relative stereochemistry and thus leading to
the threaded trans palladium bis(alkyne) adduct I. Isomer-
ization of I to the cis geometry necessary for the reductive
elimination must occur without breaking either Pd—acetylide
bond, as models show that the unthreaded isomer of the
cis complex (which would generate noninterlocked macro-
cycle 1a and thread 5 rather than [2]rotaxane 4a) would be
preferred on steric grounds. Reductive elimination then

www.angewandte.org
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Figure 1. "H NMR spectra (400 MHz, CDCl;, 300 K) of a) macrocycle
1a, b) [2]rotaxane 4a, c) thread 5, d) half-thread 3. The assignments
correspond to the lettering shown in Scheme 1.

generates the Pd’-rotaxane complex II and decomplexation
of the weakly binding Pd’ liberates the free rotaxane 4a.

Having achieved an efficient stoichiometric version of the
active-metal template reaction, we turned our attention
towards developing a synthesis that was catalytic with respect
to palladium (Table 1, entries 3-7). This requires the metal to
turn over as both a template and a covalent bond forming
catalyst. The palladium-mediated alkyne homocoupling reac-
tion is particularly well-suited in this respect because diyne
formation is accompanied by reduction of the Pd" to intrinsi-
cally weaker coordinating Pd’. A combination of iodine and
oxygen is typically used as the oxidant to render such
reactions catalytic.”)

We initially tried conditions similar to those employed in
the stoichiometric rotaxane-forming reaction, but using
10 mol % of trans-2a in the presence of I, (Table 1, entry 3).
However, no rotaxane was produced under these conditions
and the overall conversion of alkyne to diyne was only 37 %.
Switching from DIPA to benzene as the solvent led to a
significant improvement in both the total yield of diyne
products and the formation of [2]rotaxane 4a (57 % and 27 %,
respectively, entry 4). Increasing the reaction time from 12 to
24 h gave further improvements (83 % diyne products; 35 %
[2]rotaxane, entry 5). Finally, increasing the equivalents of 3,
reducing the loading of 2a to 5 mol % with respect to 1a, and
further extending the reaction time to 72 h improved the yield
of rotaxane 4a to up to 90% (entries 6 and 7).151

We used the mono- (2b), bi- (2¢), and tridentate (2d and
2e) macrocycles shown in Scheme 2 (their syntheses are
detailed in the Supporting Information) to explore the
influence of the nature of the macrocyclic ligand on the
active-metal template reaction.” Reaction of 2b or 2¢ under
the standard stoichiometric conditions resulted in the for-
mation of the corresponding [2]rotaxanes 4b and 4¢?" in
38% and 10 % yields, respectively (Table 2, entries 1 and 4).
The low yield obtained with the bidentate complex 2c¢
presumably reflects the fact that the two chloride ligands
are necessarily cis for transmetalation. Even with the larger

Angew. Chem. Int. Ed. 2007, 46, 5709-5713
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Scheme 2. Screening of different macrocyclic ligands for the palladi-
um(Il)-mediated active-metal template synthesis of [2]rotaxanes. For
yields and conditions see Table 2.

macrocycle cavity of 2¢ relative to 2a, the cis orientation
significantly decreases the chance of the two alkyne substi-
tutions occurring through opposite faces of the macrocycle.?”
Carrying out the same reactions in the presence of 10 equiv-
alents of 3 increased the yield of [2]rotaxane 4¢ to 20%
(Table 2, entry 5) but, to our surprise, resulted in a decrease in
the yield of rotaxane 4b from 38 % to 30 % (Table 2, entry 2).
As expected, reaction of 3 with the tridentate palladium
complexes 2d and 2e failed to generate any reaction products
(Table 2, entries 7 and 8), as two labile coordination sites on
the metal are necessary for the alkyne homocoupling
mechanism (Scheme 1).

As found earlier for 4a (Table 1, entries 2 and 7), the yield
of rotaxane 4¢ was greatly improved (from 20% to 76%;

Angew. Chem. Int. Ed. 2007, 46, 57095713
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Table 2: Effect of macrocycle structure on the Pd"-mediated active-metal
template synthesis of [2]rotaxanes (Scheme 2).!

Entry Macrocycle-Pd" 3 t[h] Conversion 3—  Yield of

complex [equiv] 445 [%) 4b—e [%]
1 2b 25 18 82 38
201 2b 10 18 75 30
39 2b 30 72 63 14
40 2¢ 25 18 77 10
501 2¢ 10 18 85 20
69 2c 30 72 19 76
78 2d 25 72 o oul
g8l 2e 25 72 od od

[a] Reactions were carried out at 298 K using anhydrous solvents and
protected from moisture (see the Supporting Information); [b] stoichio-
metric conditions (10 mm 2b—e): macrocycle-Pd complex 2b—e
(1 equiv), Cul (0.05 equiv), DIPA; [c] catalytic conditions (14 mm 1b+
2b or 1c+2c): macrocycle 1b or 1c (0.95 equiv), macrocycle-Pd
complex trans-2b or cis-2c (0.05 equiv), benzene, Cul (5 mol% with
respect to 3), I, (0.5 equiv), DIPA (5 equiv); [d] no diyne product was
detected; [e] with respect to 2b—e (entries 1, 2, 4, 5, 7 and 8), 1b+2b
(entry 3), or Tc+2c (entry 6).

Table 2, entries 5 and 6) by changing from stoichiometric to
catalytic palladium conditions. In contrast, the yield of
rotaxane 4b decreased to 14% under similar catalytic
conditions, although the overall conversion into diyne prod-
ucts 4b+5 is a respectable 63% (Table 2, entry 3). It is
possible that this disparity occurs because the benzylic oxygen
atoms in 2a can play a role in dynamic ligation to the
palladium center. In their absence the macrocycle is a poorer
ligand. Thus, when the amount of alkyne 3 present with
respect to 2b is increased (Table 2, entries 2 or 3), the excess
alkyne is able to compete with the pyridine macrocycle for the
palladium, thereby reducing the yield of rotaxane 4b.

It is interesting to note that the catalytic conditions with
2aand 2 ¢ provide much cleaner conversions and higher yields
of [2]rotaxanes than the stoichiometric conditions. The use of
stoichiometric amounts of Pd", especially with the solvent
concentrations of DIPA required for high conversions in the
stoichiometric reactions, probably gives rise to side-reactions
and other macrocycle-Pd species that do not afford [2]rotax-
ane.

The template-directed assembly of otherwise difficult-to-
access molecules and the catalysis of covalent-bond formation
are two of the most useful tasks that transition metals can
perform in organic chemistry. The present work demonstrates
that the currently rare combination of these apparently
disparate functions can produce high-yielding, mild, and
effective synthetic routes to complex molecular architectures
that require only substoichiometric amounts of metal. Studies
directed towards the design and development of other active
template systems are in progress.

Experimental Section

General procedure for catalytic rotaxane synthesis: A 5-mL round-
bottomed flask, equipped with a drying CaCl, tube, was charged with
a solution of the terminal alkyne 3 (484 mg, 0.84 mmol) in anhydrous
benzene (2mL). Diisopropylamine (28 mg, 0.28 mmol), copper
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iodide (8 mg, 42.0 pmol), macrocycle 1a—c¢ (26.6 umol), and iodine
(4 mg, 14.0 pmol) were added sequentially. A solution of the
corresponding palladium-macrocycle complex 2a-c¢ (1.4 pmol) in
anhydrous benzene (1 mL) was slowly added over a period of 12 h
with a syringe pump. When addition was complete the reaction
mixture was allowed to stir for a further 72 h after which time the
crude product was taken into a partition of dichloromethane and a
saturated  solution of sodium ethylenediaminetetraacetate
(Na,EDTA, 15 mL) and stirred for 1 h. The layers were separated
and the aqueous layer extracted with dichloromethane (2x5 mL).
The combined organic extracts were then washed with brine (15 mL),
dried over anhydrous magnesium sulfate, filtered, and concentrated
under reduced pressure. The resulting residue was purified by column
chromatography on silica gel to afford the corresponding [2]rotaxane
(4290%:;4b 14%;4¢c 76 %).

Full details of the experimental procedures and compound
characterization are given in the Supporting Information.
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Several control reactions were carried out to confirm the
necessity of both Pd and Cu. When the conditions used for
Table 1, entry 2 (i.e. stoichiometric) or Table 1, entry 6 (i.e.
catalytic) were repeated in the absence of Pd (i.e. with macro-
cycle 1a replacing the Pd complex 2a), no diyne products were
detected by '"H NMR spectroscopy. Thus, under these conditions
the Cul-mediated Glaser alkyne homocoupling™!! does not
operate to any significant extent (<1%). Similarly, when the
same reactions were run in the absence of Cul instead of in the
absence of Pd, no diyne products were detected by 'H NMR
spectroscopy.

The pyridine coordination site on the macrocycle is crucial for
rotaxane formation. When the conditions used for Table 1,
entry 1 were repeated with the non-pyridine version of macro-
cycle 1a (pyridine replaced by benzene), no rotaxane was
detected and non-interlocked thread § was formed in only 19 %
yield after 3 days. See the Supporting Information for further
details.

A further decomplexation reaction using KCN in MeOH/
CH,Cl, was necessary before [2]rotaxane 4¢ could be isolated.
For an X-ray crystal structure of 2¢ and the corresponding
crystallographic data, see the Supporting Information.
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The copper(1)-catalysed azide—alkyne cycloaddition (the CuAAC ‘click’ reaction) is proving to be
a powerful new tool for the construction of mechanically interlocked molecular-level
architectures. The reaction is highly selective for the functional groups involved (terminal alkynes
and azides) and the experimental conditions are mild and compatible with the weak and reversible

intermolecular interactions generally used to template the assembly of interlocked structures.

Since the CuAAC reaction was introduced as a means of making rotaxanes by an ‘active
template’ mechanism in 2006, it has proven effective for the synthesis of numerous different types
of rotaxanes, catenanes and molecular shuttles by passive as well as active template strategies.
Mechanistic insights into the CuAAC reaction itself have been provided by unexpected results
encountered during the preparation of rotaxanes. In this tutorial review we highlight the rapidly

increasing utility and future potential of the CuAAC reaction in mechanically interlocked

molecule synthesis.

1. Introduction

A quarter of a century after the first template synthesis of a
mechanically interlocked molecule,! there now exists a
plethora of strategies for the construction of mechanically
bonded molecular-level structures. Rotaxanes, catenanes,
knots and links have all been accessed via template methods
using a diverse range of recognition motifs, such as electron-
rich—electron-poor m-stacking systems, hydrogen bonding and
metal ion coordination.> These molecules, in which some of
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T Part of a themed issue reviewing the applications of click chemistry.

the components are connected mechanically rather than by
covalent bonds, could potentially find application in the
modification of physical and chemical properties,' encapsulat-
ing and delivering substrates (such as dyes and drugs),>* as
smart materials with switchable surface properties™® and in
molecular electronics”® and other types of molecular machin-
ery.’

Three distinct approaches'® have been devised for the
template synthesis of rotaxanes and catenanes (Scheme 1):

(1) The capping (or threading-followed-by-stoppering) meth-
od'! involves the covalent capture of a threaded supramole-
cular complex (a pseudorotaxane) by attachment of two bulky
units at each end of the linear thread to give the corresponding
rotaxane. The bulky ‘stoppers’ prevent disassociation
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Scheme 1
catenanes.

Template strategies for the synthesis of rotaxanes and

(dethreading) of the macrocycle and, since the breaking of a
covalent bond is then required to disassemble the structure,
the rotaxane is a molecule not a supramolecular complex.'°

(i) The clipping approach,'? in which the interlocked struc-
ture is obtained by macrocyclisation of an acyclic ligand
around the template site of an already stoppered thread
(rotaxane) or another macrocycle (catenane).

(iii) The active metal template strategy,' where the substrate
used as a template also plays an active role in promoting the
crucial covalent bond formation used to capture the inter-
locked structure.

Although a number of different types of reactions have been
used to covalently capture interlocked architectures, the most
widely used in the early years of template-directed catenane
and rotaxane synthesis were Williamson ether synthesis, amide
and ester bond forming reactions, Glaser and Eglinton cou-
plings, imine-bond formation, metal-ligand coordination and
the Krohnke alkylation of pyridines with alkyl halides.? The
invention'* of highly efficient ring-closing olefin metathesis
(RCM) catalysts significantly increased the yields of many
catenane and rotaxane template strategies.'> '® There are three
principal reasons for the effectiveness of RCM in these me-
chanical bond forming reactions:

(1) The intrinsic high functional group specificity of the
reaction—it is highly selective and few other groups interfere
with the reaction or are incompatible with the reaction con-
ditions.

(i1) The reaction can be carried out in relatively non-polar
solvents in which the non-covalent interactions generally used
to template the interlocked architecture are maximised.

(iii) The reactive end-groups are sufficiently stable, even
when attached to the transition metal catalyst, that they react
overwhelmingly in the desired fashion even when accessing the
required reaction geometry is a rare event (as it is for the
cyclisation of large rings). The yield of interlocked versus non-
interlocked products then depends on how effectively the
template pre-organises the ring-closing reaction to take place
while one component is threaded through the cavity of
the other.

The Huisgen—Meldal-Fokin Cu(1)-catalysed 1,3-cycloaddi-
tion of azides with terminal alkynes (the CuAAC ‘click’
reaction'® ) also fulfills these criteria—indeed, it is even more
functional group specific, substrate tolerant and higher yield-
ing than typical RCM reactions—and so it is unsurprising that
its discovery and development has rapidly led to it becoming

a—perhaps even the—reaction of choice for catenane and
rotaxane synthesis.”’

To date the CuAAC reaction has been used in catenane and
rotaxane synthesis in four different ways: to build hard-to-
obtain structures by linking together small fragments into
bigger and more complex structures or covalently capturing
threaded supramolecular complexes, the modification of pre-
existing structures (including decoration and post-synthetic
functionalisation), the combination of both of these ap-
proaches where the CuAAC is used to link building blocks
and as a functionalisation tool, and finally the use of pre-
formed triazole rings as ligands for the assembly of, and to
play a role in controlling the dynamics of, mechanically
interlocked architectures.

2. Rotaxanes containing triazole rings

Early examples of triazole-containing rotaxanes were prepared
by Mock in the 1980’s** and Stoddart in the 1990’s."> Mock
established that cucurbit[6]uril (CB[6]) is able to bind ammo-
nium-derivatised alkyl azides and alkynes and hold the reac-
tive functional groups in close proximity to each other,
promoting their cycloaddition.’*2° When bulky ters-butyl
groups were used as the second alkyl group on the secondary
ammonium salts (e.g. 1 and 2), the reaction inside CB[6] gave
[2]rotaxane 3 in 76% yield (Scheme 2a).>* This approach has
subsequently been used to produce a series of cucurbituril-
based?’ rotaxanes?®?® and pseudorotaxanes.’® Stoddart em-
ployed the thermal (i.e. uncatalysed) Huisgen 1,3-azide—alkyne
cycloaddition®! to convert 4 (which forms pseudorotaxane 5
with dibenzo-24-crown-8) into [2]rotaxane 6 in 31% yield
(Scheme 2b). The modest yield of rotaxane 6, despite the near
quantitative formation of the threaded supramolecular com-
plex 5, is typical of the poorly effective methods for covalent
capture employed in that era.

Scheme 2 (a) Mock’s synthesis of [2]rotaxane 3, utilising the ability of
CBI6] to catalyse the cycloaddition between 1 and 2.%* (b) Stoddart’s
synthesis of [2]rotaxane 6, exploiting the binding of secondary dialky-
lammonium salts by crown ethers through capping of the resulting
pseudorotaxane intermediate 5 via a Huisgen 1,3-dipolar azide—alkyne
cycloaddition.'?

2 | Chem. Soc. Rev., 2009, 11, 1-12
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2.1 CuAAC active-metal template synthesis of rotaxanes

In 2006 the copper(i)-catalysed version of the azide—alkyne
cycloaddition was first used to prepare mechanically inter-
locked architectures.> The CuAAC reaction formed part of a
strategy in which both the preferred coordination geometry of
a metal ion (in this case Cu(1)), and its catalytic properties, are
used to both template the assembly and promote the forma-
tion of the covalent bond that captures the interlocked struc-
ture (the active metal template strategy, Scheme 1).3%3?

It was envisaged that the tetrahedral arrangement of ligands
about Cu(1) should direct the CuAAC reaction of appropri-
ately ‘stoppered’ alkyne and azide units through the cavity of
pyridine and bipyridine macrocycles 7a—c to afford the corre-
sponding [2]rotaxanes. Indeed, stirring an equimolar mixture
of the pyridine-containing macrocycle 7a, alkyne 8, azide 9,
and Cu(MeCN)4PF4 in CH,Cl, for 24 h afforded—after
demetalation with KCN—a mixture of [2]rotaxane 10a and
non-interlocked thread 11 in 57% and 41% yield, respectively
(Scheme 3).?

Reaction conditions were optimised using a five-fold excess
of both 8 and 9 (yielding 94% of 10a). Addition of pyridine as
a competitive ligand—in order to remove the metal catalyst
from the sequestrating rotaxane—enabled the catalyst to turn
over, giving 82% (incorrectly reported as 38% in ref. 23) of
rotaxane 10a using only 20 mol% Cu(1). This marked the first
time that only catalytic quantities of a template were necessary
to synthesise a mechanically interlocked architecture.

In addition to the strongly coordinating pyridine nitrogen,
macrocycle 7a has two ether oxygen atoms that could poten-
tially be involved in (albeit weak) coordination to the metal
atom during the active metal template reaction (Scheme 3). To
test whether other macrocycle geometries would be tolerated
by the active-template reaction, macrocycle 7b—in which the
substituted benzylic units are replaced by aryl groups—was
tested.”” The aromatic rings flanking the pyridine in 7b
sterically encumbers the nitrogen donor atom, and a combina-
tion of sterics and electronic factors probably reduces the
binding affinity of this ligand for Cu(r) ions. The weaker
binding leads to more ligand Cu(1) (i.e. not bound to macro-
cycle) in solution, resulting in higher conversion of the build-
ing blocks into non-interlocked thread 11 and a relatively
modest yield of [2]rotaxane 10b (25%). The bipyridine macro-
cycle 7¢ directs the CuAAC reaction through its cavity to form
rotaxane almost as efficiently as 7a (45% of rotaxane 10c).
However, the rate of the CuAAC reaction is severely inhibited
by this ligand and the reaction took 3 days to go to comple-
tion. The sluggish reactivity is likely a result of the steric bulk
around the Cu(1) centre in the complex changing the course of
the productive mechanism of the CuAAC reaction (vide
infra).

2.1.1 The unexpected formation of [3|rotaxanes. In an
attempt to minimise the amount of ligand-free Cu(r) (which
causes formation of the non-interlocked thread) in the active-
template CuAAC reaction, the effect of carrying out the
reaction with 10 equivalents of macrocycle 7b was investi-
gated.?® This resulted in the unexpected formation of [3]rotax-
ane 12b in 37% yield (Scheme 4). The only way in which fwo

Scheme 3 Active metal template synthesis of [2]rotaxanes 10a—c via
the CuAAC reaction.’>**

Cu(1)-binding macrocycles can be threaded onto an axle when
only one triazole is being formed is for two Cu(1) ions to be
involved in the dominant mechanism of the CuAAC reaction.
Such a bimetallic intermediate had been proposed by Rodio-
nov et al. in 2005.3

The slowing down of the reaction rates when 10 equivalents
of macrocycle are used was also strongly suggestive that the
dominant mechanism of the CuAAC reaction under these
conditions involved the activation of the copper-c-acetylide
by a second (probably not coordinated to the macrocycle for
steric reasons) copper atom. No [3]rotaxane was observed with
bidentate ligand 7¢, which when complexed to Cu(1) does not
leave sufficient coordination sites to proceed via a bimetallic
intermediate mechanism, and so it seems likely that the
monodentate pyridine ligand promoted CuAAC reaction

This journal is © The Royal Society of Chemistry 2009
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Scheme 4 Effect of the macrocycle: Cu(1) ratio on the active metal
template CuAAC reaction.™

proceeds via a bridged intermediate such as I (and III), while
the bidentate bipyridine ligand promoted CuAAC active-
template reaction occurs via a simple m-coordinated complex
such as II (Scheme 4).

2.2 Copper(1)-template [2]rotaxanes using CuAAC as a
capping reaction

Sauvage and co-workers were the first to apply the CuAAC
reaction to traditional ‘passive template’ rotaxane synthesis
(Scheme 5).** Phenanthroline macrocycle 13 and bipyridine
diazide rod 14 were complexed with a stoichiometric amount
of Cu(MeCN),PFg4 in CH,Cl,-MeCN 1 : 1 to give Cu(1)—p-
seudorotaxane 15. Subjecting 15 to a CuAAC capping reac-
tion with stopper 8 (Cu(MeCN)4PFs, Na,COs;,
CH,CIl,-MeCN 1 : 1, rt for 21 h) provided Cu(i)-rotaxane
complex Cu-16 in 62% yield. Use of a more sterically restricted
phenanthroline-based axle increased the stability of the com-
plex to the CuAAC reaction conditions, generating the corre-
sponding Cu(r)—rotaxane complex in 67% yield.*®

2.3 Octahedral metal template [3]rotaxanes using CuAAC as a
capping reaction

The Strasbourg group have explored a passive template
methodology which exploits the assembly of three distinct
bidentate ligands around a single transition metal centre
(Scheme 6). Triply entwined complexes, such as 19, could be
generated around various octahedral transition metal ions,
such as Ru(i), Fe(i1) and Co(1m), using bis-isoquinoline 17a (R
= Me).*” This motif was used to create a [3]rotaxane™® 21,
which unusually features two axles threaded through a single

Scheme 5 Copper(i) template synthesis of [2]rotaxane Cu-16.%%3¢

macrocycle (Scheme 6).%*° Two bis-isoquinoline rods deriva-
tised with azide groups at each end (17b) were threaded
through the cavity of macrocycle 18 to generate metal com-
plexes M-20 (M = Fe(i) or Co(imn)). Stoppering with bulky
alkyne unit 8 via the CuUAAC reaction afforded Fe™-21 and
Co"™-21 in good yields (82% and 89%, respectively). The
iron(i)-rotaxane complex was stable to mild conditions (Na;.
HEDTA, MeOH-CH,Cl, 1 : 1, room temperature) for at-
tempted demetallation, while harsher conditions (Cs,COs,
DMF, 70 °C) which removed the metal ion also resulted in
the dethreading of the two stoppered threads from the cavity.
The metal-free [3]rotaxane could be obtained, however, by
replacing iron(1) as the template with cobalt(mr).?* Oxidation
of Co(1n) into labile Co(i1) made the rotaxane decomplexation
quick and efficient (Na;HEDTA, DMSO) affording the metal-
free [3]rotaxane 21 in quantitative yield. The dethreading
process®® of metal-free 21 was followed by '"H NMR and its
half-life was determined to be one week in CH,Cl, at room
temperature.

2.4 n-Stacking rotaxanes using CuAAC as a capping reaction

The Stoddart group have employed the CuAAC reaction in
the preparation of a range of rotaxanes, catenanes, lariats and
molecular shuttles.* ¢ The viologen units used in Stoddart-
type interlocked molecules are notoriously sensitive to bases,
reducing agents and nucleophiles and so the mild conditions of
the CuAAC reaction are well-suited for assembling these
sometimes difficult to handle building blocks.

Threading of a bis-azide functionalised m-electron-rich 1,5-
dioxynaphthalene (DNP) rod (22) through a m-electron-poor
cyclobis(paraquat-p-phenylene) (CBPQT*") macrocycle (23)
afforded pseudorotaxane 24 (Scheme 7).*! This was covalently
captured using the CuAAC reaction and alkyne stopper 25 to
give the corresponding [2]rotaxane (26). The yield is good
(82% at —10 °C) compared to other capping methods for this
assembly system, although for the CBPQT*" tetrafluoro
derivative 22b the yield of rotaxane (26) falls to just 11%.
Similar methodology was used to prepare lariat compound 27
in 43% vyield (Scheme 7b).*?

4 | Chem. Soc. Rev., 2009, 11, 1-12
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Scheme 6 Octahedral metal template synthesis of [3]rotaxane®®
21,37:39:40

Scheme 7 Synthesis of (a) [2]rotaxanes 26a and 26b and (b) lariat 27
by CuAAC capping methodology.*!*

Scheme 8 CuAAC ‘click—click’ chemistry for the preparation of
branched [4]rotaxane 30.%

The syntheses of more complex structures, such as [3]rotax-
anes, [4]rotaxanes, polyrotaxanes, polycatenanes and molecu-
lar shuttles, has also been accomplished using the CuAAC
stoppering reaction.***’ Using a sequential ‘click—click’
CuAAC technique previously developed for oligopeptide liga-
tion,*® a one-pot synthesis of branched [4]rotaxanes was
achieved (Scheme 8).* A DNP-containing thread bearing
both terminal and TMS-(trimethylsilyl-) protected alkynes
was treated with the CBPQT*" macrocycle 23a to form the
corresponding pseudorotaxane 28. The first azide-derivatised
bulky stopper (orange, Scheme 8) was attached using a
standard CuAAC stoppering reaction (DMF, CuSOy
SH,O-ascorbic acid, 25 °C) affording TMS-protected [4]pseu-
dorotaxane 29. In situ removal of the TMS-protecting group
with AgPFg, followed by reaction with a second azide-deriva-
tised stopper (green, Scheme 8) under a second set of
‘click—click” CuAAC conditions (Cu/Cu(MeCN)4PF4s, DMF,
rt), provided the branched [4]rotaxane 30 in excellent yield
(>98%).

2.5 Cyclodextrin-based lariats, threaded complexes and
supramolecular polyrotaxanes using CuAAC as a linking
reaction

Cyclodextrins (CDs) form threaded inclusion complexes dri-
ven primarily by hydrophobic interactions. Chen’s group have
used triazole chemistry to covalently connect the host and
guest in threaded B-cyclodextrin-based azobenzene complexes
(Scheme 9).%° A supramolecular polyrotaxane (35), CD-lariat
(33) and self-threaded supramolecular dimer (34) could each
be prepared in good yield (69-71%) from the same building
blocks (azido-B-CD derivative 31 and azobenzene-alkyne 32)
by varying the reaction conditions (Scheme 9). Covalent

This journal is © The Royal Society of Chemistry 2009
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Scheme 9 Covalent linking of the threaded components of azoben-
zene-B-CD complexes via the thermal Huisgen cycloaddition (lariat 33
and self-threaded dimer 34) and the CuAAC reaction (supramolecular
polyrotaxane 35).%°

linking of the components of the pseudorotaxane intermediate
by a thermal Huisgen 1,3-cycloaddition (EtOH-H,O 1 : 2 at
85 °C for 3 days) yielded the 1,5-triazole-containing lariat 33
(Scheme 9). In water, 33 spontaneously forms dimer 34, a
capsular structure in which the threaded azobenzene rods are
also complexed by the adjacent B-CD’s cavity, a structure
characterised in solution by '"H NMR and maintained in the
solid state, as determined by X-ray crystallography. In
DMSO, however, 'H NMR spectroscopy shows that the
molecules largely exist as the monomeric lariat 33. Covalent
coupling of the components of the pseudorotaxane with the
CuAAC reaction (CuSO4-5H,0, Na ascorbate, EtOH-H,O 1 :
2, rt, 8 h), however, led to the 1,4-triazole-containing isomer
which formed the supramolecular polyrotaxane 35 (Scheme 9,
top). The authors were able to observe the supramolecular
polyrotaxane 35 by high resolution TEM imaging and the
trimer could be detected by FTICR-MS.

2.6 Cyclodextrin-based [2]-, [3]- and higher rotaxanes using
CuAAC as a capping and linking reaction

The spontaneous threading of CDs onto a linear aliphatic
thread in aqueous solution can provide [n]pseudorotaxanes in
a facile and efficient way, the corresponding [n]rotaxanes being
obtained by aqueous-tolerant stoppering reactions. o-CD-
based [2]-, [3]- and higher order rotaxanes could all be
prepared from pseudorotaxane 38 (assembled from mono-
stoppered axle 36 and lactose-derivatised o-CD 37) under
CuAAC reaction conditions (CuSO4-5H,O, Na ascorbate,
H,0) with various mono- and di-alkyne linkers and stoppers
in modest to good yields (Scheme 10).%! [2]Rotaxane 40 was
synthesised in 54% yield by reacting 38 with alkyne stopper 39
(Scheme 10a). Replacing 39 with dialkyne thread 41 under
these reaction conditions gave [3]rotaxane 42 (24%) as the

major product, together with smaller amounts of the corre-
sponding [2]- and [4]-rotaxanes (Scheme 10b). [4]Rotaxane 44
(27%) and [6]rotaxane 45 (67%) were obtained by reacting 36
and extended dialkyne thread 43 with 3 and 15 equivalents of
Lac-CD 37, respectively (Scheme 10c). The average number of
CDs threaded were determined by '"H NMR and MS experi-
ments. Lactose is a potent inhibitor of Arachis hypogaea
peanut lectin,*>** and high lectin binding affinities were de-
termined for the [4]rotaxane 44 (five lactose units) and [6]ro-
taxane 45 (seven lactose units) in enzyme-linked lectin assays.

2.7 Squaraine-based [2]rotaxanes using CuAAC as a capping
reaction

Rotaxanes with squaraine-dye-based axles and amide macro-
cycles have been prepared by capping hydrogen bonded
pseudorotaxanes using the CuAAC reaction (Scheme 11).>*
[2]Rotaxanes 47 and 48 were prepared in 40% and quantita-
tive yields, respectively, from a bis-alkyne thread, amide
macrocycles and  azide-terminated  stopper  groups
(Scheme 10).

Scheme 10 Lactose-derivatised a-CD-based rotaxanes accessed via
CuAAC capping and linking reactions. (a) [2]Rotaxane 40, (b) [3]ro-
taxane 42 and (c) [4]rotaxane 44 and [6]rotaxane 45.°!

6 | Chem. Soc. Rev., 2009, 1K, 1-12
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Scheme 11 Squaraine [2]rotaxane 47 and 48 obtained through
CuAAC capping reactions. Pseudorotaxane 46 acts as an anion sensor
through the dethreading of the macrocycle by competitive binding
with various anions (Cl~, AcO~, BzO").>*

The rotaxane architecture modifies the photophysical prop-
erties of the squaraine dye in significant ways. Rotaxane 47 has
a 3-fold decrease in fluorescence quantum yield compared with
the non-interlocked thread (¢ = 0.24 and @ = 0.65, respec-
tively). The fluorescence of pseudorotaxane 46 is similarly
quenched by the macrocycle hydrogen bonding to the dye,
but treatment of 46 with tetrabutylammonium chloride, acet-
ate or benzoate salts results in decomplexation of the pseudor-
otaxane and the fluorescence intensity of the squaraine unit is
restored. Both rotaxanes 47 and 48 exhibit an intense IR
absorption/emission spectra and are being investigated as
possible motifs for molecular probes for biological imaging.

2.8 Halide—triazolium template formation of [2]rotaxanes

Beer’s group has imaginatively used the triazolium group itself
(made by methylation of a triazole ring formed by a CuAAC
reaction) to template the formation of rotaxanes via hali-
de-triazolium ion pairing (Fig. 1).> Triazole-containing
thread 11 (see Schemes 3 and 4) was methylated (Me;OBF,)
in close-to-quantitative yield. Three-component complexation
of the methylated thread, tetrabutylammonium chloride and
an isophthalamide bis-olefin unit known to bind Cl~ ions
through hydrogen bonding, followed by RCM, yielded the
chloride-complexed triazolium-rotaxane 49-Cl in 21% yield.
The chloride ion could be removed by washing with a solution
of NH4PF4. The yield is slightly improved (31%) using
bromide ion instead of chloride.

Fig. 1 Beer’s anion-complexed rotaxanes 49-Cl/Br, assembled via a
halide-triazolium ion pair template.”

3. Molecular shuttles constructed via CuAAC

One of the most interesting features of rotaxanes and cate-
nanes is that, as they are not covalently attached to one
another, their mechanically interlocked components can often
undergo large amplitude motions with respect to each other.’
These ‘molecular shuttles’ are seen as prototypical building
blocks for various types of molecular machinery.’

As a consequence of the template methods employed in their
synthesis, rotaxanes often have thread binding sites for the
macrocycle between which the ring moves under random
thermal motion (‘shuttling’). If the binding sites are identical
this is often referred to as a ‘degenerate’ molecular shuttle. If
the binding sites are different, however, a net change of
position of the macrocycle on the thread can sometimes be
brought about by use of an external signal, constituting a type
of molecular switch. These stimuli-switchable shuttles have
been shown to operate through a wide variety of different
stimuli including pH changes, competitive binding, redox
control and light.’

3.1 Degenerate molecular shuttles containing triazole rings

Using CuAAC active metal template methodology,*® molecu-
lar shuttles can be efficiently prepared with two triazole rings
on the thread of a [2]rotaxane. [2]Rotaxane 50 was assembled
in good yield (81%) through the coupling of a bis-azide unit
with alkyne stopper 8 (analogous to the types of reactions
shown in Scheme 3).

Since triazole rings can act as ligands for transition metal
ions, the two triazole groups in 50 can function as binding sites
for a metal-coordinated macrocycle (Scheme 12). For Cu(r)
complex (Cu-50), the '"H NMR spectrum shows that the Cu-
macrocycle unit shuttles rapidly between the two triazole
ligands at room temperature (CD,Cl,—CD3CN 1 : 9, 298 K).
In contrast, the "H NMR spectrum of Pd-50 shows that the
Pd-macrocycle unit is kinetically locked to one triazole station
on the NMR time scale, even at 343 K. 3

3.2 Rh—porphyrin-based molecular shuttles

Mullen and Gunther have also used the coordinating abilities
of the triazole group in molecular shuttles (Scheme 13).° A
bis-alkyne-functionalised diimide axle forms a pseudorotaxane
with a DNP macrocycle bearing a zinc—porphyrin unit. Stop-
pering through the CuAAC reaction (DIPEA, Cu(-
MeCN)4BE,, toluene, rt, 8 d) yielded the Zn-rotaxane Zn-51
in 20% yield. '"H NMR studies (CDCl;, 298 K) showed that
the triazole ring is not coordinated to the Zn atom and the
porphyrin is located over the diimide unit of the thread.
Exchanging Zn(i1) for Rh(i) via the metal-free porphyrin
rotaxane (51) afforded Rh-51. In contrast to Zn-51, the 'H
NMR spectrum of rotaxane Rh-51 shows fast shuttling of the
Rh—porphyrin unit between the two triazole stations. At —20
°C the Rh—porphyrin unit is localised to only one triazole ring
on the NMR time scale. Attempts to remove the rhodium ion
from Rh-51 whilst maintaining the rotaxane structure were
unsuccessful.

This journal is © The Royal Society of Chemistry 2009
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Scheme 12 Controlling macrocycle shuttling dynamics in bis-triazole
molecular shuttle 50 by coordination of Cu(1) or Pd(i).*®

Scheme 13
containing degenerate molecular shuttle Rh-5

[2]Rotaxanes Zn-51 and 51 and the corresponding Rh-
156

3.3 Redox-switchable molecular shuttles

Molecular shuttles 52-54 (Scheme 14) were constructed using
standard CuAAC capping methodologies. The degenerate
shuttle 52 was obtained in 16% yield from the corresponding
monoazide-derivatised DNP pseudorotaxane and p-diethynyl-
benzene.*? The shuttling rate of the macrocycle between the
two DNP stations was determined to be 15.5 kcal mol ™! in dj-
acetone by variable temperature 'H NMR spectroscopy. This
value, by comparison to many similar published structures,’’

Scheme 14 CuAAC-assembled donor—acceptor molecular shuttles:
degenerate shuttle 52, redox two-station shuttle 53 and a-CD-contain-
ing shuttle 54.4%°%:%

suggests that the triazole rings do not significantly interfere
with the shuttling process. [2]Rotaxane 53 which contains two
different—tetrathiafulvalene (TTF) and DNP—potential
binding sites was prepared in 60% yield from the correspond-
ing pseudorotaxane complex. '"H NMR spectroscopy (-
acetone, 298 K) indicated that the macrocycle was predomi-
nantly (>95%) located on the TTF unit. The electrochemistry
of the shuttle (CV and differential pulse voltametry—DPV)
again suggested that the triazole rings do not affect the
thermodynamics or the kinetics of the switching process. This
approach was recently extended to make a tripodal shuttle>®
and a redox-switchable a-CD-containing molecular shuttle
54.>°

3.4 Anion-switchable molecular shuttles

A novel type of chloride-switchable molecular shuttle that
utilises the triazole unit introduced during the CuAAC reac-
tion as a metal coordinating site was recently reported
(Scheme 15).°° Rotaxane 55-Cl was assembled in 64% yield
by CuAAC capping of the corresponding pseudorotaxane.
Upfield shifts ("H NMR, CDClj, 298 K) of the pyridinium and
adjacent protons indicated that the anionic-PdCl macrocycle is
located over the pyridinium station (Scheme 15, top). Treat-
ment of 55-Cl with AgPF¢ exchanged the chloride ligand by
the non-coordinating PF4~ anion thus inducing translocation
of the Pd-complexed macrocycle to the triazole coordinating
site (55-PF¢, Scheme 15, bottom). Simple addition of NBu,Cl
in chloroform reverses the process.

8 | Chem. Soc. Rev., 2009, 11, 1-12
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Scheme 15 Chloride-switchable molecular shuttle 55.%

3.5 pH-switchable triazolium-based molecular shuttles

Carbohydrate-derivatised rotaxanes have been prepared by
covalent capture of a dialkylammonium-dibenzo-24-crown-8
pseudorotaxane by a CuAAC reaction of the alkyne at one
end of the axle with 1-azido-mannose to give the correspond-
ing rotaxane (56-H™) (Scheme 16a).5' ®* Methylation of the
triazole group in the rotaxane axle forms a triazolium unit that
can function as a second potential binding site for the diben-
zocrown ether (56).°°> When the amine group of the axle is
protonated (i.e. 56-H™), the macrocycle lies predominantly
over the dialkylammonium site. However, treatment with base
forms the neutral amine (56) and translocation of the electron-
rich crown ether to the triazolium station occurs
(Scheme 16).%7°2 Remarkably, the changing position of the
macrocycle can also be used to flip the chair conformation of
the mannoside stopper from 'Cy4 to *C;.%*

This system has also been used to prepare ‘molecular daisy
chains’ and ‘molecular muscles’ (Scheme 16).%* Supramolecu-
lar dimerisation of a lariat compound (a macrocycle attached
to an ammonium-containing rod decorated with a terminal
alkyne) afforded a doubly threaded pseudorotaxane where
each axle is threaded through the other macrocycle’s cavity.
Capping with 1-azido-mannose (2,6-lutidine, Cu(MeCN)4PFj,
CH,Cl,, 24 h) followed by triazole ring methylation and anion
exchange (I” to PF¢") led to 57-2H"-S. Contraction of 57-
2H"*-S to 57-C could be achieved via treatment with base
(NaOH, CH,Cl,-H,0) which causes translocation of the
crown ethers to the triazolium rings (evidenced by 'H
NMR). Reprotonation with hydrochloric acid, followed by
anion exchange (ClI™ to PF4"), converted 57-C back to 57-
2H"-S.

3.6 ‘Nanovalves’

The macrocycle of rotaxanes or pseudorotaxanes can be used
to block the holes of a porous surface and act as so-called
‘nanovalves’ for the stimuli-induced release of substrates
(typically rhodamine B dye to show proof-of-concept) trapped
below the surface (Fig. 2a).%> Mesoporous silica nanoparticles
(SCSNs, 400 nm diameter) that have 2 nm diameter-pores

Scheme 16 pH-switchable glycorotaxanes. (a) Molecular shuttle 56.
(b) Stretching/contraction of ‘molecular muscle’ 57.51 ¢4

form suitable vessels for this purpose and can be derivatised to
have azide—alkyne-modified surfaces that can be used as a
handle to attach further functionalities, including rotaxanes
and pseudorotaxanes, by CuAAC or the Huisgen 1,3-cycload-
dition reaction.

A pH-switchable system based on cucurbituril pseudorotax-
anes has been described (Fig. 2b).%° Loading of the alkyne-
decorated SCSNs with rhodamine B was followed by a [6]-
cucurbitural-promoted 1,3-dipolar cycloaddition®° to af-
ford a pseudorotaxane-derivatised surface in which the cucur-
bituril (CB) units are held on the axles by hydrogen bonding to
the two ammonium groups. Deprotonation of the ammonium
groups at pH 10 liberates the CBs and releases the Rhodamine
dye into the bulk. The release was followed by luminescence
intensity (514 nm). The authors observed more efficient release
when the CB units are held closer to the surface of the
nanoparticle (n = 1).

Enzyme-responsive nanovalves were prepared through a
similar strategy (Fig. 2¢).®® Azide-triethylene glycol rods were
attached to the SCCNs surface before the loading. a-Cyclo-
dextrins were threaded onto the rods (H,O, 5 °C, 24 h) and
trapped by a CuAAC stoppering reaction. Cleavage of the
ester by porcine liver esterase causes dethreading of the CDs
and liberates the cargo (Fig. 2¢).

4. Catenanes via CuAAC strategies

The effectiveness of the CuAAC reaction for catenane synth-
esis lies in the high chemospecificity of the reaction. The azide
and alkyne groups react overwhelmingly in the desired fashion

This journal is © The Royal Society of Chemistry 2009
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Fig. 2 Rotaxane and pseudorotaxane-based ‘nanovalves’. (a) Gen-
eral mechanism. (b) pH-responsive operation.®® (c) Enzyme-responsive
operation.®®

even when accessing the required reaction geometry is a rare
event (as it is for the cyclization of large rings), and hence give
predominantly macrocyclic products under high dilution. The
yield of catenane versus non-interlocked macrocycle then
depends on how effectively the template pre-organizes the
ring-closing reaction to take place while one component is
threaded through the cavity of the other.

4.1 =n-Stacking catenanes using CuAAC as a ring-closing
reaction

Stoddart and co-workers have applied the rotaxane-forming
CuAAC strategy (see Scheme 7) to the more demanding task
of catenane formation (Scheme 17).°”%® Pseudorotaxanes
58a—c were subjected to the CuAAC reaction conditions giving
the corresponding [2]catenanes in modest (up to 41%) yields.
The length of the DNP-rod had a critical effect on catenane
yield, the best results obtained with pseudorotaxane 59b (n =

1.

Scheme 17 Synthesis of [2]catenanes 59b—c by CuAAC ring-closing
reactions.®”¢%

4.2 DNA catenanes using CuAAC as a ring-closing reaction

DNA catenanes are formed naturally during several biological
processes,” but Brown and co-workers have used the CuAAC
reaction for oligonucleotide ligation to produce unnatural
multiply entwined DNA rings (Scheme 18).%° A [2]catenane
with up to six crossover points was constructed from two
carefully designed complementary DNA single strands. 3’-
Azide and 5’-alkyne units were incorporated at the ends of
70-mer and 72-mer oligonuceotides 60 and 63. Ring closure of
60 via CuAAC using the water-soluble Cu-ligand 61 afforded
macrocycle 62. Reaction of 62 with the complementary open
strand 63 in the presence of the Cu(i) catalyst afforded
[2]catenane 64 (Scheme 18). Gel electrophoresis confirmed
the catenated structure of 64, although it was not possible to
determine whether all six of the potential crossover points are
formed in the interlocked structure. Reacting 60 with 63 under
CuAAC condition gave only small amounts of catenane 64,
suggesting that the preformed macrocycle 62 acts as a scaffold
about which 63 can wind and become preorganised for
formation of the catenane.

4.3 Copper(1)-template [2]- and [3]-catenanes using CuAAC as
a ring-closing reaction

Megiatto and Schuster have conducted extremely efficient
syntheses of both [2]-"° and [3]-catenanes’" utilising a CUAAC
ring-closing  strategy and Sauvage’s well-established
Cu(1)—-phenanthroline template motif (Scheme 19). [2]Cate-
nanes 67a and 67b (Scheme 19a) were prepared in excellent
yields (92% and 80%, respectively) by reacting tetra-alkyne
Cu(1)-complex 65 with bis-azide 66a—b under semi-aqueous
CuAAC conditions (Cul, Na ascorbate, H,O-EtOH-PhMe,
70 °C, 24 h). [3]Catenanes 70a-b were prepared in a similar
fashion in 65-70% yields from the kinetically stable pseudor-
otaxane complexes 68 and 69a-b (Scheme 19b). The authors
suggest that further derivatisation of the R-groups could be
used to attach the catenanes to surfaces or solid supports, or to
make catenane-based polymers.

Scheme 18 Formation of multiply entwined bis-triazole DNA [2]ca-
tenane 64.%
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Scheme 19 (a) CuAAC assembled [2]catenanes 67a and 67b and (b)
symmetrical and unsymmetrical [3]catenanes 70a and 70b.”"!

Very recently, the active template strategy for rotaxane
synthesis has been successfully extended to catenanes through
the use of the CuAAC reaction.”

5. Post-synthetic modifications of mechanically
interlocked molecules

The substrate tolerance and mild conditions used for the
CuAAC reaction makes it a reaction of choice for the func-
tionalisation of complex structures while minimising the risk
of denaturing them or unwanted side reactions occurring.
However, the use of Cu(1) can create a problem in performing
the CuAAC reaction in the presence of other redox-active
metal ions or substrates containing multidentate binding sites
capable of sequestering the copper catalyst. A transition metal
tolerant CuAAC protocol has been developed for the prepara-
tion of homo- and mixed-metalated rotaxanes and other
ligand systems (Scheme 20).”> Metal-complexed alkyne M-72
(M = Cu(n) or Cr(in)) could be attached via CuAAC to the
azido-[2]rotaxane Cu-71 to afford the corresponding rotaxane
derivatives in good yields (Cuy-73, 80% and CrCu-73, 82%).
Owing to the difference in metal-ligand lability, Cu(ir) could

Scheme 20 Derivatisation of metal-containing rotaxane Cu-71 to
form homo- and mixed-metal complexes using the CuAAC reaction.”

be selectively removed from the mixed-metal-complex-rotax-
anes with EDTA and subsequently replaced by Zn(m).

6. Conclusions

The CuAAC reaction has rapidly proved its efficacy for the
construction of mechanically interlocked architectures and for
their subsequent functionalisation and organisation. Its popu-
larity with researchers is easily explained by the wide range of
conditions in which the reaction can be carried out, the ease of
introducing both alkyne and azide functionalities into building
blocks, their stability and lack of reactivity towards other
functional groups, the high yields obtained for the CuAAC
reaction and its compatibility with the weak interactions
involved in many template assembly processes. For all these
reasons, the Cu(1)-catalysed alkyne-azide cycloaddition looks
set to become one of the most powerful tools for the synthesis,
functionalisation, derivatisation and application of mechani-
cally interlocked molecular-level architectures in the 21st
century.
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The introduction of copper(l)-template strategies by Sauvage and Scheme 1. Proposed Catalytic Cycle for the Cu(l)-Template
colleagues in the mid-1980s marked the first practical synthetic Synthesis of [2JRotaxane 4 from 1, 2, and 3 (ref 9)
routes to molecular catenanes, rotaxanes, and kridis seminal ﬁ\ [1CuL2]PFa(ﬁ\‘Ll
idea utilizes the tetrahedral coordination geometry of a Cu(l) atom N N

to hold a pair of bidentate ligands in a mutually orthogonal © © O cuC
orientation creating a crossover point that directs subsequent
macrocyclization or “stoppering” reactions toward threaded archi-
Q I
I S
({ /W S

tectures. Other template syntheses follotvézhsed on aromatic o o
stacking, hydrogen bonding, hydrophobic interactions, etc.), leading U )
VMalo

2
H—=—
OR

R = (t-BUCgH,)sCCeH,-

to the rich variety of synthetic methods available today. However,
all current approaches require a stoichiometric quantity of template 1 L = CH4CN, H;0, pyridine, solvent \\—0 3
and generally call for pre-established, strongly binding, recognition J@?Q“;ZL?E{,’;E;?%EZZ’ f
motifs on each of the components of the interlocked molecule. Here ' ‘3{
we describe a rotaxane-forming protocol in which the Cu(l) atom
functions as a catalyst as well as a template and turns over during
the reaction, permitting substoichiometric amounts of the metal to
be used. A permanent coordination site is only needed on the
macrocycle. The rest of the interlocked compound is assembled
through functional groups that react together under catalysis of the
metal, which also serves to hold the fragments in position such
that their catalyzed reaction leads to the desired interlocked product.
The strategy utilizes the Cu(l)-catalyZeti 3-cycloadditiof of
organic azides with terminal alkynes, recently popularized as a
“click” reactior® by Sharpless and othet&. In organic solvents,
tertiary amines or, better, pyridines, considerably enhance the
reaction kinetic$?® suggesting that a macrocycle bearing an
endotopic ligating nitrogen atom could direct such a catalyzed
reaction through its cavityThe 2,6-disubstituted pyridine macro- O Q 5.08 10
cycle 1, previously use as both a mono- and bidentate ligand in G[7 e
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metal-coordinated rotaxanes and catenanes, appeared to be a suitak H

candidate to investigate this idea (Scheme 1). Commercially J

available Cu(CHCN),PR was chosen as the copper source,

avoiding ligands that might compete too strongly for the metal with + the corresponding noninterlocked thread, 5

the macrocycle and other reactants. notHy, Hg, or Hr. This suggests that the Cu binds to the macrocycle
We were delighted to find that simple overnight stirring of an and thread in the rotaxane via two sets of bidentate N,O donor

equimolar mixture of pyridine macrocycle, alkyne?2, azide3, interactions (rapidly oscillating involvement between the two

and the Cu(l) salt in CkCl, afforded—after demetalation with  oxymethylene groups in the case of the macrocycle), fixing the
KCN—a mixture of [2]rotaxanet (57%) and the noninterlocked  interlocked components in a position consistent with the observed
triazole threads (41%), together with some of the unconsumed shielding effects. In other words, in CD{lthe structure of the
starting macrocycle (Table 1, entry 1). THé NMR spectrum of rotaxane—metal complex corresponds to that4y]PFk shown

4in CDCl; (Figure 1b) shows upfield shifts of several signals with in Scheme 1.

respect to its noninterlocked componeh&nd5 (Figure 1a and c, Although halogenated solvents give the highest yields of rotax-
respectively). The shielding, typical of interlocked architectures in ane, the reaction proved to be tolerant to a range of media, including
which the aromatic rings of one component are positioned face-on semi-aqueous conditions (entry 2). The use of ex&ssd 3

to another compone#®, is observed for all the nonstopper generates high yields (up to 94%) of [2]rotaxane with respect to
resonances of the axle {f) in 4, indicating that the macrocycle  the amount of macrocycle used (entries 3 and 4); however,
is able to access the full length of the thread. In contrast, the significant quantities of the noninterlocked thre&jidre produced
equivalent spectrum (Figure 1d) of the rotaxane re-metalated with in all the noncontrol entries in Table 1. Carrying out the reaction
Cu(CHCN)4PF; (CH3COCH;, RT, 1 h, quantitative) shows pro-  using the conditions of entry 4 but with no macrocycle present and
nounced shielding of Hand H with respect tdb (Figure 1c) but starting with a stoichiometric equivalent of rotaxane (4) or thread

2186 = J. AM. CHEM. SOC. 2006, 128, 2186—2187 10.1021/ja056903f CCC: $33.50 © 2006 American Chemical Society
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Table 1. Variations in the Experimental Conditions and Reactant
Stoichiometry for the Synthesis of [2]Rotaxane 42

equiv - equiv conversion  yield of
of of to triazole  [2]rotaxane
entry 2and 3 CuPFs solvent T(°C) duration 2+3—4+5  1—4
1 1 1 CHCl, 25 12h >95% 57%
2 1 1 HO/tBUOH 25 10days >95% 22%
3 3 1 CHCl, 25 24 h >95% 83%
4° 5 1 CHXCI, 25 72 h 92% 94%
5 1 0.2 CHCl, 25 10 days 30% 20%
6 1 0.2 CHCIp 25 10days >95% 38%
7 5 0.2 CHCIP 25 20 days 44% 59%
8 1 0 CICHCH.CIP 25then 70 12 hthen trace 0%
72 h
9 5 0.2 CICH,CH,CI? 25then 70 12 hthen 94% 82%
24 h

a All reactions were carried out at 0.1 mM concentration with respect to
2 and3, with 1 equiv of macrocycld, and without the need for an inert
atmosphere nor distilled or dried solvents. A general experimental procedure
is provided in the Supporting InformatiohWith 3 equiv of pyridine To
assess the efficacy of the rotaxane and thread as ligands for a catalytic
copper species, the reaction conditions from entry 4 were repeated with no
macrocycle present but starting with 1 equiviair 5 instead. The resulting
conversions oR + 3 — 5 were 2 and 9%, respectively.

Figure 1. H NMR spectra (400 MHz, CDGJ 298 K) of (a) macrocycle
1, (b) [2]rotaxaned, (c) threadb, (d) [2]rotaxane-CuPF complex ACu]PFs,
(e) macrocycle—CuRfcomplex [1Culs]PFs. The assignments correspond
to the lettering shown in Scheme 1.

(5) instead gave low conversions to the triazole (2 and 9%,
respectively; see Table 1 footnote b), showing that both rotaxane
and thread are poor ligands for generating a catalytic copper species
Clearly, the noninterlocked thread produced in the rotaxane-forming
reactions arises from the macrocycle-promoted Cu catalysis being
able to take place around, rather than solely through, the cavity of
1. We are currently exploring the noninterlocked:interlocked
selectivity of other ligand designs.

We next investigated the use of substoichiometric amounts of
copper to determine whether the metal would turn over as a template

as well as a cycloaddition catalyst. When using 20 mol % (with
respect tal) of Cu(CHCN),PF; at room temperature, the reaction
appeared to stop after rotaxane equivalent to the amount of copper
present had been formed (entry 5). This suggests that the multi-
dentate rotaxane sequesters the transition metal during the reaction,
inhibiting further catalytic activity. Addition of pyridine as a
competing ligand enabled the catalyst to turn over producing a
substoichiometric reaction (entries 6 and 7), but the reaction was
extremely slow at 25C. Elevating the temperature (entry 9) gives
an improved yield (82%) of rotaxarkin a reasonable period of
time (36 h) using only 4 mol % Cu(l) with respect to b&tand

3.

The requirement for only a catalytic amount of a template
represents a new development in the strategies available to
mechanically interlocked architectures. Chelation to catalytic centers
could lead to rotaxane- and catenane-forming protocols based on
other metal-mediated reactions, including cross-couplings, conden-
sations, and other cycloaddition reactions.

Supporting Information Available: General synthetic experimental
procedure and characterization and spectroscopic dadaSpand their
precursors. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Abstract: A synthetic approach to rotaxane architectures is described in which metal atoms catalyze covalent
bond formation while simultaneously acting as the template for the assembly of the mechanically interlocked
structure. This “active-metal” template strategy is exemplified using the Huisgen—Meldal—Fokin Cu(l)-
catalyzed 1,3-cycloaddition of azides with terminal alkynes (the CUAAC “click” reaction). Coordination of
Cu(l) to an endotopic pyridine-containing macrocycle allows the alkyne and azide to bind to metal atoms
in such a way that the metal-mediated bond-forming reaction takes place through the cavity of the
macrocycle—or macrocycles—forming a rotaxane. A variety of mono- and bidentate macrocyclic ligands
are demonstrated to form [2]rotaxanes in this way, and by adding pyridine, the metal can turn over during
the reaction, giving a catalytic active-metal template assembly process. Both the stoichiometric and catalytic
versions of the reaction were also used to synthesize more complex two-station molecular shuttles. The
dynamics of the translocation of the macrocycle by ligand exchange in these two-station shuttles could be
controlled by coordination to different metal ions (rapid shuttling is observed with Cu(l), slow shuttling with
Pd(ll)). Under active-metal template reaction conditions that feature a high macrocycle:copper ratio, [3]-
rotaxanes (two macrocycles on a thread containing a single triazole ring) are also produced during the
reaction. The latter observation shows that under these conditions the mechanism of the Cu(l)-catalyzed
terminal alkyne—azide cycloaddition involves a reactive intermediate that features at least two metal ions.

Introduction

Most noncovalent bond directed approachiesrotaxanes

developed to date require at least stoichiometric quantities of a
template which often involves pre-established strongly binding

T University of Edinburgh.
* University of St. Andrews.
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recognition motifs that “live on? in the mechanically inter-
locked molecule that is formed. Besides holding the reactive
fragments in an orientation that directs interlocking, the template
is generally otherwise passive during the reaction. Building on
the principles of transition-metal catalysis, we recehtiggan

to explore a strategy in which template ions could also play an
active role in promoting the crucial final covalent bond forming
reaction that captures the interlocked structure (i.e., the metal
has a dual function, acting as a template for entwining the
precursorandcatalyzing covalent bond formation between the
reactants). This “active-metat”’ template process is shown
schematically in Figure 1 in both stoichiometric (1 equiv of
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a moiety both catalyzes covalent bond formation and acts as a template
for the assembly of a particular structure. The term “active-metal template”
describes a subset of active-template reactions in which the “active” moiety
is a metal. A “catalytic active-metal template” reaction is one in which the
metal catalyst turns over; a “stoichiometric active-metal template” reaction
is one in which it does not.
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strategy could prove applicable to many different types of well-
known transition-metal-catalyzed (and even organocatalytic)
reactions, (v) reactions thanly proceed through a threaded
intermediate would allow access to several currently inaccessible
mechanically linked macromolecular architectures, and, finally,
(vi) the coordination requirements during key stages of the
catalytic cycle of active-template reactions could provide insight
into the mechanisms of the catalyzed reactions.

Since the preliminary repdrappeared on the realization of
this strategy for rotaxane formation utilizing the Cu(l)-
catalyze8-7 1,3-cycloadditiofi of organic azides and terminal
alkynes (the CuAAC “click®19 reaction), we have been
delighted to see the concept be quickly adopted make
rotaxane¥ with other Cu(l)-catalyzed reactions, including
alkyne-homocoupling and C—S bond forming reactibh¥'

Figure 1. “Active-template” strategy to rotaxane architectures. The Here.we expand O.n our investigation of the orlgln_al system,
formation of a covalent bond between the green and orange “stoppered” Showing that the active-metal template rotaxane-forming CUAAC
units to generate the thread is promoted by the catalyst (shown in gray) reaction works well for both mono- and bidentate pyridine-

and directed through the cavity of the macrocycle (shown in blue) by the containing macrocyclic ligands and can also be used to

catalyst’'s coordination requirements. (a) Stoichiometric active-metal tem- . ~ .
plate synthesis of a [2]rotaxane: (i) template assembly and covalent bond synthesize more complex two-station degenerate molecular

forming catalysis, (i) subsequent demetalation. (b) Catalytic active-metal Shuttles whose interstation shuttling can be controlled by
template synthesis of a [2]rotaxane. coordination to different metal ions. Furthermore, using a high

macrocycle:copper ratio, [3]rotaxanes with two macrocycles on
the active template is required) and catalytic (the active template a single thread are somewhat unexpectedly produced during the
turns over during the reaction) forms. There are several active-metal template reaction. Together with some simple
potentially attractive features of such a synthetic approach to kinetic studies carried out under various rotaxane- and thread-
mechanically interlocked architectures, including (i) the inherent forming reaction conditions, these experimental results provide

efficiency of a reaction in which the macrocyelmetal complex
performs multiple functions, (ii) the lack of a requirement for

permanent recognition elements in each component of the
interlocked product, which increases the structural diversity

some insight into the mechanism of the CuAAC reaction.

(7) For reviews of the CUAAC reaction, see: (a) Bock, V. D.; Hiemstra, H.;
van Maarseveen, J. HEur. J. Org. Chem2005, 51-68. (b) Wang, Q.;
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to be “traceless”, (iii) in some cases only substoichiometric

York, 1984; Vol. 1, pp 1-176. (b) Huisgen, Rure Appl. Chem1989,
61, 613—628.

quantities of the active template may be required (i.e., the (9) For reviews and discussion of the “click chemistry” concept, see: (a) Kolb,

catalytic active-metal template variant, Figure 1b), (iv) the

(5) (a) Tornge, C. W.; Christensen, C.; Meldal, 81.0rg. Chem2002,67,
3057—3064. (b) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless,
K. B. Angew. Chem., Int. E002,41, 2596—2599.

For some interesting examples of the CUAAC reaction, see: (a) Lee, L.
V.; Mitchell, M. L.; Huang, S.-J.; Fokin, V. V.; Sharpless, K. B.; Wong,
C.-H.J. Am. Chem. So@003,125, 9588—9589. (b) Wang, Q.; Chan, T.
R.; Hilgraf, R.; Fokin, V. V.; Sharpless, K. B.; Finn, M. @. Am. Chem.
So0c.2003,125, 3192—3193. (c) Horne, W. S.; Yadav, M. K.; Stout, C.
D.; Ghadiri, M. R.J. Am. Chem. So@004,126, 15366—15367. (d) Diaz,

D. D.; Punna, S.; Holzer, P.; McPherson, A. K.; Sharpless, K. B.; Fokin,
V. V.; Finn, M. G.J. Polym. Sci., Part A: Polym. Chei2004,42, 4392—
4403. (e) Manetsch, R.; Krasinski, A.; Radi¢, Z.; Raushel, J.; Taylor, P.;
Sharpless, K. B.; Kolb, H. Cl. Am. Chem. So2004 126, 12809-12818.

(f) Helms, B.; Mynar, J. L.; Hawker, C. J.; Frechet, J. MJJAm. Chem.
Soc.2004 126, 15020-15021. (g) Steffensen, M. B.; Simanek, E. E.
Angew. Chem., Int. E@004,43, 5178—5180. (h) Collman, J. P.; Devaraj,
N. K.; Chidsey, C. E. DLangmuir2004,20, 1051—-1053. (i) Jang, H.;
Fafarman, A.; Holub, J. M.; Kirshenbaum, Krg. Lett.2005,7, 1951—
1954; (j) Krasinski, A.; Radi¢, Z.; Manetsch, R.; Raushel, J.; Taylor, P.;
Sharpless, K. B.; Kolb, H. CJ. Am. Chem. So@005,127, 6686—6692.

(k) Wu, P.; Malkoch, M.; Hunt, J. N.; Vestberg, R.; Kaltgrad, E.; Finn, M.
G.; Fokin, V. V.; Sharpless, K. B.; Hawker, C. Ghem. Commur2005,
5775—5777. (I) Mocharla, V. P.; Colasson, B.; Lee, L. V.; Roeper, S.;
Sharpless, K. B.; Wong, C.-H.; Kolb, H. @ngew. Chem., Int. EQ005,

44, 116—120. (m) Srinivasachari, S.; Liu, Y.; Zhang, G.; Prevette, L.;
Reineke, T. MJ. Am. Chem. So2006,128, 8176—8184. (n) Slater, M.;
Snauko, M.; Svec, F.; Frechet, J. MAhal. Chem2006,78, 4969—4975.

(o) Ladmiral, V.; Mantovani, G.; Clarkson, G. J.; Cauet, S.; Irwin, J. L,;
Haddleton, D. M.J. Am. Chem. So2006,128, 4823—4830. (p) White,
M. A.; Johnson, J. A.; Koberstein, J. T.; Turro, N.JJ.Am. Chem. Soc.
2006,128, 11356-11357. (q) Collman, J. P.; Devaraj, N. K.; Eberspacher,
T. P. A,; Chidsey, C. E. DLangmuir2006,22, 2457—2464. (r) Devaraj,

N. K.; Dinolfo, P. H.; Chidsey, C. E. D.; Collman, J. .Am. Chem. Soc.
2006,128, 1794—1795. (s) Detz, R. J.; Arevalo Heras, S.; de Gelder, R,;
van Leeuwen, P. W. N. M.; Hiemstra, H.; Reek, J. N. H.; van Maarseveen,
J. H.Org. Lett.2006,8, 3227—3230. (t) Aucagne, V.; Leigh, D. Rrg.
Lett. 2006, 8, 4505—4507. (u) Viguier, R. F. H.; Hulme, A. N. Am.
Chem. S0c2006,128, 11370—11371.

6

~

H. C.; Finn, M. G.; Sharpless, K. BAngew. Chem., Int. E®001, 40,
2004-2021. (b) Kolb, H. C.; Sharpless, K. Brug Discavery Today2003,
8, 1128—1137. (c) Ball, PChem. World2007,4 (4), 46—51.

(10) A listing of examples of the use of “click” reactions is available at http://
www.scripps.edu/chem/sharpless/click.html.

(11) Indeed, it was predictéthat, “Chelation to catalytic centers could lead to
rotaxane- and catenane-forming protocols based on other metal-mediated
reactions, including cross-couplings, condensations, and other cycloaddition
reactions”. For a recent example involving Pd(Il)-catalyzed alkyne homo-
couplings, see: Berna, J.; Crowley, J. D.; Goldup, S. M.; Hanni, K. D.;
Lee, A.-L.; Leigh, D. A.Angew. Chem., Int. EQR007,46, 5709—5713.

(12) For the synthesis of rotaxanes and catenanes using the CuUAAC reaction in

“passive” template stoppering or macrocyclization protocols, see: (a)

Mobian, P.; Collin, J.-P.; Sauvage, J.7Rtrahedron Lett2006 47, 4907

4909. (b) Dichtel, W. R.; Miljanic O. S; Spruell, J. M.; Heath, J. R;;

Stoddart, J. FJ. Am. Chem. So2006,128, 10388—10390. (c) Miljahjc

O. S; Dichtel, W. R.; Mortezaei, S.; Stoddart, J. ®rg. Lett. 2006, 8,

4835—4838. (d) Aprahamian, I.; Dichtel, W. R.; Ikeda, T.; Heath, J. R.;

Stoddart, J. FOrg. Lett.2007,9, 1287—1290; (e) Braunschweig, A. B.;

Dichtel, W. R.; Miljani¢, O. S; Olson, M. A.; Spruell, J. M.; Khan, S. |;

Heath, J. R.; Stoddart, J. Ehem. Asian J2007,2, 634—647.

Saito, S.; Takahashi, E.; Nakazono,®g. Lett.2006,8, 5133—5136.

Saito et al. impl§? that the concept of binding of a substrate in a cavity

while simultaneously activating it to catalysis is an extension of Vogtle's

anion template route to rotaxanes [(a) Seel, C.; Vogtl&Gem.—Eur. J.

2000, 6, 21-24]. Actually the two strategies are rather fundamentally

different. In the Vogtle reaction the macrocycle does not increase the

reactivity of any of the building blocks for the rotaxane. In fact, the
hydrogen bonding of the macrocycle to the phenoxide anion, combined
with the steric hinderance conferred by the presence of the macrocycle,
greatlydecreaseds reactivity. The only reason that rotaxane is formed in
the Vogtle system is that the more reactive unthreaded phenoxide anion is
completely insoluble under the reaction conditions. The active-template
strategy described in ref 3 and elaborated upon in this paper has much
more in common with Sauvage’s original (passive) metal template ideas
combined with Mock’s [(b) Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Adhya,

M. J. Org. Chem1989,54, 5302—5308] and later Steinke’s [(c) Tuncel,

D.; Steinke, J. H. GChem. Commuri999, 1509—1510. (d) Tuncel, D.;

Steinke, J. H. GChem. Commur2002, 496-497. (e) Tuncel, D.; Steinke,

J. H. G. Macromolecules2004, 37, 288—302] use of curcubituril to

accelerate a reaction within a macrocycle cavity to form rotaxanes.

(13)
(14
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Cu(l)-Catalyzed Terminal Alkyne—Azide Cycloaddition to copper. The same studies found first-order kinetics with
(CuAAC Reaction) respect to the azide and alkyne (actually slightly higher than

Recently, there has been a tremendous surge of interest irlflrst-order with respect to the alkyn&However, relatively little

so-called clicR1° methodologies for functional molecule syn- 'S known about the ligand-promoted Cu(l)-catalyzed cycload-
thesis, the most popular of which is the Huisgdfeldal— dition in organic solvents. Recent experiments by Stralb,
Fokinli"’ Cu(l)-catalyzed 1,3-cycloaddition of organic azides with which m_ononuclear copper(l) acetylides Iig_a_ted to a sterically
terminal alkynes (the CUAAC reactioR)? The most common demandmgN-heterocychc carbene react efficiently wnh bulky
catalyst systems for this reaction employ water or alcohol organoazides at room temperature, support the notion that a

solvents and use a Cu(ll) salt in the presence of a reducing agen?ingle copper atom mechanism (A(i), Scheme 1) is viable for

(often sodium ascorbate) to generate the required Cu(l) catalystIhe reaction, at least v_vher;lthe COPPET IS bounq to' bulky ligands.
in situ5>72 Metallic coppe?>72or copper clustet§ have also Recent DFT calculatiorf$?! suggest thatr-activation of the

been employed as precatalysts, and in some cases Cu(l) Salt%opper acetylide unit by coordination of a second copper atom

can be used directly. However, in apolar solvents Cu(l) salts €.g., A(ii) or, more I_ikely unde_r Iiggnd-free _conditions orwi_th
usually require the presence of nitro§f#17or phosphoru$ small monodentate ligands, bridgéahtermediates such as B(i)

ligands, or acetonitrile as a cosolvent, to stabilize the Cu(l) or B(ii), Scheme 1) greatly enhances the reactivity of the copper

oxidation state, and undesired alkyrakyne homocoupling o-acetylide, accelerating formation of the metallacycle. Alter-
products are often observed under such reaction condfttgis. natively, a pathwa?i’_ln which the reacting az_|de and ‘f’""y“e.

The basic mechanism of the CUAAC reaction is believed to &€ coordinated to different copper(l) atoms (intermediate C(i)
be that shown in Scheme 1. A 3] cycloaddition—the or C(ii)) would also be consistent with the second-order kinetics

mechanism of the thermal (i.e., uncatalyzed) Huisgen redetion observed. n DMSQ—water. It may we!l be that several of these
is ruled out® for the Cu(l)-catalyzed reaction on the basis of types of intermediaté8 can provide viable pathways for the

DFT calculations which show that reaction via a (formally Cu- _CUAAC _reactlon_, with the different cha_rac_te_rlstlcs of the
(1)) metallacycle is a more favorable pathway by up to intermediates being relatively favored or inhibited by factors
11.7 kcal mot? (Scheme 1§°2021 The same calculations such as the solvent, bulk and coordination number of an added

suggest that the rate-determining step is the formation of the ligand, the strength of liganetopper binding, and the amount

Cu metallacycle from a reactive intermediate involving copper- of ligand-free Cq(l) present in solution. Given the tendengy of
coordinated alkyne and, presumably, azide (organoaziustal copper(l) acetylides to aggregate, however, doubly bridged

complexes are likely intermediates in many transition-metal- intermediates such as B or C should be abundant species under

mediated reactions of azides, and Cu(l);R\tomplexes have most conditions. Accordingly, if coordination of the azide to
been characterized by X-ray crystallographyHowever, the the same copper atom"5|gn|f|cantly increases the regctlwty of
the g-acetylide, type B(ii) intermediates are probably involved

exact nature of this reactive intermediate is unclear (Scheme 1, . .
types A—C). in the dominant pathways in most reported CuAAC reac-

In the absence of competing ligaridopper(l) acetylides tiolgs(‘a's ite the uncertainty over the precise nature of the reactive
exist as complex multi metal atom aggregateand kinetic P ty P

studied”225by Fokin and Finn on the generic ligand-f&€u- intermediate, since tertiary amines and pyridines facifitette

(I)-catalyzed alkyne-azide reaction show that in DMSQvater tlhebgza:fr:'ogr'lne?]rgcirgcizcl’ilvzg:]s’ xﬁéeiiogt%?ntﬁt itn;?ac;%?gif’
mixtures the reaction mechanism is second-order with respect”’ 9 pic igating 9 g

direct the CuAAC reaction of a “stoppered” alkyriz,and a

(15) The Cu(l)-catalyzed terminal alkyr@zide cycloaddition is often referred stoppered” azide3, through the macrocycle cavity to give a
to as the “Sharpless copper click reaction” or the "Sharpless—Huisgen [2]rotaxane4, in an active-metal template synthesis (Scheme
alkyne—azide cycloaddition”. However, Sharpless gives Fokin the credit
for the idea and recognition of the copper catalysis of this reaction at Scripps 2).

[Rouhi, A. M. Chem. Eng. New8004,82 (7), 63—65]. The initial work at
Scripps was carried out shortly after, and without knowledge of, the first Active-Metal Template CUAAC Rotaxane Synthesis
paper (ref 5a) describing the Cu(l)-catalyzed alkyaeide cycloaddition

(on solid-supported resins) had been submitted by Meldal and co-workers. -bi idi i-
(16) Pachon, L. D.; van Maarseveen, J. H.; Rothenbergddz. Synth. Catal. A26 bls[(alkyloxy)methyl]pyrldlne macrocydd@’ previ

2005,347, 811—-815. ously useé as both a mono- and bidentate ligand for various
(17) (a) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V.Qtg. Lett.2004 iti i i “ iva”

6, 2853—2855. (b) Lewis, W. G.; Magallon, F. G.; Fokin, V. V.; Finn, M. transition metals in classical passwf_s template.mtaxane and

G.J. Am. Chem. So@004,126, 9152—9153. catenane syntheses, seemed a suitable candidate for initial

(18) Perez-Balderas, F.; Ortega-Munoz, M.; Morales-Sanfrutos, J.; Hernandez- ; ; H H e H H
Mateo, F.; Calvo-Flores, F. G.; Calvo-Asin, J. A.; Isac-Garcia, J.; Santoyo- mvestlgatlons. Pleasmgly, Stll’l’lng of an eqUIm0|a‘r mixture of

Gonzalez, FOrg. Lett.2003,5, 1951—1954.
(19) If the [2+3] cycloaddition were the preferred mechanism of the Cu- (26) Nolte, C.; Mayer, P.; Straub, B. Rngew. Chem., Int. E@007,46, 2101—
catalyzed reaction, the structures-8 shown in Scheme 1 would still be 2103

relevant as reactive intermediates. (27) (a) Bohlmann, F.; Schénowsky, H.; Inhoffen, E.; GrauQCBem. Ber1964,

(20) Himo, F.; Lovell, T.; Hilgraf, R.; Rostovtsev, V. V.; Noodleman, L.; 97, 794—800. (b) Siemsen, P.; Livingston, R. C.; DiederichARgew.
Sharpless, K. B.; Fokin, V. VJ. Am. Chem. SoQ005,127, 210—216. Chem., Int. Ed2000,39, 2632—2657.

(21) Ahlquist, M.; Fokin, V. V.Organometallics, in press, cited in ref 7c. (28) Note: Copper(l) acetylides are generally complex extended multiatom

(22) Dias, H. V. R.; Polach, S. A.; Goh, S.-K.; Archibong, E. F.; Marynick, D. aggregates, at least in the solid state and in the absence of good nitrogen
S. Inorg. Chem.2000,39, 3894—3901. ligands (see ref 24). The types of reactive intermediates shown in Scheme

(23) In this paper we use the phrases “ligandless” and “ligand-free” to describe 1 are not meant to be precise or definitive structttiesleed, some of them
copper that is not bound to the macrocyclic pyridine ligands added to the (e.g., A(ii) and B(ii)) are very closely relatetbut rather are meant to
CuAAC reactions to generate the active-template synthesis. As discussed illustrate different (possible) features of the putative reactive intermediate:
in the text and ref 28, any Cu(l) that is not coordinated to pyridine units How many copper atoms are needed to play significant structural or
will be complexed by molecules of acetonitrile, azide, alkyne, water, or electronic roles during the catalysis? Is the coppeacetylider-activated
other donor atoms present. by an additional Cu atom? If the intermediate has two or more copper

(24) Mykhalichko, B. M.; Temkin, O. N.; Mys’kiv, M. GRuss. Chem. Re atoms, is it doubly bridgedas envisaged for a Glaser coupling, which
2000,69, 957—984. can be ruled out with bidentate ligands for Cu if azide is also coordirated

(25) Rodionov, V. O.; Fokin, V. V.; Finn, M. GAngew. Chem., Int. EQ005, or singly bridged? Are the reacting azide and alkyne attached to the same
44, 2210—-2215. or different Cu atoms?
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Scheme 1. Proposed Mechanism of the Huisgen—Meldal—Fokin Cu(l)-Catalyzed Alkyne—Azide Cycloaddition (CUAAC) Reaction*®

the pyridine macrocycléda, alkyne2, azide3, and [Cu(CH- 1), yields of up to 94% of [2]rotaxane with respect to the amount
CN)4](PFs) in CH.CI, for 24 h afforded-after demetalation with  of macrocycle used were achieved (5 equiv2aind 3; Table

KCN—a mixture of [2]rotaxanda (57%) and the noninterlocked 1, entry 2) for this stoichiometric active-metal template reaction
triazole thread (41%), together with some of the unconsumed (Figure 1a). The use of substoichiometric amounts of copper
starting macrocycle (Scheme 2 and Table 1, entry By was investigated to determine whether the metal would turn
varying the reaction conditions and reactant stoichiometry (Table over as both a template and a cycloaddition catalyst (i.e., a

J. AM. CHEM. SOC. = VOL. 129, NO. 39, 2007 11953
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Scheme 2. Active-Metal Template CUAAC Synthesis of [2]Rotaxanes 4a—o from Alkyne 2, Azide 3, and Macrocycles la—o0@

aReagents and conditions: @ia—0(0.01 M), Cu(l) salt (generally [Cu(C4€N)4](PFs); see the text), poorly coordinating solvent (generally,Ckt see
the text), and, in the catalytic version of the active-metal template reaction (Figure 1b), 3 equiv of pyridine; (ii) K@BIz/CHsOH.3 For the effect of
the reaction conditions and reagent stoichiometry on the yieldaahd5, see Table 1. For the relative yields4#—ousing a standardized set of reaction
conditions see Figure 4

catalytic active-metal template synthesis, Figure 1b). When usingtemperature, the reaction appeared to stop after an amount of
20 mol % (with respect tda) [Cu(CHCN),](PFs) at room [2]rotaxane equivalent to the amount of copper present had been

formed, suggesting that the multidentate rotaxane sequesters the
(29) (a) Fuller, A.-M.; Leigh, D. A.; Lusby, P. J.; Oswald, I. D. H.; Parsons, S.;

Walker, D. B.Angew. Chem.. Int. E(RO04. 43, 3914-3918. (b) Fuller, transition metal during the reaction, inhibiting further catalytic

ﬁ.-M.CIH.: LeighélgbsA.iZL;Jsf%/éfz. J.l;zzlfgvin, AL. M.hz.l;D anlkliar, t?' %L 5 activity. Addition of pyridine as a competing ligand enabled
m. Chem. So ,127, — . (c) Leigh, D. A.; Lusby, P. J.; . L . .
Slawin, A. M. Z.: Walker, D. B.Chem. Coé%um%()s, 4919,4923'1_ (@ the catalyst to turn over, producing a substoichiometric reaction,
Leigh, D. A.; Lushy, P. J.; Slawin, A. M. Z.; Walker, D. Bingew. Chem., H

Int. Ed. 2005,44, 4557—4564. (e) Fuller, A.-M. L.; Leigh, D. A.; Lusby, but the reaction was extremely slow at 25 (Table 1, entry

P. J.Angew. Chem., Int. E®007,46, 5015—5019. 3). Elevating the temperature (P€, CICH,CH,CI) gave an
11954 J. AM. CHEM. SOC. = VOL. 129, NO. 39, 2007
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Table 1. Effect of Reaction Conditions and Reagent Stoichiometry on the Active-Metal Template CUAAC Synthesis of [2]Rotaxane 4a
(Scheme 2)3

amt of amt of
2and3 [Cu(CH3CN)4](PF¢) T conversion to yield of
entry (equiv) (equiv) solvent (°C) triazole 2 + 3 —4a +5 (%) rotaxane 1a —4a (%)
12 1 1 CH.Cl, 25 >95 57
22 5 1 CH.Cl, 25 92 94
3P 5 0.2 CH,Cl, 25d 44 59
4b 5 0.2 CICHCH,CI 25—70° 94 82
5¢ 1 0 CICH,CH,CI 25— 7¢f <5 0

a All reactions were carried out at 0.01 M concentration with respedtataising the procedure shown in Scheme 3.equiv of pyridine. Control
experiment with no [Cu(CECN)4](PFs) present to demonstrate that the thermal reaction does not occur at these températune812 h and then 24 h.
f12 h and then 72 h.

improved yield (82%) of rotaxargain a reasonable time period
(36 h) using only 4 mol % Cu(l) with respect to ba2rand 3
(Table 1, entry 4).

Effect of the Nature of the Cu(l) Source

A number of different Cu(l) salts were screened for the
reaction shown in Scheme 2 using the conditions shown in Table
1, entry 1, but replacing the [Cu(GEBN).](PFs) salt with other
Cu(l) complexes. The use of CuObknzene gave a 78%
conversion oR and3 into triazole products after 24 h but only
a 46% yield of [2]rotaxanda. By letting the reaction continue
for a further 2 days (72 h in total), complete conversion of the
starting azide and alkyne to triazole products was achieved (48%
rotaxane). Substituting Cul for [Cu(GBN)4](PFs) led to very
little reaction during the first 24 h (8% conversion to triazole),
presumably due to the low solubility of Cul in GEl,, but Figure 2. Conversion to triazole (i.e., thread rotaxane if applicable) vs
interestingly, what little alkyne and azide had reacted formed time for different pyridine-based ligands for the CUAAC reaction. Condi-
rotaxane with high selectivity (7:1 rotaxane:thread). The reaction tions: () ligand (1 equiv), alkyn (1 equiv), azide8 (1 equiv), [Cu(CH-

. . CN)4(PFs) (1 equiv, 1 or 2 equiv withla), CD.Cly, rt, 0.01 M. The
proceeded slowly to completior 8% conversion) over three conversion of2 and 3 into the triazole products (threds + rotaxaneda

weeks. However, at the end point of the reaction the product where relevant) was monitored By NMR.
ratio (56:44 rotaxane:thread) was no different from that of the
analogous [Cu(CECN)4](PFs)-mediated experiment. Kinetic Studies

We also synthesized and isolated various discrete €af)
complexes and tested their efficacy in the active-metal template
reaction. The macrocyclea and the different Cu(l) salts were
mixed in CHCN solution and the resulting Cuftlacomplexes
obtained through precipitation by vapor diffusion with diethyl
ether. The preformed Cu(l)—leomplexes were submitted to
the standard rotaxane-forming reaction conditions (Table 1, entry
1). The preformed [Cu(CHCN)4](PFs)—1acomplex gave 76%
conversion to triazole and a 53% yield of [2]rotaxane; the
preformed CuOT+1acomplex gave 53% conversion to triazole
but only a 5% yield of [2]rotaxane; the preformed €udla
complex gave results identical to those of the €L& complex
formed in situ (i.e.,>98% triazole conversion over 3 weeks,
56% rotaxane).

Although there is some variation in the efficacy of the various
Cu(l) salts on the rotaxane-forming reaction and some unex-
plained variation in the rotaxane:thread ratio during the course
of the reaction with some sources of Cu(l), simple addition of
[Cu(CHsCN)4](PFs) is the most convenient way of maximizing
the CUAAC yield of rotaxané®

Some simple kinetic measurements were made to determine
whether, under these reaction conditions, the Cu(l)-catalyzed
alkyne—azide cycloaddition is actually accelerated by pyridine-
based ligands. The rate of formation of triazole products (i.e.,
thread, plus rotaxane where relevant) was compared for the
ligand-fre@? reaction and reactions containing pyridine, 2,6-
dimethylpyridine (lutidine), 2,6-bis[(alkyloxy)methyl]pyridine
macrocyclela, and6, a close but acyclic analogue béa.

The results (Figure 2) show that both lutidine afdthe
acyclic analogue ofla, significantly accelerate the CuAAC
reaction rate (essentially complete conversion to triazole after
3 h) compared to that of the Cu(l)-catalyzed reaction when no
pyridine-based ligand is added (complete conversion after 6 h).
The presence of pyridine also initially accelerates the reaction,
but the conversion tails off after 2 h, suggesting that using
unsubstituted pyridine as a ligand facilitates the oxidation of
Cu(l) to noncatalytic Cu(ll) under the reaction conditions. The
role of the pyridine ligands in the rate acceleration is probably
to break up extended copper(l) acetylide aggregates to form
smaller reactive intermediates of the types shown in Scheme 1,
(30) We also examined the effect of different alkyne substrates on the rotaxane @lthough we cannot rule out an electronic effect of the ligand

formation. The alkynes (see the Supporting Information) were submitted on the metal as well.

to the standard click reaction conditions (Scheme 2). Using a longer, more . i i

flexible, alkylalkyne or an arylalkyne in the place ®fed to similar yields Interestingly, the Cu(l)-catalyzed formation of triazole prod-

of the corresponding [2]rotaxanes (and similar overall conversions of the ;

substrates into triazole products), indicating the active-metal template ucts (.bmh rOt‘F’,lxane and th,read) in the presence of macrocycle
rotaxane-forming reaction is rather insensitive to substrate modifications. 1a (with 1 equiv of Cu}-which also presumably breaks up the
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Figure 3. Formation of triazole products (rotaxade, ®; threads, ®) vs
time for the CuAAC reaction in the presence of macrocytde Condi-
tions: (i) 1a (1 equiv),2 (1 equiv),3 (1 equiv), [Cu(CHCN)4](PFs) (1 or
2 equiv), CDCly, rt, 0.01 M. The conversion & and3 into thread5 and
rotaxaneda was monitored byH NMR.

copper acetylide aggregateis actuallyslower(24 h compared

to 6 h) than the ligand-free Cu(l)-catalyzed reaction. While it
might seem surprising that the active-metal template reaction
is slower than the ligand-free reaction given that excellent yields
of rotaxane are obtained under both stoichiometric and catalytic
active-metal template conditions (Table 1), the rationale for this
is quite straightforward. First, the alkynezide cycloaddition
with the macrocyclic ligand must take pladbrough the
macrocycle cavity, a sterically restricted environment compared
to the ligandless Cu(l)-catalyzed reaction, effecting the solvation
of the reactive species as well as hindering any motion required

2, we varied the structure of the pyridine-based macrocycle.
The macrocycles used in the study are shown in Figure 4, and
their syntheses are detailed in the Supporting Information. To
compare the relative yields of rotaxane and thread within the
ligand series, the macrocyclic ligands were screened using a
standard, rather than optimizébset of stoichiometric active-
metal template reaction conditions in which the original
macrocyclelagenerates appreciable quantities of both rotaxane
and thread. The conditions used were 1 equiv of macrocycles
la—o, 1 equiv of alkyn&, 1 equiv of azide, and 1 equiv of
[Cu(CHsCN)4](PFe) at a concentration of 0.01 M in GBI, at
room temperature for 24 h. In most cases the starting alkyne
and azide3 were completely consumed during the course of
the reaction. After 24 h (72 h fdtn and10) each reaction was
treated with KCN to remove the Cu(l), analyzed ¥y NMR

to determine the yield (shown in Figure 4) under the standard
set of conditions, and then purified to give authentic samples
of each [2]rotaxane. The yield (the percentage shown in red in
Figure 4) of each rotaxane is the conversion of the macrocycles
la—oto the corresponding [2]rotaxandéa—o. The conversion

to triazole (the percentage shown in parentheses in Figure 4) is
the overall conversion of the alkyrizand azide3 into both
thread5 and rotaxaneda—o.

Mono- and Tridentate Macrocycles In addition to the
strongly coordinating pyridine nitrogen, macrocytkhas two
ether oxygen atoms that could potentially be involved in (albeit
weak) coordination to the metal atom during the active-template
reaction, makind.aa monodentate or possibly weakly bidentate
or very weakly tridentate ligan#.Not only is macrocyclelb
missing the ether oxygen atoms, but the pyridine nitrogen atom
lone pair is tied up in strong intramolecular bifurcated hydrogen
bonds to the adjacent amide grodpsp it was rather surprising

to achieve bond formation or changes of geometry at the copperyy fing that [2]rotaxanetb was successfully produced in the

center. Second, the macrocyclic ligand might disfavor certain
types of reactive intermediates (e.g., B) on steric grounds, so
the reaction may proceed through another type of slower
reacting, but still viable, intermediate (e.g., A or C rather than

B). The reason that the ligandless formation of the triazole thread
does not dominate given the slow rate of rotaxane formation is
that the macrocycle is an excellent ligand for the Cu(l) and

sequesters it, preventing the inherently faster ligand-free reaction

(probably via B(ii)) from occurring. Accordingly, addition of a
second equivalent of Cu(l) to the reaction contairibaghould
accelerate the rate of triazole formation to close to the ligand-

free rate. Indeed, this was found to be the case (Figures 2 and

3). However, while one might expect this increase to be totally
due to thread formation, analysis shows that the ratetakane
formation is also increased by adding an extra equivalent of
Cu(l) to this reaction (Figure 3). In fact, the final yield of [2]-
rotaxane only falls from 57% to 22% even though the triazole-
forming reaction is complete in 6 h instead of 24 h. The
acceleration of the rotaxane-forming reaction by excess Cu(l)
strongly suggests that-activation of the copper acetylide unit
(see Scheme 1) is the dominant process in the CUAAC reaction
mechanism ofla.

Effect of the Macrocycle Structure on [2]Rotaxane
Formation

To further investigate both the scope and the mechanism of
the active-template rotaxane-forming reaction shown in Scheme
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active-metal template reaction, albeit in only 6% yield. Coor-
dination of 1b to the copper occurs at the expense of the
intramolecular hydrogen bont#s*> so thatlb is able to act as
an effective monodentate ligand. In contrast, the usgcefa
tridentate macrocyclic ligand with three hard donor atems
gave a similar overall conversion to triazole but with no rotaxane

(31) The standard reaction conditions use 1 equiv of each reagent and low
temperatures to minimize the background uncatalyzed thermal cycloaddi-
tion. These conditions were chosen to allow the relative efficacy of the
different macrocycles in promoting rotaxane formation to be assessed. No
attempt was made to optimize the reaction conditions to improve the
rotaxane yields reported in Figure 4. For macrocydasli, 1j, 1f, 1I,

1m, andln—all of which produce significant rotaxane and are not degraded

under the reaction conditioriirtually all the macrocyclic ligand can be

converted to rotaxane by using extended reaction times and an excess of
the azide and alkyne building blocks.

(32) For an X-ray structure dfa as a monodentate ligand in a rotaxane (Pd(Il)
as the metal atom) see ref 29b; for X-ray structures of a related pyridine
diether ligand acting as a bidentate ligand in a rotaxane (Cu(ll) or Ni(ll)
as the metal atom) see ref 29d.

(33) (a) Hunter, C. A.; Purvis, D. HAngew. Chem., Int. Ed. Engl992,31,
792—795. (b) Johnston, A. G.; Leigh, D. A.; Nezhat, L.; Smart, J. P.;
Deegan, M. D.Angew. Chem., Int. Ed. Engl995, 34, 1212—12186. (c)
Leigh, D. A.; Moody, K.; Smart, J. P.; Watson, K. J.; Slawin, A. M. Z.
Angew. Chem., Int. Ed. Endl996,35, 306-310. (d) Leigh, D. A.; Murphy,

A.; Smart, J. P.; Slawin, A. M. ZAngew. Chem., Int. Ed. Engl997,36,
728-732. (e) Leigh, D. A.; Murphy, A.; Smart, J. P.; Deleuze, M. S;
Zerbetto, FJ. Am. Chem. S04998,120, 6458—6467. (f) Deleuze, M. S.;
Leigh, D. A.; Zerbetto, FJ. Am. Chem. S0d.999,121, 2364—2379. (9)
Clegg, W.; Gimenez-Saiz, C.; Leigh, D. A.; Murphy, A.; Slawin, A. M.
Z.; Teat, S. JJ. Am. Chem. S0d.999,121, 4124—4129. (h) Biscarini, F.;
Cavallini, M.; Leigh, D. A.; Lebn, S.; Teat, S. J.; Wong, J. K. Y.; Zerbetto,
F.J. Am. Chem. So2002 124, 225-233. (i) Bottari, G.; Dehez, F.; Leigh,
D. A.; Nash, P. J.; Pérez, E. M.; Wong, J. K. Y.; ZerbettoARgew. Chem.,
Int. Ed.2003,42, 5886—5889. (j) Leigh, D. A.; Venturini, A.; Wilson, A.
J.; Wong, J. K. Y.; Zerbetto, Rohem.—Eur. J2004,10, 4960—4969.
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Figure 4. Influence of the macrocycle structure on the active-metal template CuAAC rotaxane-forming reaction in Scheme 2 under a standardized set of
reaction conditions. Conditions for Scheme 2: 1@—0,2, 3, [Cu(CHCN)4](PFs), CH.Cly, rt, 24 h (72 h fordn and40), 0.01 M concentration with respect

to each ofla—o, alkyne2, azide3, and [Cu(CHCN)4](PFs); the reactions were not run under an inert atmosphere, nor using distilled or dried solvents; (ii)
KCN, CH,CI/CH3OH. The conversion of each macrocycle to [2]rotaxane is given as a percentage yield in red, and the overall con\zesidi3 afto

triazole products (rotaxands—oand thread) is shown for each macrocycle in parentheses. The designation “trace” means that the rotaxane was observed
by ESI-MS but could not be detected By NMR. The colors and lettering correspond to the signals and assignments f tiBIR spectra shown in

Figure 5.

formed. Upon addition ofic to the copper catalyst and other free coordination sites necessary to bind azide and alkyne in
reagents the solution changed color immediately from colorless the same aggregaté However, enough of the copper in the
to blue-green. This suggests that most of the Cu(l) is rapidly reaction is not tied up as thec complex for the ligandless

oxidized to Cu(ll) upon coordination tbc3 The resulting Cu- thread-forming triazole reaction to proceed to completion within
(IN—1ccomplex is not catalytically active for the alkynazide 24 h.
cycloaddition, and any tridentate Cu{ilc complex lacks the Macrocycleld has a structure similar to that df except

that the pyridine nitrogen is oxidized. The resu#t98%

(34) Hydrogen bond energies are usually in the range-dftlkcal/mol, whereas conversion to triazole but only a trace of rotaxane when using
coordinate bonds have energies of- 8D kcal/mol3> thus, the stabilization . . .
of the copper(l) ion upon coordination should compensate for the loss of 10 as the macrocycle in the active-template reaction, shows that

the two hydrogen bond interactions. In fact, all of the pyridine-containing the N-oxygen atom aqreatly affects the ligand’s ability to
macrocycles studied exhibit complexation-induced shifts in'thédMR Y9 9 y 9 Y

spectra (CDG) upon addition of [Cu(CHCN)4(PFy), indicating that coordinate to Cu(l). Macrocyclde also has a constitution
copper(l) ions interact with the macrocycles in every case.

(35) Goshe, A. J.; Crowley, J. D.; Bosnich, Belv. Chim. Acta2001, 84, 2971~ (37) The multidentate ligand tris[(1-benzyH11,2,3-triazol-4-yl)methylJamine
2985. (TBTA) is a highly effective copper ligand for the CUAAC reaction [see

(36) This oxidation of Cu(l) to Cu(ll) in the presence If occurs even when refs 6b and 17a,b and Gupta, S. S.; Kuzelka, J.; Singh, P.; Lewis, W. G.;
great care is taken to exclude both moisture and oxygen from the reaction Manchester, M.; Finn, M. GBioconjugate Chen005,16, 1572—1579].
mixture. It appears that the macrocycle itself is the oxidant. However, there However, the individual triazole-functionalized “arms” of TBTA are weakly
is some remaining [Cu(C4€N),](PFs) which catalyzes the formation of coordinating ligands, so TBTA probably functions by the alkyne and azide
the threadb. displacing two of the triazole groups to form the reactive intermediate.
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similar to that oflb, but the secondary amides are methylated,
eliminating their ability to form hydrogen bonds. AM1 calcula-
tions®¥3%using Spartan (see the Supporting Information) show
that the methyl groups distort and partially fill the macrocycle
cavity. The result is that, like that dfd, little of the CUAAC
reaction is directed through the macrocycle cavity to form
rotaxane. The same effect is seen for macrocy¢leéhe bis-
N-acetylated analogue at.

Removing the pyridine nitrogen atom, macrocycleg,
completely switches off rotaxane formation, confirming the need
for a ligating donor atom. Replacing the benzylic oxygens of

the electron-donating ability of the heterocyclic nitrogen atom,
macrocyclelm, had little effect on the rotaxane yield.

Bidentate Macrocycles Having established that monodentate
ligands of several different macrocycle geometries and donor
atom orientationsi, 1j, 1l, 1m) efficiently promote active-
template rotaxane formation, whereas strongly tridentate mac-
rocycles (1cand 1h) do not, we investigated the efficacy of
bidentate macrocycleln and101742The bipyridyl macrocycle
1n directs the CuAAC reaction through its cavity to form
rotaxane almost as efficiently as the best monodentate macro-
cycles (45% forln — 4n compared to 57% fota — 4a and

laby more strongly coordinating sulfur atoms produces another 60% for 1j — 4j). However, it severely inhibits the rate of the

tridentate macrocyclelh. As with 1c, no rotaxane is formed—

Cu(l)-catalyzed reaction, and it took 3 days for the active-metal

consistent with the premise that tridentate ligand complexes of template reactiorin — 4n to go to completion, compared to
Cu(l) lack the vacant coordination sites necessary to bind both 24 h for 1a — 4a and 6 h for the ligand-free Cu(l)-catalyzed

azide and alkyng—and the yield of triazole is also only 30%,
indicating thatlh is particularly effective in sequestering the

control reaction (Figure 3). The inhibition of the Cu(l)-catalyzed
cycloaddition is even more dramatic with the other bidentate

copper. Oxidation of the sulfide groups to sulfones, macrocycle ligand investigated, the 2,9-diphenylphenanthroline macrocycle
1i, restores the ability of the macrocycle to bind to the Cu(l) as 1o used extensively to assemble rotaxanes and catenanes by
a monodentate ligand, and despite the increased bulk arouncdhe Sauvage groufy: Macrocyclelo completely inhibits the

the coordinated metal ion, a significant amount (13%) of [2]- CuAAC reaction. Even after 3 days under the standard sto-
rotaxanedi is formed by the stoichiometric active-metal template ichiometric active-metal reaction conditions in the presence of
reaction. In fact, substitution of the benzylic ether oxygen atoms 10, no triazole products were observed. This latter result is
by methylene groups confirms that only a monodentate mac- particularly interesting given that phenanthroline ligands have

rocycle with a single strongly coordinating donor atom is
required for an efficient active-template rotaxane-forming reac-
tion; macrocyclelj generates just as much [2]rotaxane as the
parent macrocyclda. Modeling suggests that the cavity of
macrocyclelj is rather more flexible than that af, yet this is
not detrimental for rotaxane formation.

To test whether other macrocycle geometries would be
tolerated by the active-template reaction, we prepdiednd
11 in which the substituted benzylic units were replaced by
arylalkynyl and aryl groups, respectively. The 2,6-bisalkynylpy-
ridine unit proved to be unstadfe*l under the reaction
conditions, suppressing the overall yield of the CUAAC reaction,
with no rotaxane being produced. However, the active-metal
template CUAAC reaction proceeded smoothly withalbeit

previously been reportétito promote the CUAAC reaction. The
lack of reactivity is presumably a result of the steric bulk about
the Cu(l) center in the complex preventing the complex from
undergoing the various structural variations required for reaction
to take place (e.g., tolerating the change in geometry from Cu-
() to the formal Cu(lll) species, Scheme 1), together with the
macrocycle being very effective in sequestering the Cu(l) in
this unreactive form. A related Cu(tmacrocycle complex has
recently been reported to promote the formation of [2]rotaxanes
via a Glaser alkyne homocouplidg.However, in that case,
intermediates of type B (Scheme 1) are possible with a bidentate
ligand for copper because no azide need be coordinated to the
metal atom.

generating rather less rotaxane (25%) than the most effective'H NMR Spectra of the Metal-Free [2]Rotaxanes

examples of other macrocycle geometridéa é&nd 1j). AM1
calculationg® using Spartan (see the Supporting Information)
indicate thatll has a well-defined persistent cavity suitable for

the threading of a molecular chain. However, the phenyl groups

flanking the pyridine sterically encumber the nitrogen donor
atom of the macrocycle, and a combination of steric and

electronic factors probably reduces the binding strength of this

macrocycle for Cu(l) ions. The weaker binding leads to more
ligandles$® Cu(l) in solution, resulting in higher conversion of
the substrates into the noninterlocked thrBaahd the relatively
modest yield of [2]rotaxanél. Increasing the steric bulk at the
4-position of the pyridine group while simultaneously increasing

(38) Minimum energy conformations were calculated for each of the metal-
free macrocycles using the Spartan molecular modeling program (Semi-
Empirical, AM1). The results are provided in the Supporting Information.

(39) In the case ole no hydrogen bonds are present, thus allowing the Cu(l)
ion better access to the macrocycle’s pyridine nitrogen atom. However, in
each of macrocycle$e and 1f the nitrogen atom of the pyridine is more
hindered, which may reduce the binding ability of the ligand.

(40) Internal alkynes have been found to react under CUAAC conditions; see:
Diez-Gonzalez, S.; Correa, A.; Cavallo, L.; Nolan, SAhem.—Eur. J.
2006,12, 7558—7564.

(41) Macrocyclelk is also photosensitive and decomposes slowly in ambient
light.
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TheH NMR spectra (400 MHz, 300 K, CDg)lfor each of
the rotaxanes formed in5% yield are shown in Figure 5. The
IH NMR spectra of the rotaxanes (Figure-5d) all show upfield
shifts of several signals with respect to the signals of the
noninterlocked components (threds] Figure 5a, and the
macrocyclesla, 1b, 1i, 1j, 1m, and 1n; see the Supporting
Information). Such shielding is typical of interlocked structures
in which the aromatic rings of one component are positioned
face on to with another component and is observed for all the
nonstopper resonances of the axle{H indicating that the
macrocycle accesses the full length of the thread. This is as
expected; there should be no strong intercomponent noncovalent
interactions between the thread and the macrocycle in the metal-
free rotaxanes. The one exception is the amide-containing
rotaxanetb (Figure 5c¢), which exhibits a significant downfield
shift of the amide resonance with respect to that of the free
macrocycle (see Supporting Information). This can be attributed
to hydrogen bonding between the amides of the macrocycle and

(42) Bidentate bipyridine and phenanthroline ligands have been shown to
significantly enhance the kinetics of the CUAAC reaction; see ref 17b.
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In an attempt to minimize the amount of ligandless Cu(l)
present in the reaction, we carried out the active-metal template
CuAAC protocol under the standard set of conditions (1 equiv
of 2, 1 equiv of3, 1 equiv of [Cu(CHCN)4](PFs), CH.Cly, rt)
used previously but in the presence of 10 equiv of macrocycle
(Scheme 3). Our initial experimeftswere carried out with
monodentate macrocycld, and we were immediately intrigued
to find that the reaction was much slower with 10 equiv of the
macrocycle than it had been with 1 equiv, the higher macrocycle:
Cu(l) reaction taking more than one week to go to completion.
Upon reaching this end point, the mixture of triazole products
was found to consist of 30% thre&d37% [2]rotaxandl, and,
to our surprise, 33% [3]rotaxan (yields quoted with respect
to the alkyne and azide reactants). A reaction using macrocycle
launder the same experimental conditions (1 equi, dfequiv
of 3, 1 equiv of [Cu(CHCN)4](PFs), and 10 equiv ofia, CH-

Cly, rt) was again slower than the same reaction with 1 equiv
of macrocycle (3 days to reach completion compared to 24 h),
generating a product mixture of 5% thread90% [2]rotaxane
4a, and 5% [3]rotaxanéa (yields quoted with respect to the
alkyne and azide reactants). A similar but less dramatic trend
was seen with bidentate macrocydle; with 10 equiv ofln

the reaction took 10 days to complete (cf. 3 days with 1 equiv),
producing 3% threa® and 97% [2]rotaxandn (in this case

no [3]rotaxane7n could be detected biH NMR spectroscopy).

The remarkable features of these high macrocycle:Cu(l) ratio
active-metal template reactions are the following:

Foure s H NMR {2 (400 MHz, CDGJ300 K) of () riazale thread (i) Exceptional combined rotaxane yields: 95% ([2]rotaxane
igure 5. spectra z, of (a) triazole threa ; ;

5, (b) [2]rotaxanetda, (c) [2]rotaxanedb, (d) [2]rotaxanedi, (e) [2]rotaxane 4a+ [3]rotaxanera) compared to 57% fotawith 1 equiv of

4j, (f) [2]rotaxane4m, and (g) [2]rotaxanén. The assignments correspond ~ 1&; 70% ([2]rotaxanet! + [3]rotaxane?l) compared to 25%

to the lettering shown in Scheme 2 and Figure 4. for 41 with 1 equiv of 1I; 97% ([2]rotaxane4n) compared to

45% for 4n with 1 equiv of1n.
(ii) Significant slowing of the reaction rates compared to the
low macrocycle:Cu(l) ratio reactions. The largest effect on the

the triazole unit of the thread in an interaction similar to that
previously observed between interlocked amide and pyridine

components in rotaxanes and catendhs. rate is seen with the weakly copper-binding macrocyt¢iehe
smallest effect on the rate occurs for the strongly copper-binding
Active-Metal Template CUAAC Reaction at High macrocycleln. Again, this is strongly suggestive experimental
Macrocycle:Cu(l) Ratios: Unexpected Formation of evidence that the dominant mechanism of the CUAAC reaction
[3]Rotaxanes under these conditions involves activation of the copper

o-acetylide unit by a second, preferably ligandless for steric

The picture of the active-metal template CUAAC reaction that reasons, copper atom (i.¢.or Il, Scheme 3).

we can build up that is consistent with the experimental . ] ) .
observations so far is that the ligand-free [CU(CM)s](PFs) (|||) Formation of [3]rotaxape (in 33% yield using macrocygle
salt and macrocyclesa—o are in equilibrium with the corre- 1l)—i.e., two macrocycles being threaded during the formation
sponding copper(l)—macrocycle complex in which, in most of onetriazole ring. Molecular models show that this can most
cases, the metal atom directs the cycloaddition of the azide and'€asonably occur through the sort of bridged two copper atom
alkyne through the macrocycle cavity. Although the ligand-free intermediatelll shown in Scheme 3. Since such a doubly
reaction is inherently faster than the active-metal template one, Pridged intermediate cannot occur with bidentate ligands (and
the coordinating ability of the macrocycle means that the NO [3]rotaxane is observed witlin), it seems likely that
rotaxane-forming reaction can become competitive with, or even monodentate pyridine ligand-promoted CUAAC reactions pro-
dominate, the thread-forming reaction. In general, a stronger c&€d via doubly bridged intermediates suchl gScheme 3),
binding macrocyclic ligand (e.gla compared talb) should ~ the equivalent of intermediate B(ii) in Scheme 1, whereas
move this equilibrium in favor of rotaxane formation. However, bidentate bipyridyl ligand-promoted CUAAC reactions proceed
some changes in coordination geometry about the metal are
required for the CUAAC mechanism to operate (Scheme 1), so (43) We chose macrocyclH for this study because it is a rather poor ligand
S ) ’ (indeed, we were unable to generate complexes with it using several other
the most strongly binding macrocycle (10), which apparently metals) due to the steric crowding around the pyridine nitrogen and the
does not tolerate such changes, actually inhibits the rotaxane-  7-&lectron density presented to the low-oxidation-state copper from the
R . . - . i i adjacent aromatic rings. The rather weak Cu(l) binding affinity—meaning
forming reaction. In view of this, we decided to investigate other there is more ligandlessCu(l) present in solution than many of the other
conditions in which rotaxane formation might be increased at macrocycles shown in Figure-4s most likely the reason for the modest

yield of rotaxane using 1 equiv of this macrocycle. We reasoned the yield
the expense of the thread. should be improved by increasing the macrocycle:copper ratio.
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Scheme 3. Effect of the Macrocycle:Cu(l) Ratio on the Active-Metal Template CUAAC Reactiona?

aReagents and conditions: (i, 11, or 1n (10 equiv),2 (1 equiv),3 (1 equiv), [Cu(CHCN)4](PFs) (1 equiv), CHCIy, rt, 24 h (1a), 7 days (1l), 10 days
(1n); (ii) KCN, CH2CIo/CH3OH. Product yields starting from macrocyde: thread5 (5%), [2]rotaxaneta (90%), [3]rotaxanera (5%). Product yields
starting from macrocyclda: thread5 (5%), [2]rotaxanedi (33%), [3]rotaxane?l (37%). Product yields starting from macrocyda: thread5 (3%),
[2]rotaxane4n (97%), [3]rotaxan&n (0%).°In the reactive intermediates shown, the copper azide (orange) reacts with any of the copper alkyne units shown
in green. L can be any nonreacting ligand, including other alkyne and azide groups.

via simples-coordinated complexes suchlagScheme 3), the  Stoichiometric and Catalytic Active-Metal Template
equivalent of intermediate A(ii) in Scheme 1. Synthesis of Bistriazole [2]Rotaxanes

1
The *H NMR spectra of [2]rotaxané_| and [3]ro_taxane7l To see whether the copper(l) would turn over catalytically
are shown in parts b and c, respectively, of Figure 6. The y,ing the formation of a single molecule, we investigated

resonances for the axle k) of the rotaxanes are shifted upfield systems which requirawo cycloaddition reactions to be
compared to the signal for the free noninterlocked thréad catalyzed in the formation of each molecule of [2]rotaxane
(Figure 6a). The effect is more pronounced in the [3]rotaxane (Scheme 4). [2]Rotaxand® and12were each obtained in good
(Figure 6c) than in the [2]rotaxane (Figure 6b). Due to the yie|ds (81% and 74%, respectively) using the conditions shown
asymmetry of the thread, ttel NMR spectrum of [3]rotaxane  in Scheme 4 (0.5 equiv of Cu(l) for each triazole ring formed
71 (Figure 6¢) displays inequivalent but overlapping peaks for i 5 rotaxane) with eitheta, 2, and the diazid8 or 1a, 3, and

the two macrocycle components, which are double the intensity the dialkyne9. Since the rotaxaneCu(l) complex indais strong

of the corresponding macrocycle signals in the [2]rotaxane. enough to sequester the metal in the absence of pyridine, the
Single crystals of7l suitable for X-ray crystallography were |ack of formation of more than trace amounts of [3]rotaxane in
grown by slow cooling of a hot saturated solution @fin the reaction mixtures from Scheme 4 suggests that one mac-
acetonitrile. The solid-state structure (Figure 7) confirmed the rocycle—Cu(l) complex may act processively to catalyze the
constitution of7l as a [3]rotaxane. Although it may superficially ~ formation of both triazole rings of an individual rotaxane thread.
appear that face-to-face-stacking interactions might aid the  Such a hypothesis is consistent with the observatidoy
relative orientation of the two macrocycles on the thread, in Rodionov et al. (albeit in a ligand-free Cu(l) system) of a strong
the solid state the aromatic rings of adjacent macrocycles arekinetic enhancement in the second cycloaddition reaction when
not coplanar and their separation3.8 A) is somewhat greater  using diazide reactants. Reducing the amount of the copper salt
than that typically associated with aromatic stacking interactions. to 20 mol % with respect tda (10 mol % with respect to each
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Scheme 4. Active-Metal Template CUAAC Synthesis of Bistriazole
Molecular Shuttles 10 and 122

aReagents and conditions: @) [Cu(CHCN)4](PFs), CHxCl,, 25 °C,
72 h; (i) KCN, CH,CI,/CH3zOH, 81% ([2]rotaxand.0) over two steps with
0.5 equiv of Cu(l), 63% ([2]rotaxan®0) over two steps with 0.1 equiv of
Cu(l) + 3 equiv of pyridine; (iii) 3, [Cu(CHCN)4](PFs), CHCly, 25 °C,
72 h; (iv) KCN, CHCI,/CH3OH, 74% ([2]rotaxanel2) over two steps.

rotaxane triazole ring formed) and introducing 3 equiv of
pyridine to the reaction ofa, 2, and8 to allow the processive
catalyst to turn over intermolecularly still generated [2]rotaxane
10in 63% vyield (Scheme 4).

Transition-Metal-Mediated Control of the Shuttling Rate
in Degenerate Two-Triazole-Station Molecular Shuttles

The shuttling of the ring in the degenerate two-station
bistriazole rotaxan&0in the presence of different diamagnetic
transition-metal salts was investigated ustHigNMR spectros-
copy. Unlike most previously reported molecular shuttles

where the interactions used to direct the synthesis of the (44)

rotaxanes persist in the interlocked structure, resulting in a well-
defined coconformation—there are no strong noncovalent in-
teractions between the components of metal-f@€omparison

of theH NMR spectrum of the free thredd (Figure 8a) with
that of the rotaxan&0 (Figure 8b) shows uniform shielding of

Figure 6. 'H NMR spectra (400 MHz, CDG) 300 K) of (a) triazole thread
5, (b) [2]rotaxanedl, and (c) [3]rotaxan€l. The assignments correspond
to the lettering shown in Scheme 2 and Figure 4.

Figure 7. X-ray structure of [3]rotaxan@l, from a single crystal obtained
from a saturated acetonitrile solution: (a) viewed side-on; (b) viewed along
the axis of the thread. For clarity, different shades of purple are used for
the carbon atoms of the two rings.

the thread signals 1 He, Hr, Hg, Hp), indicating that the
macrocycle randomly explores the full length of the thread.
Reintroducing copper(l) into the bistriazole rotax#re form
[Cul0](PFs) (Scheme 5) gave a complex that exhibited fast
shuttling of the macrocycle between the two triazole units in
the room temperaturéH NMR spectra in CRCN/CD.Cl,

For examples of 1,2,3-triazoles as ligands see refs 3, 6s, and 17a,b and (a)
Liu, D.; Gao, W.; Dai, Q.; Zhang, XOrg. Lett.2005,7, 4907—4910. (b)

Dai, Q.; Gao, W.; Liu, D.; Kapes, L. M.; Zhang, ¥. Org. Chem2006,

71, 3928—3934. (c) Mindt, T. L.; Struthers, H.; Brans, L.; Anguelov, T;
Schweinsberg, C.; Maes, V.; Tourwe, D.; Schibli, R.Am. Chem. Soc.
2006,128, 15096—15097. (d) Suijkerbuijk, B. M. J. M.; Aerts, B. N. H.;
Dijkstra, H. P.; Lutz, M.; Spek, A. L.; van Koten, G.; Klein Gebbink, R.

J. M. Dalton Trans.2007, 1273—1276. (e) Huffman, J. C.; Flood, A. H.;

Li, Y. Chem. Commur2007, 2692—2694.
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Figure 8. 'H NMR spectra (400 MHz, CECN/CD.Cl, (9/1), 300 K) of

(a) bistriazole threadll, (b) bistriazole [2]rotaxand0, (c) coppet
bistriazole [2]rotaxane complex [Q0](PFs), (d) palladium dichloride
bistriazole [2]rotaxane complex f£1d10, and (e) palladium dichloride—
triazole rotaxane complex §?d4a. The assignments correspond to the
lettering shown in Scheme 5.

(Figure 8c)*® Although fast shuttling between well-defined
macrocycle binding sites is very unusual for metal-coordinated
molecular shuttle$? Cu(l) complexes can exhibit extremely fast
exchange rate¥.In contrast to this dynamic behavior, thd
NMR spectrum (Figure 8d) of rotaxar® following coordina-
tion of PdCh (Scheme 5, ii) displays two sets of peaks for
protons close to the thread triazole rings (e.gs,HHg/g). This
observation is indicative of the macrocycle in the;Rti10
complex being unable to shuttle between the triazole stations
on the NMR time scale. This restriction to shuttling also
manifests itself in the geminal splitting of the signals corre-
sponding to K and H of the macrocycle, which occurs as a
consequence of the two “faces” of the ring being in different
chemical environments. The chemical shifts of one set of the
duplicated signals (e.g.,fHcorrespond closely to those of the
free threadll (Figure 8a). The other set of duplicate signals
(e.g., H) correspond closely to a model single-triazole rotax-
ane—PdCJ complex, C}Pd4a(Figure 8e, Scheme 5). Heating
the sample of GPd10to 343 K (close to the solvent boiling
point of CD;CN) did not lead to any broadening of the signals
in the '"H NMR spectrum, indicating that the macrocycle
shuttling is very effectively blocked by coordination to Pd.

Scheme 5. Controlling the Dynamics of Bistriazole Molecule
Shuttle 10 by Coordination to Cu(l) or Pd(Il)2

a8 Reagents and conditions: (i) [Cu(GEN)4](PFs) (1 equiv), CDCl,
(90%)/CDsCN (10%), 25°C, 5 min, >99%; (i) Pd(CHCN).Cl, (1 equiv),
CD,Cl; (90%)/CD:CN (10%), 25°C, 5 min, >99%.

remarkable ease, simply through the judicious choice of different

The notable features of these degenerate two-station bistria-transition-metal ions.

zole rotaxanes are the following:

(i) To our knowledge these are the first examples of molecular
shuttles containing two degenerate transition-metal-binding
stations.

(ii) The dynamics of the macrocycle exchange between the
two well-defined discrete binding sites can be controlled with

(45) We were unable to slow the macrocycle shuttling dynamics in[@I{
(PRs) sufficiently, nor isolate that motion from other conformational
processes at low temperatures, to determine an accurate shuttling rate.

(46) Durola, F.; Sauvage, J.-Rngew. Chem., Int. E007,46, 3537—3540.

(47) For an evaluation of ligand exchange rates at Cu(l) centers, see: Riesgo,

E.; Hu, Y.-Z.; Bouvier, F.; Thummel, R. fnorg. Chem2001,40, 2541—
2546.
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(iii) An active-metal template strategy is much more amend-
able to the synthesis of such shuttles than traditional (passive)
metal template strategies, because the number of binding sites
in the products is not necessarily related to the number of
template sites used for the shuttle synthesis.

Conclusions

The Cu(l)-catalyzed 1,3-cycloaddition of azides with terminal
alkynes is a highly effective reaction for the active-metal
template synthesis of rotaxanes, as illustrated through both
stoichiometric (up to 97% vyields) and catalytic (up to 82%
yields) versions of the strategy. The reaction tolerates a wide
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variety of both monodentate and bidentate macrocyclic ligands in which the ring still shuttles rapidly between the two triazole
which, although inherently slower in promoting covalent bond units of the thread, even at low temperatures in noncoordinating
formation than the ligand-fré& Cu(l)-catalyzed reaction, all  solvents. In contrast, complexation of the same two-triazole-
work by sequestering the majority of the Cu(l) present so that station shuttle to Pdghives a rotaxane in which shuttling does
the rotaxane-forming CuAAC reaction becomes competitive not occur even at 343K in the presencedgfacetonitrile.
with—and under many conditions dominates—the ligand-free  The template-directed assembly of otherwise difficult-to-
CUuAAC reaction. The addition of pyridine enables the Cu(l) access molecular architectures and the catalysis of covalent bond
active-metal template to turn over without significantly com- formation are two of the most useful tasks that transition metals
promising the rotaxane yield. Among several potentially attrac- can perform in organic chemistry. The active-template concept
tive features of this type of synthetic strategy is that it offers an combines these two apparently disparate functions into one,
unusual experimental probe of the reaction mechanism. Thewhich can produceas the present work exemplifiefigh-
increase in rates of rotaxane formation by excess ligand-freeyielding, mild and effective synthetic routes to complex mo-
Cu(l) supports the suggestion that in &Hp the copper lecular structures requiring only catalytic quanitities of metal.
o-acetylide is activated by coordination to a second ligandless The development of other active-template systems is in progress.

copper atom, and the sluggish reaction rates and remarkable Acknowledgment. This work was supported by the European
formation of [3]rotaxanes with monodentate macrocycles at high (nion Future and Emerging Technology program Hy3M, the
macrocycle:Cu(l) ratios suggest that, under these conditions,RamSay Memorial Fellowships Trust, the Royal Society of
the CUAAC reaction proceeds via a doubly bridged two copper Edinburgh, and the EPSRC. D.A.L. is an EPSRC Senior
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Palladium-catalyzed cross-coupling reactions are extremely Scheme 1. Proposed Catalytic Cycle for the Oxidative Heck
powerful tools for organic synthesis, routinely proving the method Active-Template Synthesis of [2]Rotaxane 5 from 1, 3, and 4
of choice for the construction of -©C bondst Recently, Pd(ll)-
catalyzed cross-couplings have been developed as a novel alternative
to the traditional Pd(0) systems, offering a change in both
mechanism and reaction parametertere we report on the utility
of the Pd(ll)-catalyzed oxidative Heck cross-coupling over Pd(0)-
based methods in the active-metal template synthesis of [2]-
rotaxanes.
Active-template syntheses differ from classical template reactions
in that a single species acts as both a template AND a catalyst for
covalent bond formatiof.Combining these two roles within the
action of the same metal center(s) has several potential advantages
over conventional “passive” template syntheses, including inherent
efficiency, scope, the possibility of traceless assembly;-aii
is able to turnover at the end of the catalytic cyetmly
substoichiometric quantities of the template need to be employed.
The active-template concept has been demonstrated through the
synthesis of rotaxanes using reactions such as the Cu(l)-catalyzed
azide-alkyne cycloadditionthe CuAAC “click” reactior—and
alkyne homocoupling%* However, to make active-template strate-
gies truly attractive, it will be necessary to apply them to reactions
that are synthetically versatile and applicable to a wide variety of
different structural motifs. Palladium-catalyzed cross-couplings fit
these criteria perfectly, of course. However, our initial attempts to
make rotaxanes using Pd(0)-catalyzed reactions with various mono-,
bi-, and tridentate macrocycles were unsuccessful, producing only
the corresponding non-interlocked thredddle attributed this to
the Pd(0) not remaining attached to the macrocycle during key
stages of the catalytic cycle. Accordingly, we switched our attention
to the oxidative Heck cross-couplihgince Pd(Il) should be ligated
much more strongly than Pd(0) by nitrogen donor atorims
macrocycles such ak
Palladium(ll) complex2 was formed in situ by mixing macro-
cycle1 (1 equiv) with a catalytic quantity (10 mol %) of Pd(OAc)
in 1:1 CHCBL/CH,CI,. Addition of boronic acidB (2 equiv), alkene
4 (1 equiv), and benzoquinone (1 equiv), followed by simple stirring
under an atmosphere of oxygen at room temperature for 72 h, forming reaction between them. Migratory insertion followed by
pleasingly led to the desired [2]rotaxaBén 73% yield!8 These S-H elimination thus forms a mechanical as well as a covalent bond.
base-free conditions produced much higher yields of rota¥ane Decomplexation of the weakly binding Pd(0) liberates free rotaxane
than standard oxidative Heck procedutésresumably because the 5. Reoxidation of Pd(0) to Pd(ll) regenerates the catalytically active
formation of undesired homocoupled byproducts is reduced. RedUC-complex 2 and enables the reaction to be conducted using
ing the amount of Pd to 1 mol % still produced 66% [2]rotaxane substoichiometric amounts of palladium.
(i.e., the metal template turns over 65 times during the reaction), TheH NMR spectrum of rotaxan&in CDCl; (Figure 1b) shows

albeit over a 16 day reaction time. an upfield shift of several signals with respect to the non-interlocked

The proposed mechanism for rotaxane formation is shown in components (Figure 1a and c). The shielding, typical of interlocked
Scheme 1. Transmetalation of the aryl boronic &iith the Pd- architectures in which the aromatic rings of one component are
(I1) complex 2, followed by zz-coordination of alkene!, affords positioned face-on to another component, occurs for all nonstopper

intermediatd. In order to achieve successful rotaxane formation, resonances of the axle (H), indicating that the macrocycle

the two building blocks that ultimately form the thread need to be accesses the full length of the thread in the rotaxane. However, the
held on opposite faces of the macrocycle and the palladium needsresonances of the protons on the half of the axle bearing the aryl
to retain the stoppered ligands until it has mediated a covalent bond-ring (Hn-o) are shielded to a greater extend than those on the other

12092 = J. AM. CHEM. SOC. 2007, 129, 12092—12093 10.1021/ja075219t CCC: $37.00 © 2007 American Chemical Society
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Figure 1. H NMR spectra (400 MHz, CDGJ 298 K) of (a) macrocycle
1, (b) [2]rotaxanes, (c) threads. The assignments correspond to the lettering
shown in Scheme 1.

Table 1. Substrate Scope in the Oxidative Heck Active-Template
Synthesis of [2]Rotaxanes?

aR = (t-BuGsHa4)3sCCsH4O(CHy)s-. Reaction conditions: macrocycle
(1 equiv), Pd(OACc) (10 mol %), alkene (1 equiv), boronic acid (2 equiv),
and benzoquinone (1 equiv) in 1:1 CH@H,CI, were allowed to stir under
O, at rt for 72 h.” Conditions as for other entries except alkehél.2
equiv), boronic acidl5 (3 equiv), no benzoquinone, 1:1 CHIMF as
solvent. All reactions were carried out at 16 mM concentration with respect
to 1 without the need for dried or distilled solvents.

half (H;—n). This preference of the macrocycle for the aromatic
region of the thread is probably a result of bathstacking
interactions and solvation effects.

To examine if this new cross-coupling approach to [2]rotaxanes
is tolerant of a range of different cross-coupling partners, we
screened a number of alkene and boronic acid functionalized
stoppers, generating a variety of [2]rotaxanes (Tabl& \Iinyl
ketone7 and styrene derivativ8 can replace vinyl estef as the
alkene cross-partner to produce the corresponding rotaXsaes
10 in 70 and 50% yields, respectively. The electron-poor aryl
boronic acidl1 can also be used in place of the electron-rich aryl
boronic acid3 without affecting the yield12, 76%). The rotaxane-

forming reaction, however, is sensitive to steric hindraraithough
trisubstituted alkenes can be formed in high yields using the
oxidative Heck method the attempted coupling of disubstituted
alkene 13 with boronic acid3 resulted in only traces of the
corresponding rotaxan®4® Alkene boronic acidl5 also proved
suitable as a substrate, giving butadiene [2]rotaxi®én 30%
yield.10

The introduction of active-template palladium cross-coupling
routes to [2]rotaxanes opens up the possibility of using one of the
most powerful bond-forming methodologies in organic chemistry
for the assembly of mechanically interlocked architectures. The
reaction is mild, substrate-tolerant, and essentially traceless with
respect to the thread, and as little as 1% of the catalytic Pd(ll)
template is required.

Acknowledgment. This work was supported through the EU
project Hy3M and the EPSRC. D.A.L. is an EPSRC Senior
Research Fellow and holds a Royal Society Wolfson Research Merit
Award. J.D.C. is a British Centenary Ramsay Fellow. We thank
Roy T. McBurney for providing alken@.

Supporting Information Available: Full experimental procedures
and characterization of all products. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Studied" suggest that bidentate N ligands such as bipyridine and

phenanthroline are the most effective at promoting oxidative Heck

reactions at room temperature. Carrying out the reaction in Table 1, entry

1, with a monodentate pyridine macrocycle resulted in no rotaxane

formation and only 10% conversion to the thread.

Use of Cu(OAc) or I, as the oxidant produced no rotaxane; & the

sole oxidant produced only 26% rotaxane (other reagents and conditions

as per Table 1, entry 1). See Supporting Information for further details.

According to Jung and co-worke¥sthe base-free oxidative Heck cross-

coupling shows the greatest efficiency in polar aprotic solvents. However,

our rotaxane-forming reactions did not proceed efficiently in DMF (16%

yield of 5), probably due to the low solubility of the cross-coupling

partners. A 1:1 mixture of CH@ICH,Cl, was found to be the optimal
solvent system for the studies presented here. See Supporting Information
for further details.

Much lower yields of rotaxane<(6%) were obtained using pinacol boronic

esters in place of boronic acids, even though the former generally gives

higher yields in base-free oxidative Heck reacti#h$his difference is
probably due to steric effects.

Unoptimized yield. Rotaxank6 proved difficult to isolate free from the

accompanying byproduct thread.
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Reaction of 1,1'-bis(diphenylphosphino)binaphthol (BINAPO, 1) with [RuClx(5-arene)l,
in methanol leads to dinuclear BINAPO-bridged Ru compounds [{RuCly(55-p-cymene)}2-
(u-BINAPO)], 2a, in near quantitative yield. In dichloromethane or acetonitrile, 1 preferably
affords mononuclear species in which one of the phosphine centers remains uncoordinated.
These complexes can be further stabilized by reaction with BH3 to afford, for example,
[RuCly(n8-p-cymene)(n'-BINAPO-BHj3)], 4a. Upon heating a mixture of 1 and [RuCls-
(y%-p-cymene)]; in DMF, P—O bond cleavage occurs to afford [RuCl(52-PPhy-BINOL)-
(7%-p-cymene)], 5a, bearing an anionic PO-chelating ligand. Ligand 1 acts as an intact chelate
when reacted with [Rua(u-Cl)s(578-p-cymene)o] [PFg] to yield [RuCl(7%-p-cymene)(2-BINAPO)]-
[PF¢], 7. Reaction of 1 with [RuCp(CH3sCN)s][PFg] in acetonitrile or chloroform affords
[{RuCp(CH3CN)z}o(u-BINAPO)][PFgle, 8, and [RuCp(CH3CN)(2-BINAPO)][PF¢], 9, respec-
tively. The solid-state structures of 1, 2a, 4a, and 7 are reported, that of 2a representing a

rare structural example of a molecule with a bridging binaphthyl-type ligand.

1. Introduction

In recent years a plethora of complexes containing
Cy-symmetric bisphosphine ligands have been synthe-
sized and successfully used for a large range of asym-
metric transformations. In particular, ruthenium(II)
complexes with chiral BINAP ligands are excellent
hydrogenation catalysts.!=® Given this background, it
is interesting to note that only very few metal complexes
containing the related phosphinite BINAPO ligand, 1,
have been reported, namely, of palladium,*® rhodium,%7
and ruthenium.®? This is even more surprising, as
enantiopure BINAPO is accessible in a facile manner
from the relatively inexpensive chiral precursor
1,1'-dinaphthol.10

*To whom correspondence should be addressed. E-mail:
paul.dyson@epfl.ch.
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It has been demonstrated that with BINAPO ligands
bearing substituents in the 3,3'-position of the binaph-
thyl backbone, good to excellent ee can be achieved in,
for example, the rhodium-catalyzed hydrogenation of
enamides!! and the ruthenium-catalyzed hydrogenation
of S-keto esters.!? Yet, in both cases the catalysts were
generated in situ and the nature of the active species
was not determined. At present, well-defined ruthenium-
BINAPO complexes are, to the best of our knowledge,
restricted to the cationic [RuXCp(BINAPO-F)]* com-
plexes prepared by Kiindig and co-workers (bearing
perfluorinated P-phenyl groups), which have been em-
ployed in asymmetric Diels—Alder reactions.® Herein,
we report on the coordination chemistry of 1 with the
widely used ruthenium complexes [RuCp(CH3CN)sl-
[PF¢l, [Rus(u-Cl)3(8-p-cymene)s][PFg]l, and [RuCls-
(y8-arene)]q, of which the latter has been previously used
for the in situ generation of a ruthenium-BINAPO
hydrogenation catalyst.!2

2. Results and Discussion

The reaction between the dimeric ruthenium-arene
halide, [RuCly(n%-p-cymene)]s, and 1 in methanol af-

(10) Cox, P. J.; Wang, W.; Snieckus, V. Tetrahedron Lett. 1992, 33,
2253.

(11) Zhou, Y.-G.; Zhang, X. Chem. Commun. 2002, 1124.

(12) Zhou, Y.-G.; Tang, W.; Wang, W.-B.; Li, L.; Zhang, X. J. Am.
Chem. Soc. 2002, 124, 4952.
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Scheme 1

| !
[RuCly(nB-arene)], + 0.5 equiv. 1 _MeOH _ CI;Ru Ru—c

2a: arene = p-cymene
2b: arene = dibenzo-18-crown-6 O O
2c¢: arene = ethylbenzoate

Table 1. Selected 13C and 3P NMR Chemical
Shifts of Compounds 2a—5a and 7—9 (CD.Cl; at 293
K)

2a 3a 4a 5a 7 8 9

C1 106.9 108.9 109.3 109.7 132.8 7.7 84.7
C4 101.1 98.8 98.7 98.2 100.0

C20 1499 1484 1485 1482 1481 1502 150.1
C21 1213 1212 120.6 119.2 1241 122.6 124.3
C29 1225 1209 121.0 121.3 1185 120.0 1216

c20’ 153.3 149.1 1519 150.0 149.1
Cc21 1215 123.3 1152 121.6 124.8
Cc29' 119.5 1204 1182 120.3 120.4
P1 117.8 1151 1143 1141 1295 146.7 1559
P2 117.8 114.1 110.2 129.5 146.7 153.7

forded the phosphinite-bridged ruthenium dimer com-
plex 2a in near quantitative yield, as shown in Scheme
1. Irrespective of the stoichiometry, i.e., even in the
presence of 2 equiv of BINAPO, 2a was formed exclu-
sively and no mononuclear product with a chelating
ligand was observed. Neither electronic nor steric factors
of the complexed arene appear to influence the course
of the reaction, exemplified by the reactions with
electron-rich, bulky [RuCly(7%-dibenzo-18-6-crown)]; and
electron-poor [RuCly(n%-ethylbenzoate)]s, respectively,
which readily afford the corresponding dinuclear prod-
ucts 2b and 2c¢, respectively, in high yield. The solubility
of these dinuclear products is very poor in methanol,
allowing facile isolation and purification. Selected NMR
data for 2a (and other compounds described below) are
listed in Table 1.

When the reaction between [RuCly(%-p-cymene)ls and
2 equiv of 1 was performed in dichloromethane, four
signals are observed in the 3P NMR spectrum corre-
sponding to the uncoordinated ligand (6 = 110.1 ppm),
complex 2a (0 = 117.7 ppm), and a new species, 3a, with
two singlets of equal intensity at 6 = 114.1 and
115.5 ppm, matching a ruthenium complex bearing a
pendant bisphosphinite ligand. Similar spectra were
also observed if the reaction was conducted in, for
example, acetonitrile or DMSO. Compound 3a is sur-
prisingly stable with respect to coordination of the free
phosphinite to a metal center, although to obtain the
complex in an analytically pure form and to prevent
oxidation of the pendant phosphinite moiety, 3a was
reacted with BH3 ' THF to afford the borane adduct 4a
(Scheme 2). This is a common method for protecting
valuable (usually chiral) phosphines from oxidation,
during either storage or synthetic transformations.!?
Regeneration of the free phosphine is typically ac-
complished by, for example, addition of an amine base.

Attempts to introduce an additional donor ligand such
as triphenylphosphine to either 2 or 4 resulted in

(13) Recent reviews on the chemistry of amine- and phosphine-
borane adducts: (a) Brunel, J. M.; Faure, B.; Maffei, M. Coord. Chem.
Rev. 1998, 178—180, 665. (b) Carboni, B.; Monnier, L. Tetrahedron
1999, 55, 1197.
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Scheme 2
DMF; A CH,Cl,

J; [RuCly(p-cymene)], + 2 equiv. 1 ‘l

complex mixtures, presumably due to abstraction and
subsequent decomposition (see below) of the BINAPO
ligand.

A different product was obtained when a mixture of
[RuCla(75-p-cymene)]; and 2 equiv of 1 was heated at
100 °C in DMF, in accordance with the procedure
described previously by Zhang et al. for the in situ
generation of a hydrogenation catalyst.!2 Under such
conditions P—O bond cleavage occurred, resulting in the
mononuclear complex 5a as the predominant species.
Compound 5a is highly soluble in organic solvents, even
dissolving to some extent in diethyl ether. The structure
was unambiguously assigned by NMR spectroscopy,
notably from the absence of any phosphorus coupling
to carbon atoms C20', C21', and C29' (see Scheme 2 for
numbering). This complex is likely to be the precursor
to the catalytically active species in the asymmetric
hydrogenation of f(-keto esters. In that an eight-
membered ring is formed, the chiral center is in closer
proximity to the metal, providing a plausible explana-
tion for the observed high ee when alkyl substituents
on the binaphthyl moiety are present.!?

The facile loss of a PPhy fragment from 1 indicates
that this ligand has only limited thermal stability.
Indeed, when a solution of BINAPO was heated in DMF,
two new doublets were observed in the 3P NMR
spectrum at 0 = 34.2 and —24.4 ppm with a coupling
constant of Jpp = 222 Hz. On the basis of these data,
we tentatively suggest a product arising from P—O bond
rupture and subsequent P—P bond formation, as exem-
plified in compound 6. Related compounds have been
synthesized previously, and their NMR data agree well
with that of 6.14

Ph Ph
o-R—PPh;

To prepare a ruthenium-arene complex where 1 acts
as a chelating ligand, viz., [RuCl(35-p-cymene)-
(%.-BINAPO)] ", it was necessary to use an activated

(14) Schmutzler, R.; Stelzer, O.; Weferling, N. Chem. Ber. 1988, 121,
391.
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Figure 1. Variable-temperature 3P NMR spectra of
complex 7 between 203 and 303 K (CDCl,, 162 MHz).

Scheme 3
‘|PF6
/Cl\ 1.5 equiv. 1
|—Ru-Cl7Ru— —_—
% CH,Cly, RT

ruthenium arene precursor such as [Rug(u-Cl)s(5%-p-
cymene)y] [PF¢]. This species acts as the source for the
coordinatively unsaturated, cationic synthon “[RuCl(z°-
p-cymene)]™” and readily reacts with 1 to afford complex
7, as shown in Scheme 3. Attempts to synthesize 7
directly from 1 and [RuCly(5%-p-cymene)]s in the pres-
ence of [NH4|[PFg], Ag[PFs], or comparable chloride-
abstracting agents were less successful, resulting in the
formation of complex mixtures and low conversion
toward the envisaged product, as evidenced by 31P NMR.

With 1.5 equiv of ligand compound 2a is formed as
byproduct, facilitating the isolation of complex 7 from
the reaction mixture by simple extraction with metha-
nol. The 3P NMR spectrum of 7 in CDsCly at room
temperature displays a broad singlet at 6 = 129.5 ppm,
which upon cooling is resolved into an AB quartet with
2Jpp = 67 Hz at 203 K (see Figure 1), corroborating the
proposed coordination mode. Such temperature-depend-
ent characteristics are also known from ruthenium
complexes with other chelating phosphines such as
BINAP.15 The ESI-MS of 7 exhibits a strong molecular
ion peak at [M]™ = 925, which upon selective fragmen-
tation (MS/MS)!¢ gives rise to a peak at m/z = +791
due to loss of the coordinated arene ligand.

Relative to complexes 2—5, the C! carbon atom of the
p-cymene ligand in 7 is shifted by more than 20 ppm to
higher frequency, 6 = 132.8 ppm, as is readily estab-
lished via C,H long-range correlation NMR, shown in
Figure 2. These data suggest that in solution the
interaction between C! and the metal is fairly weak.
Accordingly, the bonding of the arene to the ruthenium

(15) Geldbach, T. J.; Riiegger, H.; Pregosin, P. S. Magn. Reson.
Chem. 2003, 41, 703.
(16) Dyson, P. J.; McIndoe, J. S. Inorg. Chima. Acta 2003, 354, 68.

Geldbach et al.

H¢ H5 H® |H?

ppm
- 90

+100

s @ S+ IFFe Lq1o
6l 5

™
PhQP\ F’\Phz
— °_9 120
7
_J
=
—— 130
C1—_') @
:;: < @
AN A A I W
58 56 54 PPm

Figure 2. Section of the C,H long-range correlation
spectrum of 7 showing the cross-peaks within the coordi-
nated arene moiety arising predominantly from 3Jcg
couplings (CDyCl,, 400 MHz).

Figure 3. ORTEP plot of 1; ellipsoids are drawn at the
40% probability level. The starred atoms are obtained by
the symmetry operation —x, y, —z.
is tending toward #5-coordintaion rather than 75, re-
flecting both a higher electron density at the metal due
to the presence of two donor P atoms and increased
steric bulk, pushing the isopropyl moiety away from the
ruthenium. These effects are, though less pronounced,
also present in the solid-state structure of 7 (vide infra).
Crystals suitable for X-ray diffraction studies could
be obtained of the free ligand 1 as well of those
complexes where BINAPO acts as either bridging (2a),
pendant (4a), or chelating (7) ligand, and representa-
tions of the structures are shown in Figures 3—6. In all
crystals the binaphthyl ligand displays an R-configu-
ration. Selected bond lengths and angles are given in
Table 2, and relevant crystallographic data are listed
in Table 3. Crystals of 2a and 7 were of only poor
quality, resulting in weak scattering and rather large
thermal ellipsoids.
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Figure 4. ORTEP plot of 2a; ellipsoids are drawn at the
40% probability level; hydrogen atoms and solvent THF
have been omitted for clarity. The starred atoms are
obtained by the symmetry operation —x, 2—y, z.

Figure 5. ORTEP plot of 4a; ellipsoids are drawn at the
40% probability level; hydrogen atoms (except those of the
BHj3) and solvent CHCl3 have been omitted for clarity.

Table 2. Comparison of Selected Bond Lengths (A)
and Angles (deg) of 1, 2a, 4a, and 7

1 2a 4a 7

Rul—Cl1 2.365(4)  2.413(1) 2.390(2)
Rul—-Cl2 2.378(4)  2.414(1)

Rul-P1 2.299(4)  2.317(1) 2.323(2)
Rul—P2 2.322(2)
P1-01 1.659(2) 1.633(9) 1.637(3) 1.639(4)
P1-02 1.616(3) 1.624(5)
01-C20 1.377(2)  1.39(1) 1.403(4) 1.389(8)
02-C20’ 1.404(5) 1.383(8)
Cl1-Rul-CI2 87.3(1) 86.52(4)

P1-Rul—-P2 95.65(8)
P1-Rul-Cl1 87.6(1) 88.94(4) 85.77(7)
P2—Rul-Cl1 82.46(7)
Cl2—Rul—-P1 90.1(1) 92.58(3)

Rul-P1-01 114.1(4) 115.55(9) 121.5(2)
Rul—-P2-02 115.0(2)

Coordination of the free ligand to the ruthenium leads
to a moderate contraction of the P—O bond [1.659(2) A
in 1 versus 1.624(5)—1.640(9) A], while interaction of
the phosphinite with the Lewis acid BH3 in 4a has a
more profound effect with an observed P(1)—0O(1) bond
of 1.616(3) A. The P(2)—B(1) distance in 4a, 1.894(6) A,
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Figure 6. ORTEP plot of the cation of 7; ellipsoids are
drawn at the 40% probability level; hydrogen atoms and
solvent CH,Cly have been omitted for clarity.

Scheme 4
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is comparable to other phosphine-BH3 adducts.!” The
dihedral angle between the planes of the naphthyl rings
in 1 is almost perpendicular, 87.75(4)°, and changes only
moderately in complexes 2a and 4a, with values of
82.5(2)° and 89.91(5)°, respectively. However, in 7,
where 1 binds to the ruthenium in a chelating mode, a
considerably smaller dihedral angle of 69.39(8)° is
observed, differing from previously reported RuCp-
(72-BINAPO-F) complexes, where the angle is close to
90°.8

Structural parameters around the metal center in 2a,
4a, and 7 are of routine nature, exhibiting the typical
“piano-stool” geometry around the ruthenium. Ru—P
distances are found in a range from 2.298(4) to
2.323(2) A, Ru—Cl distances vary between 2.365(4) and
2.414(1) A, and these data are in good agreement with
those of related Ru(II) arene complexes.'® Bond lengths

(17) McQuade, P.; Winter, R. E. K.; Rath, N. P.; Barton, L. Inorg.
Chim. Acta 2005, 358, 1545. (b) McQuade, P.; Rath, N. P.; Barton, L.
Inorg. Chem. 1999, 38, 5468.

(18) Representative examples: (a) Baldwin, R.; Bennet, M. A,;
Hockless, D. C.; Pertici, P.; Verrazzani, A.; Barretta, G. V.; Marchetti,
F.; Salvadori, P. J. Chem. Soc., Dalton Trans. 2002, 4488. (b) Bhalla,
R.; Boxwell, C. J.; Duckett, S. B.; Dyson, P. J.; Humphrey, D. G.; Steed,
J. W.; Suman, P. Organometallics 2002, 21, 924. (¢) Hansen, H. D.;
Nelson, J. H. Organometallics 2000, 19, 4740. (d) Arena, C. G.; Drago,
D.; Panzalorto, M.; Giuseppe, B.; Faraone, F. Inorg. Chim. Acta 1999,
292, 84. (e) Hafner, A.; Miihlebach, A.; van der Schaaf, P. A. Angew.
Chem., Int. Ed. Engl. 1997, 36, 2121. (f) Elsegood, M. R.; Tocher, D.
A. Polyhedron 1995, 14, 3147. (g) Bennet, M. A.; Robertson, G. B;
Smith, A. K. J. Organomet. Chem. 1972, 43, C41.
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Table 3. Crystallographic Data for 1, 2a, 4a, and 7

Geldbach et al.

formula C44H3209P5 Cg4HgoCl4O2PsRus-
2THF

M 654.64 1411.21
T [K] 140(2) 140(2)
cryst syst monoclinic orthorhombic
space group 12 P2:2,2
a [A] 12.3895(10) 13.776(2)
b [A] 10.1181(6) 21.201(2)
c [A] 13.7513(12) 10.796(2)
o [degl 90.0 90.0
p ldegl 90.954(7) 90.0

y [degl 90.0 90.0
V [A3] 1723.6(2) 3153.0(8)
VA 2 2
density [Mg/m?] 1.261 1.469
u [mm~1] 0.164 0.749
26 range [deg] 3.29 =< 20 =< 25.02 3.07 = 20 = 25.02
no. of reflns collected 5151 19418
independent reflns 2715 [Rint = 0.0239] 5548 [Rint = 0.1697]
GooF on F? 0.950 0.860
final R1, wR2 [I > 20(])] 0.0314, 0.0669 0.0703, 0.1283
Flack x (esd) —0.04(8) 0.20(10)

CO CO

C54H49BCIQO2P2R11'
CHCl3
1094.02
140(2)
triclinic
P1
9.9885(9)
10.8157(13)
13.5361(10)
99.160(10)
99.000(7)
117.294(9)
1238.3(2)

1

1.467

0.693

3.34 < 20 < 25.03
7295

6434 [Rin = 0.0301]
1.001

0.0277, 0.0639
—0.02(2)

C54H4601F602P3Ru'
CH.Cl;y
1155.26
140(2)
orthorhombic
P2:212;
13.4669(15)
14.7201(17)
25.264(2)
90.0
90.0
90.0
5008.2(9)

4

1.532

0.634

2.85 < 20 = 25.03
30 890

8332 [Rint = 0.1332]
0.645

0.0450, 0.0558
0.01(4)

involving rhodium carbonyl complexes; see Figure 7.
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Figure 7.

between the metal and the carbon atoms of the coordi-
nated arene are of comparable length in 2a and
4a [2.12(2)—2.255(4) A] and somewhat longer in 7
[2.219(8)—2.345(8) Al, reflecting both higher electron
density at the metal as well as increased steric bulk in
the latter complex. In 7 the distance between the
ruthenium and C(1), 2.345(8) A, is relatively long, in
agreement with the solution 130 NMR data, but still
sufficiently short to consider the coordination of the
arene in the solid state as 75 The bite angle of the
bisphosphinite in complex 7 is 95.65(8)°, comparable to
that of bisdiphenylphosphino ferrocene (dppf).1?

A diverse coordination chemistry of ligand 1 also
emerges when [RuCp(CH3CN)s][PF¢] is employed as
precursor instead of dimeric ruthenium-arene com-
plexes; see Scheme 4. In acetonitrile, the ruthenium
complex reacts with 1 to afford the dicationic complex
8 as the only product, as is evident from a singlet in
the 3P NMR spectrum, 5 = 146.7 ppm, as well as from
ESI-MS, [M]?* = 575.3. However, in noncoordinating
solvents such as chloroform, 1 binds preferably in a
chelating mode, affording the cationic complex 9. This
compound is readily identified from the appearance of
two doublets in the 3P NMR at 6 = 155.9 and 153.7
with a coupling constant 2Jpp = 50 Hz, as well as from
the mass of the molecular ion, [M]™ = 861.7.

While there are few examples for complexes bearing
1 as ligand, compounds with binaphthyl-based ligands
bridging two metal centers are very rare. We are aware
of only two examples where this is the case, both

(19) Hamann, B. C.; Hartwig, J. F. J. Am. Chem. Soc. 1998, 120,
3694.

These examples differ in some respect from the com-
pounds described herein in that they deal with phos-
phite (P(OR)s3) rather than phosphinite (P(OR)Ry) ligands.
In 10, a diphosphite-binaphthyl ligand coordinates to
two rhodium centers in a tetranuclear Rh-carbonyl
cluster,?? whereas in the other example, assigned on the
basis of its IR and 3P NMR spectra, a similar ligand
bridges between two rhodium centers, affording the
dinuclear complex 11.2!

In conclusion a series of ruthenium(II) complexes
bearing BINAPO ligands have been prepared, demon-
strating that rather subtle changes in the reaction
conditions can induce very different coordination modes
of the ligand. Relative to other binaphthyl-based bis-
phosphines such as the widely used BINAP, ligand 1 is
less likely to coordinate in a chelating manner and
activated precursors are required to afford complexes
of the type [RuX(72-BINAPO)(;8-arene)]™. Otherwise
complexes where 1 acts as either bridging or pendant
ligand predominate. These observations may have im-
plications for the use of 1 as ligand in catalysis in that
a change of solvent and/or reaction temperature may
afford markedly different species, thereby potentially
deciding over success or failure of a given transforma-
tion.

3. Experimental Section

General Techniques. All manipulations were performed
under an atmosphere of nitrogen, using standard Schlenk
techniques. Solvents were dried catalytically (Et2O, CH2Cly),
distilled from calcium hydride (acetonitrile, DMF), or used as
received following saturation with nitrogen (MeOH, chloro-
form). Chromatographic separations where carried out in air
using 1.0 x 20 x 20 mm silica gel 60 F254 plates (Merck).
[RuCla(%-p-cymene)]s,22 [RuCly(38-dibenzo-18-crown-6)]s,2
[RuCly(i%-ethylbenzoate)]s,2* [Rug(u-Cl)s(175-p-cymene)q] [PF],2

(20) Moasser, B.; Gladfelter W. L. Inorg. Chim. Acta 1996, 242, 125.

(21) Nifantev, E. E.; Rasadkina, E. N.; Batalova, T. A.; Bekker, A.
R.; Stash, A. I.; Belskii V. K. Zh. Obshch. Khim. 1996, 66, 1109—1114.

(22) Bennett, M. A.; Huang, T. N.; Matheson, T. W.; Smith, A. K.
Inorg. Synth. 1982, 21, 74.

(23) Geldbach, T. J.; Brown, M. R. H.; Scopelliti, R.; Dyson, P. J.
J. Organomet. Chem. 2005, in press.

(24) Therrien, B.; Ward, T. R.; Pilkington, M.; Hoffann, C.; Gilardoni,
F.; Weber, J. Organometallics 1998, 330, 17.



Pendant—Bridging—Chelating—Cleavage

[RuCp(CH3CN)3][PF¢],26 and (R)-1%7 were prepared according
to methods described previously; all other compounds were
commercially available and used as received. NMR spectra
were recorded on a Bruker Avance 400 with chemical shifts
0 given in ppm (internal lock as reference) and coupling
constants ¢/ given in Hz as positive values regardless of their
real individual signs. Electrospray ionization mass spectra
(ESI-MS) were recorded on a ThermoFinnigan LCQ Deca XP
Plus quadrupole ion trap instrument, and elementary analyses
were carried out at the EPFL.

Synthesis of 2a. A suspension of [RuCly(5%-p-cymene)]s
(100 mg, 0.16 mmol) and 1 (110 mg, 0.17 mmol) in methanol
(10 mL) was heated to reflux for 5 min, and then stirring
continued at room temperature for another 30 min, during
which time a salmon-colored precipitate forms. The solvent
was removed by filtration and the residue washed twice with
methanol. Yield: 194 mg (94%). 'H NMR (CDyCl,, 400 MHz):
8.24 (d, ®Jun = 7.9, 2H, H?), 8.23 (d, °Jun = 9.1, 2H, H?®),
8.04 (d, 3Jum = 9.1, 2H, H*), 7.76 (m, 6H), 7.61 (dd, 2H, H??),
7.50 (dd, 2H, H?%), 7.21 (m, 2H), 7.00 (m, 4H), 6.92 (m, 4H),
6.22 (m, 4H), 5.52 (d, ®Jun = 6.7, 2H, H?), 5.37 (br, 2H, H?),
5.00 (br, 2H, HS), 4.75 (d, 3Jun = 5.9, 2H, H5), 1.83 (dq, 2H,
H), 1.53 (s, 6H, H'9), 0.74 (d, 3Jun = 7.0, 6H, H®?), 0.47 (d,
3Jun = 6.7, 6H, H®?). 13C NMR (CDyCl,, 100 MHz): 149.9 (d,
2Jpc = 3, C20), 133.5 (CZZ), 132.7 (d, 2Jpc = 11), 130.5 (d, 4Jpc
=3), 130.5 (C?7), 130.1 (d, *Jpc = 2), 130.0 (C28), 129.5 (d, 2Jpc
=9), 129.3 (C%*), 127.8 (d, 3Jpc = 11), 127.6 (C?*), 127.0 (d,
3Jpc = 11), 125.4 (C?), 124.9 (C?®), 122.5 (d, 3Jpc = 6, C%),
121.3 (d, 3Jpc = 6, C?1), 106.9 (CYH), 101.1 (C*), 92.2 (d, 2Jpc =
10, C?), 91.6 (br, C?), 85.5 (br, C?), 85.1 (d, 2Jpc = 3, C%), 29.8
(CT), 21.6 (C?), 20.7 (C?®), 17.4 (C). 31P NMR (CDCl,, 162
MHz): 117.8 (s). Anal. Caled for CssHgoCl;O2P2Rus: C, 60.67;
H, 4.77. Found: C, 60.52; H, 5.03.

Synthesis of 2b. As described for 2a but with [RuCls-
(y®-dibenzo-18-crown-6)]s as substrate. Yield: 92%. 'H NMR
(CD.Cly, 400 MHz): 8.21 (d, 3Jun = 8.1, 2H, H?%), 8.20 (d, 3Jun
=9.2, 2H, H?), 8.15 (d, *Jun = 9.2, 2H, H*), 7.78 (dd, br, 4H),
7.65 (d, *Jun = 8.3, 2H, H?), 7.61 (m, 2H, H?), 7.49 (m, 2H,
H?%), 7.21 (m, 2H), 7.03—6.97 (m, 10H), 6.90—6.81 (m, 8H),
6.36 (br, 4H), 5.29 (br, 2H, H?), 4.76 (br, 2H, H?), 4.55 (br, 2H,
H*), 4.32 (br, 2H, H5), 4.24—3.72 (m, 24H), 3.61 (br, 2H), 3.24
(br, 4H), 2.67 (br, 2H). 13C NMR (CDsCl,, 100 MHz): 149.6 (d,
2Jpc = 3, C?0), 148.6, 148.5, 133.6 (C*?), 132.6 (d, 2Jpc = 11),
130.6 (d, *Jpc = 3), 130.5 (C?"), 130.2 (br), 129.9 (C%), 129.4
(d, 2Jpc = 10), 129.1 (C?%), 128.0 (d, 3Jpc = 11), 127.7 (C?*),
127.2 (d, 2Jpc = 10), 125.5 (C%), 124.7 (C??), 122.3 (br, C®), 121.9
(d, 3Jpc = 6, C?9), 121.2 (d, 3Jpc = 6, C?1), 120.8, 120.7, 112.6,
112.5, 81.7 (br, C3), 76.0 (br, C?), 75.5 (br, C%), 72.3 (br, C5),
70.2, 70.0, 69.8, 69.1, 69.0, 68.9, 67.8, 67.7. 3P NMR (CD.Cls,
162 MHZ): 124.1 (S) Anal. Caled for CS4H80014014P2R112‘
2H,0: C, 57.47; H, 4.82. Found: C, 57.38; H, 4.02.

Synthesis of 2c. As described for 2a but with [RuCls-
(n%-ethylbenzoate)l, as substrate. Yield: 85%. 'H NMR
(CDsClg, 400 MHz): 8.23 (m, 2H, H?628), 8.11 (d, Jun = 9.1,
2H, H%»), 7.71 (dd, 4H), 7.66—7.62 (m, 4H, H?523), 7.49 (dd,
2H, H?%), 7.27 (dt, 2H), 7.12—6.97 (m, 10H), 6.50 (m, 4H), 6.45
(d, 3Jun = 6.2, 2H, H?), 6.27 (d, *Jun = 5.9, 2H, HS), 5.32 (dd,
2H, H%), 5.02 (dd, 2H, H?), 4.60 (dd, 2H, H?), 4.22 (m, 4H, HY),
1.29 (t, 3Jun = 7.1, H%). 13C NMR (CDyCls, 100 MHz): 162.9
(C7), 149.6 (d, 2Jpc = 4, C?), 133.5 (C??), 132.6 (d, 2Jpc = 11),
131.2 (d, “Jpc = 3), 130.8 (d, “Jpc = 2), 130.6 (C?7), 130.2 (C?8),
130.0 (d, 2Jpc = 11), 129.2 (C?%), 127.9 (d, %Jpc = 11), 127.8
(C*), 127.5 (d, 3Jpc = 11), 125.7 (C?), 124.9 (C*®), 121.7 (d,
3JPC = 6, 029), 121.3 (d, 3Jpc = 6, 021), 98.6 (CZ), 97.3 (d, 2JPC
= 3, C9%), 89.0 (d, *Jpc = 10, C7), 88.6 (C*), 83.6 (d, 2Jpc = 3,

(25) Bennett, M. A.; Smith, A. K. J. Chem. Soc., Dalton Trans. 1974,
233.
(26) Trost, B. M.; Older, C. M. Organometallics 2002, 21, 2544—
2546.

(27) Grubbs, R. H.; DeVries, R. A. Tetrahedron Lett. 1977, 22, 1879.
(b) Zhou, Y.-G.; Zhang, X. Chem. Commun. 2002, 1124.
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C?), 82.8 (CP), 62.5 (C?®), 14.2 (CY. 3'P NMR (CDyCl,, 162
MHZ): 117.2 (S) Anal. Calcd for CGQH5201406P2RU2'2H201 C,
55.78; H, 4.23. Found: C, 56.07; H, 4.39.

Synthesis of 4a. A solution of [RuCly(35-p-cymene)ls
(468 mg, 0.076 mmol) and 1 (100 mg, 0.15 mmol) in CH3Cls
(10 mL) was stirred at room temperature for 5 min, then cooled
to 0 °C, and a solution of BH3 in THF (~1.2 M, 0.26 mL,
0.31 mmol) was added. Following stirring a further 30 min at
room temperature, the solution was concentrated to ca. 2 mL
in vacuo and subjected to preparative TLC (1:10 acetone—
CH2Cly). The product was isolated by extraction of the first
orange band (R; = 0.68) with THF. Yield: 66 mg (44%). 'H
NMR (CDyCls, 400 MHz): 8.16 (d, %Jmm = 9.1, 1H, H2¥), 8.10
(d, 3Jun = 8.2, 1H, H%), 8.00 (d, 3Jun = 7.9, 1H, H?6), 7.98 (4,
3Jun = 9.0, 1H, H?), 7.91 (d, %Juu = 9.0, 1H, H?8), 7.76 (d,
3Jun = 9.0, 1H, H?), 6.9—7.6 (m, 24H), 6.7—6.8 (m, 2H), 5.19
(d, 3Jun = 5.9, 1H, H®), 5.15 (d, *Juu = 5.8, 1H, H?), 5.12 (4,
3Jum = 5.9, 1H, H?), 5.03 (d, *Jun = 6.0, 1H, H5), 2.17 (septet,
3Jum = 6.9, 1H, H"), 1.30 (s, 1H, H'), 1.0 (br, 3H, BH3), 0.75
(d, ®Jum = 6.7, 6H, H8?). 13C NMR (CD2Clg, 100 MHz): 149.1
(d, 2Jpc = 5, C?), 148.5 (d, 2Jpc = 5, C*0), 133.7 (C?>??), 132.2
d, *Jpc = 2), 132.1 (d, *Jpc = 2), 131.5 (br), 131.3(br), 131.2
(d, Jpc = 12), 131.1 (d, Jpc = 11), 130.5 (C?7), 130.5 (d, “Jpc =
2), 130.4 (d, 4Jpc = 2), 130.0 (C?7), 129.6 (C282%), 128.9 (d,
Jpc = 11), 128.6 (C?2%), 128.4 (d, Jpc = 11), 128.2 (C%), 127.6
(d, Jpc = 10), 127.4 (d, Jpc = 11), 127.3 (C?*), 127.1 (C?*), 125.8,
125.6, 125.4, 125.1, 123.3 (d, 3Jpc = 5, C?), 121.0 (d, 3Jpc = 6,
C%), 120.6 (d, 3Jpc = 6, C?1), 120.4 (d, *Jpc = 5, C*), 109.3
(C1), 98.7 (C%), 90.4 (br, C?), 89.7 (br, C%), 89.0 (d, %Jpc = 5,
C?), 87.6 (d, 2Jpc = 4, C%), 29.9 (C7), 21.2 (C?9), 17.2 (C19).
31P NMR (CDyCls, 162 MHz): 114.3 (s, RuP), 110.2 (br, PBHj).
11IB NMR (CDsCly, 128 MHz): —38.8 (br). Anal. Calcd for
C54H49301202P2RU‘11/3CH20122 C, 6109, H, 4.79. Found: C,
61.17; H, 4.49.

Synthesis of 5a. A solution of [RuCly(3%-p-cymene)ls
(35 mg, 0.06 mmol) and 1 (80 mg, 0.12 mmol) in DMF (6 mL)
was heated to 100 °C for 10 min, then the solvent was removed
in vacuo. The crude product was washed with Et;O—pentane
(1:1, 5 mL) and then extracted with EtsO—methanol (10:1) to
afford the product as an orange-red solid. Yield: 57 mg (68%).
H NMR (CDCly, 400 MHz): 8.20 (d, *Jun = 8.9, 1H, H?®),
8.10 (d, 3Jun = 7.8, 1H, H?), 8.07 (d, *Juu = 9.1, 1H, H?),
7.93 (d, 3Jun = 8.0, 1H, H?¢), 7.87 (d, 3Jun = 9.1, 1H, H?S),
7.56 (d, *Jun = 8.9, 1H, H*), 7.54—7.23 (m, 13H), 7.16—7.08
(m, 4H), 5.28 (d, 3Jun = 5.9, 1H, H?), 5.20 (d, 3Jun = 5.9, 1H,
HS), 5.18 (d, 3Jun = 5.9, 1H, H?), 5.15 (d, *Jun = 5.9, 1H, H?),
2.34 (dq, 1H, H), 1.53 (s, 3H, H'9), 0.85 (d, 3Jun = 6.9, 3H,
H%), 0.79 (d, 3Jun = 6.9, 3H, H®°). 13C NMR (CDsCly,
100 MHz): 151.9 (C?%), 148.2 (d, 2Jpc = 8, C?), 134.0 (C??),
133.8 (C??),131.9 (d, 2Jpc = 11), 131.3 (d, 2Jpc = 11), 130.6 (d,
4Jpc = 2), 130.5 (d, *Jpc = 2), 130.3 (C?7), 130.2 (C?82%), 129.6
(C27), 128.5 (C?6), 128.4 (C*%), 127.6 (d, 3Jpc = 11), 127.5 (d,
3Jpc = 11), 127.3 (C?%), 127.0 (C?¥), 125.1 (C?3), 124.9 (C?),
124.5 (C?¥), 123.8 (C%'), 121.3 (d, 3Jpc = 6, C?), 119.2 (d, 3Jpc
=5, C?), 118.2 (¥¥), 115.2 (C?V), 109.7 (C1), 98.2 (C*), 91.3 (d,
2Jp(} = 5, 05), 90.9 (d, 2Jpc = 5, 03), 88.0 (d, 2Jpc = 6, CZ), 87.8
(d, 2Jpc = 6, C8), 30.0 (C7), 21.2 (C?9), 17.3 (C1). 3'P NMR
(CDyCly, 162 MHz): 114.1 (s).

Synthesis of 7. To a solution of [Rug(u-Cl)s(5%-p-cymene)s] -
[PFg] (78 mg, 0.107 mmol) in CH2Cle (20 mL) was added 1
(105 mg, 0.161 mmol) and the solution stirred at RT for 4 h
before the solvent was removed in vacuo. The residue was
washed with MeOH (2 x 5 mL), leaving an orange solid, and
the washings were subjected to preparative TLC (CHzCly)
following concentration. The first (broad) yellow band
(Rr = 0.27) was extracted with CH>Clo,—MeOH to give the
product as a yellow powder (yield: 14 mg). Further extraction
of the orange solid with MeOH (100 mL) gave additional
product (70 mg, >92% purity by 3P NMR). Total yield: 68%
per Rus. Analytically pure samples can be obtained (in low
yield) by preparative TLC as described above. 'H NMR
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(CDyCls, 400 MHz): 7.98 (br, 2H), 7.90—7.80 (m, 4H), 7.69—
7.53 (m, 9H), 7.47—7.29 (m, 9H), 7.26—7.18 (m, 2H, H?42%),
7.10 (br, 2H), 6.91 (d, 3Jun = 8.5, 1H, H*?), 6.82 (d, *Jun =
8.5, 1H, H?), 6.40 (d, 3Jun = 9.4, 1H, H**), 6.11 (d, 3Juu = 9.4,
1H, H%»), 5.85 (m, 1H, H?), 5.76 (m, 1H, H?), 5.52 (m, 1H, H5),
5.32 (m, 1H, HS), 2.56 (dq, 1H, H"), 1.29 (s, 3H, H'9), 1.24 (d,
3Jun = 7.0, 3H, H®?), 0.60 (d, *Jun = 6.7, 3H, H®?). 13C NMR
(CDClg, 100 MHz): 150.0 (br, C2), 148.1 (br, C2°), 134.5 (m),
134.3 (br), 133.7 (C??), 133.6 (br), 133.1 (C??), 132.8 (C1), 131.8
(br), 131.3 (br), 130.8 (br), 130.6 (C?727), 129.4 (br), 129.2 (m),
129.0 (m), 128.7 (m), 128.1 (br), 128.0 (C?%), 127.9 (C?¢), 127.8
(m), 127.1 (C?%), 126.7 (C2*), 125.8 (C?2), 125.7 (C%'), 125.3 (C?),
125.2 (C?%), 124.1 (C?Y), 121.6 (C2), 120.3 (C?), 118.5 (C%),
101.5 (br, C3), 100.0 (C*%), 98.8 (br, C?), 93.8 (dd, 2Jpc = 6,
Jpc = 4, CG), 90.8 (dd, 2Jpc = 7, 2Jpc = 4, Cz), 31.3 (C7), 22.5
(C®9), 18.6 (C®9), 15.9 (C0). 3P NMR (CD.Cls, 162 MHz): 129.5
(s). ESI-MS (CH;Cly) positive ion: m/z +925 [M]*. ESI-MS/
MS(+925): m/z +791 [M — CyoH14l . ESI-MS(CHCl2) negative
ion: m/z —145 [PFe]i Anal. Calcd for C54H46C1F602P3Ru1 C,
60.59; H, 4.33. Found: C, 60.22; H, 4.31.

Synthesis of 8. A solution of [RuCp(NCCH3);][PF¢] (50 mg,
0.12 mmol) and 1 (40 mg, 0.06 mmol) in acetonitrile (5 mL)
was stirred at room temperature for 1 h, then concentrated,
and diethyl ether was added, resulting in the precipitation of
a yellow-brown solid, which was washed further with Et;O to
afford the product. Yield: 74 mg (89%). 'H NMR (CDCly,
400 MHz): 8.08 (d, 3Jun = 8.1, 2H, H?¢), 8.04 (d, °Jun = 9.1,
2H, H?®), 7.55 (m, 2H, H?), 7.48—-7.39 (m, 8H), 7.30 (d, 3Jun =
8.5, 2H, H?%), 7.30 (br, 2H), 7.25 (d, 3Jun = 9.1, 2H, H*), 7.15—
7.06 (m, 8H), 6.61 (m, 4H), 4.32 (s, 10H, H'), 2.15 (s, 6H, CH3),
1.95 (s, 6H, CHj3). 13C NMR (CD.Cly, 100 MHz): 150.2 (d,
2Jpc = 4, C?9), 138.9 (d, Jpc = 55), 136.7 (d, 'Jpc = 38), 133.5
(C%2),131.5 (d, 3Jpc = 14), 131.5 (d, “Jpc = 2), 130.2 (C?7), 130.1
(d, *Jpc = 2), 129.3 (C?8), 129.0 (C?6), 128.8 (d, 3Jpc = 10), 128.7
(d, 2Jpc = 14), 128.1 (d, 2Jpc = 10), 127.8 (CN), 127.7 (CN),
127.3 (C?%), 125.5 (C??), 125.4 (C%), 122.6 (d, ®Jpc = 6, C?1),
120.0 (d, 3Jpc = 8, C*), 77.7 (d, 2Jpc = 2, C1), 3.9 (CH3), 3.5
(CHj). 3P NMR (CD3Cl;, 162 MHz): 147.6 (s). ESI-MS
(CHzClz): mlz +575.3 [M]2+. Anal. Caled for C62H54F12N402P4-
Rug: C, 51.67; H, 3.78; N, 3.89. Found: C, 52.04; H, 3.79; N,
3.94.

Synthesis of 9. A solution of [RuCp(NCCH3)3][PF¢] (50 mg,
0.12 mmol) and 1 (80 mg, 0.12 mmol) in chloroform (25 mL)
was heated to reflux for 1 h, then filtered through a glass fiber
filter, and the solution was concentrated. Addition of diethyl
ether led to the precipitation of the product as a pale yellow,
almost white solid. Yield: 92 mg (79%). 'H NMR (CDCly,
400 MHz): 7.89 (d, 3Jun = 8.1, 1H, H?*¢), 7.79 (d, °Jun = 9.1,
1H, H?8), 7.78 (d, *Juu = 8.2, 1H, H2%), 7.62 (d, 3Jun = 9.1, 1H,
H?#¥), 7.61 (m, 1H), 7.57—7.39 (m, 13H), 7.18 (d, *Jun = 8.5,
1H, H?), 7.14 (d, 3Juu = 9.1, 1H, H?), 7.11 (m, 2H), 7.04 (d,
3Jun = 8.2, 1H, H2%), 7.02 (m, 2H), 6.91 (m, 2H), 6.69 (m, 2H),
6.55 (d, °Jun = 9.1, 1H, H?), 4.43 (s, 5H, HY), 1.72 (s, 3H, CH5).
13C NMR (CDyCly, 100 MHz): 150.1 (d, %Jpc = 6, C?0), 149.1
(d, 2Jpc = 6, CZO'), 143.3 (d, lJpc = 48), 141.6 (d, 1Jpc = 43),
139.6 (d, Jpc = 60), 136.7 (d, 'Jpc = 59), 133.8 (C??), 133.6
(C?2), 131.8 (d, “Jpc = 2), 131.5 (d, Jpc = 12), 131.4 (d, Jpc =
14), 131.3 (d, “Jpc = 2), 130.8 (C2727), 130.5 (C?%), 130.3 (d,
4Jpc = 2), 130.0 (d, *Jpc = 2), 129.9 (d, Jpc = 12), 129.8
(d, Jpc = 13), 129.5 (C28), 129.1 (CN), 128.7 (d, Jpc = 10), 128.6
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(d, Jpc = 10), 128.2 (C?¢), 128.0 (C?%), 127.9 (d, Jpc = 11), 127.5
(d, Jpc = 14), 127.4 (C?*), 127.3 (C*), 125.8 (C?), 125.6 (C*),
125.4 (C?%), 125.2 (C?*), 124.8 (d, 3Jpc = 5, C?V), 124.3 (d,
3Jpc = 4, 021’), 121.6 (d, 3JPC = 3, ng), 120.4 (d, 3Jpc = 2, 029'),
84.7 (d, 2Jpc = 2, C1), 4.3 (CH3). 3P NMR (CDCl,, 162 MHz):
155.9 (d, 2Jpp = 50), 153.7 (d, 2Jpp = 50). ESI-MS (CH:Cly):
m/z +861.7 [M]*, +821.3 [M — CH3CN]". Anal. Caled for
C51HyFsNOoPsRu: C, 60.84; H, 4.00; N, 1.39. Found: C, 61.06;
H, 4.60; N, 1.81.

Crystallography. Data collection for the X-ray structure
determinations were performed on a KUMA CCD diffracto-
meter system using graphite-monochromated Mo Ka
(0.71070 A) radiation and a low-temperature device [T =
140(2) KI. Crystals suitable for X-ray diffraction studies of 1
were obtained by cooling a CHsCls—acetonitrile solution (1:1)
to —25 °C for 1, diffusion of diethyl ether into a THF solution
for 2a, diffusion of pentane into a CHC]l; solution for 4a, and
diffusion of pentane into a CHyCly solution for 7. Data
reductions were performed by CrysAlis RED.?8 The structures
of 1, 2a, and 7 were solved with SHELX97,%° and that of 4a
with SIR-97.3° Refinement was performed on PCs using the
SHELX97 software package. Graphical representations of the
structures were made with DIAMOND 3.0. Structures were
solved by direct methods and successive interpretation of the
difference Fourier maps, followed by full matrix least-squares
refinement (against F?). An empirical absorption correction
(DELABS)?*! was applied to 1 and 4a. All non-hydrogen atoms
were refined anisotropically except for those of the THF solvent
molecule and carbon atoms C7—C10 in 2a, which were kept
isotropic. In 2a and 7 the structure was restrained using the
DELU command, and some atoms were further restrained
using the ISOR command. The contribution of the hydrogen
atoms, in their calculated positions, were included in the
refinement using a riding model with the exception of the
BH-hydrogen atoms, which were located on the Fourier
difference map and then constrained to equal B—H bond
lengths and H-B—H angles. Some of the fluorine atoms of the
[PFg]~ anion in 7 were split over two positions. Relevant
crystallographic data are compiled in Table 3.
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