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Active-Template Synthesis of “Click” [2]Rotaxane
Ligands: Self-Assembly of Mechanically Interlocked
Metallo-Supramolecular Dimers, Macrocycles and
Oligomers.

Asif Noor,” Stephen C. Moratti,” and James D Crowley*“

Due to potential applications in the biological and material sciences there is considerable
interest in the development of mechanically interlocked ligands (MILs). The mild functional-
group tolerant copper(I)-catalysed azide-alkyne cycloaddition active-metal-template (CuAAC-
AMT) method has been exploited to generate mono- and bi-functionalised [2]rotaxanes by
interlocking an exo-alcohol functionalised macrocycle and functionalised triphenylmethyl
(trityl) stoppers. These [2]rotaxanes were post-synthetically conjugated to either one or two
2,2',6',2"-terpyridine (terpy) coordinating units to generate mechanically interlocked “super”
ligands. Addition of Fe(Il) ions to the mono-terpy ligand leads to the formation of a metallo-
bis-([2]rotaxane). At high dilution the bi-terpy [2]rotaxane ligand forms a [2]rotaxane metallo-
macrocycle, in the presence of Fe(Il) ions. Conversely, at high concentration self-assembly of
the bi-terpy [2]rotaxane ligand with Fe(II) ions results in the generation of a metallo-
supramolecular poly-[2]rotaxane oligomer. The [2]rotaxane ligands and corresponding Fe(II)
complexes have been characterised with 'H and '*C NMR and UV-vis spectroscopies, high
resolution electrospray ionisation mass spectrometry (HR-ESMS), and elemental analyses.
Additionally, '"H DOSY NMR spectroscopy and GPC analysis were used to provide evidence
for the constitution of the self-assembled metallo-supramolecular mechanically-interlocked
architectures.

Of note, Giuseppone and co-workers synthesised a daisy chain
polymer architecture that extends or contracts in response to pH

With the strategies for their synthesis now well understood,
there has been considerable interest in the use of mechanically
interlocked (MIAs)' and metallo-supramolecular architectures?
for the development of a range of nanotechnologies.’
Encouraged by these potential applications a number of groups
have begun to merge these two distinct areas of supramolecular
chemistry and develop mechanically interlocked ligands
(MILs).* The Loeb,’ and Stoddart and Yaghi groups,® amongst
others have synthesised a range of MILs (mostly based on
[2]rotaxanes) and incorporated them into metal-organic
frameworks (MOFs) generating a new class of materials, metal-
organic rotaxane frameworks (MORFs).* 7 Loeb and co-
workers have elegantly demonstrated that the interlocked
component retains its inherent dynamic motions once
incorporated in the MORF.® Other MIL systems have been used
to integrate MIAs into condensed phases (onto nanoparticles
and surfaces).’® ° MILs have also been used to generate
metallo-supramolecular polymers'® and discrete architectures.''

This journal is © The Royal Society of Chemistry 2013

changes in the system.'?

developed
supramolecular forces (mainly hydrogen bonding or =n-m

While impressive, the systems
to date for the most part have exploited
interactions) to template the formation of interlocked ligand
architectures. This limits both the functional diversity and
potential applications of these MILs.

The ‘active’ metal template (AMT) strategy,'® established
by the Leigh group in 2006, has emerged as a convenient
technique to efficiently construct MIAs. In the AMT strategy
the metal ion plays a dual role; templating the formation of the
MIA and mediating (or catalysing) the formation of the
covalent bond that captures the interlocked architecture. The
strategy is quite general and a range of metal ions and bond
forming reactions have been exploited to generate MIAs.'®> Due
to its mild reaction conditions, which are tolerant to a wide
range of functional groups, the copper(I)-catalysed azide and
alkyne cycloaddition active metal template (CuAAC-AMT)'* 1
method has become the most popular strategy to generate
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MIAs. Rotaxanes,'* 17

mechanically planar chiral [2]rotaxanes

catenanes,'® knots,”

17d

functional
and molecular

machines®® have all been generated using the CuAAC-AMT
approach.

Combining our interests in the development of
mechanically  interlocked and  metallo-supramolecular

architectures herein, we show that the “click” CuAAC-AMT
strategy can be exploited to develop new mono- and bi-
functionalised [2]rotaxanes. These rotaxanes can be post-
synthetically conjugated to coordinating units (2,2',6',2"-
terpyridine) and wused to bis-
([2]rotaxanes), macrocycles and oligomers with Fe(II) ions.

self-assemble  metallo-

Results and discussion

Design strategy and component synthesis

The presence of coordinating units/ligands in the [2]rotaxane
precursors could potentially interfere with the AMT reaction.
As such we designed a two-step AMT post-synthetic
conjugation approach to the MILs. This strategy requires
functionality in the macrocycle and stopper
components of the rotaxane which could be used to attach the
ligands after the AMT reaction. Tridentate 2,2',6',2"-terpyridine
was chosen as the “click”
[2]rotaxanes feature a bidentate pyridyl triazoyl binding pocket
which could compete for the metals ions'* '® that would be used
for the self-assembly reactions. The 2,2',6',2"-terpyridine based
ligands®'
and this motif has been extensively exploited in the generation
of both discrete® metallo-supramolecular
architectures.

Macrocycles the 2,6-
bis[(alkyloxy)methyl]pyridine subunit have been successfully

used in the CUAAC-AMT synthesis of a range of MIAs, '+ 1617
18-19

reactive

ligating motif because the

have been shown to bind a wide variety of metal ions
and polymeric®

containing

therefore we targeted the exo-alcohol functionalised
macrocycle 1 containing that motif (Scheme 1). Macrocycle 1
was readily prepared in 35% yield, using similar condition to
those exploited for the synthesis of the unfunctionalised parent
macrocycle (Scheme S1, ESIt).'* '® The molecular structure of
1 was confirmed by X-ray crystallography (ESIY). Vapour
diffusion of diethyl ether into a chloroform/methanol (1:1)
solution of 1 produced small colourless X-ray quality crystals.
The structure of 1 was as expected (Figure 1a), a large (N1---
C16 9.130(3) A, C11---C27 9.203(4) A) 30-membered pyridyl
macrocycle with an exo-alcohol functional group. Interestingly,
a hydrogen bonding interaction (N1---O5' 2.808(2) A) between
the exo-alcohol functional group and the pyridyl unit on a
second macrocycle leads to the formation of dimers in the solid
state (ESIf). This
potentially interfere with the metal ion coordination required
for the AMT “click” reaction. As such we examined the ability
of the macrocycle to coordinate to both Cu(I) and the larger
isoelectronic Ag(l) ions. '"H NMR and HR-ESMS experiments
on 1:1 mixtures of either [Cu(CH3CN),](PFy) (1 eq.) or AgOTf

hydrogen bonding interaction could

2| J. Name., 2012, 00, 1-3

(1 eq.) and the macrocycle 1 confirmed the formation of 1-M
(Cu" or Ag") macrocycle complexes in solution (ESIt).**

The triphenylmethyl (trityl) stoppers with the terminal azide
2 and alkyne 3a-b functionalities were prepared in good to
excellent yield by modification of literature procedures'* '¢ 23
(Scheme S2, ESIt{). Molecular modelling (MMFF, SPARTAN
’08, ESIt) indicated that these trityl stoppers would be large
enough to prevent the macrocycle dethreading.
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4a (R = OH, R' = C(CHa)3 ) 78%
(ii) [4::(» = OH, R' = O(CH,);0H ) 72%
5a (R = terpy, R'= C(CH3)3 ) 62% (iif)
5b (R = terpy, R'= O(CH,);0-terpy) 42%

Scheme 1. Synthesis of functionalised [2]rotaxanes 4a-b and b5a-b: (i)
[Cu(CH3CN),4](PFs) (1 eq.), azide stopper 2 (5 eq.), alkyne stopper (either 3a or b,
5 eq.), CH,Cl,, 40 °C, 48 h; (ii) 4’-(4-(chloromethyl)phenyl)-2,2’,6’,2”’-terpyridine
(1.5 eq.), NaH, DMF, RT, 48h; (ii) 4'-(4-(chloromethyl)phenyl)-2,2’,6’,2"-
terpyridine (3 eq.), NaH, DMF, RT, 48h.

“Click” AMT [2]rotaxane synthesis

Having confirmed that macrocycle 1 would coordinate
functionalised
[2]rotaxane was attempted using standard CuAAC “click”
AMT conditions."* ' The macrocycle 1 (1 equiv.),
[Cu(CH;CN)4](PFg) (1 equiv.), azide 2 (1 equiv.) and alkyne
3a (1 equiv.) stopper were stirred in dichloromethane at room
temperature for 24 hours (Scheme 1). Thin layer
chromatography (TLC) and HR-ESMS (m/z = 1703.0100
[4a+H]") indicated that the desired [2]rotaxane 4a was present
in the reaction mixture but the product was only isolated in

metal ions, the synthesis of the alcohol

26% yield. After optimisation (raising the reaction temperature

This journal is © The Royal Society of Chemistry 2012

Page 2 of 7



Page 3 of 7

to 40 °C and using 5 equiv. of the azide and alkyne stoppers) of
the “click” AMT conditions it was found that the [2]rotaxanes
4a-b could be isolated in 78% and 72% yield, respectively
(Scheme 1).

The alcohol functionalised [2]rotaxanes 4a-b were post-
synthetically = conjugated to the 2,2',6',2"-terpyridine
coordinating motif using standard ether formation conditions.?®
One of the [2]rotaxanes either 4a or 4b (1 equiv.), 4’-(4-
(chloromethyl))phenyl-2,2',6',2"-terpyridine (1.5 or 3 equiv.),
and NaH (5 equiv.) were stirred at room temperature in DMF
for 48 hours (Scheme 1). TLC and HR-ESMS of the reactions
mixtures confirmed the formation of the 2,2',6’,2"-terpyridine
functionalised [2]rotaxanes 5a (m/z = 2024.1366 [5a+H]") and
5b (m/z = 1182.1142 [5b+2H]*"). These rotaxane ligands were
isolated as colourless solids in 62% and 42% yield,
respectively.

75 7.0 6.5 6.0 55

5.0 a5 4.0 3.5 3.0 2.5 2.0
6 (ppm)

Fig. 1 Partial stacked H NMR spectra (400 MHz, CDCl;, 298 K) of a) macrocycle 1,
b) [2]rotaxane 4a, c) the non-interlocked triazole thread (the labels correspond
to those shown in Scheme 2.

The 'H and DOSY NMR spectra of the “click” [2]rotaxanes
provided further evidence for the formation of the interlocked
structures. All proton signals due to the macrocyclic and thread
components of the individual [2]rotaxanes 4a-b and S5a-b
displayed the same diffusion coefficient indicating that they are
part of the same molecular species (ESIt). Furthermore, the
diffusion coefficients of the larger terpy conjugated 5a-b were
smaller than those of the alcohol functionalised [2]rotaxanes
4a-b consistent with the larger molecular size of the
[2]rotaxane terpy ligands. Furthermore, by using an external
polystyrene calibration curve?’ the molecular weights of the
[2]rotaxanes could be estimated from the DOSY experiments
(Table 1) and these values were in agreement to those found
from ESMS experiments.

The 'H NMR spectra of 4a-b (CDCI;) and 5a-b (acetone-
dg) were similar to that of previously reported “click” AMT
[2]rotaxanes (Figure 1b, Figure 2a and ESIT).'* 1617 2% Large
upfield shifts, with respect to its non-interlocked components
(Figure la and c, respectively) are observed for several non-
stopper proton resonances (Hggn ana j). This shielding is
consistent with the thread component of the [2]rotaxanes being
sandwiched face-on between the two aromatic groups of the
macrocyclic unit and indicates that the macrocycle can access

This journal is © The Royal Society of Chemistry 2012
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the full length of the thread. In addition to the proton
resonances due the macrocyclic and thread components,
[2]rotaxanes 5a-b also displayed signals due to the terpy units
(Fig. 2a and ESI{).

Self-assembly of discrete architectures with Fe(II) ions.

Mixing the mono-terpy (5a) or di-terpy (5b) ligands with
[Fe(H,0)6](BF,), in dilute acetonitrile solution at room temperature
leads to the formation of discrete self-assembled metallo-
supramolecular mechanically-interlocked architectures
[Fe(5a),](BF,), (Scheme 2) and [Fe(5b)](BF,), (Scheme 3). The
formation of the diamagnetic low-spin iron(II) complexes was
immediately signalled upon mixing the terpy ligands and the
[Fe(H,0)q](BF,), by the appearance of a deep purple colour (Ay,, =
570 nm, ESI¥).

T 2+ 28F)
ML N
"*\;(e/\
N
O\
[Fe(5a),](BF4)2

Scheme 2. Synthesis of the iron(ll) bis([2]-rotaxane), [Fe(5a),](BFa4)2; (i)
[Fe(H,0)el(BF4),, acetonitrile, RT, 30 mins.

The 'H NMR spectra (500 MHz, ds-acetone, 298K) of
[Fe(5a),](BF4), and [Fe(5b),](BF,), are consistent with the

J. Name., 2012, 00, 1-3 | 3
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coordination of the metal ions within the terpy binding
pocket(s). Large downfield shifts of the proton resonances
associated with the terpy units (H,- and H,, A8(H,) = 0.79
ppm), relative to the free terpy ligands (Fig. 3 and ESI{) are
observed Additionally, there is a characteristic upfield shift of
6,6"-proton resonances (H;) of the the terpy units upon
complex formation. Furthermore, only the proton signals due
terpy unit(s) experience significant shift changes on
complexation, the protons resonances associated with the
macrocycle and linear thread components of the rotaxanes do
shifts in the aryl region. These
observations strongly suggest that only the terpy coordinating

not show significant
units of the rotaxanes are involved in metal ion complexation
(i.e the pyridyl and 1,2,3-triazolyl units are not participating in

metal complexation).

ek’

“l H e

74 72 7.0 68 66 64
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86 84 82 80 78 7.6
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96 94 92 90 88

Fig. 2 Partial H NMR spectra (500 MHz, acetone-ds, 298 K) of the mono-terpy
[2]rotaxane 5a (top), and the iron(ll) bis([2]rotaxane) [Fe(5a),](BF4), (bottom).
The lettering corresponds to that shown in Scheme 2.

HR-ESMS of the rotaxane complexes [Fe(5a),](BF,), and
[Fe(5b)](BF,), provided evidence of the stoichiometry of the
self-assembled metallosupramolecular architectures. The mass
spectrum of [Fe(5a),](BF,), displayed a major peak at m/z 2051
corresponding to the [Fe(5a),]*" ion, along with additional
peaks due to fragmentation (ESIf). The mass spectrum
[Fe(5b)](BF,), displayed only a single major signal at m/z 1209
corresponding to the [Fe(5b)]*" ion. The isotope patterns of the
observed peaks matched well with the simulated patterns,
further supporting the formation of the proposed metallo-
supramolecular species (ESIT). The collected NMR and ESMS
data indicate that the ligand Sa assembles into a bis([2]-
rotaxane)> 2 (Scheme 2) while 5b forms a [1+1] metallo-
macrocycle®™ 2% 2% structure (Scheme 3), similar assemblies
have been observed in the literature.

Additional support for the formulations obtained from HR-
ESMS data was obtained using '"H DOSY NMR spectroscopy
(500 MHz, ds-acetone, 298K). The DOSY experiments confirm
the presence of single species in solution for both
Fe(5a),](BF,), and [Fe(5b)](BF,), with diffusion coefficients of
45x10"m?s" and 5.8 x 10" m?s™' | respectively. The larger
diffusion coefficient observed for [Fe(5b)](BF,), system is
consistent with the formation of the smaller [1+1] metallo-

4| J. Name., 2012, 00, 1-3

macrocyclic architecture proposed from the ESMS data. The
bis([2]-rotaxane) [Fe(5a),](BF,;), has a smaller diffusion
coefficient than [Fe(5b)](BF,), as this larger species moves
more slowly through solution. Furthermore, by using an
external polystyrene calibration curve®’ the molecular weights
of the [2]rotaxanes and their iron(Il) complexes can be
estimated from the DOSY experiments (Table 1). The values
obtained using this method show excellent agreement with the
expected values, despite chemical differences between the
polystyrene standards and the metallo-rotaxanes systems,
providing additional support for the proposed
stoichiometries.

strongly

[Fe(5b)]5(PFg)zq
Scheme 3. Synthesis of the iron(ll) metallo-macrocycle [Fe(5b)](BF;), and
metallo-polymer, [Fe(5b)].(PFs)n; (i) [Fe(H,0)el(BF4)2, acetonitrile, RT, 1 h; (ii)

FeCl,, NH4PFg, CHCI3/CH3OH (1:1, 32 mM) RT, 20 h.
Despite numerous efforts all attempts to grow X-ray quality

crystals®® of the complexes proved unsuccessful so molecular
modelling (MMFF, SPARTAN ’08, ESI{) was used to obtain

This journal is © The Royal Society of Chemistry 2012
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an estimation of the size and shape of the architectures. Figure
3 shows low energy conformations for [Fe(5a),](BF,4), and
[Fe(5b)](BF,),. The model of [Fe(5a),](BF,), indicates that a
large, approximately 4 nm across, architecture is readily formed
with no steric impediments. The model of the smaller (~ 2 nm
across) [Fe(5b)](BF,), complex also indicated the system can
easily form the [1+1] metallo-macrocycle®™ 2% 2% structure
without any steric clashes or strain due to the conformational
freedom that is inherent in the ligand 5b (Figure 4a). Because
of this flexibility the system can readily form the entropically
favoured [1+1] metallo-macrocyclic architecture.

Table 1. Molecular weights of [2]rotaxane ligands and iron(Il) complexes
estimated from HR-ESMS, 'H DOSY NMR and GPC data

Compound Expected HR-ESMS Calculated Calculated
molecular ions (m/z) molecular molecular
weight weight weight
(My) (M) M)
(DOSY) (GPC)
4a 1702 1703 [4a+H] 1640 + n.d.
160
4b 1720 1721 [4a+H]' 1800 + n.d.
180
5a 2022 2023 [5a+H]' 2260 + n.d.
220
5b 2363 1182 [5b+2H]** 2500 + n.d.
250
[Fe(5a),](BF4), 4276 2051 [Fe(5a),]* 4400 + n.d.
440
[Fe(5b)](BF4), 2592 1209 [Fe(5b)]** 2400 + n.d.
250
[Fe(5b)]n(PFe)n 29788 1209 [Fe(5b)*" 27600 + 31400
(n=11) (fragment ion) 2700

a)

Fig. 3 Ball-and-stick molecular models of the cations [Fe(5b)] (a) and [Fe(5a),] (b)
showing one of many low-energy conformations of the systems (MMFF,
SPARTAN ‘08, ESIt). Hydrogen atom are omitted for clarity, colours correspond
to those shown in Scheme 2 and 3.

This journal is © The Royal Society of Chemistry 2012
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Self-assembly of a polymeric architecture with Fe(II) ions.

Whilst the ditopic terpy ligand 5b formed a [1+1] metallo-
macrocyclic architecture under dilute assembly conditions,
similar di-terpy ligands have been extensively exploited for the
generation of metallosupramolecular polymers >'® 2! 23a-f.31

Using a protocol previously exploited for the synthesis of
linear non-interlocked terpy containing metallosupramolecular
polymers we attempted to generate a metallo-[2]rotaxane
polymer (Scheme 3). A concentrated (32 mM) solution (1:1
CH;0H:CHCI3) of ligand 5b and FeCl, were stirred at room
temperature for 10 minutes then a methanolic solution of
NH,PFs was added to precipitate the metallosupramolecular
polymer/oligomer [Fe(5b)],(PFe),, as a purple solid. UV-vis
and 'H NMR spectroscopic analysis indicated that iron(II)
complex had formed. The purple material (A, = 570 nm)
contained the same MLCT band that was observed for the
discrete metallosupramolecular architectures while the '"H NMR
spectrum of the complex displayed large downfield shifts,
relative to the free ligand, for many of the proton resonances
associated with the terpy units (ESIt). Additionally, the broad
nature 'H NMR spectrum of [Fe(5b)],(PF¢)., suggested the
formation of a oligo-/poly-meric rather than a discrete material.

Efforts to gain insight into the size of the polymer using
mass spectrometry were unsuccessful. Under HR-ESMS
conditions a signal peak was observed at 1209
corresponding to the doubly charged [Fe(5b)]*" ion suggesting
that the metallo-polymer was fragmenting. Matrix-assisted laser
desorption/ionization (MALDI)-MS produced similar results.
Due to these difficulties gel permeation chromatography (GPC)
and 'H DOSY NMR were used to estimate the molecular
weight of [Fe(5b)],(PFs),, (Table 1).

'H DOSY NMR spectrum of the [Fe(5b)].(PFg),, complex
gave a diffusion coefficient of 1.9 x 107" m? s' for the
polymeric material indicating that this system formed a
complex that was much larger than the discrete iron(II)
complexes Fe(5a),](BF,), and [Fe(5b)](BF,),. Using the
external polystyrene calibration curve?’ the molecular weight of
the metallo-supramolecular [2]rotaxane polymer was estimated
to be M,, = 29000 + 2900 and this value agreed well that
obtained from GPC analysis. The [Fe(5b)],(PF¢),, complex,
gave a retention time of 35 minutes in the GPC with the
molecular weight and PDI of the metallo-polymer estimated to
M,, = 31400 and 1.26, respectively. Whilst the molecular
weight of the metallo-polymer is reasonably high the degree of
polymerisation is modest. The observed molecular weights
indicate that the metallo-polymers [Fe(5b)],(PFe),, only
incorporate eleven to thirteen 5b monomer units (i.e n = 11-13).
There are probably two main reasons for this. The high
molecular weight of the precursor Sb makes accurate addition
of an equivalent molar amount of iron difficult on such a small
scale, even assuming full complexation. According to
Carothers,* this would lead to an excess of one end-group and
corresponding large drop in molecular weight. The large size
and conformation flexibility of 5b also would promote the
formation of cyclic oligomers*? which prevent the formation of

m/z

J. Name., 2012, 00, 1-3 | 5
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high molecular weight polymers. For a reversibly coordinating
system this could be estimated by using the Jacobsen-
Stockmayer theory®® which takes into account chain length,
concentration and flexibility. As the molecular weight does not
change on dilution over several hours, this suggests that the
iron coordination is irreversible over this time-scale and making
the modelling of the polymerization difficult.

Conclusions

The mild functional-group tolerant copper(l) catalysed azide-
alkyne cycloaddition active metal template (CuAAC-AMT)
method has been exploited to generate mono- and bi-
functionalised [2]rotaxanes by interlocking an exo-alcohol
functionalised macrocycle and functionalised trityl stoppers.
These [2]rotaxanes were post-synthetically conjugated to either
one or two terpy coordinating units to generate mechanically
interlocked ligands. Reaction of the ligands with iron(Il) ions
generates either discrete or polymeric metallosupramolecular
structures. Addition of Fe(Il) ions to the mono-terpy ligand
leads to the formation of a metallo-bis-([2]rotaxane). At high
dilution the bi-terpy [2]rotaxane a [1+1]
[2]rotaxane metallo-macrocycle, in the presence of Fe(Il) ions.

ligand forms

Conversely, at high concentration, the bi-terpy [2]rotaxane self-
assembles into a metallo-supramolecular polyrotaxane oligomer
when exposed to Fe(Il) ions. The [2]rotaxane “super” ligands
and corresponding Fe(Il) complexes have been characterised
with '"H and '*C NMR and UV-vis spectroscopies, HR-ESMS
and elemental analyses. Additionally, 'H DOSY NMR
spectroscopy and GPC analysis were used to provide evidence
the constitution of the self-assembled metallo-
supramolecular mechanically-interlocked architectures. The
large size and conformation flexibly of the [2]rotaxanes studied

for

resulted in the self-assembly of small [1+1] macrocycles and
low molecular weight oligomeric metallo-supramolecular
systems. Therefore, we are currently targeting the synthesis of
smaller, more rigid macrocycles and rotaxanes'”*® ** to afford
greater control over the resulting metallosupramolecular
architectures.

The functional group tolerance of the CuAAC-AMT should
allow for the generation of a wide range of substituted
[2]rotaxanes, including switchable systems. Furthermore, the
ligating motif can be readily changed from terpy to almost any
conceivable ligand. Access to this functional diversity should
enable these types of [2]rotaxane ligands to be exploited to
generate a range of interlocked systems which could be used to
create novel MORFs, metallosupramolecular architectures,
light harvesting systems,”™ *° drug-delivery agents,

magnetic materials.*® Efforts in these directions are currently

and
underway.

Acknowledgements

We thank the Department of Chemistry, University of Otago

and the NZ Ministry of Business, Innovation and Employment
Science Investment Fund (Grant No. UOOX1206) for financial

6 | J. Name., 2012, 00, 1-3

support. AN thanks the University of Otago for a PhD
scholarship.

Notes and references
“ Department of Chemistry, University of Otago, PO Box 56, Dunedin, New
Zealand. Fax: +64 3 479 7906, Tel: +64 3 479 7731, E-mail:
Jjerowley@chemistry.otago.ac.nz

Information (ESI) available: the
supplementary information contains the experimental procedures, 'H, *C
and DOSY NMR, ESMS, UV-vis, molecular models and crystallographic
data. CCDC reference 1002573-1002575.

DOI: 10.1039/b000000x/

tElectronic  Supplementary

numbers See

1. a) For some selected recent reviews see; b) C. J. Bruns and J. F.
Stoddart, Top. Curr. Chem., 2012, 323, 19-27; ¢) G. Barin, R. S. Forgan
and J. F. Stoddart, Proc. R. Soc. A4, 2012, 468, 2849-2880; d) R. S.
Forgan, J.-P. Sauvage and J. F. Stoddart, Chem. Rev., 2011, 111, 5434-
5464; e) J. F. Stoddart, Chem. Soc. Rev., 2009, 38, 1802-1820; f) J. E.
Beves, B. A. Blight, C. J. Campbell, D. A. Leigh and R. T. McBurney,
Angew. Chem., Int. Ed., 2011, 50, 9260-9327.

2. a) For some recent reviews see; b) M. D. Ward and P. R. Raithby, Chem.
Soc. Rev., 2013, 42, 1619-1636; c) M. M. J. Smulders, 1. A. Riddell, C.
Browne and J. R. Nitschke, Chem. Soc. Rev., 2013; d) N. B. Debata, D.
Tripathy and D. K. Chand, Coord. Chem. Rev., 2012, 256, 1831-1945; ¢)
R. Chakrabarty, P. S. Mukherjee and P. J. Stang, Chem. Rev., 2011, 111,
6810-6918.

3. a)E. A Neal and S. M. Goldup, Chem. Commun., 2014, 50, 5128-5142;
b) S. F. M. van Dongen, S. Cantekin, J. A. A. W. Elemans, A. E. Rowan
and R. J. M. Nolte, Chem. Soc. Rev., 2014, 43, 99-122; c) A. C.
Fahrenbach, S. C. Warren, J. T. Incorvati, A.-J. Avestro, J. C. Barnes, J.
F. Stoddart and B. A. Grzybowski, Adv. Mater., 2013, 25, 331-348; d) Z.
Li, J. C. Barnes, A. Bosoy, J. F. Stoddart and J. 1. Zink, Chem. Soc. Rev.,
2012, 41, 2590-2605; e) A. Coskun, J. M. Spruell, G. Barin, W. R.
Dichtel, A. H. Flood, Y. Y. Botros and J. F. Stoddart, Chem. Soc. Rev.,
2012, 41, 4827-4859; f) A. Coskun, M. Banaszak, R. D. Astumian, J. F.
Stoddart and B. A. Grzybowski, Chem. Soc. Rev., 2012, 41, 19-30; g) J.
J. Davis, G. A. Orlowski, H. Rahman and P. D. Beer, Chem. Commun.,
2010, 46, 54-63.

4. S.J. Loeb, Chem. Soc. Rev., 2007, 36, 226-235.

5. a) N. C. Frank, D. J. Mercer and S. J. Loeb, Chem. - Eur. J., 2013, 19,
14076-14080; b) D. J. Mercer, J. Yacoub, K. Zhu, S. K. Loeb and S. J.
Loeb, Org. Biomol. Chem., 2012, 10, 6094-6104; c) D. J. Mercer, V. N.
Vukotic and S. J. Loeb, Chem. Commun., 2011, 47, 896-898; d) D. J.
Mercer, S. J. Vella, L. Guertin, N. D. Suhan, J. Tiburcio, V. N. Vukotic,
J. A. Wisner and S. J. Loeb, Eur. J. Org. Chem., 2011, 1763-1770; ¢) D.
J. Mercer and S. J. Loeb, Dalton Trans., 2011, 40, 6385-6387; f) V. N.
Vukotic and S. J. Loeb, Chem. - Eur. J., 2010, 16, 13630-13637; g) G. J.
E. Davidson, S. Sharma and S. J. Loeb, Angew. Chem., Int. Ed., 2010,
49, 4938-4942; h) G. J. E. Davidson, S. J. Loeb, P. Passaniti, S. Silvi and
A. Credi, Chem. - Eur. J., 2006, 12, 3233-3242; 1) G. J. E. Davidson and
S. J. Loeb, Dalton Trans., 2003, 4319-4323.

6. a) H. Deng, M. A. Olson, J. F. Stoddart and O. M. Yaghi, Nat. Chem.,
2010, 2, 439-443; b) Q. Li, C.-H. Sue, S. Basu, A. K. Shveyd, W. Zhang,
G. Barin, L. Fang, A. A. Sarjeant, J. F. Stoddart and O. M. Yaghi,
Angew. Chem., Int. Ed., 2010, 49, 6751-6755; ¢) C. Moura, T. Esteves,
L. Gano, P. D. Raposinho, A. Paulo and 1. Santos, New J. Chem., 2010,
34, 2564-2578; d) Y.-L. Zhao, L. Liu, W. Zhang, C.-H. Sue, Q. Li, O. S.
Miljanic, O. M. Yaghi and J. F. Stoddart, Chem. - Eur. J., 2009, 15,
13356-13380.

7. a) V. N. Vukotic and S. J. Loeb, Chem. Soc. Rev., 2012, 41, 5896-5906;
b) J. Yang, J.-F. Ma and S. R. Batten, Chem. Commun., 2012, 48, 7899-
7912.

8. V. N. Vukotic, K. J. Harris, K. Zhu, R. W. Schurko and S. J. Loeb, Nat.
Chem., 2012, 4, 456-460.

9. a) J. Poppenberg, S. Richter, C. H. H. Traulsen, E. Darlatt, B. Baytekin,
T. Heinrich, P. M. Deutinger, K. Huth, W. E. S. Unger and C. A.
Schalley, Chem. Sci., 2013; b) S. Richter, J. Poppenberg, C. H. H.
Traulsen, E. Darlatt, A. Sokolowski, D. Sattler, W. E. S. Unger and C. A.
Schalley, J. Am. Chem. Soc., 2012, 134, 16289-16297.

10. P. Wei, J. Li, X. Yan and Q. Zhou, Organic Letters, 2013, 16, 126-129.

This journal is © The Royal Society of Chemistry 2012

Page 6 of 7



Page 7 of 7

1.

21.

22.

Chemical Science

S. Li, J. Huang, T. R. Cook, J. B. Pollock, H. Kim, K.-W. Chi and P. J.
Stang, J. Am. Chem. Soc., 2013, 135, 2084-2087.

. G. Du, E. Moulin, N. Jouault, E. Buhler and N. Giuseppone, Angew.

Chem., Int. Ed., 2012, 51, 12504-12508.

. J. D. Crowley, S. M. Goldup, A.-L. Lee, D. A. Leigh and R. T.

McBurney, Chem. Soc. Rev., 2009, 38, 1530-1541.

. V. Aucagne, K. D. Haenni, D. A. Leigh, P. J. Lusby and D. B. Walker, J.

Am. Chem. Soc., 2006, 128, 2186-2187.

. a) R. Hayashi, K. Wakatsuki, R. Yamasaki, Y. Mutoh, T. Kasama and S.

Saito, Chem. Commun., 2014, 50, 204-206; b) K. Ugajin, E. Takahashi,
R. Yamasaki, Y. Mutoh, T. Kasama and S. Saito, Org. Lett., 2013, 15,
2684-2687; c) S. Saito, E. Takahashi, K. Wakatsuki, K. Inoue, T.
Orikasa, K. Sakai, R. Yamasaki, Y. Mutoh and T. Kasama, J. Org.
Chem., 2013, 78, 3553-3560; d) Y. Sato, R. Yamasaki and S. Saito,
Angew. Chem., Int. Ed., 2009, 48, 504-507; ¢) S. Saito, E. Takahashi and
K. Nakazono, Org. Lett., 2006, 8, 5133-5136; f) S. Saito, K. Nakazono
and E. Takahashi, J. Org. Chem., 2006, 71, 7477-7480; g) S. Saito, K.
Nakazono and E. Takahashi, J. Org. Chem., 2006, 71, 9252; h) S. M.
Goldup, D. A. Leigh, R. T. McBurney, P. R. McGonigal and A. Plant,
Chem. Sci., 2010, 1, 383-386; i) S. M. Goldup, D. A. Leigh, P. J. Lusby,
R. T. McBurney and A. M. Z. Slawin, Angew. Chem., Int. Ed., 2008, 47,
3381-3384; j) J. Berna, S. M. Goldup, A.-L. Lee, D. A. Leigh, M. D.
Symes, G. Teobaldi and F. Zerbetto, Angew. Chem., Int. Ed., 2008, 47,
4392-4396; k) J. D. Crowley, K. D. Haenni, A.-L. Lee and D. A. Leigh,
J. Am. Chem. Soc., 2007, 129, 12092-12093; 1) J. Berna, J. D. Crowley,
S. M. Goldup, K. D. Haenni, A.-L. Lee and D. A. Leigh, Angew. Chem.,
Int. Ed., 2007, 46, 5709-5713; m) P. E. Glen, J. A. T. O'Neill and A.-L.
Lee, Tetrahedron, 2013, 69, 57-68.

. V. Aucagne, J. Berna, J. D. Crowley, S. M. Goldup, K. D. Haenni, D. A.

Leigh, P. J. Lusby, V. E. Ronaldson, A. M. Z. Slawin, A. Viterisi and D.
B. Walker, J. Am. Chem. Soc., 2007, 129, 11950-11963.

. a) S. M. Goldup, D. A. Leigh, P. R. McGonigal, V. E. Ronaldson and A.

M. Z. Slawin, J. Am. Chem. Soc., 2010, 132, 315-320; b) J. Winn, A.
Pinczewska and S. M. Goldup, J. Am. Chem. Soc., 2013, 135, 13318-
13321; ¢) H. Lahlali, K. Jobe, M. Watkinson and S. M. Goldup, Angew.
Chem., Int. Ed., 2011, 50, 4151-4155; d) R. J. Bordoli and S. M. Goldup,
J. Am. Chem. Soc., 2014, 136, 4817-4820.

. S. M. Goldup, D. A. Leigh, T. Long, P. R. McGonigal, M. D. Symes and

J. Wu, J. Am. Chem. Soc., 2009, 131, 15924-15929.

. P. E. Barran, H. L. Cole, S. M. Goldup, D. A. Leigh, P. R. McGonigal,

M. D. Symes, J. Wu and M. Zengerle, Angew. Chem., Int. Ed., 2011, 50,
12280-12284.

. a) B. Lewandowski, G. De Bo, J. W. Ward, M. Papmeyer, S. Kuschel,

M. J. Aldegunde, P. M. E. Gramlich, D. Heckmann, S. M. Goldup, D. M.
D'Souza, A. E. Fernandes and D. A. Leigh, Science, 2013, 339, 189-193;
b) G. De Bo, S. Kuschel, D. A. Leigh, B. Lewandowski, M. Papmeyer
and J. W. Ward, J. Am. Chem. Soc., 2014, 136, 5811-5814.

a) A. Wild, A. Winter, F. Schluetter and U. S. Schubert, Chem. Soc.
Rev., 2011, 40, 1459-1511; b) J. D. Crowley and B. Bosnich, Eur. J.
Inorg. Chem., 2005, 2015-2025; c¢) H. Hofmeier and U. S. Schubert,
Chem. Soc. Rev., 2004, 33, 373-399; d) P. R. Andres and U. S. Schubert,
Adv. Mater., 2004, 16, 1043-1068; ¢) E. C. Constable, Chem. Soc. Rev.,
2007, 36, 246-253.

a) C. Wang, X.-Q. Hao, M. Wang, C. Guo, B. Xu, E. N. Tan, Y.-Y.
Zhang, Y. Yu, Z.-Y. Li, H.-B. Yang, M.-P. Song and X. Li, Chem. Sci.,
2014, 5, 1221-1226; b) A. Schultz, X. Li, C. N. Moorefield, C.
Wesdemiotis and G. R. Newkome, Eur. J. Inorg. Chem., 2013, 2013,
2492-2497; c¢) X. Lu, X. Li, Y. Cao, A. Schultz, J.-L. Wang, C. N.
Moorefield, C. Wesdemiotis, S. Z. D. Cheng and G. R. Newkome,
Angew. Chem., Int. Ed., 2013, 52, 7728-7731; d) A. Schultz, X. Li, B.
Barkakaty, C. N. Moorefield, C. Wesdemiotis and G. R. Newkome, J.
Am. Chem. Soc., 2012, 134, 7672-7675; e) X. Lu, X. Li, J.-L. Wang, C.
N. Moorefield, C. Wesdemiotis and G. R. Newkome, Chem. Commun.,
2012, 48, 9873-9875; f) J.-L. Wang, X. Li, X. Lu, L. F. Hsieh, Y. Cao, C.
N. Moorefield, C. Wesdemiotis, S. Z. D. Cheng and G. R. Newkome, J.
Am. Chem. Soc., 2011, 133, 11450-11453; g) X. Li, Y.-T. Chan, G. R.
Newkome and C. Wesdemiotis, Anal. Chem., 2011, 83, 1284-1290; h) X.
Li, Y.-T. Chan, M. Casiano-Maldonado, J. Yu, G. A. Carri, G. R.
Newkome and C. Wesdemiotis, Anal. Chem., 2011, 83, 6667-6674; i)
Y.-T. Chan, X.-P. Li, C. N. Moorefield, C. Wesdemiotis and G. R.
Newkome, Chem. - Eur. J., 2011, 17, 7750-7754; j) Y.-T. Chan, X. Li, J.
Yu, G. A. Carri, C. N. Moorefield, G. R. Newkome and C. Wesdemiotis,
J. Am. Chem. Soc., 2011, 133, 11967-11976; k) S. Perera, X. Li, M.

This journal is © The Royal Society of Chemistry 2012

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Soler, A. Schultz, C. Wesdemiotis, C. N. Moorefield and G. R.
Newkome, Angew. Chem., Int. Ed., 2010, 49, 6539-6544; 1) E. C.
Constable, K. Harris, C. E. Housecroft and M. Neuburger, Dalton
Trans., 2011, 40, 1524-1534; m) H. S. Chow, E. C. Constable, R. Frantz,
C. E. Housecroft, J. Lacour, M. Neuburger, D. Rappoport and S.
Schaffner, New J. Chem., 2009, 33, 376-385; n) H. S. Chow, E. C.
Constable, C. E. Housecroft, M. Neuburger and S. Schaffner,
Polyhedron, 2006, 25, 1831-1843; o) E. C. Constable, C. E. Housecroft,
M. Neuburger, S. Schaffner and C. B. Smith, Dalton Trans., 2005, 2259-
2267; p) E. C. Constable, C. E. Housecroft and C. B. Smith, /norg.
Chem. Commun., 2003, 6, 1011-1013; q) C. B. Smith, E. C. Constable,
C. E. Housecroft and B. M. Kariuki, Chem. Commun., 2002, 2068-2069;
r) A. J. Goshe, J. D. Crowley and B. Bosnich, Helv. Chim. Acta, 2001,
84, 2971-2985; s) J. D. Crowley, A. J. Goshe and B. Bosnich, Chem.
Commun., 2003, 2824-2825; t) J. D. Crowley, I. M. Steele and B.
Bosnich, Eur. J. Inorg. Chem., 2005, 3907-3917.

a) U. Mansfeld, A. Winter, M. D. Hager, W. Giinther, E. Altuntas and U.
S. Schubert, J. Polym. Sci. Part A: Polym. Chem., 2013, 51, 2006-2015;
b) G. R. Whittell, M. D. Hager, U. S. Schubert and 1. Manners, Nat.
Mater., 2011, 10, 176-188; ¢) M. Chiper, R. Hoogenboom and U. S.
Schubert, Macromol. Rapid Commun., 2009, 30, 565-578; d) M. Chiper,
M. A. R. Meier, D. Wouters, S. Hoeppener, C.-A. Fustin, J.-F. Gohy and
U. S. Schubert, Macromolecules, 2008, 41, 2771-2777; ¢) P. R. Andres
and U. S. Schubert, Synthesis, 2004, 2004, 1229-1238.

The solid state structure of the 1-Ag macrocycle complex was obtained
by X-ray crystallography (ESIt). Vapour diffusion of diethyl ether into a
methanol solution of the Ag(I) complex 1-Ag produced small X-ray
quality crystals. Like the parent macrocycle (1) the 1-Ag complex forms
a dimer, with the formulation [(1),Ag,(CH;0H),](OTf),, in the solid
state. The Ag(I) ion is coordinated to the pyridyl unit as expected.
Additionally, the OH group of a second macrocycle and a methanol
solvent molecule are coordinated to the Ag(I) ion resulting in a trigonal
planar coordination geometry at silver. The macrocycles adopt a U-
shaped cleft conformation and interdigitate (ESIf). If this dimeric
structure persisted in solution it would likely interfere with the AMT
reaction. However, the 'H NMR and HR-ESMS are not consistent with
the retention of the dimer structure in solution suggesting that its
formation is driven by crystal packing forces.

H. W. Gibson, S. H. Lee, P. T. Engen, P. Lecavalier, J. Sze, Y. X. Shen
and M. Bheda, J. Org. Chem., 1993, 58, 3748-3756.

a) R. Zibaseresht, A. M. Downward and R. M. Hartshorn, Aust. J.
Chem., 2010, 63, 669-679; b) R. Zibaseresht and R. M. Hartshorn,
Dalton Trans., 2005, 3898-3908.

W. Li, H. Chung, C. Daeffler, J. A. Johnson and R. H. Grubbs,
Macromolecules, 2012, 45, 9595-9603.

E. V. Dzyuba, B. Baytekin, D. Sattler and C. A. Schalley, Eur. J. Org.
Chem., 2012,2012, 1171-1178.

H. S. Chow, E. C. Constable, C. E. Housecroft and M. Neuburger,
Dalton Trans., 2003, 4568-4569.

While we were unable to crystallise the large MIAs, we did obtain an X-
ray structure of a model [Fe(terpy),](BFs), complex confirming the
coordination mode of the ligands, see ESIf.

a) A. Winter, A. M. J. van den Berg, R. Hoogenboom, G. Kickelbick and
U. S. Schubert, Synthesis, 2006, 2006, 2873-2878; b) H. Hofmeier, R.
Hoogenboom, M. E. L. Wouters and U. S. Schubert, J. 4m. Chem. Soc.,
2005, 127, 2913-2921.

W. H. Carothers, Trans. Faraday Soc., 1936, 32, 39-53.

a) H. Jacobson and W. H. Stockmayer, J. Chem. Phys., 1950, 18, 1600-
1606; b) H. Jacobson, C. O. Beckmann and W. H. Stockmayer, J. Chem.
Phys., 1950, 18, 1607-1612.

A. Noor, W. K. C. Lo, S. C. Moratti and J. D. Crowley, Chem. Commun.,
2014, 50, 7044-7047.

M. E. Gallina, B. Baytekin, C. Schalley and P. Ceroni, Chem. - Eur. J.,
2012, 18, 1528-1535.

D. Gonzalez Cabrera, B. D. Koivisto and D. A. Leigh, Chem. Commun.,
2007, 4218-4220.

J. Name., 2012, 00, 1-3 | 7



