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ABSTRACT

The focus of this thesis is the incorporation @& 1h2-bis(pyridinium)ethane motif
into new [2]rotaxane ligands for the purpose ofaleping new metal organic rotaxane
frameworks (MORFs). Both new stoppers that canaadigands as well as new crown
ethers with appended donors were synthesized &3s& ttomponents combined to create
new [2]rotaxane ligands and eventually new MORFs.

Chapter 2, looks at the synthesis and coordinatioemistry of a [2]rotaxane
containing terpyridine stoppers. The [2]rotaxaneswsnown to form mixed ligand
complexes with Rl Ag', zn", and Pd. The complexes were studied in solution by
NMR, and UV/vis spectroscopy and mass spectronaaid/in the solid state by X-ray
crystallography.

Chapter 3 and 4, focuses on the synthesis of naastdstituted dibenzo-24-
crown-8 ethers and their inclusion into [2]pseudaxanes and [2]rotaxanes. The new
[2]pseudorotaxanes and [2]rotaxanes were charaeteriin  solution by NMR
spectroscopy and mass spectrometry and in the stalid by X-ray crystallography. The
new crown ethers were then used for the developwiefjrotaxane ligands and metal-
organic rotaxane frameworks. The complexes werdiediuin solution by NMR, and
UV/vis spectroscopy and mass spectrometry and i@ $olid state by X-ray
crystallography.

Chapter 5, focuses on a new class of MORFs in wHator groups have been
incorporated on to the crown ethers which allows tfee [2]rotaxane ligands to link
though the wheel rather than axles to propagatedbedination polymer. The highlight

was formation of a coordination complex with'Chat is a 2-periodic, metal-organic
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rotaxane framework. The synthesis and charactesizaf all the species were studied by
NMR spectroscopy and mass spectrometry in soluiat in the solid state by X-ray
crystallography.

Chapter 6, looks at ways to combine chelating aw@h coordinating crown
ethers to form unique “combo” [2]rotaxane ligandpable of forming two independent
frameworks by virtue of having coordinating grougsboth components of the rotaxane.
A new stopper based on a the polydentate ligan@24pgridylmethyl)amine was
developed for this purpose. “Combo” [2]rotaxane aligs were prepared and

characterized in solution by NMR spectroscopy amadsrspectrometry.
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Chapter 1

Background

1.1 Originsof Supramolecular Chemistry
Chemistry is a science of interactions, transforomstand modeling. It has the power to
create new molecules and new materials bearing | npragperties. Ever since the
synthesis of ured,“molecular chemistry” has had the power of makarygl breaking
covalent bonds. As time went on, it was shown thast biological molecules involve
weak, non-covalent interactions that bind subsirate receptor proteins. The
observations, study and utilization of these wedkractions have lead to a new field of
chemistry known as supramolecular chemistry, ddfirss ‘themistry beyond the
moleculé. Supramolecular chemistry relies on organizedtiest of higher complexity
that result from the association of two or more nolval species held together by
intermolecular force$.This 1978 definition by Jean-Marie Lehn, was fertklaborated,
in 2002 to, Supramolecular chemistry aims at developing higtdynplex chemical
systems from components interacting by non-covatésimolecular forces?

The field of supramolecular chemistry is differémm molecular chemistry because
it does not rely solely on covalent bonds. The mkes are instead held together by non-
covalent interactions such as electrostatic forbgdrogen bonds, and van der Waals
forces. These interactions can generate new maleduiown as supermolecules, with
structures that depend on the non-covalent interactbetween two or more species.
These molecules that make up the new species raogilement each other both in size

and shape (geometry) and binding site (energy).n\the two new molecules combine,



they give us the information needed to understdral weak interactions present in
supermolecules.

The field of supramolecular chemistry has its origh the 1960’s with the
development of macrocyclic chemistry from the guwd Curtis, Busch, Jager, and
PedersoR. In 1967, PedersGrworked on new macrocyclic ligands known as “crown

ethers” shown below in Figure 1.1.

D T )
e
___/ \___/ (@]

12-crown-4 15-crown-5 18-crown-6

Figure 1.1 Structures of crown ethers.

In the following years, Lehn developed bicyclic gmunds similar to crown ethers
called “cryptands”, shown in Figure 1.2. Both thesgptands and crown ethers have
properties that allow them to bind to alkali metasnmonium salts and anions. The
properties that allow for the formation of complsyae: the size of the ring, the number
of donor atoms, co-planarity of the donor atoms, ltasicity of the donor atoms, steric

hindrance and solvation of the idn.

\Co o M
[2.2.1]-cryptand
Figure 1.2 Structure of a cryptand.

In 1973, Cram defined a new term to explain thiemdmenon; he called it “host-
guest complexation®. Host-guest complexes are held together by nonlenva

interactions. For their development in supramol@cwthemistry of molecules with



specific structures and interactions, Cram, Lemd Bederson were rewarded with the
Nobel Prize in chemistry in 1987Today, as a result of large collaborations between
different researchers in physics, theoretical asdputational modeling, crystallography,
inorganic and solid state chemistry, synthetic pigachemistry, biochemistry and
biology, a great deal of work is being done to expand explain the relatively new area
of supramolecular chemistry.

1.2 Interpenetrated and Interlocked Compounds
Since the beginning of supramolecular chemistrycimattention has focused on the
formation of host and guest complexes. One suchptmis the interpenetrated adduct
called a pseudorotaxane, composed of two molec¢hteaded to each other, which can
lead to interlocked compounds called rotaxanescatehanes.

1.2.1 Pseudorotaxanes
Pseudorotaxanes are supramolecular complexes chwhtyclic wheel and a linear axle

are interpenetrated but free to dissociate fronm etlcer as seen in Figure £.3.

“thread” or “axle”

“bead” or “wheel”
[2]pseudorotaxane

Figure 1.3 Cartoon representation of [2]pseudorotaxane folonati

There are many different templates to constructigg@taxanes that rely on non-
covalent interactions such asgt stacking (including C-H#), hydrogen bonding, charge

transfer complexes, and hydrophobic interacttth¥he preformed [2]pseudorotaxane



comprised of a thiol-functionalized thread anecyclodextrin which relies on the

hydrophobic interaction was used to build a [2]oatee; Figure 1.2.

HSH,C HSH,C
Figure 1.4 The first interpenetrated molecular species.

Later on, molecules relying anin stacking, and charge transfer interactions acted a
templates for interpenetrated species betweenrefedch n systems, and electron-

deficient aromatic systems; Figure 1.5.

N

N/

OCH,Ph
PhH,CO Q/
gy &omwo M(Novo

/ =
N n=2
©)

Figure 1.5 A [2]pseudorotaxane that relies on electron ricti @lectron poor aromatics.
Hydrogen bonding templates were investigated aspehetrated molecules were found
to form between ammonium salts and large crownrgthe particular, Stoddart showed
dibenzo-24-crown-8§B24C8) and bis(paraphenylene)-34-crown-BPP34C10) could
form complexes with dialkylammonium §RH.") ions that were [2]pseudorotaxartes.
Later on, the groups of Lo&b Tiburcic®*® and Schmitzéf developed the axles 1,2-
bis(pyridinium)ethane, bis(benzimidazolium), andtimygenediimidazolium respectively

which formed [2]pseudorotaxanes with crown ethénsilar to the example shown in



Figure 1.6. Other templates involved the use obrior halogen bonds to hold the

[2]pseudorotaxane together. Figure 1.7 shows ampbeafrom Beeet al*>*°

Q_ I/\o’\\o\\
s

Figure 1.6 A hydrogen bonding [2]pseudorotaxane.

Figure 1.7 An anion binding template.

Today, besides the use of crown ethers as whesksarch is focused on the development
of other macrocyclic receptors as wheel componsuntd as cyclodextrins, cucurbiturils,
calix[n]arenes, and pillar[nJané5?°Sauvage was the first to use metal ions as tensplate
holding the different components together to foseymorotaxanes, and then carrying out
further reactions to form [n]rotaxanes (and [2]oatees); Figure 1.8. There has also
been a focus on the use of metals as templatd&]fiseudorotaxanes formation. Wisner
and co-workers have shown thansdichlorobis(pyridine)palladium(ll) complexes

undergo second-sphere interactions with a macriocgttalactam; Figure 1%.



R =

Figure 1.8 Sauvage used metal ions as templates for [n]psetadkane formation.

Figure 1.9 Second-sphere interaction to form [2]pseudorotaxan

1.2.2 Measuring Association Constant
While developing new templates for the formatiorpeéudorotaxanes, a question arises
as to the strength of the interactions, which hblkel wheel and the axle together. The
higher the association constant, the more the ptoglde of the equilibrium is favoured,
i.e. formation of [2]pseudorotaxane. There are a numbkermethods that allow
determination of the strength of the interactiom:example is the noticeable change of
colour during a UV/Vis titration, while another the observation of a significant
chemical shift in'H NMR spectroscopy. Two commonly used technique$i -NMR
(single point determination, or titrations) andtismal titration calorimetry (ITC) — will

be discussed below:



1. 'H NMR spectroscopy - Single point determination
At slow exchange on the NMR time scale, the bound f&iee components can be
distinguished by their differences in chemical shifThe association constant can be
determined since the association is temperaturertigmt and both chemical shifts are
known. The binding constant can be calculated sinm@dm knowing the original host
and guest concentrations and the abundance of geealies at various temperatures as
determined by integration. The association constmthalpic and entropic components
can then be obtained from a van't Hoff plot (RIn& 7, which results in a straight line
with a slope of AH and an intercept &fS. There are cases where a van’'t Hoff plot is not
a linear plot, as a result of the thermodynamicpproes being temperature-invariant.
Many factors contribute to this phenomenon inclgdaonformational, vibrational and
hydrophobic interactions but the phenomena carakentinto account by introducing a
heat capacityC°p) term?*>*°

2. H NMR spectroscopy - Titrations
When the component interactions are at fast exaanty an average signal is observed
for both the wheel and axle resonances. The axldeditrated with increasing amounts
of wheel until saturation is reached and non-lineast-squares analysis results in the
curvature of the van't Hoff plot becomes eviderttlized to extract the association
constant using a non-linear refinement programs Taquires starting concentrations of
wheel from the observed protons shifts, and ingstimations of association constants,

and complexed and uncomplexed chemical shiftseptbbe protof®



3. Isothermal Calorimetry

The thermodynamic parameters of the stoichiomdttii@interactionrf), the association
constant k), the free energyAG,), enthalpy AH,), entropy AS), and heat capacity of
binding AC;) can be calculated by measuring the binding dapilm directly from the
heat evolved upon association of axle with the whegon titration of axle into a
solution of the wheel, the heat released (H) issuesl over time. The addition of small
volumes of axle until the heat diminishes resuita binding curve of heat release versus
the mole ratid”

1.2.3 Rotaxanes
Rotaxanes are molecules that contain a linear capmdthe axle) encircled by one, or
more, macrocyclic component (the wheel). In ordeptevent the wheel from slipping
off the axle, the linear component must be terneidadt both ends by large blocking

groups or stoppers, as seen in the cartoon repegsenof a rotaxane in Figure 1.10.

+ 2 O—>

“stoppers”

[2]rotaxane

Figure 1.10 Cartoon representation of [2]rotaxane.

1.2.4 Early Attemptsat the Synthesis of Interlocked Molecules
Interlocked supramolecular species can be tracell ttmwhen Harrison and Harrison
made the first interlocked species with the help oésin with a yield of 6% They used
a "statistical" approach, when a molecular axlacfionalized on both ends, may enter

into a macrocycle of adequate size, but the prdibaltihat cyclization occurring while



the linear axle is threaded through the macrocigieery small. One can only expect
poor yields in this kind of synthesiSLater on, I. T. Harrison used a “statistical sliygs
approach by heating a mixture of cyclic hydrocasb@mver the end groups of the

dumbbell-shaped 1,10-bis(triphenylmethpegcane at 120°C; Figure 1.1%.

(J (0 @
o(CHz)lw O é @
O O O O 2)29 O

( 2)11 39
Figure 1.11 Harrison’s “statistical slipping” methodolod¥.

The statistical method has disadvantages of usanghiconditions and producing low
yields of the preferred product. An attempt to ceene these nuisances was developed
by Schill with [2]catenanes, called “directed” dyasis. It involved making a pre-
rotaxane composed of macrocyclic and acyclic coraptmlinked by covalent bonds.
Subsequently, the linking bond is cleaved, leavimgplace only mechanical bonds;
Figure 1.122' Unfortunately, this method proved to be challeggitue to the multistep
syntheses which are time-consuming and also ofyielWds. Other methods used to form
rotaxanes were published by Stoddart in a revievt985 with the advancement of
supramolecular chemistry allowing for molecularaguition to improve on the yield of

the [2]rotaxane formation.



Figure 1.12 “Directed” synthesis of a [2]rotaxarié.
1.25 Synthesisof Rotaxane Using Molecular Recognition Templates
There exist a number of modern methods for rotaxsyrghesis such as: capping,
clipping and slippage. The capping method involttes formation of the equivalent
[2]pseudorotaxane, to which bulky substituentstopgers are added to the extremities of
the axle after the equilibrium of the [2]pseudoxati@ has been achieved; Figure 1.13.
A number of synthetic methods have been made #&iltor capping such as
alkylation, ester (carbonate and acetal formatiaXidative coupling, cycloaddition,
Wittig reactions, coordination chemistry, electmnblocking groups, and click
chemistry®**® Other elegant ways in which rotaxanes have beenlemiaclude
photoisomerization and boron-based, donor-accepiemistry’®** Figure 1.14 shows an
example of a click synthesis without the use oélyats which uses a nitrild-oxide as

the stopper by reacting pseudorotaxanes posseskimge, alkyne, or nitrile groups.

0—

Figure 1.13 Cartoonillustration of the treading/capping method.
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Figure 1.14 Example of a [2]rotaxane formed by the threadingpiag process’

The clipping process relies on the macrocyclizatwbrihe subunits of a wheel-like
component around the recognition site of a dumksiebed componéefitfollowed by

the clipping of another subunit to complete thelizggtion; Figure 1.15.

Figure 1.15 Cartoon representation of clipping.

Stoddart used the clipping process to make [2]eotas by formation of an imine bond

from amine and carbonyl groups in the presence dibanzylammonium cation thread;

Figure 1.16.

11



8

// N OoMe
MeNO,, RT \ / N\ N\
/

C. _N. _CHO =
N |

| N
=

OMe
MeO ( \>
:go © OIVZIE/O O= OMe
- /@i/“
)
HoN® MeO
H
MeO

0]

OMe
Figure 1.16 Example of the clipping process in the formatiofidaxane®

The final process called slippage requires a falarre between the size of the bulky
extremities on the axle and the macrocyclic wheéhder proper thermodynamic
conditions, the rotaxane may be slowly formed keyweel slipping onto the axle, as the
name suggests, and upon cooling the macrocyclicewbecomes kinetically trapped

causing the two components to be interlocked; leigui 7.

Figure 1.17 Cartoon illustration of slippage of a [2]rotaxane.

Figure 1.18 shows a recent example of slippageao@with aDB24C8 wheel and a

1,2-bis(pyridinium)ethane type axié.

12
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Figure 1.18 Example of a [2]rotaxane formed by slipp&ge.

Sauvage used Cu(l) to coordinate diphenylphenamerdianked by 2,26'2"-
terpyridine groups and followed this by stopperingth Ru(terpy)Ci to form a

[2]rotaxane; Figure 1.1

Ru(terpy)(acetone);

Figure 1.19 The use of transition a metals for templation byvage.

Metals have also been used for the catalytic, dluging metathesis (RCM), the
Huisgen—Meldal-Fokin copper(l)-catalysed termingtyae—azide cycloaddition; the
CuAAC “click” reaction.”® The newest methodology called “active template/oles
transition metal ions acting as both the templatettie threaded architecture and as the

catalyst for the covalent bond forming reactiont tbaptures the interlocked structure.

13



This removes the requirement for a recognition fmatithe thread. Leigh has recently
developed a [2]rotaxane using Ni(ll) and a pyridih)é-bisoxazoline macrocycle ligand

to and sp-sp’ coupling of alkyl chains; Figure 1.20.

Figure 1.20 A [2]rotaxane formed using Leigh’s “active metda€mplate coupling of
alkyl chains®’

Even though the synthesis of new interlocked madéscuvith metals allows for
interesting rotaxane formation, the question anglsther one can use these moieties to
form periodic crystalline frameworks via metal lighinteractions.

1.3 Polymeric Frameworks
Crystal engineering by Desiraju athé understanding of intermolecular interactions in
the context of crystal packing and the utilizatminsuch understanding in the design of
new solids with desired physical and chemical progs’.> Over the years, chemists
have begun to be able to control the non-covaletdractions that are used to form
crystalline frameworks.

1.3.1 Coordination Polymers
The term coordination polymer (CP) was first usedl964 by J. C. Bailer to describe
metal-ligand compounds that extend “infinitely” anbne, two or three dimensions (1D,

2D or 3D) as illustrated in Figute21®
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Figure 1.21 Schematic representation of the networks that €&sform, where E are
donor atoms.

The construction of coordination polymers is usualhrried out using polydentate
ligands with rigid back bones and the donor atomesusually nitrogen or oxygen. The
mostly popular ligands are 4,4’-pyridine derivaiypyrazine, or polycarboxylatésThe
CPs are held together through coordination interastand often combined with weaker
forces such as hydrogen bonas; stacking or van der Waals interactiofis.

The “node and spacer” approach developed by R. d&tolbsis become a widely
employed strategy for synthesizing coordinationypwrs with various dimensionalities
and network topologies. It relies on the strengtld directionality of the coordination
bonds established between the metal ions andgheds>* The type of network topology
can be controlled by considering a numbers of factach as geometry, charge, hard soft
acids and bases (HSAB) behaviour of the metal shiaghe, size, and HSAB behaviour of
the ligands. One of the simplest of networks oladiis the diamond-like structure shown
in Figure 1.22, where the diamondoid network in@@sHsCN)4]BF, is built around the
tetrahedral Cu(l) centre and the central tetrahdgdratom of the tetranitrile ligand. The
spaces in the lattice are filled with solvent arig Bnions. The crystal readily underwent

anion exchange whilst retaining its crystal struefa
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Figure 1.22 Diamond-like network of Cu[C(45CN)4BF4.>

Solid-state architectures are determined by sev@&elors: 1) metal-to-ligand
stoichiometry, 2) the stereochemical preferenceor@ioation algorithm) of the
assembling cations, 3) the use of ancillary ligasttisched to the metal ions or the use of
additional bridging ligands, 4) the intervention mdncovalent interactions (hydrogen
bonds-n stacking), 5) the role of the anions (coordinatedging, uncoordinated), and
6) the presence of organic guest molecules, whidhect as templaté®.

The solid-state architectures that are generatetthdoyabove interactions can lead to
unusual properties in the polymers which are ohgneterest as potential candidates for
new materials with applications such as fluoreseemeagnetism, catalysis, nonlinear
optics, gas absorption or as semiconductors.

There are many molecular building blocks availatdeconstruct networks held
together by weaker bonds like the ones seen hexwatlays, another class of networks
that gets a lot of attention uses robust metaltetasentirely formed by strong covalent

bonds; the so-called metal organic frameworks (MOFs

16



1.3.2 Metal Organic Framework

Over the years, a number of materials have beetheasized that contain a metal and an
organic linker with varying terms of descriptionchuas coordination polymer, hybrid
organic-inorganic, organic zeolite, and metal orgéamework.

A metal organic framework can be defined as havihgstrong bonds providing
robustness, 2) linking units that are availablenfmdification by organic synthesis and 3)
a geometrically well-defined structutéOne of the important parts in the construction of
MOF is structure prediction. To aid in predictidine concept of secondary building units
(SBUs) is useful. These are most often multideniiaters such as carboxylates, which
have the ability to aggregate with metal anions MtO-C clusters. These clusters are
important in forming porous structures becausen&)M-O-C cores give a well- defined
shape that is important in predicting the geometfythe overall topology, 2) the
carboxylate ligands can be bi- or tridentate ineoigad to extended frameworks, and 3)
some clusters contain weak coordinating solventemdés that can be removed to
produce pores or replaced with other ligarfdshe simplest example of a metal organic
framework uses 1,4-benzenedicarboxylate. The ieguMOF-5 with the tetrahedral
Zn(Il) ions and formula [ZfO(BDC);] is a representative example of a cubic framework

and is shown in Figure 1.23.
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Figure 1.23 A representation of the cubic arrangement of SBd knkers in MOF-5
where blue blocks are M-O-C clusters and the blaes are the organic linkers.

With the large number of organic linkers availalslemerous different topologies can
be obtained. There are a number of ways to getesinystals from these frameworks
such as slow evaporation of a solution of the msams, layering of solutions, or slow
diffusion of one component solution into anotherotlgh a membrane or an
immobilizing gel. For more robust frameworks, thesalso the solvothermal technique
available. These frameworks have found applicatioig/drogen storage, carbon dioxide
capture, gas separation, sensing, molecular retoignnonlinear optics, luminescence,
magnetic ordering, heterogeneous catalysis, angl dilivery>°

MOFs have also been made with mixed ligands byguggridine linkers and
carboxylate corners to develop more porous framksvdhat give the system both
stability and framework flexibility. These porousineworks, called porous coordination
polymers (PCPs), have the same properties as M@Hshave also been used in
regulating polymerization.

PCPs usually involve a “pillaring” strategy as thitows for designing open metal-
organic frameworks by using appropriate pillareaonect well-defined two-dimensional
(2D) layers either in a one-pot reaction or in tegparate steps. These 2D layered

structures are based on common “paddlewheel” thitdith solvent molecules

18



occupying both ends of the binuclear centre, the tof charge-neutral 2D layer is an
ideal candidate to pillar into a 3D open framewadbolsusing linear connectors that are

usually nitrogen based linkers; Figure 1.24.

:

O.

o D = Nitrogen linkers
~MC
"’{\O O>/ = acid linkers
/<O\ /O>’
_M{
@)

0
J

Figure 1.24 Representation of a mixed linker system.
So... is there away to combine the interesting @ntogs of interlocked molecules into
such ordered frameworks producing materials thate heeadily addressable and
controllable molecular components?

1.3.3 Metal Organic Rotaxane Framework (MORF)s
One such approach is to form metal-based polyrosiavhich involves taking an axle
and a wheel that have suitable functional groupisottt ends and coordinating them to
metal centres thus forming coordination polymergameworks in 1-, 2- or 3D.

Kim et al. first demonstrated such structures by combiningueurbituril (CBJ[6])
wheel with diaminoalkane axles containing pyridggano, or carboxylic acid functional
groups to coordinate to metafsThey determined that the overall resulting topglazan

be controlled by theoordination number and geometry of the metal links seen in

Scheme 1.1.
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Scheme 1.1 Kim framework with diaminoalkanes, axle, and ctehi(CB[6]) wheel.

Loebet al. demonstrated that a 1,2-bis(pyridinium)ethane arié aDB24C8 wheel
can form MORFs; Figure 1.25. However the naturg¢hef framework does not simply
depend on the metal but also on the solvent usdterformation of the MORFs. A
linear 1D framework was obtained when a coordimgasiolvent, such as MeCN was used
but a 2D grid network was obtained with non-cooatimy such as MeN£ Figure

1.268

OI/\O’\

= S NI,
= (i):/l\@_\_@\'\ / \_/N?'\‘”i
W

k/o\j)@

Figure 1.25 A polyrotaxane.
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Figure 1.26 (a) A 1D framework and (b) a 2D grid with 1,2-bigf4dipyrdinium)
ethane, thread arigB24C8 wheel.

Regardless of the metal-to-ligand ratio, a 2D sguset was the highest periodicity
attainable with this dynamic ligand and d-blocknsi@ion-metal ions. This is because the
placement of six of these sterically demandingrdgaround a single metal ion would
be too crowded. To obtain a higher dimensional éawork a longer axle was synthesized

with N-oxide groups as seen in Figure 1.27.
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Figure 1.27 N-oxide axles developed to form 3D networks.

Larger lanthanide ions, such as Sm(lll), Eu(ll)d(@), Tbh(lll) or Yb(lIl) prefer higher
coordination numbers and can thus lead to 3D coatitin polymers; Figure 1.78. The
cavities in the above framework are filled withwaaits (MeCN) and counterions (OTY)
and also another lattice due to interpenetratidthogh these materials do meet the
required stability for further study they are notys but, it is reasoned that eventually we
will be able to construct MORF materials that argstalline solids that are physically
and thermally robust and have sufficient porosityalow the dynamic components to

“function” in a well-defined “space®

Figure 1.28 3-D Framework using a 1,2-bis(4,4’-dipyridinium-ayide)ethane axle and
DB24C8 wheels.
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Loeb’s first approach to neutral frameworks wasliminate counterions by using
neutral [2]pseudorotaxane linkers containing the2-bis(4,4’-dipyridinium)ethane
dication and employing thanti isomer of disulfonated-dibenzo-24-crowdSDB24C8)
as the wheel (Figure 1.2%) The ligands can then be capped/linked with eitherCu(ll)

paddlewheel (C4BnO,) or CuBr to form 1D MORFs as seen in Figure £30.

045 o

Q 20 e
%J%X%M }@Q;%\_%Q_@_C

k/ou Q% k/O\JOQ

s0;

Figure 1.29 Extended axle used for the neutral 1-D MORFs.

Figure 1.30 1-D Framework with 1,2-bis(4,4’-dipyridinium)etharaxle, DSDB24C8
wheel and CsBnO, linker *°

Due to the limited number of neutral metal nodesilable to create porous networks
in this manner, attention was switched from neutranionic ligands. This was achieved
by simply eliminating one of the positive chargéshe axle. Combining this new axle

with DSDB24CS8 resulted in a negatively charge [2]pseudorotatiafer; Figure 1.3F°
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Figure 1.31 A negatively charged [2]pseudorotaxane linker.

Reaction with one equivalent of Zn(N@4H,O in MeOH resulted in a 1D framework.
By increasing the amount of metal used and usingxéure of 1:9 MeOH/MeN@a 2D
grid was formed, where each layer is stacked byewatolecules through extensive
hydrogen bonding*

Besides using [2]pseudorotaxanes as linkers fofdimeation of MOFs, Stoddart and
Yaghi developed macrocyclic polyethers which arentkelves linkers containing
carboxylate groups; Figure 1.32. These linkersamanbine with ZgO(CQO,)s clusters to
form a MOF structure similar to MOF-5. These new MOare able to interact with
paraquat as [PQT][RE to form a [2]pseudorotaxanes inside the MOF as gseé&igure
1.32%2 They later applied similar macrocyclic polyethénkers to form 2D frameworks

with [2]catenanes as shown in Figure 1°33.
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Figure 1.32 Stoddart’'s macrocyclic polyether linkers that foaMOF-5 type structure
use to “dock” PQT".

HO™ "0 HO™ O

Figure 1.33 Stoddart’s macrocyclic polyether used to form anfework containing a
[2]catenane.

Stoddard later developed a chiral MOFs contain#ogclodextrin that could potentially

be used for chiral-recognition of substrate gu&sts.
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Very recently an anionic 3D MORF, was developed 3sssler using flexible
tetracationic imidazolium macrocycles and 2,6-nhpl@ne dicarboxylate dianions with

Zn(I) cations (Figure 1.34

Q

Figure 1.34 Schematic representations of the binding modeestier's MORF where
the pink balls are the Zn(ll) ions, black lines Hre axles, and rectangles are the wheels.

1.4 Scopeof thisThesis

This thesis describes the incorporation of the kisZpyridinium)ethane 24-crown-8
rotaxane motif into a variety of ligand-based amttures. This begins (Bhapter 2) by
using the recognition elements of the axle to farf2]rotaxane containing a terpyridine
ligand that can act as stopper. The complexatidh {abile and inert metals is studied.
The synthesis, characterization and solid-statdn@fmetal based ligand [2]rotaxane are
examined. The templating motif was then incorpatdia Chapter 3) into a series of
tetrakis-substituteddB24C8 wheels. Characterization and [2]pseudorotaxane dtom
studies were preformed to investigate whether thven@dd be any correlation between the
appended groups of the macrocycle and the asswtiabnstant with known axles.

[2]Rotaxanes containing these new crown ethers wdren synthesized and
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characterized. The new crowns were incorporatedCimapter 4) into metal based
[2]rotaxane ligands and coordinated to an inertaines$ well as used in the construction
of MORFs. The study of the effect of the substduteown ether on the MORF structure
was investigated. Crown ethers with monodentate ahdlating ligands on the
macrocycle (inChapter 5) were synthesized, characterized, and coordinttetetal
ions. The resulting materials were studied in thielsstate. A new class of MORFs was
discovered which links [2]rotaxane wheels rathemtlaxles to propagate the structure.
Finally, these chelating macrocycles were incorfgatdin Chapter 6) into a [2]rotaxane
based ligand with potential linking groups dwth the axle and wheel. These
multidentate, multi-topological ligands were syrgized and characterized.
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Chapter 2
A [2]Rotaxane Ligand with Terminal Terpyridine Gpsau

2.1.Introduction

Combining the properties of transition metals (gtauc, magnetic, and catalytic) with
the dynamic properties of interlocked molecules ties potential to create chemical
systems that can lead to new applicatibms. number of such systems have been
developed where the transitions metal acts as 1}eraplating ion to help
interpenetratiod,2) a reporter group to sense the binding of atgu@san additive that
elicits molecular motiofl, or 4) a building block to create coordination poérs
(MOFs)® However, the synthesis of interlocked ligands ahéir transition metal
complexes is still a major problem to overcome. Thaversion of [2]pseudorotaxane
into [2]rotaxane with metal coordination as beemdsstrated in the literature where a
metal complexes to the [2]pseudorotaxaféor [2.10DB24C8* (see Figure 2.1), the
external pyridine groups have been shown to forntalsoordination with a cationic
palladium complex and an anionic metal fragmenthsas MBg (M = Co, Mn), as
shown in Figure 2.21° In addition, Branda and Goldberg used porphyviita either
Ru(ll) or Zn(ll) to act as stoppers as seen in Feg3''? while Sanders has reported

that porphyrin can be attached to nanoparticlésrto a metal based [2]rotaxafte.

Figure 2.1 Rotaxane ligandZ 10DB24Cg*".
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Figure 2.3 Rotaxane formation via porphyrin coordination.

The problem with the self-assembly process for metarporation is that conditions for

formation of the metal-ligand bonds must be conmpatwith the weak non-covalent
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bonds that hold the [2]pseudorotaxane together. W2neto overcome that problem is to
change monodentate to polydentate ligands. Prdyidnsthe Loeb group, an axle

containing 2,2’:6’,2"-terpyrdine was employed adlacking group, at one end of the
axle, but, there still needed to be a stopper adti¢iie other end; Figure 2.4. This ligand

was shown to be capable of binding to Fe(ll) an@liRoentres:**

Figure 2.42,2":6’,2"-Terpyrdine group ligand utilized as spgr for a [2]rotaxane.

In a similar fashion, Leigh has incorporated thelypgentate ligand bis(2-
pyridylmethyl)amine BPMA) to form molecular shuttles; Figure 2%ut this was made

by the clipping method which is not possible witle bis-pyridinium axle.

Figure 2.5Bis(2-pyridylmethyl)amine utilized as a stopper &of2]rotaxane.
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2.2.Results and Discussion

2.2.1 Terpyridine based ligands
The ligand 4’p-tolyl-2,2":6',2"-terpyrdine (olylterpy) was chosen as the source of the
terpy unit which will act as the stopper for [2pmanes. The synthesis tdlylterpy
proceeded smoothly via the condensation of 2-gogtigine with 4-tolualdehyde, in the
presence of base, forming the 1,5-diketone. Sulesgqing closure of the 1,5-diketone,
in situwith ammonium acetate (NB®Ac) produced the desired compoutalylterpy, as

previously reported (Scheme 21).

o}
2 HSC)KENj . é? i) if)
=
07 H NS NS
| co |
Z Z

Scheme 2.1) 1:1 MeOH/HO, NaOH, ii) excess NMDAC, reflux.

tolylterpy

Bromination of tolylterpy occurred thermally through a radical process whth
bromosuccinimide in the presence benzoyl peroxadproduce the desired compound,

Br-tolyterpy , as previously reported (Scheme 2.2).

Br-tolyterpy

Scheme 2.2) NBS, BzQ,, CCl, reflux.

N-alkylation of the 4-pyridyl group of the pseud@xéne formed between bis-1,2-
(4,4’-dipyridinium)ethane an®B24C8 was accomplished by stirring in MeN@t room
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temperature for 7 days to produce compouhiJDB24C8*" in relatively low yield, but
high purity, as mixtures of dibromide and ditrilasalts. Treatment of[10DB24Cg**

in a two-phase nitromethane/sodium triflate (MeMN@OTf,;) mixture at room

temperature resulted in a red solid; as shown ire®e 2.3.

Br
O O
Ve NP S
— — _\—®N/\\:/>—<\3N + 10[ j + 3
0 o) = |
K/O O\) X \N | X
| N N~
i)
I
/’E)__\\NG) a :\
_\_@N\ /- \ VA
S v
[2.2]*"(no crown) = 31% o P \ N=
[2.20DB24C8]* = 31% / \
=N
N=
\_/

Scheme 2.3) [2.1][OTf],, DB24C8 Br-tolyterpy in MeNO,/NaOTf(aq) at RT for 168
h.

The *H NMR spectrum of compound2[[OTf]4 and R.2JDB24Cg[OTf], in
CDsCN are shown in Figure 2.6 and some of the majakpare summarized in Table
2.1. The spectra show evidence supporting the waisopramolecular interactions in this

rotaxane such as hydrogen bonding andstacking.
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Figure 2.6 Comparison of théH NMR shifts of (a) £.20DB24C§[OTf]4, and (b)
[2.2[OTf] 4 in CD:CN at 500 MHz.

Table 2.1 Comparison of the chemical shifts of the dumbb&l2[OTf]4, and
[2]rotaxane, 2.201DB24Cg[OTH] 4.

Protons [2.2]"  [2.20DB24c8[*
a 5.27 5.60 (0.33)
b 9.04 9.31 (0.27)
c 8.49 8.19 (-0.30)
d 8.46 8.15 (-0.31)
e 9.04 9.01 (-0.03)

Hydrogen bonding between the ethylemg &nd o-pyridinium () protons of the axle
with the polyether oxygen atoms of the macrocyslevidenced by a downfield shift of
the signals fom andb of 0.33 and 0.27 ppm respectivelshe '"H NMR spectrum also
reveals the presence of two separate resonancewdtmmsq andr at 6.66 and 6.48
ppm, compared to 6.93 ppm for fré8B24C8 which are indicative oft-stacking
between pairs of electron-poor pyridinium and etecrich crown aromatic rings. The
electrospray ionization mass spectroscopy (ESI-MSgsult of ligand
[2.21DB24C8[OTf] 4 also confirmed the interlocked nature of the caxpWwith just the
loss of two counter ions resulting in observatioh the parent molecule as
{[2.20DB24Cg[OTf] ;}** at 865.2775 nel
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2.2.2 Labile metal complexes
To investigate the coordination ability of this gue rotaxane ligand, silver(l),
palladium(ll), and zinc(ll) complexes were preparddthese metals are known from
literature to adopt square planer or distorted leedeal environments depending on the
metal with any open coordination sites occupiedsblyent molecule®?® Scheme 2.4,
shows generally how the monomer would look in sotutwhen two equivalents of
[Ag][OTf], [PA(MeCN)y[BF42, or [Zn(H.O)][OTf], in MeCN were added to
[2.20DB24Cg[OTf] 4.

The *H NMR spectrum of the Ag(l) complex was recorded GD;CN and the
numbering scheme can be seen in Scheme 2.4. Thrwspefor the Ag(l) complex
revealed upfield shifts of the protonsm-j. Proton m in complex
[(Ag(MeCN))x(2.200DB24C8)|®* shifts from 8.70 ppm for the uncomplexed [2]rotasa
to 8.48 ppm when coordinated to the Ag(l) centree H NMR spectrum of the Pd(ll)
complex was recorded in GRO,. The spectrum for the Pd(ll) complex also showed
upfield shifts of the protons-j. Protonm in complex [(Pd(MeCN)|2.20DB24C8)]®"
shifts from 8.77 ppm for the uncomplexed [2]rotaxda 8.65 ppm when coordinated to
the palladium (I1) centre. ThtH NMR spectrum of resulting Zn(ll) complex showed
only broadened resonances fa@r2IDB24C8*" presumably due to rapid metal ligand

exchange.

38



Scheme 2.4i) 2 equivalents of Ag(OTf) or Pd(MeCNBF4], or Zn(HO)s[OTf], in
MeCN for 24 h at RT.

The ESI-MS of labile metal species show a loss ¢ of the metals from the
complex. [(Ag(MeCN))(2.21DB24C8][OTf] 4 shows how labile Ag(l) is with the loss
of AgOTf and MeCN to give the mass of 697.8/e with formula of
{[(Ag(MeCN))(2.20DB24C8)][OTf] 5} *. The Pd(Il) complex becomes
{[Pd(H,0)(2.20DB24C8)][OTf+BF,} ** with a mass of 448.607tm/e The Zn(ll)

complex just shows the parent molecule afZDB24C8)]**
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Figure 2.7 A ball-stick representation of the cationic pontiof the X-ray crystal
structure of [(Zn(HO)s)»(2.20DB24C8]%". The complex occupies a crystallographic
centre of symmetry. All hydrogen atoms, except ¢ham the coordinated water
molecules, all anions and all solvent moleculesshaeen omitted for clarity. (Zn = blue-
gray, O =red, N = blue, C = black, H = white; whieends = silver, axle bonds = gold).
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Single crystals of the Zn(ll) complexe were growy sbow diffusion of isopropyl
ether into a solution of MeNQOproducing orange crystals. Two different cationsrev
present in the structure [(Zn§B)s)2(2.20DB24C8) %" and
[(Zn(H20)(BF4))2(2.20DB24C8)]°%". Only the former isomer is shown in Figure 2.% th
other simply has a BRanion coordinated to the Zn(ll) in place of a watelecule.

As seen with other [2]rotaxanes made using the gxIB?*, the [2]rotaxane adopts
ananti conformation of the central NGBH,N moiety while theDB24C8wheel exhibits
a typical S-shaped conformation. Coordination t¢llXrcthanges the terpyridine stopper
from a transoid arrangement in the free ligand to @&soid arrangement. The
[(Zn(H20)s)2(2.20DB24C8)]®* complex has a distorted octahedral environmeZiaiN
bond distances range from 2.06(1) A for Zn(1)-Ni@®)2.14(1) A for Zn(1)-N(4). The
other three coordination sites are filled with watelecules, with Zn-O bond distances
ranging from 2.05(2) A for Zn(1)-O(1) to 2.11(2)f8r Zn(1)-O(2). The zZn(ll) metal to
metal distance is 37.1 A. The complex [(ZeOY(BF))2(2.20DB24C8)]°* adopts a
trigonal bipyramidal geometry with one water mole¢iand one BFanion. The Zn-N
bond distances range from 2.02(9) A for Zn(1)-N¢2p.14(9) A for Zn(1)-N(1), the Zn-
O bond is 2.01 (1) A, and the Zn-F bond distance93(1) A. The Zn(Il) metal to metal
distance is 34.0 A. All of the Zn-N bonding paraerstare similar to other mono
terpyridine structures reported in literatGfé

2.2.3 Inert metal complex
The reaction of [2]rotaxane ligan@.pPL1DB24Cg[OTf]4 with Ru(terpy)C4 resulted in
the formation of a Ru(ll) complex. As outlined icH&me 2.5, the synthesis was carried

out in a 1:1 EtOH/KLD mixture and the reaction mixture was refluxed fatay. As was
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shown previously in the Loeb group, these cond#tiare sufficient for the reduction of
the metal centre and showed no decomposition of2lnetaxane. The dark red complex

could be easily isolated and purified by recrystation from acetonitrile and diethyl

ether.
Z\N
|
N I N
NI

[(Ru(terpy))»(2.2)]**(no crown) = 98%
i [(Ru(terpy)),(2.20DB24C8)]*" = 96%

Scheme 2.5) Ru(terpy)C,1:1 EtOH/HO, reflux, 24h.

The *H NMR spectrum of the ruthenium complex was recdrite CD:CN as the
triflate salt. The numbering scheme can be seeficleeme 2.5. The spectrum for the

Ru(ll) complex revealed upfield shifts of the pneam-j and m’-j' attributed to the
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electronic effects of the ruthenium(ll) centre, fioning the formation of the complex.
The spectrum also reveals a nice pattern wherebsndally equivalent peaks from the

two different terpy groupsn andm’ or | andl’ were different enough that they could be

resolved as seen in Figure 2.8 for complex [(Rp{tps(2.21DB24C8)][OTH] 4.

k. k’
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Figure 2.8'H NMR spectrum of [(Ru(terpy)|2.20DB24C8)][OTf] 4 at 500MHz

In order to determine which set of peaks belongedttich terpyridine unit, conventional

2D NMR techniques'H —*H COSY) were employed.
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Table 2.2 A comparison of th¢H NMR chemical shifts for dumbbell2[Z[OTf],
[2]rotaxane ligand 3.271DB24C8g[OTf], and complexes [(Ru(terpyj2.2)][OTf]s,
[(Ru(terpy})(2.201DB24C8)][OTf] s.

proton [2.2]*" [2.20DB24C8]* [(Ru(terpy)2)(2.2)]% [(Ru(terpy).)(2.21DB24C8)]*"

a 527  5.60 (+0.33) 5.34 (+0.07) 5.64 (+0.04)
b 904  9.31(+0.27) 9.19 (+0.15) 9.36 (+0.05)
c 849  8.19(-0.30) 8.58 (+0.09) 8.31 (+0.12)
d 846  8.15(0.31) 8.58 (+0.12) 8.31 (+0.16)
e 904  9.01(-0.03) 9.14 (+0.10) 9.14 (+0.13)
f 594  5.95(0.01) 6.04 (+0.10) 6.05 (+0.10)
g 771  7.47(-0.24) 7.88 (+0.17) 7.94 (+0.47)
h 804  7.75(-0.39) 8.34 (+0.30) 8.37 (+0.62)
i 8.76  8.79 (+0.03) 9.03 (+0.27) 9.05 (+0.26)
i 8.70  8.72(0.02) 8.50 (-0.20) 8.50 (-0.22)
k 7.98  7.99(0.01) 7.92 (-0.06) 7.91 (-0.08)
| 7.46  8.08 (+0.61) 7.16 (-0.30) 7.16 (-0.92)
m 870  8.72(0.02) 7.41 (-1.29) 7.41 (-1.31)

Proton m, in complex [(Ru(terpy}(2.2JDB24C8)]%*, shifts from 8.72 ppm for the
uncomplexed rotaxane to 7.41 ppAd = -1.31). Proton is also shifted downfield from
8.79 ppm to 9.05 ppm\$ = +0.26) in the complex when coordinated to a Ru@ntre.
The difference in chemical shifts between the [@&jxane and the corresponding Ru(ll)
complex are summarized in Table 2.2. An informatpeak that appears for the
compound id)'. This proton appears as a triplet at approximaBedyt ppm with coupling
constant of roughly 8 Hz. This proton, which lies the mirror plane of the complex,
integrates to half of most of the others, as exggbcind again confirms the formation of
the desired ruthenium(ll) complex.

The ESI-MS of complex [Ru(terpyRIDB24C8)][OTf]s also confirmed their

interlocked nature as the {[Ru(terp@DB24C8][OTf]s}*" ion at 949.2072n/e was

observed.
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Figure 2.9 Ball-and-stick representation of the cationic mortof the X-ray crystal
structure of [(Ru(terpy)f2.20DB24C8)]%*. The complex occupies a crystallographic
centre of symmetry. All anions and all solvent ncales have been omitted for clarity.
(Ru = blue-gray, O = red, N = blue, C = black, Hvhite; wheel bonds = silver, axle
bonds = gold).
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Single crystals of [(Ru(terpy(R.21DB24C8)][OTf] g suitable for X-ray diffraction
were grown by the diffusion of isopropyl ether irdsolution of MeNQ@ containing the
complex; Figure 2.9 shows a ball-and-stick reprizdem of the cationic portion of
[(Ru(terpy)}(2.20DB24C8)]%*. As was observed previously for the Zn(ll) complthe
dumbbells adopts a zig-zag shaped conformationishegsentially linear throughout the
interlocked component but bent at the benzylic sudibking the terpyridine and
pyridinium groups. Coordination to the Ru(ll) chasgthe terpyridine stopper from a
transoidarrangement in the free ligand teiaoid arrangement. The ruthenium(ll) metal
to metal distance is 36.6 A. The ruthenium(ll) rhetntre sits in a distorted octahedral
environment as a result of the terpyrdine bite @figThe bite angle can be measured
from the terminal nitrogen of the ligand to the tcahnitrogen of the other ligand and has
a range between 75-80°. Table 2.3 summarizes the Aangle for complex
[(Ru(terpy)}(2.20DB24C8)]%*, which compare to [Ru(terpyf* and other Ru(ll)
complexes. The ruthenium-nitrogen bond distancegadrom the 1.95(5) A for Ru(1)-
N(3) to 2.07(4) A for Ru(1)-N(6).

Table 2.3 The bite angle of complex [(Ru(terpyB.20DB24C8)]%* as compared to
other [Ru(terpyj]?* complexes.

Atoms Ru(terpygz Ru(biphterpy)gterpy) (Ru(terpy))2(2.20DB24C8)]
Angle (°f° Angle (°)® Angle (°)
N(1)-Ru-N(2) 78.3(4) 79.5(4) 79.7(2)
N(2)-Ru-N(3) 79.3(4) 78.6(3) 78.8(3)
N(1)-Ru-N(3)  177.5(4) 158.1(3) 158.4(3)
N(4)-Ru-N(5) - 78.8(3) 79.0(3)
N(5)-Ru-N(6) - 79.2(3) 80.6(3)
N(4)-Ru-N(6) - 158.0(3) 159.5(3)

The UV/Vis absorption spectra of ruthenium(ll) cdexes containing

heterocyclic ligands show characteristic absorptiamds arising from how the metal
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interacts with the ligand, or how the ligand intg#sawith the metal. The bands in the UV
region can be assigned to a ligand centered =&} transitions. The intense and broad
band in the visible region that gives the complexrdense red look is caused by a spin
allowed d-n metal to ligand charge transfer (MLC¥)The MLCT are caused by the

¥ ando*\ orbitals on the metal being the HOMO and #erbital being the LUMO;

Figure 2.10°®
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Figure 2.10 Schematic energy level diagram of an octahedrablntemplex showing
possible transition&

The UV/Vis  spectra of compounds [(Ru(terp@®)?2]®*  and
[(Ru(terpy)}(2.20DB24C8)]®* are dominated by the high energyt* LC bonds at 271
nm and 303 nm respectively. The MLCT band for tbenplex was found at 485 nm,

which is red shifted from that of the parent compbuRu(terpy)]?*. The red shift is
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caused by the electron-donating tolyl group, theQViLexcited state energy decreases as
a consequence of the larger destabilization ofntle¢al-centeredk,g orbital compared

with the ligand-centered orbital*®

The extinction coefficients) for both were found
to be 11,900 L mél cm® Figure 2.11 shows the UV/vis spectra of both
[(Ru(terpy)(2.2]®* and [(Ru(terpy)(2.20DB24C8]®" for comparison. Table 2.4
summarizes the UV/Vis data for [Ru(tergi®.2)]®", [Ru(terpy}(2.20DB24C8]®" and

other related [Ru(terpy)f* based complexes.

aoueqlosqge

200 250 300 350 400 450 500 550 600

wavelength (nm)

Figure 2.11 UV/Vis spectra of complex [Ru(terpy?2.2]®* (—) and
[Ru(terpy)(2.20DB24C8)]®* (—) at concentration of 1.0 x 20 in CHsCN.
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Table 2.4 UV/Vis data for complex [Ru(terpy2.2)]%, [Ru(terpy}(2.20DB24C8)]®"

and a few other selected ruthenium(ll) complexes.

Ru complex® MLCT Amax ¢ (L mol™ cm™) ref#

(nm)
Ru(bipy) 452 13 000 29
Ru(terpy} 475 17 600 30
Ru(tolyterpy) 490 28 000 31
Ru(terpy)(tolyterpy) 483 19 300 31
Ru(biptpy)(tpy) 484 17 000 26
[(Ru(terpy)}(2.2)]% 485 25 000 35
[(Ru(terpy))(2.20DB24C8)]®* 485 11 900 35
Ru(terpy)(tolyterpy-DAP) 482 20 300 32

@ Counter ion of PE

2.3. Conclusion

The idea of creating an interlocked molecule witthalating group as a stopper that can

be used to form binuclear species has been presefitee robust nature of the

[2]rotaxane was confirmed BY1 NMR spectroscopy, which showed that the interbatk

components have not dissociated from each othemplaxes of the labile metals

silver(l), palladium(ll), and zinc(ll) were synthieed and characterized. The solid state
structure of the binuclear Zn(ll) with co-ligandsosved that the ligand has the potential
of self-assembly into 1-periodic terpy-based camation polymer. A binuclear complex
of the inert metal ruthenium(ll) was synthesized atharacterized. The solid state
structure of the mixed ligand complex of the Ry(tlearly demonstrates the utility of the

“rotaxane as ligand” approach for providing a waydrm robust complexes that require

harsh reactions conditions.
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2.4 Experimental

2.4.1 General Methods
4-Tolualdehyde, 2-acetylpyridine, N-bromosuccinigid 2,2:6',2"-terpyridine,
RuCkxH,O, and DB24C8were purchased from Aldrich and used as received.
[RuCk(tpy)],** and 1,2-bis(4,4’-bipyridinium)ethane triflate 2.1J[OTf],>° was
synthesized using literature methods. Solvents wened using an Innovative
Technology Solvent Purification Systenisl NMR spectra were obtained on a Bruker
Avance 500 instrument operating at 500 MHz. Det¢ergzolvents were purchased from
Cambridge Isotope Laboratories Inc. and used asvwed. High-resolution mass spectra
were recorded in 50/50 MeCN/& on a Micromass LCT Electrospray TOF mass
spectrometer. UV/Vis absorption spectra were miia €ary 50 series spectrometer. The
absorption spectra were recorded in acetonitri@HB) at concentrations of 1.0 x T

for complexes [Ru(terpy(2.2)]®" and [Ru(terpy)(2.20DB24C8)]%".

Synthesisi-tolylterpyrdine

4-Tolualdehyde (12.6 g, 12.4 mL, 0.105 mol) wassalged in methanol (40 mL) and
cooled to 0°C. To this was added 2-acetylpyrid24 g, 23.5 mL, 0.209 mol) dissolved
in methanol (20 mL) and 40% aqueous solution Na@MnjL). The mixture was stirred
at -10°C for an hour then allowed to warm to ro@mperature and stirred overnight.
NH4CHsCO, (40.0 g, 0.516 g) was added to the reaction maxiunich was then refluxed
for 24 h. The reaction was cooled to room tempeeatand then the methanol was
evaporated. The product was extracted with GHatd then the CHglwas dried with
MgSQ,, filtered, and evaporated. The residue was realtiggd from CHCN to yield 4-

tolylterpyridine as an off-white powder. Yield: §1(31%).

50



Table 2.5'"H NMR spectroscopic data in GON

Proton o (ppm) Multiplicity # protons J (Hz)

a 8.73 d 2 33,=5.8

b 7.44 ddd 2 *Jra=5.8,"c=
7.5,4de =0.8

c 7.96 ddd 2 3Jp=7.5,"dq=
7.8,%30= 1.7

d 8.68 d 2 %Jc=7.8

e 8.73 S 2 -

f 7.81 d 2 %}y = 8.1

g 7.40 d 2 %3yt = 8.1

h 2.43 S 3 -

SynthesiBromo-4-tolyterpyridine

4'-(4-Tolyl)-2,2,6',2"-terpyridine (2.0011 g, 0.0062 mol) was dissolvedCl, (40 mL).
To this solution was added N-bromosuccinimide (1¢100.0062 mol) and benzoyl
peroxide (0.54 g, 0.0022 mol) and the reactiontsmiurefluxed overnight and cooled to
room temperature. The reaction was filtered to namsuccinimide and then the GCI
organic layer was washed with NaH&£g (3 x 50 mL) then KO (2 x 50 mL), dried with
MgSQO,, filtered and then evaporated. The residue was stllizged from 2:1

EtOH/Acetone mixture to give an off-white powdeield: 0.872 g (31%).
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Table 2.6'"H NMR spectroscopic data in GON

Proton o (ppm) Multiplicity # protons J (Hz)

a 8.73 d 2 3= 6.0

b 7.45 ddd 2 3Jpa= 6.0,°Jpc=
7.4,334=1.6

C 7.97 ddd 2 3= 7.4,°Jq=
7.8,°3.=1.6

d 8.69 d 2 3J4c= 7.8

e 8.75 S 2 -

f 7.90 d 2 g = 8.2

g 7.63 d 2 3yt =8.2

h 4.69 S 2 -

Synthesig2.2|[OTf] 4

[2.]][OTf], (0.100 g, 0.157 mmol) was dissolved in MeN@O mL) and bromo-4-
tolyterpyridine (0.189 g, 0.470 mmol) added andrtheture allowed to heat at 60 °C for
3 days. The organic layer was removed and the eraofid dissolved in a two layer
solution of MeNQ and NaOTgg and stirred overnight. The colourless layer was
separated, dried with anhydrous MgSfiltered and the solvent removed by evaporation.
The residue was stirred in CHCThe resulting white solid was dissolved in i, and
isojpropyl ether allowed to slowly diffused into thdw@n producing an off-white solid,

yield 0.100 g (31%).
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Table 2.7*H NMR spectroscopic data fa2 PJ[OTf] s in CDsCN

Proton o (ppm) Multiplicity # protons J (Hz)

a 5.27 s 4 -

b 9.04 m 4 -

C 8.49 d 4 °Jp= 6.8

d 8.46 d 4 %J4e= 6.8

e 9.04 m 4 -

f 5.94 S 4 -

g 7.71 d 4 °Jyn= 8.0

h 8.04 d 4 3Jhg= 8.2

i 8.76 S 4 -

j 8.70 m 4 -

k 7.98 t 4 33q=7.5°)=
7.7

| 7.46 t 4 3Jm=5.6,"J =
6.9

m 8.70 m 4 -
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Synthesig2.21DB24C8[OTf] 4

DB24C8(0.702 g, 157 mmol) an@[]][OTf], (0.100 g, 0.157 mmol) were dissolved in
MeNG, (10 mL) and stirred overnight. Bromo-4-tolyterpynd (0.189 g, 0.470 mmol)
was dissolved in MeN§) and the mixture was stirred for 7 days. The oigyer was
removed, and the orange solid dissolved in a twerlaolution of MeNQ@ and NaOTgq)
stirred overnight. The organic layer was separatieeéd with MgSQ and evaporated.
The residue was stirred in toluene. The orangel swdis dissolved in CIEN; isopropyl

ether was slowly diffused in to give an orangedsotiield: 0.100 g (31%)ESI-MS: m/z

[2.20DB24Cg* calc. 865.2752, found 865.2775.

54



Table 2.8'"H NMR spectroscopic data fa2 PrIDB24Cg[OTf] 4 in CD:CN

Proton o (ppm) Multiplicity # protons J (Hz2)
a 5.60 S 4 -
b 9.31 d 4 3Jh.= 6.6
C 8.19 d 4 °Jr= 6.6
d 8.15 d 4 3J4e= 6.6
e 9.01 d 4 °Jed= 6.6
f 5.95 S 4 -
g 8.08 d 4 3Jn= 8.2
h 7.73 d 4 %Jhg= 8.1
i 8.79 S 4 -
j 8.71 m 4 -
k 7.99 t 4 Jq=6.8,°) =
8.7
| 7.47 t 4 33m= 5.3, =
5.3
m 8.71 m 4 -
q 6.66 m 4 -
r 6.48 m 4 -
n-p 4.04-4.00 m 24 -

Table 2.9'"H NMR spectroscopic data fo2. PrIDB24Cg[OTf] 4in CDsNO,

Proton

d (ppm)

Multiplicity

# protons

5.90

J (H2)

9.60

33c.=5.1

8.36

3Jp=5.4

8.32

3J4e= 4.8

9.18

3Jq=5.5

6.12

7.52

7.84

Shg= 7.4

8.84

8.77

8.05

8.18

8.77

6.61

Sl 3| —|x[—|—|TKQ |~ oo |Tlw

6.76

o
k=)

4.13-4.04
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Synthesi§(Ru(terpy)}(2.21DB24C8)][OTf] g

To a solution of 2.27DB24C8[OTf], (0.030 g, 0.0148 mmoldissolved in 1:1
EtOH/H,O solution was added solid (terpy)RgQD.013 g, 0.0246 mmol) and the
mixture was brought to reflux for 24 h to give sepgeed solution. The reaction mixture
was cooled to room temperature and filtered thrcug@telite pad and washed with EtOH
until the eluent was colourless. The filtrate wasnt reduced to half the volume and the
addition of NaOTf produced a red precipitate. Teé solid in CHCN, isopropy! ether
was slowly diffused in to give a red solid in qutattve yield. Yield: 0.047 g (98%).

ESI-MS: m/z[[(Ru(terpy)k(2.20DB24C8) + 5 OTf** calc. 949.2006, found 949.2072.
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Table 2.10 '"H NMR spectroscopic data for [(Ru(terpyp.20DB24C8)][OTf]s in
CDsCN

Proton o (ppm) Multiplicity # protons J (Hz)

5.64

9.36 33.= 6.1

8.31

8.31

9.14 3Jeq= 6.2

6.04

7.94

8.37 Jhg= 8.0

9.05

8.50 S =8.1

7.91

7.16

7.41 3Jn=5.2

6.70

5.10

4.07-403

32 |=le|3|—|x—|—|zlka|+lo|lalo|o|

7.35 33y =5.3

7.16

~

7.91

8.68

—

8.76

~ala3|3|253|3|3 |23 |3 |ev|e3 v a3 |3 |alw
Nbbbbbgbbbbbbbbbbbbbbb

=

8.41

Synthesig(Ru(terpy)»(2.2)][OTf] s

To a solution of 2.2)[OTf] 4 (0.030 g, 0.0148 mmodbissolved in 1:1 EtOH/ED solution
was added solid Rugtterpy) (0.013 g, 0.0246 mmol) and the mixture Wwasught to
reflux for 24 h to give a deep red solution. Thact®n mixture was cooled to room
temperature, filtered through a Celite pad and thashed with EtOH until the eluent
was colourless. The filtrate was then reduced tb the original volume and NaOTf
added which produced a red precipitate. The reidd s@s dissolved in C¥CN andiso-

propyl ether slowly diffused to give a red solideM: 0.046 g (96%).
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Table 2-11'H NMR spectroscopic data for [(Ru(terpyp.2)][OTf] s in CDsCN.

Proton 6 (ppm) Multiplicity # protons J (Hz)

a 5.34 S 4 -

b 9.19 d 4 3= 6.9
C 8.58 d 4 3= 6.6
d 8.58 d 4 3J4e= 6.6
e 9.14 d 4 33eq= 6.9
f 6.04 S 4 -

g 7.88 d 4 3Jyn= 8.3
h 8.34 d 4 °Jhg= 8.3
i 9.03 S 4 -

j 8.50 d 4 33 = 8.0
K 7.92 dd 4 3= 8.0
[ 7.16 m 4 -

m 7.41 d 4 3Jm=5.1
m’ 7.35 d 4 3Jmr =5.5
§ 7.16 m 4 -

K’ 7.92 dd 4 Jor =8.1
i 8.67 d 4 33y = 8.1
i’ 8.76 d 4 Iy =8.2
h’ 8.42 t 2 3% = 8.2
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Synthesis [(Ag(MeCN)(2.21DB24C8)][OTf] s

To a solution of 2.201DB24C8g[OTf] 4 (0.030 g, 0.0148 mmolwas dissolved in 1mL of
CHsCN was added to AgOTf (9 mg, 0.0350 mmol) and tleture was stirred at room
temperature overnight. Isopropyl ether was slowljuge to give an orange solid in
quantitative yieldESI-MS: m/z[Ag»(2.20DB24C8) + 3 OTf]** calc. 697.7707, found

698.4532.

MeCN,
P
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Table 2.12'H NMR spectroscopic data for [(Ag(MeCMN@.20DB24C8)][OTf]s in

CDsCN
Proton o (ppm) Multiplicity # protons J (Hz2)
a 5.61 S 4 -
b 9.34 d 4 33c=6.0
c 8.26 d 4 *Jp=7.0
d 8.23 d 4 3J4e= 6.9
e 9.06 d 4 3Jeq= 6.2
f 5.97 s 4 -
g 8.14 m 4 -
h 7.77 d 4 °Jhg= 8.0
i 8.59 S 4 -
j 8.49 d 4 °J=7.5
Kk 8.07 ddd 4 Ym=1.7,33=
6.0,°%;=6.1
[ 7.59 dd 4 3Im=5.8,"J=
6.6
m 8.72 d 4 3Jm=5.0
q 6.67 m 4 -
r 6.48 m 4 -
n-p 4.06 —4.01 m 24 -

Synthesis [(Pd(MeCN)j2.21DB24C8][OTf] s

To a solution of 2.21DB24C8[OTf] 4 (0.030 g, 0.0148 mmolwas dissolved in 1mL of

CH3CN was added to Pd(MeCHBF.]. (14 mg, 0.0315 mmol) and the mixture was

stirred at room temperature overnight. Isopropyleetwas slowly diffuse to give an

orange solid in quantitative yieldESI-MS: m/z [Pdy(2.20DB24C8+H,0+0Tf+BF,]*"

calc. 448.1286, found 448.6074.
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Table 2.13'H NMR spectroscopic data for [(Pd(MeCNP.2IDB24C8)][OTf]s in

CD3NO,

Proton

9 (ppm)

Multiplicity

# protons

J (Hz)

5.90

9.60

33.=5.1

8.36

3Jp=5.4

8.33

3J4e=5.9

9.17

3Jeq=5.1

6.14

8.22

°Jyn=7.8

7.90

%Jhg=7.3

8.65

8.65

8.54

7.95

8.65

6.78
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Synthesig(Zn(H,0))s(2.21DB24C8)][OTf]
To a solution of 2.201DB24C8g[OTf]4 (0.030g, 0.0148mmolyissolved in 1mL of
CH3CN was added to Zn(OTEf{11mg, 0.0311mmol) and the mixture was stirregbatn
temperature overnight. Isopropyl ether was slowfjused to give an orange solid in
quantitative yield.
References:

1. Suzaki, Y.; Taria, T.; Osakada, K.; Horie, Malton Trans2008 4823.

2. Crowley, J. D.; Goldup, S. M.; Lee, A.; Leigh, D.;AMcBurney, R. T.Chem.
Soc. Rev2009 38, 1530.

3. Chmielewski, M. J.; Davis, J. J.; Beer, P.@rg. Biomol. Chem2009 7, 415.
4. Collin, J.-P.; Durola, F.; Lux, J.; Savuage, JNEw J. Chem201Q 34, 34.
5. Loeb, S. JChem. Commur2009 5585.

6. Ogino, H.J. Am. Chem. So&981 103 1303.

7. Wylie, R. S.; Macartney, D. H. Am. Chem. So&992 114, 3136.

8. Cardenas, D. J.; Sauvage, JJAem. Commurl996 1915.

9. Loeb, S. J.; Wisner, J. £hem. Commurl998 2757.

10.Davidson, G. J. E.; Loeb, S. J.; Parekn, N. A.;'WisJ. A.Dalton Trans.200],
3135.

11.Chickak, K.; Walsh, M. C.; Branda, N. Rhem. Commur200Q 847.
12.Diskin-Posner, Y.; Patra, G. K.; GoldbergELlr. J. Inorg. Chen001, 2515.

13.Mullen, K. E.; Johnstone, K. D.; Nath, D.; Bamphbis, Sanders, J. K. M.; Gunter,
M. J.Org. Biomol. Chenm2009 7, 293.

14.Davidson, G. J. E..; Loeb, S.Dalton Trans2003 4319.

15.Davidson, G. J. E..; Loeb, S. J.; Passaniti, Bvi,$.; Credi, A.Chem. Eur. J.
2006 12, 3233.

62



16.Marlin, D. S.; Carbrera, D. G.; Leigh, D. A.; SlawiA. M. Z. Angew. Chem. Int.
Ed.2006 45, 77.

17.Coallins, J.-P.; Guillerez, S.; Sauvage, J. P.; @gaketti, F.; De Cola, L.; Flamigni,
L.; Balzan, V.Inorg. Chem1991 30, 4230.

18.Hou, L.; Li, D.; Yin, Y-G; Wu, T.; Ng, S. WActa Cryst. Sect. @004 E24,
m1106.

19.Hou, L.; Li, D.Inorg. Chem. CommuR006 8, 128.
20.Mei, G.Q.; Huang, K. LActa Cryst. Sect. E007, E63 m2029.

21.Sommer, R. D.; Rheingold, A. L.; Goshe, A. J.; BosnB. J. Am. Chem. Soc.
2001, 123 3940.

22.Hou, L.; Li, D.; Ng, S. HActa Cryst. Sect. 2004 E60 m1734.
23.Ma. Z.; Cao, Y.; Li, Q.; Pombeiro, A. J. 1. Inorg. Biochem201Q 104, 704.
24.Constable, E. @Chem. Soc. Re\2007, 36, 246.

25.Pyo, S.; Perez-Cordero, E.; Bott, S. G.; Echego¥ernnorg. Chem.1999 38,
3337.

26.Alcock, N. A.; Barker, P. R.; Hailder, J. M.; HaimoM. J.; Painting, C. L.;
Pikramenou, Z.; Plummer, E. A.; Rissanen, K.; Sadto, P.Dalton Trans.
200Q 1447.

27.Sauvage, J.-P.; Collin, J.-P.; Chambron, J.-C.;€Bed, S.; Coudret, CChem.
Rev, 1994 94, 993

28.Balzani, V.; Juris, A.; Venturi, M.; Campagna, Serroni, SChem. Rey.1996
96, 759.

29.Juris, A.; Balzani, V.; Belser, P.; von Zelewsky, Helv. Chim. Actal98] 64,
7, 2175.

30.Constable, E. C.; Thomspon, A. M. W. C.; TocherAD.Danials, A. M.New J.
Chem 1992 16, 855.

31.Hofmeirer, H.; Andres, P. R.; Hoogenboom, R.; Hertk, E.; Schubert, U. S.
Aust. J. Chem2004 57, 419.

63



32.Ashton, P. R.; Ballardini, R.; Balzani, V.; Cond®lE. C.; Credi, A; Kocian, O.;
Langford, S. J.; Preece, J. A.; Prodi, L.; Schdfi#. R.; Spencer, N.; Stoddart, J.
F.; Wenger, SChem. Eur. J1998 4, 2413.

33.Maestri, M.; Armaroli, N.; Balzani, V.; Constablg, C.; Thomspon, A. M. W. C.
Inorg. Chem1995 34, 2759

34.Sullivan, B. P.; Calvert, J. M.; Meyer, T. Inorg. Chem198Q 19, 1404.
35.Mercer, D. J.; Loeb, S. Dalton Trans2011, 40, 6385.

36.Loeb, S. J.; Tiburcio, J.; Vella, S. J.; WisnerAJ.Org. Biomol. Chem200§ 4,
660.

64



Chapter 3

The Effect of Crown Ether Substitution on the
1,2-Bis(pyridinium)ethang24-Crown-8 Templating Motif

3.1 Introduction
There are a number of strategies for the preparatianterlocked molecules, the most
common way involves utilizing non-covalent intefans between a linear axle and a
cyclic wheel to form an interpenetrated adduct, 2¥pdeudorotaxane, followed by
conversion to a permanently interlocked [2]rotaxbgecapping with bulky end groups.
There are a number of linear axles available suchdiaenzylammonium ions, N-
benzylanilinium cations, and 1,2-bis(pyridinium)aties cations. The electronic
properties of these axles can be tuned by addifeyeint functional groups or changing
their positions:* A question that has not been addressed to the eatest, is can the
association between the axle and wheel be effantedsimilar fashion by varying the
steric and electronic nature of the wheel?

It seems, however, that the preparation of dexeatofDB24C8can be challenging
with reported long reactions times and low yieldsl @nly a few examples have been
studied to evaluate their effect on pseudorotaxarmeation. Gibson reported a version
of DB24C8 containing two ester groups that gave a lower asgoo constant with
dibenzylammonium axle (Bn),NH,O0DEDB24Cg"; see Figure 3.1.It was concluded
that the two electron withdrawing groups reducedleetron density of the oxygen atoms
in the crown ether ring both inductively and thrbugsonance therefore weakening the

hydrogen bonding with the acidic protons on theax|
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MeO

OMe

Figure 3.1[2]Pseudorotaxane witl{Bn),NH,[JDEDB24C§g".

Another study with 1,2-bis(pyridinium)ethanes axbgsLiu, looked at both electron
donating groups and electron withdrawing groupschied tdDB24C8 see Figure 3.21t
was concluded, similar to Gibson’s study, that tetet donating groups enhanced the
binding ability, where as electron withdrawing gosureduced binding ability. One
significant difference between the two studies e Gibson pointed out that different
association constants could be obtained if the gsteips weresyn or anti to each other,
with the more symmetric crown having the higher While Liu, and took no efforts to

separate the positional isomers.

H, CHO, NO,, CHg, NH,
H, CHs, CgHs, C5HgN

N —
SHVARA NN )

Figure 3.2 Structural formula of the [2]pseudorotaxane studigd.iu.*

In this chapter, we look at the effects on pseudxane formation of usingB24C8
with four aryl ether groups and various 1,2-bis{giyium)ethanes derivatives. We will

also report the preparation twio classes of [2]rotaxanes using these new crownsther
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3.2 Results and Discussion

3.2.1 Synthesis of tetrakis-substituted crown ethers
Tetrakis(bromomethyl)dibenzo-24-crown-8 was synttezs using a modified version of
the procedure reported by Nishimura involving aldeurriedel-Crafts alkylation of both
the DB24C8 aromatic rings followed by brominatian-stiu to give TB-DB24C8 as a
white solid; Scheme 32The’H NMR spectrum offB-DB24C8 in CD,Cl, reveals the
presence of one aromatic peak at 6.85 ppm anddheylc protons at 4.62 ppm. The

main core remains virtually unchanged.

Br Br

( o 0/2 | (\o O}

S E
S &o o\)
© 2

TB-DB24C8 = 50%
Scheme 3.1i) (CH,0),, CHCL/CH3;COOH, HBr, 60°C 48h.

In order to gain insight into the effect that thesktively bulky substituted groups
have on [2]pseudorotaxane formation, different piengroups were appended to
DB24C8 The new crown ethers were prepared using a \WWilan ether synthesis
conditions with KCO; as the base (Scheme 3.2) and precipitation fronCNWeThe

desired compound was isolated as off white sohdsbiout 60 % vyield.
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Br 0o 0O Br
Lo o) C
Br Br
O\_/O

N0 o
b ;_/
R R
R=H TP-DB24C8 = 61%

R=CO,Et TE-DB24C8=62%
Scheme 3.2) TB-DB24C8, PhOH or 4-EtGCPhOH, KCO;, MeCN, N, A 120h.

The'H NMR spectrum of compound&P-DB24C8 and TE-DB24C8 show the main
core remains unchanged, relative to the startingema& TB-DB24C8. The major
differences arise from the aromatd) @nd the benzylicg) protons. In boti’P-DB24C8
and TE-DB24CS8 these resonances are shifted downfield due tachlage from Br to
phenolic oxygen; Table 3.1. The ESI-MS verifiest thoaur substituent groups have been
added to the crown ether. In each, the crown etimiéesact strongly with sodium ions
present; TP-DB24C8+ Na] and [TE-DB24C8 + NaJ at 895.3658 and 1183.454e,
respectively.

Table 3.1Comparison of the chemical shifts of the wh@@&sDB24C8, TP-DB24C8
andTE-DB24C8in CD,Cl,.

Proton TB-DB24C8 TP-DB24C8 TE-DB24CS8
a 3.37 3.54 (0.17) 3.74 (0.37)
b 3.85 3.77 (-0.08) 3.90 (0.05)
c 4.12 4.01 (-0.11) 4.17 (0.05)
d 6.86 7.03 (0.17) 7.01 (0.15)
e 4.62 5.05 (0.43) 5.10 (0.48)

Single crystals ofTP-DB24C8 were grown by slow diffusion of hexanes into a
saturated solution containing?-DB24C8 in CHCl;. The new crown ether crystallizes
with two molecules in a triclinic unit cell in spagroup P-1. The molecule takes on an S-

shaped conformation similar to otheB24C8 derived crown ethers, the appended ring
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of the phenyl groups are pointing away from thenopg of the macrocyclic cavity;
Figure 3.3. The plane of the catechol rings ext¢nds11 and C16 (C17-C10-O2-C11 =
-169.47°(4) and C10-C17-O5-C16 = 178.07°(4)). Tdhgcent carbon atoms in the

polyether chain are included in the plane as wellQ-02-C11-C12 = 168.87°(4) and

I 20
,4&?’_3 19
: os@C17°"8
j’" b o2T
zms
04
J P
e" 03 ’
c10
| =€ " ch cn2
' ICT

Figure 3.3 Crystal structure of P-DB24C8 (O = red, C = black, wheel bonds = silver).

C17-05-C16-C15 = 176.81°(4).

The axles used for the [2]pseudorotaxane study wenéhesized by a Menshutkin
reaction with substituted pyridines and 1,2-dibrethane; Scheme 3.3. The benzyl axle
was synthesized by quaternization of the nitrogeinthe 4-4’-pyridyl thread; Scheme

3.4%
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@ - = A4- - 0,
X //_\_/_N’ \ X = 4-Ph (3.1) = 40%

X/
i \ \ /) = 4- = 0,
3 OSNON + Br i) oS \_7 X = 4-CO,Et (3.2) = 10%
o e =Y 5 X' X =4-(a-Py) (2.1) = 70%

2 OTf

Scheme 3.3) MeCN, A 72 h ii) NaOTfaq

') S\
®/— — i) 7\ 72 _/_ N/ \
N \NINQ—@N—’ :§®Q—Q% b
_ _/® 3.3=25%
40T
20T

Scheme 3.4) benzyl bromide in MeN@ NaOTf{ag), for 72 h.

Due to the low solubility of the two tetrakis-subsied crown ethers in polar solvents
such as MeCN, the crown ethers were individualgsdived with heat, and cooled to
room temperature before being combined with theatis. The position of resonances
from the individual components relative to theirelded counterparts allowed facile
identification of the non-covalent interactions vng between the two components and
suggests that threading of the axle through theelwbwes rise to a [2]pseudorotaxane
geometry. These chemical shift changes are sumetarim Table 3.2 for
[2]pseudorotaxanes.

Table 3.2'H NMR chemical shifts for the axles and [2]pseudaxanes undergoing slow
exchange.

Compound CH.N H-ortho-N* H-meta-N"
[3.1% 5.13 8.68 8.34
[3.10TP-DB24C§?** 5.48 9.02 7.54
[3.1DTE-D8224C8]2+ 5.44 9.03 7.90
[3.2 5.24 8.96 8.52
[3.20TP-DB24Cg?" 5.56 9.21 8.17
[3.2DTE-D8224C8]2+ 5.55 9.24 8.16
[2.1* 5.16 8.89 8.40
[2.10TP-DB24Cg?" 5.54 9.18 8.04
[2.1DTE-D|3224c:8]2+ 5.55 9.17 8.05
[3.3° 5.27 9.04 8.42
[3.30TP-DB24Cg?" 5.63 9.33 8.22
[3.30TP-DB24Cg*" 5.66 9.36 8.25
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With observation of both the free and complexed ponents via slow exchange, the
'H NMR spectra were used to measure the associatinatants (K using the single
point determination analysis. A complete set ofrimlynamic parameters\i{°, and
AS’) could be extracted utilizing a standard van't Hofalysis as follows.
Starting from equation 1.1.
AG° =-RTInK (1.2)
and solving for the natural log, equation 1.2 carobtained.

Ink =—2% (1.2)
RT

Since for a change in temperature, the Gibbs fresggy can be expressed in terms of
enthalpy AH), and enthropyAS), as in equation 1.3.

AG =AH -TAS (1.3
Substitution of equation 1.3 into 1.2 gives theed#in expression of the van't Hoff

relationship, equation 1.4.

InK = _[wj
RT

_AH | AS
RT R (1.4

RInK =—$+AS

InK =

RInK =—AH%+AS

The [2]pseudorotaxane adducts formed betwEerDB24C8 or TE-DB24C8 and 3.1-
3.3 and 2.1 were subjected to variable temperatlife NMR spectroscopy (VTNMR)

experiments. The association constants of the mewrcethers with the selected threads
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are reported in Table 3.3 along with previously suead parameters f@B24C8 as a
comparison.

Table 3.3Ka (M™Y) andAG (kJ mol*) values for the [2]pseudorotaxane formed between
TP-DB24C8, TE-DB24C8and3.1-3.3and2.1 at 298K.

Axle DB24C8 TP-DB24C8 TE-DB24C8

[3.7%F 400 (-14.8) 1260 (-17.7) 880 (-16.8)
[3.2]% 1940 (-18-8) 570 (-15.7) 390 (-14.8)
[2.1%* 930 (-16.9) 1620 (-18.3) 1190 (-17.7)
[3.3* 1000 (-17.1) 820 (-16.6) 430 (-15.1)

With respect to the association constants for ERJderotaxanes derived from
standard 1,2-bis(pyridinium)ethane axles and these substituted crown ethers, it is
clear that deviations from values found RB24C8 must be a result of either electronic
or steric affects. One would predict that, the esdmn constant woulthcrease due to
the presence of four weakly inductive alkyl growgsch make the crown aromatic rings
more electron rich. This would increase the stiengft the non-covalent interactions
compared tdB24C8 Table 3.3. Therefore, the lower, Kalues observed in Table 3.3
must be the result of steric effects playing a mapbe and off-setting these electronic
effects.n general AH’ values are significantly negative indicating stromigractions and
a true molecular recognition procédsiterestingly, bottAH  andAS (see Table 3.4.) are
significantly more favourable than wifhB24C8? Both these trends can be attributed to
the more efficientr-stacking contributions between axles and the crown

Table 3.4 Complete listing of AH® (kJmol') and AS (JImol'K™) values for
[2]pseudorotaxanes in GDN.

Axle DB24C8 TP-DB24C8 TE-DB24C8

[3.7%F -60.8 (-147.2) -53.2 (-34.9) -71.6 (-54.1)
[3.2% -44.3 (-98.8) -58.9 (-41.2) -52.2 (-45.4)
[2.1%* -48.4 (-99.4) -58.5 (-42.8) -34.2 (-19.5)
[3.3* -57.7 (-136.7) -53.7 (-37.0) -63.1 (-48.1)
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Single crystals of 3.2TP-DB24C8[OTf], were grown by the slow diffusion of
isopropyl ether into a MeCN solution of the [2]pdetbtaxane mixture. Figure 3.5 shows
a ball-and-stick representation of the cati8r2[[TP-DB24C8*". The crown ether takes
up an S-shaped conformation comparable to thecireen itself. The axle takes on an
anti conformation as observed previoushAs expected, the cationic axle interpenetrates
the central cavity of the wheel allowing the elentrich aromatic portion of the wheel to
n-stack with the electron-deficient axle. The stouetis held together by a combination
of N*---O ion dipole interactions, C-H---O hydrogen bumdénd n-stacking. For the
N*..-O ion dipole interaction, there are close cdstdmetween the quaternarized
dipyridinium nitrogen atoms and the oxygen ethdrdlh--O8 = 3.61, N1---O5 = 3.54,
N1---O7 = 3.95, N1.--:06 3.82 A. The C-H:--O hydrdgends between the methylene
components of the thread and alternating oxygemstof the crown are summarized in
Table 3.5 and the ~3.5 A distance between aromatgs of the axle and wheel is
evidence of ther-stacking. In addition to these interactions whaie known for all
[2]pseudorotaxanes involvingB24C8 there is a close approach of an axle ester group
of the quaternized N-atom of the axle to the cretirer at a distance of ~3.25 A and a C-
H-- s interaction with a phenyl groups on the crown veittlistance ~3.01 A; Figure 3.4.

Table 3.5 Hydrogen bonds parameter in the crystal structfrd2]pseudorotaxane
[3.20TP-DB24C8g[OTH] ».

Hydrogen bonded atoms Distance (A) C-H---O Angle)(°
C9-05 3.55 149
C9-07 3.50 163
C6-06 3.49 155
C7-06 3.10 129

Single crystals of3.30TE-DB24C8|[OTf] , were also grown by the slow diffusion of

isopropyl ether into a MeCN solution of [2]pseudas@ne. Figure 3.6 shows a ball-and-
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stick representation of the catich3JTE-DB24C8|**. As expected, the two components
are held together by the same non-covalent interaes the previous structure. The
N*.--O ion dipole interactions are N2---O4 = 3.39,-A2 = 3.60, N2---0O4 = 3.39,
N2---012 = 3.60 A. The hydrogen bonds to the metigycomponents of the axle are
with alternating oxygen’s on the crown ether asmamzed in Table 3.6.

Table 3.6 Hydrogen bonds parameter in the crystal structdif@]rotaxane 3.30TE-
DB24Cg[OTH] 4.

Hydrogen bonded atoms Distance (A) C-H---O Angle)(°
C14-04 3.30 142
C14-012 3.32 121
C15-05 3.23 153
C13-013 3.38 140

The [2]pseudorotaxan®BITE-DB24C8|*" also shows evidence afstacking between
the aromatic ring of the axle with the catechogron the crown ether. There is also a C-
H--w interaction from the benzoate group to the bemgglip of a distance of 3.53 A;

Figure 3.4.

%/\ ¢ J VHK/LL\O [Noé Oj
i“a) “‘a) 0

Figure 3.4 Cartoon representation of the new addition intéwas observed in the crystal
of [2]rotaxane. The black dash lines indicate nesosdary interactions.
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Figure 3.5 A ball-stick representation of the cationic pontief the X-ray crystal
structure of 3.20TP-DB24C8*". The complex occupies a crystallographic centre of
symmetry. All hydrogen atoms, all anions, and allent molecules have been omitted
for clarity. (O =red, N = blue, C = black; wheearas = silver, axle bonds = gold).
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Figure 3.6 A ball-stick representation of the cationic pontief the X-ray crystal
structure of 3.30TE-DB24C8**. The complex occupies a crystallographic centre of
symmetry. All hydrogen atoms, all anions, and allvent molecules have been omitted
for clarity. (O =red, N = blue, C = black; wheearas = silver, axle bonds = gold).
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3.2.2 Synthesis of the [2]rotaxanes via alkylation
N-Alkylation of the 4-pyridyl group of the [2]pseuddaxane formed between
[2.1[OTf], and TP-DB24C8 or TE-DB24C8 was accomplished by stirring in MeCN
with 4+-butylbenzyl bromide at room temperature for 4 daysproduce compounds
[3.40TP-DB24C8*, or [3.40TE-DB24C8*" in relatively low yield, but high purity, as
mixtures of dibromide and ditriflate salts. Treatheof [3.40TP-DB24C8*", or
[3.40TE-DB24C8*" in a two-phase nitromethane/sodium triflate (MeMN@aOTfag)

mixture at room temperature resulted in a red sakdshown in Scheme 3.5.

NQ_@%_\END_@N
‘ i), i)

[3.40TP-DB24C8]"*" = 30%
o [3.40TE-DB24C8]* = 20%

0
o
o]

\_—

Scheme 3.5i) [2.][OTf],, TP-DB24C8 or TE-DB24CS8, 4--butylbenzyl bromide,
CHsCN, RT 96 hii) MeN@NaOTf(aq) at RT for 24 h.
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Figure 3.7 Comparison of théH NMR shifts of (a)TP-DB24C8 (b) [3.4[OTf] 4, and (c)
[3.40TP-DB24C§[OTf] 4 in CDsCN at 500 MHz.

: ] u Ju\ L
o N ..AJ
\]/ !
I 9.|5 9.ID B.IE B.ID ?.IE T.ID 6.|5 E.ID 5.I5 5.ID 4.|5 4.‘D ppmI

Figure 3.8 Comparison of th&H NMR shifts of (a)TE-DB24C8 (b) [3.4[OTf] 4, and (c)
[3.40TE-DB24C8|[OTf] 4in CDsCN at 500 MHz.

The 'H NMR spectra of compound3JdOTP-DB24C8[OTf]4 and [3.40(TE-

DB24C8[OTf] 4 in CDsCN are shown in Figure 3.7 and 3.8, and some ofijer peaks
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are summarized in Table 3.7. Evidence supporting thlarious supramolecular
interactions such as hydrogen bonding andstacking are apparent. Hydrogen bonding
between the ethylen&)(and a-pyridinium () protons of the thread and the polyether
oxygen atoms of the wheel are demonstrated by anfileld shift of the signals foa at
5.53 ppm for compound3[4JTP-DB24C8*" and 5.61 ppm for compoun®.4JTE-
DB24C8*". The a-pyridinium (b) proton signal is at 9.36 ppm for both compound
[3.40TP-DB24C8§*" and B.40TE-DB24C8|*".

Table 3.7*H NMR assignments foB[4][OTf] 4, [3.40TP-DB24C8[OTf] 4, and
[3.40TE-DB24C8|[OTf] 4in CH;CN.

Proton [3.4% [3.40TP-DB24Cg** [3.40TE-DB24Cg*
a 5.26 5.61 (0.35) 5.53 (0.27)
b 8.99 9.36 (0.37) 9.36 (0.37)
c 8.47 8.23 (-0.24) 8.25 (-0.22)
d 8.42 8.16 (-0.26) 8.19 (-0.23)
e 8.99 8.86 (-0.13) 8.83 (-0.16)

Table 3.8 Comparison of the chemical shifts of the [2]roteesinB.40TP-

DB24C8[OTf] , and B.4A0TE-DB24C8|[OTf] 4 in CDsCN.
Proton TP-DB24C8 [3.40TP-DB24C§**  TE-DB24C8 [3.40JTE-DB24Cg*

i 3.66 4.05 (0.39) 3.65 4.05 (0.40)
k 3.78 4.05 (0.27) 3.77 4.05 (0.28)
| 4.14 4.05 (-0.09) 4.12 4.05 (-0.07)
m 7.10 6.86 (-0.24) 7.10 6.86 (-0.24)
n 5.09 4.67 (-0.42) 5.14 4.76 (-0.42)

The'H NMR spectrum also shows changes for the whedd asmmarized in Table
3.8. The differences arise from the single aromgataton on the catechol ringnj, and
the benzylic protonsnj. As mentioned, the free crown eth@R-DB24C8 shows a
singlet at 7.10 ppm fam but for the [2]rotaxane3[40TP-DB24Cg* this singlet shifts
upfield to 6.86 ppmAS = 0.24 ppm). Also the benzylic protons for theefiown ether
show a singlet at 5.09 ppm but this singlet shiftfeld to 4.67 ppmAd = 0.42 ppm).

Similarly, for crown etheTE-DB24CS8, the singlet appears at 7.10 ppmrobut for the
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[2]rotaxane B.40TE-DB24C8]* this singlet shifts upfield to 6.86 ppmd = 0.24 ppm).
Also the benzylic protons for the free crown etlsQw a singlet at 5.14 ppm but for the
[2]rotaxane this singlet shifts upfield to 4.76 pps = 0.38 ppm). The ESI-MS
confirmed the interlocked nature of the complexhwust the loss of three counter ions
{[3.40TP-DB24Cg[OTf]} ¥, and {[3.40TE-DB24Cg|[OTf]} ** at 551.9100m/e and
647.9409/e respectively.

Single crystals were grown by the slow diffusionisdpropyl ether into a MeCN
solution containing3.40TP-DB24C8[OTf] 4. The red crystals appeared as small blocks
over a few days. Figure 3.10 shows a ball-and-stpkesentation of the cationic portion
of [3.40TP-DB24C8*". The structure reveals typical features for B&24C8 portion
adopting an S-conformation while the N&HH,N unit exhibits ananti conformation.
[3.407TP-DB24C8* is stoppered at both ends by-butyl benzyl group. As expected,
the cationic axle interpenetrates the central gaithe wheel allowing the electron-rich
aromatic portion of the wheel tostack with electron-deficient axle. The structaiso
reveals a high degree of C-H:--O hydrogen bondetgden the components. The four
protonsortho- to N3- as well the four central protons attacheethylene bridge form
eight hydrogen bonds with the oxygens of the whadt C-O distances ranging from
3.42 - 3.64 A. Examination of the appended phenetier groups of the crown shows
there is T-shaped-interaction of the phenolic ether group of Ol witite benzylic

protons off the stopper, as seen in Figure 3.9a.

Single crystals were grown by the slow diffusionisdpropyl ether into a MeCN
solution containing 3.40TE-DB24C8|[OTf]4. Figure 3.11 shows a ball-and-stick

representation of the cationic portion &40TE-DB24C8*". The structure reveals
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typical features of th®B24C8 portion which adopts a typical S-conformation eHihe
NCH,CH,N unit exhibits aranti conformation. $.40TE-DB24C8*" is stoppered at both
ends by d-butyl benzyl group. As expected, the cationic anterpenetrates the central
cavity of the wheel allowing the electron-rich amtio portion of the wheel ta-stack
with electron-deficient axle. The structure alsee@s a high degree of C-H---O hydrogen
bonding between the components. The four protoimo- to N3- as well the four central
protons attached to ethylene bridge form eight bgen bonds with the oxygen’s of the
wheel with C-O distances ranging from 3.63 to 3&73Examination of the appended
benzoate groups of the crown shows that one ofatbenatic rings is involved im-
stacking with the aromatic ring of a tdutyl benzyl stopper at a distance of

approximately 3.5 A; Figure 3.9b

Figure 3.9 Cartoon representation of the new additional adgons observed in the
crystal structure of [2]rotaxanes. The black daghesl indicate new secondary
interactions.

81



Figure 3.10 A ball-stick representation of the cationic ponmtiof the X-ray crystal
structure of 3.40TP-DB24C8*". The complex occupies a crystallographic centre of
symmetry. All hydrogen atoms, all anions, and allent molecules have been omitted
for clarity. (O =red, N = blue, C = black; wheealras = silver, axle bonds = gold).
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Figure 3.11 A ball-stick representation of the cationic ponmtiof the X-ray crystal
structure of B.40TE-DB24C8**. The complex occupies a crystallographic centre of
symmetry. All hydrogen atoms, all anions, and allent molecules have been omitted
for clarity. (O =red, N = blue, C = black; wheealras = silver, axle bonds = gold).
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3.2.3 Synthesis of [2]rotaxanes through acylation
[2]Rotaxanes were synthesized through esterifinatib the [2]pseudorotaxane formed
between 1,2-bis(4-pyridine-4-phenylmethanol)ethf®&][BF 4], with TP-DB24C8 or
TE-DB24C8 stirring in MeCN/CHCI, at room temperature for 3 days.
HQ /NG

N —
—_\_é\'\/ oH

0]

o}
Q <> /_\\®a O
A f e d \c?g_\_é\'\\/ 5 o
&o o
N = N
oo O

o [3.60TP-DB24C8]** =57%
[3.60TE-DB24C8]*" = 10%
R

Scheme 3.6) [3.5[BF4]2, TP-DBZ408 or TE-DB24C8, 4+ert-butylbenzoic anhydride,
"BusP (cat.)MeCN/CHCI, for 72 h.
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Flgure 3 12 Comparlson of théH NMR sh|fts of (a)TP-DB24C8 (b) [3.6][BF4]2, and
(c) [3.60TP-DB24C8[BF 4], in CD:CN at 500 MHz.
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Figure 3.13 Comparison of théH NMR shifts of (a)TE-DB24C8 (b) [3.6][BF 4], and
(c) [3.60TE-DB24C8|[BF4]2in CDsCN at 500 MHz.

For the'H NMR spectra of compound$.pJTP-DB24C8[BF4], and [3.60TE-

DB24C8[BF4].in CDsCN (see Scheme 3.6, and Figure 3.12, 3.13), sdrtteeanajor
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peaks are summarized in Table 3.9. Evidence suppgotthe various supramolecular
interactions such as hydrogen bonding andstacking are apparent. Hydrogen bonding
between the ethylen&)(and a-pyridinium (0) protons of the thread with the polyether
oxygen atoms of the wheel are demonstrated by dlenfield shift of these signalsa)
protons to 5.48 ppm for both and)(protons to 9.03 and 9.04 ppm fd3.§ITP-
DB24C8*" and B.6JTE-DB24C8|?** respectively.

Table 3.9 '"H NMR assignments for 3[6][BF4], [3.60TP-DB24C8[BF4],, and
[3.600TE-DB24C8|[BF 4],in CH3CN.

Protons [3.6°" [3.60TP-DB24C8** [3.60TE-DB24C8|*
a 5.10 5.48 (0.38) 5.48 (0.38)
b 8.65 9.03 (0.38) 9.04 (0.39)
c 8.30 7.98 (-0.32) 8.00 (-0.30)
d 7.96 7.59 (-0.37) 7.63 (-0.33)
e 7.54 7.44 (-0.10) 7.31 (-0.23)

The'H NMR spectra also show changes in the wheel, whietsummarized in Table
3.10. The differences arise from the single arotnatoton on the paremB24C8 unit
(m), and the benzylic proton®){ As mentioned, the free crown ethd@R-DB24C8
shows a singlet at 7.10 ppm far but for the [2]rotaxane3[60TP-DB24C8*" this
singlet shifts upfield to 6.87 ppm§ = 0.23 ppm). Also the benzylic protons for theefre
crown ether, shows a singlet at 5.09 ppm but ihiglet shifts upfield to 4.63 ppm\§ =
0.46 ppm). Similarly the crown ethérE-DB24C8the singlet at 7.10 ppm fan but for
the [2]rotaxane 3.60TE-DB24C8|** but this singlet shifts upfield to 6.84 ppmd(=
0.26 ppm). Also the benzylic proton for the freeven ether show a singlet at 5.14 ppm
but for the [2]rotaxane this singlet shifts upfieétd4.65 ppm 435 = 0.49 ppm) The ESI-

MS confirmed the interlocked nature of the comphith just the loss of two counter
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ions, B.60TP-DB24Cg%" and B.6JTE-DB24C8|%* at 795.3798n/e and 939.4182/e,

respectively.

Table 3.10 Comparison of the chemical shifts of the [2]roteesnB.6TP-

DB24C8|[BF 4], and B.6JTE-DB24C8|[BF 4> in CD:CN.
Proton TP-DB24C8 [3.60TP-DB24C8f’  TE-DB24C8  [3.60TE-DB24C8[

j 3.66 4.02 (0.36) 3.65 4.05 (0.40)
k 3.78 4.02 (0.24) 3.77 4.05 (0.28)
| 4.14 4.02 (-0.12) 4.12 4.05 (-0.07)
m 7.10 6.87 (-0.23) 7.10 6.84 (-0.26)
n 5.09 4.63 (-0.46) 5.14 4.65 (-0.49)

3.3Conclusion

The combination of linear 1,2-bis-(pyridinium)etleaaxles with symmetric substituted
crown ethers is a versatile templating motif fag thrmation of [2]pseudorotaxanes, both
in solution and solid state. It was shown thatdtiength of the non-covalent interactions
can be controlled by varying the nature of the stuent on the wheel. In general, with
electron donating groups on wheel the associatmmreases relative t®B24C8
However, we have also shown that the besides etecteffects, sterics can affect the
strength of these non-covalent interactions ifakikes are elaborated with large stoppers.
The bulky groups of the wheel can interfere wita tfenzyl group of the axle therefore
lowering the association. The 1,2-bis(pyridiniurhgete—24-crown-8 templating motif is
a versatile recognition entity for the formation [@jrotaxanes with these substituted

crown ethers adding additional non-covalent intiéoas to the motif.
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3.4Experimental

3.4.1 General Methods
DB24C8 paraformaldehyde, phenol, 4-hydroxybenzoatepdtylbenzyl bromide, 47%
HBr, and nitromethane were obtained from Aldricld ased as received. Acetic acid was
obtained from ACP chemicals, and chloroform obtdifem VWR; both were used as
received. Solvents were dried using an Innovatiwehhology Solvent Purification
System. 4-t-Butylbenzoic anhydride, 1,2-bis(4-phepyridyl)ethane[OTf}
[3.1[OTf] 2, (1,2-bis(4-ethylester-1-pyridyl)ethane[OFF]3.2[OTf]2,%* 1,2-bis(4,4'-
dipyridyl)ethane[OTf} [2.1[OTf],,?® and 1,2-bis(4'-benzyl-4-4’-dipyridyl)ethane[OF]
[3.3[0OTf]4%* 1,2-bis(4't-butyl-benzyl-4-4'-dipyridyl)ethane[OTf] [3.4[OTf] ,,** 1,2-
bis(4-pyridine-4ylphenylmethanol)ethane[BF [3.5[BF4.° and 1,2-bis(4-butyl-
benzoate)benzyl-pyridinium))ethane tetrafluorobergB.6][BF4].° were synthesized
using literature methods. Thin layer chromatographlyC) was performed on Merck
Silica gel ks4 plates and viewed under UV light. Column chromedphy was
performed using Silicycle Ultra Pure Silica Gel (23400 mesh)!H NMR spectra were
obtained on a Bruker Avance 500 instrument opegyaain500 MHz. Deuterated solvents
were purchased from Cambridge Isotope Laboratdnesand used as received. High-
resolution mass spectra were recorded in 50/50 MEEN on a Micromass LCT

Electrospray TOF mass spectrometer.
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SynthesisTB-DB24C8

DB24C8 (2.00 g, 4.45 mmol) and paraformaldehyde (3.120gmmol) were added to
1:1 mixture CHCGJ/AcOH (20 mL) and heated to 60 °C before a solud@fo HBr (4
mL) in AcOH (5 mL) was added. The reaction was &eait 60 °C for 2 days during
which time a white solid forms. The reaction wasigal over ice, and washed with
CHCI; (2 x 20 mL). The solvent was evaporated and realized twice from CHG.

Yield 1.62 g (50%). MP: 202-205°C.
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Br
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Table 3.11'H-NMR spectroscopic data f@B-DB24C8in CDCk

Proton 6 (ppm) Multiplicity # protons J (Hz)
a 3.79 m 8 -
b 3.90 m 8 -
C 4.15 m 8 -
d 6.83 S 4 -
e 4.59 S 8 -

Table 3.12'H-NMR spectroscopic data faiB-DB24C8in CD.Cl,

Proton 6 (ppm) Multiplicity # protons J (Hz)
a 3.37 m 8 -
b 3.85 m 8 -
C 4.12 m 8 -
d 6.86 S 4 -
e 4.62 S 8 -
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SynthesisTP-DB24C8

To a solution ofTB-DB24C8 (1.00 g, 1.22 mmol) and phenol (0.459 g, 4.88 mnmol)
degassed MeCN was addegdO;(1.01 g, 7.32 mmol) and the mixture was stirredannd
reflux for 5 days. The solvent was then evaporaed the residue was partitioned
between CHCI, and waterThe organic layer was washed with water (2 x 50,rdtied
(MgSQy), and concentrated to giv€P-DB24C8 as an off-white solid which was
recrystallized from MeCN. Yield 0.806 g (76%). MP35-136°C.ESI-MS: m/z [TP-

DB24C8+ NaJ calc. 895.3669, found 895.3658.

©\o Ofo/_\o/z o/©
Z ‘ C&o 0 ) ©
h@? b \a—/J \©

Table 3.13'H-NMR spectroscopic data fdiP-DB24C8in CD,Cl,

Proton o (ppm) Multiplicity # protons J (Hz2)

a 3.75 m 8 -

b 3.85 m 8 -

C 4.14 m 8 -

d 7.04 S 4 -

e 5.06 S 8 -

f,h 6.95 m 12 -

g 7.27 t 8 4i=7.6,4n=
8.2
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Table 3.14'H-NMR spectroscopic data faiP-DB24C8in CD;CN

Proton d (ppm) Multiplicity # protons

a 3.66 m 8

b 3.78 m 8

C 4.13 m 8

d 7.10 S 4

e 5.09 S 8

f,h 6.92 m 12 -

g 7.27 t 8 di=7.6,¢n=

. ~ g
o} o}
o) o}
5650 0
7
o N_ 0 OJ o
4 10 \__/
1 4 3 11

Table 3.15*C-NMR spectroscopic data fiP-DB24C8in CD,Cl,

Carbon o (ppm)

121.3

128.7

115.6

159.0

67.8

129.8

115.6

149.0

69.8

70.1

RIB|lo|lo|N|o|a| s w e
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SynthesisTE-DB24C8

The same procedure as for the preparationRB3DB24C8(1.00 g, 1.22 mmol) was used
with ethyl 4-hydroxybenzoate (0.810 g, 4.88 mmaijtead of phenol. Yield 0.877g,
(62%). MP: 120-123°CESI-MS: m/z [TE-DB24C8 + NaJ calc. 1183.4515, found

1183.4524.

(0]
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O, e S
0] @)
0] @)

Table 3.16"H-NMR spectroscopic data faiE-DB24C8in CD.Cl,

Proton o(ppm) Multiplicity # protons J (Hz2)
a 3.79 m 8 -
b 3.90 m 8 -
C 4.17 m 8 -
d 7.01 S 4 -
e 5.10 S 8 -
f 6.95 d 8 gy =85
g 7.98 d 8 Jdi=8.4
h 4.35 q 8 gi=7.0
i 1.39 t 12 h=7.0
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Table 3.17'*H-NMR spectroscopic data faiE-DB24C8in CDsCN

Proton o(ppm) Multiplicity # protons J (Hz2)
a 3.65 m 8 -
b 3.77 m 8 -
C 4.12 m 8 -
d 7.10 S 4 -
e 5.14 S 8 -
f 7.03 d 8 gy =8.5
g 7.90 d 8 Ji=8.4
h 4.28 q 8 gi=7.0
i 1.32 t 12 h=7.0
L o
2N
A, e ST
. () s
0 @)
110 Q
12&0 OJ

Table 3.18"C-NMR spectroscopic data faE-DB24C8in CD,Cl,

Carbon o (ppm)
1 14.7
2 61.2
3 166.6
4 124.0
5 128.3
6 116.1
7 162.8
8 68.4
9 132.0
10 114.9
11 145.0
12 70.0
13 70.3
14 71.6
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Synthesi§3.40TP-DB24Cg[OTf] 4

TP-DB24C8 (0.140 g, 0.160 mmol) and2.fiJ[OTf], (0.050 g, 0.078 mmol) were
dissolved in CHCN (10 mL) and stirred overnight. t4Butylbenzyl bromide (0.150 g,
0.660 mmol) was added, and the mixture stirred 4odays. The organic layer was
removed, CHCI, (25 mL) was added to the residue and the mixtuae stirred for 30
min. The solid that remained was filtered and th#,@, was removed. The resulting
orange solid was added to a mixture of MeNtdd NaOTf(aq) stirred overnight. The
organic layer was separated, dried (MgE@nd then evaporated to give an orange
residue which was stirred in toluene. The remainimgnge solid was dissolved in
CHsCN and isopropyl ether was slowly diffused to gare orange solid. Yield 0.030 g,

30 %.ESI-MS: m/z[3.40TP-DB24C8+ OTf]* calc. 551.9104, found 551.9100.
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Table 3.19'H-NMR spectroscopic data foB gOTP-DB24Cg*" in CD:CN

Proton o (ppm) Multiplicity # protons J (Hz2)
a 5.53 S 4 -
b 9.36 d 4 Jdc=16.6
C 8.25 d 4 Jp=6.6
d 8.19 d 4 de=16.6
e 8.83 d 4 da=7.0
f 5.62 S 4 -
g 7.02 d 4 dh=7.3
h 7.24 d 4 dg=8.3
[ 1.22 S 18 -
q,p 7.32-7.36 dd 12 k=8.0,4;=
6.9
0 6.91 d 8 &k =8.0
n 4.67 S 8 -
m 6.86 S 4 -
K] 4.08-4.02 m 24 -

Synthesis 3.40TE-DB24C8|[OTf] 4

TE-DB24C8 (0.185 g, 0.159 mmol) and.fj[OTf], (0.050 g, 0.078 mmol) were
dissolved in CHCN (10 mL) and stirred overnight. t4Butylbenzyl bromide (0.150 g,
0.660 mmol) was added, and the mixture was stifwed days. The organic layer was
removed, CHCI, (25 mL) was added to the residue and the mixttineed for 30 min.
The solid that remained was filtered and the;Clkiwas removed. The orange solid was
dissolved in a mixture of MeN{and NaOTf(aq) and then stirred overnight. The wiga
layer was separated, dried (Mgg@nd evaporated. The residue was then stirred in
toluene. The remaining orange solid was dissolne@HhsCN and isopropyl ether slowly
diffused to give an orange solid. Yield 0.037 g,%20ESI-MS: n/z [3.400TE-DB24C8 +

OTf]*" calc. 647.9385, found 647.94009.
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Table 3.20'H-NMR spectroscopic data foB BOTE-DB24C8]*" in CD;CN

Proton o (ppm) Multiplicity # protons J (Hz)
a 5.61 S 4 -
b 9.36 d 4 dc=6.8
c 8.23 d 4 Jp=6.8
d 8.16 d 4 de=6.6
e 8.86 d 4 dd=6.9
f 5.62 S 4 -
g 7.24 d 8 dn=28.3
h 7.34 d 8 dg=8.3
[ 1.22 S 18 -
r 1.35 t 8 =71
q 4.33 q 8 ¥gji=7.1
p 7.98 d 8 Jn = 8.8
0 6.96 d 8 = 8.8
n 4.76 S 8 -
m 6.86 S 4 -
J.K| 4.02-4.08 m 24 -
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Synthesig§3.6]TP-DB24C8[BF ).

[3.5[BF4]. (0.060 g, 0.105 mmol) was combined wiil?-DB24C8 (0.183 g, 0.210
mmol) and 4tbutylbenzoic anhydride (0.142 g, 0.63 mmol) intanérile/CH,CI, (10
mL). "BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for 72
h at room temperature. The solvent was removedrupgssure and the product was
stirred in anhydrous ethanol for 30 min. Columnochatography was performed using
MeOH/CHCI; (3:2) and the solvent removed. The product wasotlied in acetonitrile
and isopropyl ether was allowed to diffuse into sl&ution. The final product was white
solid. Yield 0.107 g. 57 %ESI-MS: m/z [3.60TP-DB24Cg?** calc. 795.3766, found

795.3798.
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Table 3.21'H-NMR spectroscopic data foB eI TP-DB24C8%" in CD:CN

Proton o (ppm) Multiplicity # protons J (Hz2)
a 5.48 S 4 -
b 9.03 d 4 dc=6.9
C 7.98 d 4 Jp=6.9
d 7.59 d 4 de=8.3
e 7.44 d 4 Jda=8.6
f 5.36 S 4 -
g 7.91 d 4 dn=8.6
h 7.71 d 4 dg=8.4
i 1.31 S 18 -
q 6.92 dd 4 k=74
p 7.23 dd 8 =75 4;=
7.4
0 6.90 d 8 k=7.9
n 4.63 S 8 -
m 6.87 S 4 -
| K,j 4.03-4.11 m 24 -

Synthesig3.60TE-DB24C8|[BF ],

[3.9[BF4]2 (0.060 g, 0.105 mmol) was combined witle-DB24C8 (0.242 g, 0.210
mmol) and 4tbutylbenzoic anhydride (0.142 g, 0.63 mmol) intanérile/CH,CI, (10
mL). "BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for 72
h at room temperature. The solvent was removed rupgssure and the product was
stirred in anhydrous ethanol for 30 min. Columnochatography was preformed with
MeOH/CHCI; (3:2) and the solvent removed. The product wasotlied in acetonitrile
and isopropyl ether was allowed to diffuse into fiodution. The resultant product was
white solid. Yield 0.015 g, 10 %ESI-MS: m/z [3.60TE-DB24C8*" calc. 939.4188,

found 939.4182.
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Table 3.22'H-NMR spectroscopic data foB fITE-DB24C8]*" in CD;CN

Proton o (ppm) Multiplicity # protons J (Hz)
a 5.48 S 4 -
b 9.04 d 4 dc=5.4
c 8.00 d 4 Jb=5.6
d 7.63 d 4 de= 7.7
e 7.74 d 4 dd= 7.5
f 5.36 S 4 -
g 7.31 d 4 dh=7.9
h 7.81 d 4 dg=7.9
[ 1.26 S 18 -
r 1.32 t 12 k=71
q 4.27 q 8 ¥gji=7.1
p 7.87 d 8 Jn=8.5
0 6.91 d 8 Jm=8.5
n 4.65 S 8 -
m 6.84 S 4 -
K] 4.01 —4.09 m 24 -
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Chapter 4

Effects of Crown Ether Substituents on [2]Rotaxbgends,
Complexes and Metal-Organic Frameworks

4.1 Introduction
Incorporating transition metals into interlocked leoules has created a number of
interesting systems such as coordination polym@mRs), metal organic frameworks
(MOFs) and interlocked molecules with stoppers as liga&r8isice the rotaxane linker
can be modified by changing the crown ether wheelrétaining the bridging axle unit,
this may be a useful methodology for changing #®uiting properties of the polymer,
framework or complex. Recently, Loeb changed thegtle of the axle by converting
pyridine linkers to pyridine N-oxides, allowing thermation of 3D MORFs with
lanthanide ions.Using transition metals with this extended axleegan interesting 2D-

square grid framework with two pseudorotaxane ligamnd two axles (Scheme 4.1).
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Scheme 4.1) Cd(OTf), in MeNQ.,.
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4.2 Results and Discussion

4.2.1 Synthesis of tolyterpy [2]Rotaxane
As in Chapter 2, the ligandlylterpy was chosen as the source of the terpyridine anit t
be introduced as the stopper for a [2]rotaxane ntiga N-alkylation of the
[2]pseudorotaxane formed betweeR.1[** and TE-DB24C8, was accomplished by
stirring in MeNQ at room temperature for 7 days to produ¢@J(TE-DB24C8)]*" in
relatively low yield, but high purity, as mixture$ bromide and triflate salts. Treatment

of [4.20(TE-DB24C8)]**in a two-phase MeN&NaOTfaq mixture at room temperature

resulted in a red solid; Scheme 4.2.

7N\ \@ _ _
NQ_Q”_\_@NQ_@N

Scheme 4.4) [4.10TE-DB24C8)*", Br-tolyterpy in MeNO,/NaOTf(aq) at RT for 168
h.

The'H NMR spectrum of4.2][OTf] 4, [4.20(TE-DB24C8)][OTf] , and TE-DB24C8

in CDsCN are shown in Figure 4.1 and some of the majekpeare summarized in
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Tables 4.1 and 4.2. The rotaxane shows evidengeostiipg the various supramolecular
interactions such as hydrogen bonding andstacking. Hydrogen bonding between the
ethylene &) anda-pyridinium () protons of the axle with the polyether oxygemagamf
the macrocycle is evidenced by a downfield shifthaf signals foa andb with a A of
0.35 and 0.32 ppm respectively. The benzylic petnfrom the stopper are shifted
0.17 ppm. The *H NMR spectrum reveals the presence of benzylicop ), and a
singlet for the aromatic protons) (which are shifted upfield bd 0.50 and 0.25 ppm

respectively due te-stacking.
Su

() J
)| ]
—\1
(b)
a
0 e JL
b
T T T T T T T T T T T T T T T T T |
9.0 8.5 8.0 7.5 7.0 A. 5 A, 0 5.5 5.0 ppm

Figure 4.1 Comparison of theH NMR spectra of TE-DB24C8, [4.20TE-
DB24C8[OTf] 4,and [2.2[OTf] 4, andin CD:CN at 500 MHz.

Table 4.1Chemical shift data?[2][OTf] 4, and [2]rotaxane A.2L0TE-DB24C8|[OTH] 4.

Protons 2.2° [4.20TE-DB24C8g*
a 5.27 5.62 (0.35)
b 9.04 9.36 (0.32)
c 8.49 8.27 (-0.22)
d 8.46 8.27 (-0.18)
e 9.04 8.98 (-0.06)
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Table 4.2Chemical shift dataE-DB24C8, and B.2L1TE-DB24C8][OTf] 4in CH;CN.

Protons TE-DB24C8 [4.20TE-DB24C8*"
s 7.10 6.84 (0.26)
r 5.14 4.64 (0.50)
q 6.95 6.94 (0.01)
p 7.98 7.88 (0.10)
o) 4.35 4.14 (0.21)
n 1.39 1.21 (0.18)

The ESI-MS of {§.20(TE-DB24C8)][OTf]} ?* shows a peak at 1221.4041/e
which demonstrates the [2]rotaxane containing thststuent crown ether present.

Single crystals of4.200(TE-DB24C8)][OTf] 4 were grown by the slow diffusion of
isopropyl ether into a MeNgsolution. The orange crystals appeared as bloclkesfew
days. The tetra-substituted crown ether showsyipieal features of the pareBB24C8
adopting an S-conformation; Figure 4.3. The appératayl 4-hydroxybenzoate groups
point towards the stoppers, while the cationic NCH;N unit exhibits ananti
conformation typically exhibited by other [2]rotaves built with this 1,2-bis
(pyridinium)ethane core4[20(TE-DB24C8)]*" is stopped at both ends withidylterpy
group. The structure also reveals a high degré&zidf--O hydrogen-bonding between the
components. The four-pyridinium protons as well as the four protons @t to the
ethylene bridge form eight hydrogen-bonds with dkggen atoms of the wheel with C-
C-H0 distances ranging from 3.25(8) — 3.34(8) A. Témpyridine group is essentially
planar with the nitrogen atoms in the expedtemsoid arrangemerit.In addition to the
hydrogen-bonding angd-stacking between the thread and the wheel, tlsetesiacking
between the tolyl group of the terpyridine and ook the appended ethyl 4-
hydroxybenzoate groups at ~3.4 A; Figure 4.2. Tisraction is reflected in a 0.17 ppm

upfield shift of protorf.
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Figure 4.2 Additional interaction observed in the crystal ¢fJTE-DB24C8]*". The
black dash line indicates a new secondary interacti
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Figure 4.3 Ball-and-stick representation of the cationic mortof the X-ray crystal
structure of 4.20TE-DB24C8**. The complex occupies a crystallographic centre of

symmetry. All anions and all solvent molecules hagen omitted for clarity. (Ru = blue-
gray, O =red, N = blue, C = black; wheel bondslwes, axle bonds = gold).

The reaction of 4. 200TE-DB24C8|[OTf] 4 with Ru(terpy)Ci is outlined in Scheme
4.3. The synthesis was carried out in a 1:1 EtQB/Ishixture and the reaction mixture
was refluxed for 1 day. The dark red complex cduddeasily isolated and purified by

recrystallization from acetonitrile and diethyl eth
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[(Ru(terpy)).
i (4.20TE-DB24C8)®* = 98%

Scheme 4.3) Ru (terpy)C4, 1:1 EtOH/HO, reflux, 24 h.

The 'H NMR spectrum of the ruthenium complex was recdrite CD:CN as the
triflate salt. The numbering scheme can be se@tireme 4.3. The spectrum revealed an
upfield shift of the protonsn-j and m’-j’ attributed to the electronic effects of the
ruthenium(ll) centre, confirming the formation dfhet complex. The spectrum also
showed a nice pattern whereby chemically equivgteaks from the two different terpy
groups, that belongh andm’ or | andl’ were resolved enough that they could be clearly
distinguished from each other; Figure 4.4. In ortterdetermine which set of peaks
belonged to which terpyridine unit, conventional RIMR techniques’d —*H COSY)

were employed.
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Figure 4.4'H NMR spectrum of [Ru(terpy)j4.20TE-DB24C8)][OTf] s at 500MHz.

Table 4.3 A comparison of th¢H NMR chemical shifts for dumbbell2[Z[OTf],
[2]rotaxane ligand 4.201TE-DB24C8|[OTf]4 and complex [(Ru(terpy)(2.2)][OTf]s,
[(Ru(terpy})(4.200TE-DB24C8)][OTf] s.

proton [2.2]* [4.20 [(Ru(terpy)2)(2.2)F" [(Ru(terpy),)(4.20
TE-DB24C8]" (TE-DB24C8)[**
a 527  5.62(0.35) 5.34 (0.07) 5.67 (0.05)
b 9.04 9.36(0.32) 9.19 (0.15) 9.43 (0.07)
C 8.49  8.27 (-0.22) 8.58 (0.09) 8.42 (0.15)
d 8.46  8.27 (-0.19) 8.58 (0.12) 8.42 (0.15)
e 9.04 8.98(-0.85) 9.14 (0.10) 9.11 (0.13)
f 594 5.77 (-0.17) 6.04 (0.10) 5.87 (0.10)
g 7.71  7.71(0.00) 7.88 (0.17) 8.09 (0.38)
h 8.04 7.52(-0.52) 8.34 (0.30) 7.69 (0.17)
i 8.76  8.57 (-0.19) 9.03 (0.27) 8.83 (0.26)
j 8.70  8.73(0.03) 8.50 (-0.20) 8.51 (-0.22)
k 7.98  7.99(0.01) 7.92 (-0.06) 7.92 (-0.06)
| 7.46  7.47 (0.01) 7.16 (-0.30) 7.19 (-0.28)
m 8.70  8.70(0.00) 7.41 (-1.29) 7.45 (-1.25)

Protonm, in complex [(Ru(terpy}4.20TE-DB24C8)®*, shifts from 8.70 ppm for the
uncomplexed rotaxane to 7.45 ppmd (= -1.25). The differences in chemical shifts
between the [2]rotaxane and the corresponding Rogihplex are summarized in Table
4.3. The ESI-MS also confirmed their interlockedun@ with the loss of four counter

ions and observation of {[(Ru(terpy{}.20TE-DB24C8)][OTf] ;}** at 852.6795n/e

108



Single crystals of [(Ru(terpy@.2Z1TE-DB24C8)][OTf]s suitable for X-ray
diffraction were grown by the diffusion of isoprdpgther into a solution of MeCN
containing the complex. Figure 4.5 shows a ball-simck representation of the cationic
portion of [(Ru(terpy))4.20(TE-DB24C8))]®". The Ru(ll) changes the terpyridine
stopper fromtransoid arrangement in the free complex tccigoid arrangement. The
Ru(ll)...Ru(ll) distance is 34.4 A. There is evidengka T-shaped C-H-interaction
occurring between the tolyl- group of the terpymeliand one of the appended ethyl 4-
hydroxybenzoate groups ~2.8 A. Table 4.4 summarikesbite angle for complex
[(Ru(terpy)y(4.20TE-DB24C8))** which are in good agreement with
[(Ru(terpy)}(4.20DB24C8)®*. The ruthenium-nitrogen bond distances range from
1.90(4) for Ru(1)-N(3) to 2.11(4) A for Ru(1)-N(6).

Table 4.4 The Dbite angle for [(Ru(terp;ﬂ}l.2DTE-DBZ4C8)]8+ and
[(Ru(terpy)}(2.20DB24C8)]%".

Atoms [(Ru(terpy))»(2.20DB24C8)F*  [(Ru(terpy))(4.20TE-DB24C8)F*
Angle (°) Angle (°)
N(1)-Ru-N(2) 79.7(24) 76.1(19)
N(2)-Ru-N(3) 78.8(25) 80.4(17)
N(1)-Ru-N(3) 158.4(26) 156.6(20)
N(4)-Ru-N(5) 79.0(28) 76.1(14)
N(5)-Ru-N(6) 80.6(28) 77.5(14)
N(4)-Ru-N(6) 159.6(34) 153.1(13)
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| @-@' =
Figure 4.5 Ball-and-stick representation of the cationic mortof the X-ray crystal

structure of [(Ru(terpy)4.20TE-DB24C8)]®*. (Ru = blue-gray, O = red, N = blue, C =
black; wheel bonds = silver, axle bonds = gold).
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The UV/Vis spectrum of [Ru(terpy$.20TE-DB24C8)]®" is dominated by the high
energyn-n* ligand centered bonds at 270 nm and 306 nm réispécbut also shows an
MLCT band at 485 nm, which is red-shifted from thaft the parent compound
[Ru(terpy}]?*. The red shift is caused by theorbital being stable by the cationic nature
of the thread. The extinction coefficier) for [(Ru(terpy)}(4.20TE-DB24C8)]®" was
found to be 48,510 L mdlcm™; Figure 4.6. Table 4.5 compares the UV/Vis data fo

[(Ru(terpy)}(4.20TE-DB24C8)]®" to other related [Ru(terpyf " based complexes.

aoueqliosqe
o
(03]
Il

0.4

0.3

0.2

0.1

200 250 300 350 400 450 500 550 600

wavelength (nm)

Figure 4.6 UV/Vis spectra of complex [(Ru(terpyj?.2]®'(--) and
[(Ru(terpy)}(2.20DB24C8)]%* (— —) and [(Ru(terpy)4.20TE-DB24C8)]®* (—) at
concentration of 1.0 x T0M in CHsCN.
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Table 4.5 UV/Vis spectra for [(Ru(terpy)j4.20TE-DB24C8)]*" and a few other
selected ruthenium(ll) complexes.

Ru complex? MLCT hmax (nm) e (Lmol*cm®)  ref#
Ru(terpy} 475 17 600 5
Ru(tolyterpy) 490 28 000 6
Ru(terpy)(tolyterpy) 483 19 300 6
[(Ru(terpy)}(2.2)]%* 485 25 000 2
[(Ru(terpy))(2.20DB24C8)]®* 485 11 900 2
[(Ru(terpy)y(4.20TE-DB24C8)]®* 485 20 200

@ Counter ion of PE

Comparing the bottom three Ru(ll) complexes in ttige, the addition of crown ether
wheels has no effect on the MLCT band. This isyresbly because the metal is too far
away from the cationic center of the rotaxane teten appreciable effect.

4.2.2 Synthesis of a 2-D polyrotaxane
It has previously been shown that 1-, 2- and 3-dst@al metal organic frameworks
could be constructed using a 1,2-bis(4,4-dipyrigin)ethane axle an®B24C8’ The
guestion arises, what would be the effect if onelecwdar component of the
supramolecular structure was to change; in thise dhg wheel component with a
substituted crown ether? We were successful intiogga 2-dimensional framework by
reacting one 4.1][BF 4], with two equivalents oT P-DB24C8 and half an equivalent of

[Cd(HzO)s][BF4] 2in MeNQ..
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Scheme 4.4) MeNO,, excessS'P-DB24C8.

X-ray quality crystals of [(Cd(bD),)(2.1)(4.30TP-DB24C8®" were grown by
diffusion of isopropyl ether into the reaction mixt. The yellow-orange blocks
crystallized in the monoclinic space group Pc. Fegli7 shows the use of Cd(ll) ions in
a non-coordinating solvent such as MeN@sults in an octahedral coordination
geometry comprised of two [2]pseudorotaxane ligaadd two “naked” axles in a square
planar arrangement, and two water molecules inathial positions. The sides of the

square net are defined by Cd---Cd distance of&2.2
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Figure 4.7 Ball and stick representation of the coordinatspare of the metal centre in
[(Cd(H20))x(2.1)(4.30TP-DB24C8)]%*. (Key: dark blue = Cd(ll), blue 2.1%, red =
crown, green = water).

The structure is very similar to the 2D MORF {[(EB0)(BF4)(2.10DB24C8),]®'}
but is probably best described as a 1D polyrotaxamenich the individual polyrotaxane
units have the crown ether in a C-conformation #mekse polyrotaxane strands are
bridged by an ancillary linker; in this case th@aked” axle; Figure 4.8. The C-
conformation of the crown ether enshrouds the “délexle with several edge-to-face
and T-shaped C-Hr interactions between the phenolic ether appendafyése crown

ether and the-pyridyl group of the “naked’ axle.
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Figure 4.8 A space-filling model showing four square-grids  of
[(Cd(H,0))(2.1)(4.30TP-DB24C8)®". MeNO, solvent molecules and anions are
omitted for clarity.

Figure 4.9 compares the previously reported 2-D MG@Ructure containinB24C8in

the S-conformation with this new one containirgsDB24C8in the C-conformation.

Figure 4.9 Comparing MORFs witibB24C8 (left) andTP-DB24C8 (right).

The reasons for the change in network topology wgh@mging from a simple wheel such
asDB24C8to a substituted version such&3-DB24C8 are presumably steric in nature.

The adoption of a C-conformation faiP-DB24C8 likely minimizes the interactions
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between phenyl groups of adjacent crown ethersevdtill allowing the phenyl groups to
undergo favourable interactions with the pyridybgps from the “naked” axles.

4.3 Conclusion
Pseudorotaxane and rotaxane ligands were prepathdDB24C8 derivatives having
four fairly large substituents on the aromatic singhe ability of these new interlocked
ligands to form transition metal complexes and inetganic frameworks was studied
and compared to similar systems already known @B24C8 The robust nature of the
[2]rotaxane was confirmed byH NMR spectroscopy and a binuclear complex of
[Ru(terpy)f* was synthesized and characterized. The solid stateture of the mixed
ligand complex demonstrated that addition of a swited wheel yields addition non-
covalent interactions between components. The f@isgnular tetra-substituted crown
ether in the formation of MORFs yielded a 2D squastwork but with only one
rotaxane.

4.4 Experimental

4.4.1 General Methods
2,2:6",2"-Terpyridine, RuCG.xH,O, and cadmium(ll) tetrafluoroborate were obtained
from Sigma-Aldrich and used as received. [R(BY)],’ and 1,2-bis(4,4"
bipyridinium)ethane triflaté [2.1][OTf], was synthesized using literature methods.
Solvents were dried using an Innovative Technob@elvent Purification Systemt
NMR spectra were obtained on a Bruker Avance 58 ument operating at 500 MHz.
Deuterated solvents were purchased from Cambrisigfepe Laboratories Inc. and used
as received. High-resolution mass spectra wereradedoin 50/50 MeCN/kD on a

Micromass LCT Electrospray ToF mass spectrometév/Vis absorption spectra were
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recorded on a Cary 50 series spectrometer. Therlmso spectra were recorded in
acetonitrile (BDHF) at concentratons of 1.0 x 10 M for complexes
[(Ru(terpy))(4.20TP-DB24C8)]%*. Single crystal X-ray diffraction experiments were
run on a Bruker APEX diffractometer with CCD detect
Synthesig§4.20TE-DB24C8|[OTf] 4

TE-DB24C8 (0.185 g, 0.159 mmol) and2[1][OTf], (0.050 g, 0.078 mmol) were
dissolved in MeN®@ (10 mL) and stirred overnight. Bromo-4-tolyterpynd (0.189 g,
0.147 mmol) was dissolved in GEl,, and the mixture was stirred for 7 days. The
organic layer was removed, and the orange solicedtbetween MeN©and NaOTf(aq)
stirred overnight. The organic layer was separateed (MgSQ) and evaporated. The
residue was stirred in toluene. The orange soligl @issolved in CECN, isopropyl ether
was slowly diffused to give an orange solid. Yieldl065g (30%).ESI-MS: m/z

[4.20TE-DB24C8|%* calc. 1221.4011, found 1221.4041.
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Table 4.6'"H NMR spectroscopic data fof POTE-DB24C8]** in CD:CN

Proton o (ppm) Multiplicity # protons J (Hz2)
a 5.62 S 4 -
b 9.36 d 4 Jhec = 6.8
(o 8.27 m 4 -
d 8.27 m 4 -
e 8.98 d 4 °Jeq = 6.7
f 5.77 s 4 -
g 7.71 d 4 3Jh=8.2
h 7.52 d 4 %Jhg = 8.1
i 8.57 s 4 -
j 8.73 d 4 °J = 4.5
k 7.99 t 4 33 =7.8,°%=
7.6
| 7.47 t 4 33m =5.7,%J =
4.9
m 8.70 d 4 *Jm = 7.9
n 4.14 q 12 o= 7.1,°Jon
=72
0 1.21 t 8 3Jon=7.0,°30 =
7.0
p 7.88 d 8 %Jq = 8.8
q 6.94 d 8 *Jp = 8.9
r 4.64 S 8 -
S 6.84 S 4 -
t,u, Vv 4.02 — 4.07 m 24 -

Synthesis [(Ru(terpyyid. 2T TE-DB24C8)|[OTf] g

To a solution of 4.20TE-DB24C8g][OTf]4 (0.030 g, 0.0109 mmoljlissolved in 1:1
EtOH/H,O solution was added solid (terpy)Rg@.010 g, 0.020 mmol) and the mixture
was brought to reflux for 24 h to give a deep retutson. The reaction mixture was
cooled to room temperature, filtered through at€gdad and washed with EtOH until the
eluent was colorless. The filtrate was then reduoduhlf the volume and the addition of

NaOTf produced a red precipitate. To the red solidCH;CN, isopropyl ether was
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slowly diffused to give a red solid in quantitativgield. ESI-MS: m/z

[(Ru(terpy)}(4.20TE-DB24C8)]*" calc. 852.67613, found 852.6795.

Table 4.7*H NMR spectroscopic data for [(Ru(terpy¥).2JTE-DB24C8)|%" in CD;CN

Proton o (ppm) Multiplicity # protons J (Hz)

a 5.67 S 4 -

b 9.43 d 4 33 = 6.4

(o 8.42 m 4 -

d 8.42 m 4

e 9.11 d 4 °Jeq = 6.4

f 5.87 s 4 -

g 8.09 d 4 °Jgh = 8.0

h 7.69 d 4 Jhg = 8.0

i 8.83 s 4 -

j 8.51 d 4 °J = 8.1

k 7.92 m 4 -

| 7.19 dd 4 Im = 6.4, =
6.3

m 7.45 d 3 = 5.2

n 4.06-4.13 m 12 -

0 1.21 t 8 33on=7.0,330 =
7.0

p 7.92 m 8 -

q 7.03 d 8 *Jp = 8.7
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r 481 S 8 -
S 6.92 S 4 -
t,u,v 4.06-4.13 m 24 -
m’ 7.37 d 4 3Jnr =5.3
§ 7.19 dd 4 Jm =6.4,33 =
6.3
K’ 7.92 m 4 -
i 8.59 d 4 %3, =8.0
§ 8.77 d 4 %3y =8.2
h’ 8.42 m 2 -

Synthesig(Cd(H.0)),(2.1)(4.30TP-DB24C8)|[BF 4]s

To a solution of 1,2-bis(4,4’-dipyrdinium)ethan@,JJ[BF4]2, (13 mg, 0.025 mmol) in
MeNG, (1mL) was added 2 equivalents ©P-DB24C8 (42 mg, 0.048 mmol). The
resulting solution was stirred at room temperatdoe 1hr, at which time
[Cd(H20)6][BF4)2 (5 mg, 13 mmol) dissolved in 0.5 mL of MeiN®eOH was added.

Slow diffusion of isopropyl ether into the MeN@roduced yellow crystals.

HZO//

</ \> < \>@ :
N . 4 . N—\—(_B — — ’o

PhO =
PhO X
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Chapter 5

Linking [2]Rotaxane Wheels to Create a New Type of
Metal-Organic Rotaxane Framework

5.1 Introduction
The use of rotaxanes as ligands in the construaiaoordination polymers (CPs) is a
uniqgue methodology for the creation of new materia sub-class of metal-organic
frameworks (MOFs) known as metal organic rotaxaaenéworks (MORFs).To date,
MORFs have been constructed by utilizing the aRI#JDB24C8]** as an organic linker
to connect metal nodes with the wheel not partteigan any type of interaction with the

metal centres (see Figure 5.1).

Figure 5.1 An example of the axle used in the constructioMGRFs.

A number of crown ether compounds possessing ¢hglagroups have been
synthesized such as those containing terpyridipgridine diacid, bipyridiné' or 1,10-
phenanthroline units.Stang has reported crown ether derivatives thatagoreither
acceptors or donor groups designed to form diftereatal-ligand architectures when
coordinated to Pt(ll) corners, while the crown etleheel was available to form

[2]pseudorotaxanes with an ammonium &xle.
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Figure 5.2 Stang'’s acceptor and donor crown etfers.

Can a new strategy for MORFs be developed thattistiee function of the axle and the
wheel, making the wheel act as the linker while @ixée does not participate in metal
coordination?

5.2 Results and Discussion

5.2.1 Chelating [2]rotaxane
For a simple and convenient chelating group, weddrto a ligand developed by Steel
al. containing 8-hydroxyquinoline (oxine) as the dogooup. As can be seen in Figure

5.3, the backbone of the ligand is similar to the amtiongroup oDB24C8.

0O N=
nes
N
\
Figure 5.3 Steel’s oxine type chelating ligadd.

The chelating crown ether containing the oxine geowas prepared by a Williamson
ether synthesis fronT B-DB24C8, and oxine (Scheme 5.1). The product precipitated
from MeCN, the desired compound was isolated, geimgr a red solid in moderate

yield.
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Br Br
TB-DB24C8

TO-DB24C8 = 63%
Br Br

Scheme 5.1 1) NaH, oxine, THF, stirred 2 h iifB-DB24C8, A 36 h.

The 'H NMR spectrum ofTO-DB24C8 shows the main core remains unchanged
relative to the starting materidB-DB24C8. The main differences arise from the
aromatic f)) and the benzylic protong)( For TO-DB24C8, these protons are shifted
downfield compared to the starting material duthtoweaker electron-donating effect of
the phenolic oxygen. Some of the major peaks arersarized in Table 5.1. The ESI-MS
shows that four oxine groups are now present owmrihen ether.

Table 5.1 Comparison of the chemical shifts foB-DB24C8, and wheell O-DB24C8
in CD.Cl,.

Protons TB-DB24C8 TO-DB24C8
J 3.37 3.79 (0.42)
k 3.85 3.83 (-0.02)
[ 4,12 4.29 (0.17)
g 6.86 7.17 (0.31)
h 4.62 5.50 (0.88)

The chelating [2]rotaxane5R0TO-DB24C8]** was synthesized in moderate yield
through esterification of the [2]pseudorotaxanemied between 3.5]|[BF4, and TO-

DB24C8 by stirring in MeCN/CHCI, at room temperature for 3 days; see Scheme 5.2.
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Scheme5.2) 3 eq.B.5]%", 1 eq.TO-DB24CS8, 9 eq. 3,5-dimethylbenzoic anhydride,
"BugP (cat.)MeCN/CHCI, for 72 h.

Some of the major peaks from thé NMR spectrum of$.20TO-DB24C8]|[BF 4] in
CDsCN, are summarized in Table 5.2. The [2]rotaxan@ashevidence supporting the
various supramolecular interactions such as hydrdgading andrn-n stacking.
Hydrogen bonding between the ethyleag &nd a-pyridinium (o) protons of the axle
with the polyether oxygen atoms of the wheel igdenced by a downfield shifts of the

signals fora andb of 0.67 and 0.37 ppm respectively.
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Table 5.2 Comparison of the chemical shifts of the dumbbdl2][BF,],, and
[2]rotaxane, $.20TO-DB24C8][BF 4], in CD;CN.
Protons [5.2] [5.2070-DB24C8]**

a 5.11 5.78 (0.67)
b 8.66 9.03 (0.37)
c 8.33 8.20 (-0.13)
d 7.98 7.46 (-0.52)
e 7.73 7.46 (-0.27)
f 5.46 5.32 (-0.14)

The 'H NMR spectrum also shows changes in the wheelclwaie summarized in
Table 5.3. The differences arise from the singtematic proton on the parebBiB24C8
unit, (@), and the benzylic protonp) As mentioned, the free crown eth€0-DB24C8,
shows a singlet at 7.18 ppm fgrbut the singlet shifts upfield to 7.03 ppmd(= 0.15
ppm) for p.20TO-DB24C8|[BF4].. Furthermore, the benzylic protons for the fremaer
ether shows a singlet at 5.50 ppm but the singiitssupfield to 5.01 ppmAj = 0.49
ppm) for the [2]rotaxane. The ESI-MS also confirmbeé interlocked nature of the
complex, with just the loss of two counter ionsulesg in observation of the molecular
ion [5.20T0O-DB24C8]** at869.3685e.

Table 5.3 Comparison of the chemical shifts of the wh@e&D-DB24C8 and [2]rotaxane
[5.20TO -DB24C8]|[BF ], in CD,Cl,.

Protons  TO-DB24C8 [5.2070-DB24C8]**
j 8.85 8.71 (-0.14)
k 7.41 7.43 (0.02)
| 8.10 8.13 (0.03)
m 7.36 7.43 (0.07)
n 7.36 7.85 (0.49)
0 7.14 7.17 (0.03)
p 5.50 5.01 (-0.49)
q 7.18 7.03 (-0.15)

A metal complex was prepared by stirring [Cel][BF4]. with [5.20TO-
DB24C8|[BF 4], in CHCN overnight to give a brown solid. THE NMR spectrum of

the product showed evidence of coordination to KFdévealed by upfield shifts of the
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protons j-0. Protonsj, in [(Cd(MeCN)(H»0))(5.20T0-DB24C8)]®* shifted upfield
from 8.81 ppm as observed in the uncomplexed comgptw 9.13 ppmAS = 0.32 ppm),
when coordinated to the Cd(ll) centre. Table 5.Mmpares the crown protons of the
uncomplexed oxine rotaxane ligand to the Cd(ll) pax. The ESI-MS of this labile
metal species showed loss of both Cd(ll) ions teguin observation of only cations of
the parent ligand5[20TO-DB24C8]?".

Table 5.4 Comparison of the chemical shifts of th&.2[1TO-DB24C8]|[BF,], and
[(Cd(MeCN)(H20))(5.20T0-DB24C8)][BF 4] in CD;CN.

Proton [5.20T0-DB24C8]>*  [(Cd(MeCN)(H,0))y(5.20T0-DB24C8)**
j 8.81 9.13 (0.32)
k 7.37 7.67 (0.30)
| 8.03 7.88 (-0.15)
m 7.40 7.73(0.33)
n 6.67 7.88 (1.48)
0 7.11 7.00 (-0.11)
p 4.88 4.97 (0.09)
q 6.97 6.93 (-0.04)
rs t 4.09 - 4.00 4.17-4.05 (0.07)

Single crystals of the Cd(Il) complexes were oladiby slow diffusion of isopropyl
ether into a solution of G3EN containing the complex. Figure 5.4 shows a aat-stick
representation of the cationic portion of [(Cd(Me@N,0)),(5.20T0-DB24C8)]%". As
seen with other [2]rotaxanes made using the &®&7, the [2]rotaxane adopts anti
conformation of the central NGBH,N moiety while the wheel O-DB24C8 exhibits a

typical S-shaped conformation, with 3,5-dimethylpyiegroups as the stopper.
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Figure 5.4 Ball-and stick presentation of [(Cd(MeGiH-O)(5.20TO-DB24C8)]°%",
with H-atoms and anions omitted for clarity. (Caldkey: Cd = teal, O =red, N = blue, C
= dark gray, axle = gold bonds, wheel = silver ®)nd
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To emphasize how the metal coordinates, the axtEm®ved in Figure 5.5.

Figure 5.5 The crown ether and the Cd(ll) coordination sptieremphasize the metal
ligand bonding (the axle omitted for clarity).

The ligand is coordinated to Cd(ll) ions by botle thitrogen and oxygen donors of the

oxine group. The Cd-N and Cd-O bonds are 2.28(27(2) A and 2.46(4), 2.58(4) A,

129



respectively. The Cd(ll) is seven-coordinated irdiatorted pentagonal bipyramidal
geometry. Besides the oxine ligand, the other sitesfilled with two MeCN molecules
with Cd-N distances of 2.39(7) and 2.43(7) A and Hy® molecule, with a Cd-O
distance of 2.34(6) A. This single water molecul®douces another non-covalent
interaction between the axle and the wheel, as iihvolved in hydrogen-bonding with
the ester carbonyl oxygen atom of the stopper graigh HO-H---O bond of 1.96 (2) A
and an O-H-O angle of 164.8 (3)°.
5.2.2 Polymericrotaxane

Crown ethers with pyridyl donor atoms in eithertire three or four position were
synthesized by Williamson ether synthesis conditi@een in Scheme 5.3. The new

crown ethers were isolated as yellow solids in ggiettis.
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Scheme 5.3 1) NaH, 3-py or 4-py, DMF, rt 2 h iif B-DB24C8, 60°C, 36 h.

The'H NMR spectrum of compounds'P-DB24C8 or T*P-DB24C8 shows the main
core remains unchanged relative to the startingenahtTB-DB24C8. The main
differences arise from the aromatib) (and the benzylic protong)( In both T*P-
DB24C8 and T3P-DB24CS8, respectivelyh and g are shifted downfield due to the

presence of the pyridinemethanol groups. Table shéws a comparison of these
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chemical shift changes t®B24C8. The ESI-MS shows that four substitutions of
pyridinemethanol groups are present on the crowaret

Table 5.5 Comparison of the chemical shifts of the whéieisDB24C8, T*P-DB24CS8,
andT3P-DB24C8 in CD,Cl,.

Protons TB-DB24C8 T*P-DB24C8 T°P-DB24C8
i 3.37 3.68 (0.31) 3.68 (0.31)
k 3.85 3.78 (-0.07) 3.78 (-0.07)
i 4.12 4.06 (-0.06) 4.06 (-0.06)
g 6.86 6.88 (-0.02) 6.91 (-0.07)
h 4.62 4.69 (-0.07) 4.51 (-0.11)

The [2]rotaxanes designed with bridging appendagese prepared under similar
conditions used to synthesis the chelating [2]ratex (Scheme 5.4), and some of the

major peaks are summarized in Table 5.6.

HO /N _
_IE@_\_G?\‘\ p L
e

[5.20T*P-DB24C8]*" = 26%

5.207°P-DB24C8]*" = 30% N=\9

7\

r
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i O
o/ n

_ e) m | Kk j

Scheme 5.4 i) 3 eq. [5.1*, 1 eq. T*P-DB24C8 or T*P-DB24C8, 9 eq. 3,5-
dimethylbenzoic anhydridéBusP (cat.) MeCN/CHCI, for 72 h.
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Evidence supporting the various supramolecularracteons such as hydrogen-
bonding andt-n stacking were apparent. Hydrogen-bonding betweerethylened) and
a-pyridinium (o) protons of the thread with the polyether oxygémre of the wheel is
demonstrated by a downfield shift of the signalsa&drom 5.11 ppm in$.2]** to 5.46
ppm for T*P-DB24C8 and T3P-DB24C8. The o-pyridinium () proton signal is also
shifted downfield from 8.65 ppm irb2]** to 9.03 ppm for botA*P-DB24C8 and T>P-
DB24C8.

Table 5.6 Comparison of the chemical shifts of the dumbbél2][BF,],, and
[2]rotaxane $.20T*P-DB24C8][BF 4], and b.20T°P-DB24C8][BF 4],in CD:sCN.
Protons [5.2]°"  [5.207*P-DB24C8]** [5.20T°P-DB24C8]*"

a 5.11 5.46 (0.35) 5.46 (0.35)
b 8.65 9.03 (0.38) 9.03 (0.38)
c 8.33 7.97 (-0.36) 7.97 (-0.36)
d 7.98 7.57 (-0.41) 7.57 (-0.41)
e 7.73 7.50 (-0.23) 7.50 (-0.23)

The'H NMR spectra also show changes in the wheel, whietsummarized in Table
5.7. The differences arise from the single aromptaton on the pareridB24C8 unit
(m), and the benzylic protons){ As mentioned, the free crown eth@’P-DB24C8,
shows a singlet at 6.96 ppm for but this singlet shifts upfield to 6.68 ppmd(= 0.28
ppm) for B.20T*P-DB24C8]?*. Also, the benzylic protons for the free crown ethieow
a singlet at 4.51 ppm but this singlet shifts udfieo 4.28 ppm A6 = 0.23 ppm) for
[5.20T*P-DB24C8]**. Similarly, for crown ethefl P-DB24C8 the singlet at 6.96 ppm
for m shifts upfield to 6.70 ppmA§ = 0.26 ppm) for $.20T*P-DB24C8]** while the
benzylic protonsr which shows a singlet at 4.51 ppm which shiftsielgfto 4.29 ppm
(Ad = 0.22 ppm) in the [2]rotaxane. The ESI-MS alsoftmed the interlocked nature of

the complex, with the loss of two counter ions, @mdtonation of one of the pyridine
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rings to give the molecular ions5.p0(H+T*P-DB24C8)]** and B.20(H+T3P-
DB24C8)]*" at 531.9138n/e.
Table 5.7 Comparison of the chemical shifts of the [2]rotee®n[b.20T*P-

DB24C8][BF 4], and b.20T°P-DB24C8][BF 4],in CD:CN.
Proton T*P-DB24C8 [5.200T*P-DB24C8]* T°P-DB24C8 [5.201T°P-DB24C8]*

j 3.68 4.07 (0.39) 3.66 4.06 (0.40)
k 3.80 4.07 (0.27) 3.78 4.06 (0.28)
| 4.10 4.07 (0.03) 4.09 4.06 (0.03)
m 6.99 6.70 (-0.29) 6.96 6.68 (-0.28)
N 4.56 4.29 (-0.27) 4.49 4.28 (-0.21)
0 4.52 4.29 (-0.23) 451 4.28 (-0.23)

Single crystals of §.20T*P-DB24C8][BF4], were grown by the slow diffusion of
isopropyl ether into a MeCN solution. The yellowstal appeared as small block over a
few days. Figure 5.6 shows a ball-and-stick reprieg®n of the cationic portion of
[5.20T*P-DB24C8]**. The structure reveals typical featureD&24C8 portion adopting
a typical S-conformation while the NGEH,N unit exhibits ananti conformation.
[5.20T*P-DB24C8]** is stoppered at both ends by a 3,5-dimethylphemglp. As
expected, the cationic axle interpenetrates théralecavity of the wheel allowing the
electron-rich aromatic portion of the wheel#estack with the electron-deficient axle.
The structure also reveals a high degree of C-Hay@ogen bonding between the
components. The four protowostho- to N3- as well the four central protons attached
ethylene bridge form eight hydrogen bonds with tixggens of the wheel with C-O
distances ranging from 3.20(8) - 3.64(7) A. The -08H,(CsH4N) appendages flank
the ester stopping groups and are pulled away fteencore of the [2]rotaxarieThis

conformation shows that it should be possible #the pyridine donors for coordination.
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Figure 5.6 Ball-and-stick representation 05.20T*P-DB24C8]?* (anions and H-atoms
are omitted for clarity. Colour key: O =red, N ké, C = dark gray; axle = gold bonds,
wheel = silver bonds).
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The synthesis of bis(pyridyl) ligands in which thgridyl groups are separated by
spacer groups of varying flexibility can give risigher polymers or chelating complexes.
The bis(pyridylether) ligand developed by 8drom the reaction of 4-pyridylethanol
with a,a’-dibromo-o-xylene gave the ligand as seen FigureEhis ligand forms either a
polymer when reacted with Ag(l) or a monomeric cterpwhen reacted with either

Co(Il) or Cu(ll).

Figure 5.7 Son'shis(pyridylether) ligand that can form polymérs.

It was predicted that with the increased flexigilif the pyridine methanol group, the
polymeric system will be much more likely f&.20T*P-DB24C8][BF 4], or [5.20T°P-
DB24C8]|[BF 4]

Single crystals of a metal complex were grown lstliffusion of isopropyl ether
into a saturated MeCN solution of [CAB)e|[BF4]. and b.20T3P-DB24C8][BF 4]-.
After a few days crystals with the formula of BCi(H-0)4(5.20T°P-DB24C8)][BF 4]»
developed. The source of chloride ion was deterchitoebe the residual anions from

column chromatography where NEl(aq) was used (Figure 5.8)
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Figure 5.8 Shows a ball and stick representation of #Clg{H.-0)4(5.20T *P-DB24C8)]**
showing how the 3-pyridyl groups each coordinateatadifferent Cd(ll) ion. All
counterions and all solvent molecules have beertexnfor clarity. (Colour key: Cd =
teal, Cl = green, O = red, N = blue, C = dark grayte = gold bonds, wheel = silver
bonds).

As was observed previously for the40T3P-DB24C8]** the parent basic structure of
the [2]rotaxane remains the same, except the dygrayps are extended to coordinate to
four Cd(ll) centres. The metal nodes consist ob@EHCd(u-Cl),Cd(H,O),] clusters with
Cd---Cd distances across the|G@().Cd linkage of 3.73(2) A, while the closest Cd---Cd
distance between nodes is 17.01(3) A. The 3-pyddylors from different rotaxanes end
up in the plane of the node, atrdns to each other in the axial coordination siteshwit

N---Cd---N angle of 175.2(3)°. The Cd---N distaa=2.29(1) and 2.33(1) A.
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The four different 3-pyridyl groups of one singlewn ether are coordinated to four
different Cd(ll) ions resulting in a 2-periodic mebrganic framework, with large holes

through which the axle can be threaded as seelgume=5.9.

Figure 59 A space filling model of the complete 2-periodietwork. All non-
coordinating anions have been omitted for clafitplour key: Cd = teal, Cl = green, axle
= blue, wheel = red).
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5.3 Conclusion
A new style of metal organic rotaxane frameworkemat can be produced by inverting
the metal coordinated roles of the rotaxane compisne- the axle and wheel.
[2]Rotaxanes, §.200TO-DB24C8|[BF,],, containing the oxine wheel were able to
coordinate to Cd(ll) in a chelating mode for thigahd and also bind to two MeCN
solvent molecules with hydrogen-bonds to a watelemde via the axle carbonyl group.
The [2]rotaxane §.20T3P-DB24C8][BF4]. containing pyridyl groups can form a 2-
periodic array of crown ethers and the metal ianaking a grid filled with large holes
though which the axle can be threaded.

5.4 Experimental

5.4.1 General Methods
Chemicals were obtained from Aldrich and used as ceived.
Tetrakis(bromomethyl)dibenzo-24-crown-8 TB-DB24C8,'°  3,5-dimethylbenzoic
anhydride’® and  1,2-bis(4-pyridine-4ylphenylmethanol)ethane traftuoroborate
[3.5][BF 4], and 1,2-Bis(3,5-dimethylbenzoate)benzyl-pyridin))gthane
tetrafluoroborate §.2][BF4],'> were synthesized using literature preparationsve®ts
were dried using an Innovative Techniques Solvemififation Systems!H NMR
spectra were obtained on a Bruker Avance 500 imstni operating at 500 MHz.
Deuterated solvents were purchased from Cambrisigfepe Laboratories Inc. and used
as received. High-resolution mass spectra wereradedoin 50/50 MeCN/kD on a

Micromass LCT Electrospray TOF mass spectrometer.
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SynthesisT O-DB24C8

Oxine (0.798 g, 4.88 mmol) was added to a solubioNaH (132 mg, 5.50 mmol) in dry

THF (30 mL) and was stirred for 2 h at room temper After which timel B-DB24C8

(2.00 g, 1.21 mmol) and DMF (2 mL) were added, tnr@dmixture was refluxed for 36 h.

The reaction mixture was cooled to room temperatame water (4 mL) was added. The

THF was removed, the oil was dissolved in,CH (50 mL) and washed 1 M NaHGO

(3x50 mL) and HO (50 mL), and then dried with MgQJiltered, and concentrated. The

solid was recrystallized from GEBN twice to give a reddish solid. Yield: 0.830 mg

(63%). MP: 133-136.ESI-MS: m/z [TO-DB24C8 + HJ* calc. 1077.4286, found

1077.4332.

Table 5.8 *H NMR spectroscopic data fat0-DB24C8 in CD,Cl,.

Proton o (ppm) Multiplicity # protons J(H2)
a 8.85 d 4 Ip=2.5
b 7.41 m 4 -

c 8.10 d 4 3p=8.3
de 7.37-7.35 m 8 -

f 7.14 d 4 1:=6.9

g 5.50 S 8 -

h 7.18 S 4 -

i 4.29 m 8 -

j 3.83 m 8 -

k 3.79 m 8 -

139



O

O

Table 5.9 **C NMR spectroscopic data f§10-DB24C8 in CD,Cl,.

Carbon o (ppm)
1 149.7
2 122.1
3 136.2
4 129.2
5 141.2
6 120.5
7 127.1
8 110.7
9 155.1
10 69.4
11 130.0
12 116.3
13 149.3
14 70.0
15 70.3
16 71.6

SynthesisT*P-DB24C8

4-Pyridinemethanol (0.545 g, 4.99 mmol) was adaea $olution of NaH (0.066 g, 2.74
mmol) and dry DMF (30 mL) and the mixture was stirfor 2 h at room temperature.
After which time, TB-DB24C8 (1.00 g, 1.21 mmol) was added and the mixture was
refluxed for 36 h. The reaction mixture was theaoled to room temperature and water (4
mL) was added. The DMF was removed, the oil wasalved in CHCI, (50 mL), and

then washed with 1 M NaHGQ3x50 mL) and HO (50 mL), and then dried with
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MgSQ,, filtered, and concentrated. Yield: 0.837 g (74%)P: 97-100°CESI-M S: m/z

[(T*P-DB24C8 + Na] " calc. 955.4099, found 955.4147.
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Table5.10 *H NMR spectroscopic data fa*P-DB24C8 in CD,Cl..

Proton

6 (ppm)

Multiplicity

# protons

8.44

7.15

4.43

4.69

6.88

4.06

3.78

SKQ|—|D | Q0 |T|D

3.68

SI313|ln|lun|nlala

CO|C0 (00| ~|0OO|0O|0O| 0O

Table5.11 *H NMR spectroscopic data faf*P-DB24C8 in CD;CN.

Proton

9 (ppm)

Multiplicity

# protons

8.49

7.28

4.52

4.56

6.99

4.10

3.80

S|Q|— 0D | Q0 |TD

3.68

S|SB |ln|lunln|lala

C0|00(0O0| ~(0O|00|0O|CO
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Table5.12 °C NMR spectroscopic data fafP-DB24C8 in CD,Cl,.

Carbon o (ppm)

150.0

122.3

148.9

71.5

69.9

129.8

115.9

148.2

OO |INO|O|BWIN|F-

70.3

70.4

=
=0

70.8

SynthesisT*P-DB24C8

3-Pyridinemethanol (0.545 g, 4.99 mmol) was adaded $olution of NaH (0.066 g, 2.74
mmol) and dry DMF (30 mL) and the mixture was stirfor 2 h at room temperature,
after which time, TB-DB24C8 (1.00 g, 1.21 mmol) was added and the mixture was
refluxed for 36 h. The reaction mixture was thealed to room temperature and water (4
mL) was added. The DMF was removed, the oil wasaled in CHCI , (50 mL) and
washed with 1 M NaHC®(3x50 mL) and HO (50 mL), and then dried with MgQ0
filtered, and concentrated. Yield: 0.837 g (74%}IP: 82-85°C.ESI-MS: mVz [T3P-

DB24C8 + Na]" calc. 955.4099, found 955.4147.
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Table5.13*H NMR spectroscopic data farP-DB24C8 in CD,Cls.

Proton o (ppm) Multiplicity # protons J(H2)

a 9.04 S 4 -

b 8.54 d 4 Je=4.2

c 7.24 dd 4 =51, 3=
7.4

d 7.63 d 4 }.=76

e 4.48 S 8 -

f 4,51 S 8 -

g 6.91 S 4 -

h 4.06 m 8 -

i 3.78 m 8 -

i 3.68 m 8 -

Table5.14 'H NMR spectroscopic data farP-DB24C8 in CD;CN.
Proton o (ppm) Multiplicity # protons J(H2)

a 8.51 S 4 -

b 8.47 d 4 Je=4.2

c 7.30 dd 4 3c=5.1, Ja =
7.4

d 7.67 d 4 }.=7.6

e 4,51 S 8 -

f 4.49 S 8 -

g 6.96 S 4 -

h 4.09 m 8 -

i 3.78 m 8 -

i 3.66 m 8 -

143




Table5.15 *C NMR spectroscopic data fdrP-DB24C8 in CD,Cl,.

Carbon o (ppm)

149.6

149.4

123.9

136.9

134.4

71.5

69.9

134.4

O ONOO|OPRWNF

115.9

10 148.9

11 70.1

12 70.3

13 70.3

Synthesis$.20T O-DB24C8]|[BF 4],

[3.5][BF4]2 (0.088 g, 0.154 mmol) was combined will©-DB24C8 (0.054 g, 0.050
mmol) and 3,5-dimethylbenzoic anhydride (0.390 @81mmol) in acetonitrile/CkLCl,
(10 mL)."BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for
72 h at room temperature. The solvent was removettrureduced pressure and the
product was stirred in anhydrous ethanol for 30 .nmAn column was done with
MeOH/CHCI; (4:1), and solvent was removed. The product wssotired in acetonitrile

and isopropyl ether was allowed to diffuse into #fwdution. The product was yellow
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solid. Yield 0.030 g (32%)ESI-MS: m/z [5.20T0-DB24C8]%* calc. 869.3671, found

869.3685.

Table5.16 *H NMR spectroscopic data fos.p0TO-DB24C8][BF 4], in CD;CN.

Proton 6 (ppm) Multiplicity # protons J(H2)

5.78

9.03 3.=73

8.20 3,=6.7

7.46

7.46

5.32

7.46

5.05

2.07

8.81

N[ =T Q=D |0 |T|D

~olnln|[3|lun|3|3|alaln

BABINABARAAS
1

3 =77, 3k.
8.1

7.37

8.03 =67

7.40 3.=8.1

3_

6.67 3.,=8.2

7.11 3.=75

4.88

6.97

3|»|nlaaa
N ploDD P

wnQ o |0 |S
N
1

~+

4.09 - 4.00

-
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Table5.17 *H NMR spectroscopic data fos.p0TO-DB24C8][BF 4], in CD.Cl..

Proton o (ppm) Multiplicity # protons J(H2)

5.50

9.08 $c=7.3

8.25 3,=6.7

7.43

7.43

5.25

7.57

7.13

2.21

8.71

7.43

8.13

3|—|=xM—|—|TQ|—=lo|alo|c|w

7.43

7.85

7.17

5.01

7.03

meQQQQBQMMBMBBQQw
Ebmbbbbbbgmbbbbbbb
an
~
ny
Ul
Ul

wnwQ o |O|D

t 4.15-3.96

-

Synthesig5.20T*P-DB24C8][BF 4],

[3.5][BF4]» (0.088 g, 1.54 mmol) was combined witiP-DB24C8 (0.072 g, 0.077
mmol) and 3,5-dimethylbenzoic anhydride (0.032.§2@ mmol) in acetonitrile/C¥Ll,
(10 mL)."BugP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for
72 h at room temperature. The solvent was remoweeérupressure and the product was
stirred in anhydrous ethanol for 30 min. The prdduas dissolved in acetonitrile and
isopropyl ether was allowed to diffuse into theusioin. The product was yellow solid.
Yield 0.035 g (26%).ESI-MS: m/z [5.20H+T*P-DB24C8]** calc. 531.9138, found

531.9134.
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Table5.18 'H NMR spectroscopic data fo.pOT*P-DB24C8][BF 4], in CDsCN.

Proton

9 (ppm)

Multiplicity

# protons

J(H2)

5.46

9.04

3.=6.9

7.98

3,=7.0

7.51

}.=8.3

7.58

14=8.2

5.36

7.69

1.22

2.36

N

8.48

7.17

4.29

I|c|ocle|—|TKe|—~o|alo|T|o

4.29

6.70

ninnaoQonnln nlao|Qalalin

=

4.16 — 4.03

3

IEN eI Il [ Il I I F N EN N N F N NN
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Synthesig5.20T3P-DB24C8|[BF 4]

[3.5][BF4]> (0.088 g, 1.54 mmol) was combined witHP-DB24C8 (0.072 g, 0.077
mmol) and 3,5-dimethylbenzoic anhydride (0.032.§2@ mmol) in acetonitrile/C¥CLI,
(10 mL)."BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for
72 h at room temperature. The solvent was remoweérupressure and the product was
stirred in anhydrous ethanol for 30 min. A columaswdone with MeOH/CCl, (4:1),
and solvent was removed. The product was dissalveaetonitrile and isopropyl ether
was allowed to diffuse into the solution. The praidwas yellow solid. Yield 0.040 g

(30%).ESI-MS: mVz [5.20H+T3P-DB24C8]** calc. 531.9138, found 531.9134.
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Table5.19 *H NMR spectroscopic data fo.pOT*P-DB24C8][BF 4], in CDsCN.

Proton

9 (ppm)

Multiplicity

# protons

J(H2)

5.46

9.04

3.=6.8

7.98

3,=6.8

7.58

3.=8.0

7.58

14=8.0

5.37

7.70

7.28

2.35

8.46

8.49

7.29

7.49

S|l |—|TK@|—~o|alo|T|o

6.68

4.28

4.28

x| = |0

.

4.03 - 4.08

Bmwmo_go_wmwmmo_o_o_o_m

INJENTICIEN R EN N I SIEN NP R PN

Synthesig(Cd(MeCN)(H,0),(5.20T O-DB24C8)][BF 46

To a solution of $.200TO-DB24C8][BF 4], (30 mg) was dissolved in 1 mL of GEN

was added to Cd(BF4H HO (9 mg) and the mixture was stirred at room teiapee

overnight. Slow diffusion of isopropyl ether intoet solution gave brown crystals. Yield

0.054 g (99%)ESI-MS: m/z [(5.20T O-DB24C8)]** calc. 869.3670, found 869.3115.
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Table5.20 *H NMR spectroscopic data for [(Cd(MeCXHI,0),(5.20T O-DB24C8)]°* in

CDsCN.
Proton 6 (ppm) Multiplicity # protons J(H2)
a 4,97 m 2 -
b 9.02 d 12 I.=5.4
C 8.67 d 4 3,=79
d 7.34 d 4 Je=74
e 7.41 d 4 I4=71
f 4.97 S 4 -
g 7.50 S 4 -
h 7.16 S 4 -
i 2.26 S 4 -
j 9.13 d 4 k=33
k 7.67 t 4 3i=78 3=
8.0
| 7.88 m 4 -
m 7.73 d 4 3n=79
n 7.88 m 4 -
0 7.00 d 4 3.=6.6
p 4.97 m 8 -
q 6.93 S 4 -
rst 4.17-4.05 m 24 -
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Synthesig§Cd,Cla(H20)4(5.20T *P-DB24C8)][BF 4]

To a solution of $.20T*P-DB24C8)][BF 4], (30 mg) was dissolved in 1 mL of GEN

was added to Cd(BF4H HO (9 mg) and the mixture was stirred at room temmipee

overnight. Slow diffusion of isopropyl ether inthet solution gave yellow crystals in

guantitative yield.
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Chapter 6

[2]Rotaxane Ligands with Donors on Both the Axlel &dheel

6.1Introduction
The focus of this chapter is to combine the “rotexas a ligand” concepts from chapters
2 and 5 to design a sophisticated [2]rotaxane waibrdinating groups appendedioth
the axle and the wheel. This could, in an idealatdegand system, give rise to two
independent coordination networks linked only bg thterpenetration of the ligand. In
particular, the focus will be on a design in whibk ligands on the axle could lead to a 1-
periodic coordination polymer and the ligands oa theel could form a 2- periodic
coordination network. To date, there are no knowamgles of this type of coordination
polymer or metal organic framework material.

Recently we have shown that a terpyridine ligana loa utilized as the stopper of a
[2]rotaxane to form a 1-periodic coordination pobmh However, due to unseen
problems with synthesis such a chelating groupctaot be used in this case. In place of
the terpyridine group, the bis(2-pyridylmethyl)amiligand as a stopper was developed;

Figure 6.1.

N

Oa @480

N=
Y/
Figure 6.1 The new stopper based [2]rotaxane with bis(2-pymeyhyl)amine.
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Recently,Leigh developed a [2]rotaxane that contains big§2-pyridylmethyl)amine
(BPMA) chelating sites, one attached to the rotaxaneaugcle and one to the rotaxane
thread. This was synthesized using a hydrogen bemglated clipping strategy; Figure

6.22

Figure 6.2 Leigh “combo” chelating rotaxarie.

6.2 Results and Discussion

6.2.1 Synthesis of Bis(2-pyridylmethyl)amine
The ligandBPMA was chosen as the ligand unit for eventual inolusis the stopper for
these new type of [2]rotaxane ligands. The syntheBBPMA proceeded smoothly via
the condensation of pyridine-2-carboxaldehyde \2#iminomethylpyridine, to form the
imine. Subsequent reduction of the imine, situ with NaBH, produced the desired

compoundBPMA as previously reported; Scheme &.1.
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BPMA = 65%
Scheme 6.1) EtOH, ii) NaBH,, reflux.

Alkylation of the secondary amine occurred viataréiture procedure, in moderate
yield with methyl p-(bromomethyl)benzoate, and triethylamine to predufp-
methylbenozote)benzyl)bis(2-pyridylmethyl)amin&eCO,BzBPMA). Hydrolysis of
the ester was carried with NaOH in MeOH to prodid€p-carboxybenzyl)bis(2-
pyridylmethyl)amine HCO,-BzBPMA), as previously reported; Scheme 6.2.

O
/
O

Br 0] .
+ —_—

MeCO,-BzBPMA = 85%

0]
OH
| X N | X ii)
N N~

HCO,-BzBPMA = 80%
Scheme 6.2) EtN, THF, reflux, 2h ii) 2M NaOldg, MeOH.

Similar ligands have been studied in previous y&aroordinate to number of metals
such as ruthenium(ll), osmium(ll), and group 10 ddtransition metal3.The methyl
ester ligand was studied with Cu(ll), Zn(ll), andet metal carbonyl fragments

Mo(CO)°, Mn(CO)Br and Re(CQBr. These complexes witlleCO,-BzBPMA were
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generally prepared by reactimguimolar amounts of both M(GIBr (M = Mn or Re)
and AgOTTf in refluxing methanol in the presencéhef ligand; Scheme 63

o o)

| X N | X i) -AgBr X N | X C
=N N~ i) | /N'u,,,,\l/ltu--N b

a _
OC// \CO OTf
ocC

Scheme 6.3i) M(CO)sBr, AgOTf, MeOH, 60 min (M = Mn or Re) i)
[Re(CO}(MeOH)][OTf], MeCO,-BzBPMA , 60 min.

The IR spectrum of [Re(CgMeCO,-BzBPMA)][OTf] was recorded in a KBr
pellet and showed the characteristic bands ofigaamdl as well as two bands of a nearly
Cav-symmetrical Re(CQ)fragment, with the doubly degenerdieband slightly split
(2029, 1949 cr).

The 'H-NMR spectrum of [Re(CQJMeCO,-BzBPMA)][OTf] in CDsCN is
summarized in Table 6.1. Metal coordination waseoled by higher chemical shifts for
the proton adjacent to the pyriding @nd splitting of the methylene groups next to the
amine nitrogen & by -0.31 and -1.18/-0.46 ppm respectively. Thel-E&5 also
confirmed coordination resulting in observationtloé parent ion as [Re(C¢MeCO,-

BzBPMA)]"* at 618.103In/e
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Table 6.1 Comparison of thehemical shifts of free ligand MeG@zBPMA and metal
[Re(CO}(MeCO,-BzBPMA)][OTH].

Proton MeCO,-BzBPMA  [Re(COXx(MeCO,-BzBPMA)]*
a 8.47 8.78 (-0.31)
b 7.20 7.28 (-0.08)
c 7.69 7.83 (-0.14)
d 7.57 7.79 (-0.22)
e 3.75 4.93 (-1.18), 4.31 (-0.46)
f 3.73 4.97 (-1.24)
9 7.54 7.34 (0.20)
h 7.94 8.14 (-0.20)
i 3.92 3.92 (0.00)

Single crystals of the Mn(l) complex were grown sigw diffusion of isopropyl ether
into a solution of MeCN. The cationic portion ofetlstructure, [Mn(CQfMeCO.-
BzBPMA)]" is shown in Figure 6.3. The manganese centre ia stightly distorted
octahedral coordination environment, with the lldand and the three carbonyl ligands
coordinating facially. The angles between the Mg the carbonyl ligands are bent
towards each other such that the C(2)-Mn(1)-C(3)learis only 86.3° and the other
angles are significantly different less 180°; Tabl2 shows selected bond lengths and
angles. Although no related Mn(CO3$tructures were found in the CCDC, a related
Re(CO} complex was found to have the bond angles in gapdement with this Mn(l)

complexes:’

Table 6.2Bond lengths(A) and bond angles(°) for [Mn(G@®eCO-BzBPMA)]".

Mn-N(1) 2.06(2) N(1)-Mn-N(2) 83.4(5)
Mn-N(2) 2.04(2) N(2)-Mn-N(3) 82.3(6)
Mn-N(3) 2.12(2) N(1)-Mn-N(3) 80.5(5)
Mn-C(1) 1.83(2) C(1)-Mn-C(2) 88.7(6)
Mn-C(2) 1.82(2) C(2)-Mn-C(3) 86.3(8)
Mn-C(3) 1.82(2) C(1)-Mn-C(3) 91.7(6)
C(1)-O(1) 1.13(1) Mn-C(1)-O(1) 178.2(9)

C(2)-0(2) 1.14(1) Mn-C(2)-0(2) 173.4(11)

C(3)-0(3) 1.14(1) Mn-C(3)-O(3) 176.5(12)
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Figure 6.3 A ball-stick representation of the cationic pontiof the X-ray crystal
structure of [(Mn(COYMeCO,-BzBPMA)]*. All hydrogen atoms, all anions and all
solvent molecules have been omitted for clarityn(®blue-gray, O =red, N = blue, C =
black, ligands bonds = gold).

6.2.2 Synthesis of a BPMA stoppered [2]rotaxane
The [2]rotaxane were synthesized in good vyield ubgho esterification of the
[2]pseudorotaxane formed betweeB.jJ[OTf],, DB24C8 with HCO,-BzBPMA and

N,N-Dicyclohexylcarbodiimide (DCC) in MeCN at room tperature; Scheme 6°4.
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e d C b N N // 0O
o) O
[6.2]**(no crown) = 18% k/o\JO@
[6.20DB24C8]** = 59% 7\
N N

Scheme 6.4) DB24C8 HCO,-BzBPMA, DCC,"BusP (cat.)MeCN, RT for 72 h.

The 'H NMR spectrum of compounds.PJ[OTf], and B.20DB24Cg[OTf], in
CDsCN are shown in Figure 6.4 and some of the majakpare summarized in Table
6.3. The spectrum of the [2]rotaxane showed evigesapporting the various
supramolecular interactions such as hydrogen bgndimd n-n stacking. Hydrogen
bonding between the ethylena) (and a-pyridinium () protons of the axle and the
polyether oxygen atoms of the macrocycle is eviddnby a downfield shift of the

signals fora andb of 0.32 and 0.18 respectively.
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Figure 6.4 Comparison of théH NMR shifts of (a) §.20DB24C8[OTf],, and (b)
[6.2[OTf],in CDsCN at 500 MHz.

Table 6.3 Comparison of the chemical shifts of the dumbiélP[OTf], and the
[2]rotaxane, §.27DB24Cg[OTT] ».
Protons  [6.2f" [6.20DB24C8F"

a 5.15 5.44 (0.32)
b 8.84 9.02 (0.18)
c 8.31 8.03 (-0.28)
d 7.96 7.65 (-0.31)
e 7.58 7.60 (0.02)

In addition to resonances which are diagnostic hef tapping process and rotaxane
formation in general. The presence of the singte6.47 ppm forf also indicated
acylation of the alcohol had occurred. T NMR spectra reveals the presence of two
separate resonances forandp at 6.65 and 6.56 ppm, compared to 6.93 ppm fa fre
DB24C8 are indicative ofz-stacking between pairs of electron-poor pyridiniamd
electron-rich crown aromatic rings. The ESI-MS @onéd the interlocked nature of the
complex, with the loss of two counter ion8,4J1DB24C8g?" at 738.3438n/e

To investigate the coordination ability of this gue ligand, a Re(l) complex was
prepared. Scheme 6.5, shows generally how the mentooks in solution when two

equivalents of [Re(CQ@MeOH)][OTf] were reacted withg.2-1DB24Cg[OTf] ».
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[(Re(CO)5),(6.2)]" (N0 crown) k/ouo /)
[(Re(CO)3),(6.20DB24C8)]** _
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Scheme 6.5) [Re(CO)(MeOH)][OTf] in MeOH, reflux, 1 hr.

The *H NMR spectrum of the Re(l) rotaxane complex wasorged in CRCN
revealed upfield shifts of the protonsn-j. Proton n, in complex
[(Re(CO))2(6.20DB24C8)]*" shifts from 8.78 ppm for the uncomplexed [2]rotasdo
8.48 ppm when coordinated to a rhenium(l) centriso/seen is the splitting of the
methylene prototj at 4.94 and 4.32 ppm. Conventional 2D NMR techesgfH — *H
COSY) were also employed to help assign the obdergsonances. The differences
between the [2]rotaxane ligand and the correspgndinenium(l) complex are
summarized in Table 6.4. The ESI-MS of the metahglex showed the loss of all the

counter ions to give [(Re(G{)-(6.20DB24C8)]*" at 504.6403n/e
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Figure 6.5'H NMR spectrum of [(Re(CQ)x(6.20DB24C8][OTf] , at 500MHz.

Table 6.4 A comparison of thd¢H NMR chemical shifts for dumbbell6[Z[OTf]»,
[2]rotaxane ligand §.2JDB24Cg[OTf], and complex [(Re((CQ))(6.2]*,
[(Re((CQ)),) (6.21DB24C8)][OTT] 4.

proton  [6.2]" [(Re(COx)),(6.2)]" [6.20DB24C8]*" [(Re(CO,)).(6.21DB24C8)]**

a 5.15 5.12 (-0.03) 5.44 5.50 (0.06)
b 8.84 8.72 (-0.12) 9.02 9.06 (0.04)
c 8.31 8.35 (0.04) 8.03 8.24 (0.18)
d 7.96 8.01 (0.05) 7.65 7.70 (0.05)
e 7.58 7.77 (0.19) 7.60 7.66 (0.06)
f 5.45 5.52 (0.07) 5.47 5.52 (0.05)
9 8.01 8.22 (0.21) 7.94 7.97 (0.03)
h 7.71 7.82 (0.11) 7.60 7.83 (0.23)
i 3.75 4.98 (1.23) 3.79 4.99 (1.20)
i 3.75  4.93(1.18), 4.31 3.79 4.94 (1.15), 4.33 (0.54)
(0.56)

k 7.58 7.33 (-0.25) 7.60 7.35 (-0.25)
| 7.71 7.82 (0.11) 7.73 7.83 (0.10)
m  7.20 7.28 (0.08) 7.21 7.29 (0.08)
N 8.48 8.79 (0.31) 8.49 8.79 (0.30)
0 - - 6.65 6.67 (0.02)
P - - 6.53 6.55 (0.02)

To investigate the coordination ability of this gue rotaxane ligand, silver(l) and
cadmium(ll) were investigated as these metals amvk to form complexes with this
ligand®** Scheme 6.6 shows generally how the monomer wouokiin solution when
two equivalents of [Ag][OTf], or [Cd(kD)s][BF4]. in MeCN were added to
[6.21DB24C8[OTf].. The coordination of Ag(l) with theBPMA results in the

formation of a dimeric species with two Ag(l) cowrating to two BPMA ligands
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through the pyridyl and amine groups and a Agiiy(l) interaction'® A similar dimer
still exists if the amine group is substituted, awes not depend on solvent or counter
ions’®® NMR data supports that the dimer exists but wfie loss of the amine
coordination and the Ag(Ag(l) interaction but is replaced with either salveor

counter-ion filling the coordination sphere.

]
N
N

SRENReYan

//—\\ O
0 \—< >—< B -
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m_> k _
n(’\'LI i) N N
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Scheme 6.6) 2 equivalents of Ag(OTf) or [Cd(#D)e][BF4]2in MeCN for 24 h at RT.

The 'H NMR spectrum for the Ag(l) complex revealed doishf shifts of the
protonsn-j. Protonn, in complex [(Ag)(6.20DB24C8]*" shifts from 8.48 ppm for the

uncomplexed [2]rotaxane to 8.55 ppm when coorddhate a silver(l) centre. The
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resonances due taandi in the uncomplexed [2]rotaxane both appear at fpif but in

the silver(l) complex shifts them upfield to 3.7nda3.70 ppm respectively. The

difference between the [2]rotaxane and the cormdipg silver(l) complex was

summarized in Table 6.5.

The coordination of Cd(Il) with thBPMA results in a bis-ligand species with one

Cd(Il) coordinating to twdBPMA ligands through the pyridyl and amine group3he

'H NMR spectrum for the Cd(ll) complex revealed déieid shifts of the protons-j.

Protonn, in complex [(Cd)6.20DB24C8)]*" shifts from 8.48 ppm for the uncomplexed

[2]rotaxane to 8.70 ppm when coordinated to a cadr(il) centre. Protoni, in

[(Cd)(6.20DB24C8]*" shifts from 3.79 ppm for the uncomplexed [2]rotasato 3.91

ppm when coordinated to the cadmium(ll) centreaddition, splitting of the methylene

protonj from 3.79 ppm into downfield resonances at 3.7 413 ppm is observed upon

complexation.

Table 6.5'H NMR chemical shifts for [2]rotaxan® P0DB24Cg[OTf], and complex
[(AQ)x(6.21DB24C8)][OTf] x+ and [(Cd)(6.201DB24C8)][OTf] x+ in CDsCN.

protons  [6.20DB24Cg*"

[(Ag),(6.20DB24C8)]**

[(Cd)(6.20DB24C8]**

5.44
9.02
8.03
7.65
7.60
5.47
7.94
7.60
3.79
3.79
7.60
7.73
7.21
8.49
6.65
6.53

T OS3 —Xx——50Q—+~0DQ0OTQ

5.43 (-0.01)
9.04 (0.02)
8.00 (-0.03)
7.62 (-0.03)
7.62 (0.02)
5.46 (-0.01)
7.94 (0.00)
7.48 (-0.12)
3.70 (-0.09)
3.77 (-0.02)
7.37 (-0.23)
7.84 (0.11)
7.40 (0.19)
8.55 (0.06)
6.64 (-0.01)
6.50 (-0.03)

5.49 (0.05)
9.06 (0.04)
8.14 (0.11)
7.66 (0.01)
7.66 (0.06)
5.49 (0.02)
7.97 (0.03)
7.44 (-0.16)
3.91 (0.12)

7.53 (-0.07)
8.07 (0.34)
7.66 (0.45)
8.70 (0.21)
6.66 (0.01)
6.54 (0.01)

4.13 (0.36), 3.76 (-0.03)
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6.2.3 [2]Rotaxane ligand with donors on both the axle anavheel
The synthesis of a [2]rotaxane ligand with donaugs onboth the axle and the wheel
followed the same procedure as that used to prdpa2eDB24C8g[OTf], except that
the crown used was>P-DB24C8 Scheme 6.7. Some of the majét NMR peaks are
summarized in Table 6.6. THel NMR spectrum of §.20T3P-DB24Cg[OTf], shows
evidence supporting the various supramolecularact®ns such as hydrogen bonding
and n-n stacking. Hydrogen-bonding between the ethylesmeafd a-pyridinium ()
protons of the thread and the polyether oxygen atohthe macrocycle is demonstrated
by a downfield shift of the signals farto 5.37 ppmthe shift of protorb to 9.02 ppm for

[6.20DB24Cg[OTf] ».

m/lk 7/ OH
N
n\N J / \ |I)
I - —
N NS/ O
N~ h O —_
XN 9 o ©

[6.20T°P-DB24C8]*" = 28% 0 N\
S —
(0]
— 7 |§|
N\ /r _
P q

Scheme 6.7) T°P-DB24C8§ HCO,-BzBPMA, DCC,"BusP (cat.)MeCN for 72 h.
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Table 6.6 '"H NMR assignments for6[J[OTf],, and b.20T°P-DB24Cq[OTf], in
CDsCN.

Protons  [6.2f" [6.20T°P-DB24Cq**

a 5.11 5.37(0.26)
b 8.65 9.02(0.37)
c 8.33 8.02(-0.31)
d 7.98 7.55(-0.43)
e 7.73 7.70(-0.03)

TheH NMR spectrum also shows changes for the whedhwéire summarized in
Table 6.7. The differences occur at the singletmatic proton on the parerit’P-
DB24C8unit (u), and the benzylic protons)(As mentioned, the free crown eth&rp-
DB24C8 shows a singlet at 6.96 ppm fobut this singlet shifts upfield to 6.66 ppmd(
= 0.30 ppm) for §.20T3P-DB24Cg*". Also, the benzylic protons for the free crown
ether show a singlet at 4.51 ppm but this sindidtssdownfield to 4.52 ppmAp = 0.01
ppm). The ESI-MS of§.20T3P-DB24Cg>" also confirmed the interlocked natures of
the complex, with the loss of two counter ions h&sg in observation of the parent ion
[6.20T3P-DB24Cgq*" at 980.446n/e

Table 6.7 'H NMR assignments off °P-DB24C8 and p.20T>P-DB24Cg[OTf], in
CDsCN.

Protons T°P-DB24C8 [6.20T°P-DB24Cg>"

0 8.51 8.46(-0.05)
p 8.47 8.46(-0.01)
q 7.30 7.24(-0.06
r 7.67 7.49(-0.18)
s 4.51 4.52(-0.01)
t 4.49 4.51(-0.02)
u 6.96 6.66(-0.30)

Upon coordination, it is possible that this newrfdm” ligand rotaxane could form two
independent frameworks, one created by linking &xlexle and another by linking of

the wheels. Both of these metal ligand interactibase been observed in separate
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systems containing only one of the donor sets.rEigu6 shows a schematic view of this

concept.

Figure 6.6 Possible coordination of ttfeombo” rotaxane ligand.

6.3 Conclusion
An interlocked molecule with a new chelating grd8iPMA as a stopper was prepared
and coordinated to a number of metals. Upon coatitin to Mn(l) the ligand adopts a
facial orientation around the metal as seen preWowith related ligands of this type.
The robust nature of this [2]rotaxane was confirnyd'H NMR spectroscopy. The
complex with Re(l) demonstrates a further examipde“totaxane as ligand” approach for
preparing robust complexes that require harsh imectonditions. The Ag(l) and Cd(ll)
complexes demonstrate the possibility of prepacmgydination polymers.

The idea of creating a “combo” ligand rotaxane widthnors appended to both axle
and wheel was also presented and the successpdrpt®mn of such a ligand confirmed

by 'H NMR spectroscopy and mass spectrometry. Futucedamation studies on the
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“‘combo” rotaxane ligand may provide solid state dewice that a MORF with
independent networks derived from this design mapdssible. To date, all attempts to
grow X-ray quality crystals with different labileatal ions have failed.

6.4 Experimental

6.4.1 General Methods
Pyridine-2-carboxaldehyde, 2-aminomethylpyridineaBRl,, triethylamine, methyp-
(bromomethyl)benzoate, and AgOTf were purchaseth fRigma-Aldrich and used as
received. RECO),, was obtained from Strem and used as received. ReBE>, 1,2-
bis(4-pyridine-4ylphenylmethanol)ethdneand B.5[OTf], were synthesized using
literature methods. Solvents were dried using anovative Technology Solvent
Purification System*H NMR spectra were obtained on a Bruker Avance if6ffument
operating at 500 MHz. Deuterated solvents were haged from Cambridge Isotope
Laboratories Inc. and used as received. High-résolumass spectra were recorded in
50/50 MeCN/HO on a Micromass LCT Electrospray TOF mass spe&tem
SynthesiBPMA
Pyridine-2-carboxaldehyde (8.0 g, 76.5 mmol) wassaved in 30 mL of absolute
ethanol in a 250 mL three-neck round bottom fl@&Rminomethylpyridine (8.27 g, 76.5
mmol) dissolved in 60 mL absolute ethanol and aditegwise via a constant addition
funnel over a 15 min period to the carboxaldehyolet®n. The reaction mixture was
stirred for 30 min at room temperature. Sodium hgdside (5.80 g, 153 mmol) was then
added to the solution. After complete addition, aaction mixture was refluxed for 3 h
and subsequently cooled in an ice bath and aaidiigoH = 2 using 12M HCI. The white

solid was filtered and the filtrate was evaporatedet rid of the ethanol. The resulting
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oil was dissolved in 120 mL ethanol and 30 mL comeded HCl and 70 mL diethyl
ether was added. The clear solution was coolebarfreezer overnight, revealing white
crystals. The crystals were filtered and driedntdessolved in a minimal amount ot®
and made basic to pH = 10 by addition of 10% Na®i& product was extracted with 3
x 20 mL of CHCI, and subsequently dried over anhydrous MgSthe CHCI, was

removed by rotary evaporation to yield pale yellmivYield = 9.62 g (65%)

a

Table 6.8'"H NMR spectroscopic data f&PMA in CDCh

Proton 6 (ppm) Multiplicity # protons J (Hz)
a 8.46 d 2 3,=8.3
b 7.07 dd 2 Pa=4.7, e =
7.0
C 7.54 dd 2 1=1.6,34=
6.2
d 7.27 d 2 3.=6.5
e 3.90 S 4 -
f 2.99 S 1 -
4
32 2 N X
| Ho
25 2N N~

Table 6.9**C-NMR spectroscopic data f&PMA in CDC

Carbon 6 (ppm)

149.2

121.8

136.3

122.2

159.4

OB WIN| -

54.5
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SynthesisMieO,-BzBPMA

Triethylamine (0.69 mL, 5.00 mmol) was added toodutson of BPMA (1.0 g, 5.00
mmol) and methyl p-(bromomethyl)benzoate (1.15.05nmol) in THF (35 mL), and
the mixture was refluxed for 2 h. The mixture wélsveed to reach room temperature
and filtered to remove a white precipitate. Aftemioval of solvent under reduced
pressure, the oily residue was redissolved p©E#0 mL) and filtered to remove a red

solid. The E£O was removed to yield orange oil. Yield = 1.48§%)

i O
\O h
g
f
e d
AN N |\C
\/N N._~Db

a

Table 6.10"H-NMR spectroscopic data fiieO,-BzBPMA in CDCk

Proton 6 (ppm) Multiplicity # protons J (Hz)

a 8.53 d 2 Ip=4.2

b 7.16 dd 2 3a=5.6, Jpc=
6.7

C 7.67 dd 2 =77, Jea=
7.6

d 7.56 d 2 $c=7.9

e 3.81 S 4 -

f 3.75 s 2 -

g 7.49 d 2 In=8.1

h 7.99 d 2 3,=8.1

i 3.90 S 3 -
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Table 6.11'H-DMR spectroscopic data féeO,-BzBPMA in CD;CN

Proton 6 (ppm) Multiplicity # protons J (Hz)

a 8.47 d 2 Ip,=4.2

b 7.20 tt 2 32=5.6, Joc =
6.7

C 7.69 dd 2 :j:b =7.7, jcd =
7.6

d 7.57 d 2 $.=7.9

e 3.75 S 4 -

f 3.73 s 2 -

g 7.54 d 2 In=8.1

h 7.94 d 2 3,=8.1

i 3.92 S 3 -

13 ?
O7\1 10

Table 6.12"C-NMR spectroscopic data fdeO»-BzBPMA in CDChk

5
I

N N

/
z
= (\ /;J>

3
2

Carbon 6 (ppm)

1 149.5
2 122.1
3 136.5
4 122.8
5 159.3
6 60.1
7 58.2
8 1445
9 128.7
10 129.6
11 128.9
12 167.0
13 52.0
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Synthesis [Re(CQMeCO,-BzBPMA)][OTI]

Under an inert atmosphere, AgOTf (0.139 g, 0.542othrand Re(CQOBr (0.200 g,
0.492 mmol) in methanol (1 mL) were heated to sefr 60 min. The AgBr precipitate
was removed by filtration though Celite. TM2O,-BzBPMA (0.188 g, 0.542 mmol)
was dissolved in methanol (5 mL) and the soluticas wefluxed for an additional 1 h.
After cooling to room temperature, the solvent wasioved in vacuo and the residue
dissolved in a minimum of diethyl ether. The préeife was filtered and recrystallized

from CH:CN/ELO. After standing for a day, a quantitative yieldl lmrown solid

[Re(COx(MeCO,-BzBPMA)][OTf] was obtained.ESI-MS: m/z [Re(CO}(MeCO,-

BzBPMA)]" calc. 618.1033, found 618.1031. IR(KB(Em-1): 2029, 1949.

Table 6.13'H-NMR spectroscopic data for [Re(C{N1eCO,-BzBPMA)]*in CD;CN

Proton o (ppm) Multiplicity # protons J (Hz)

a 8.78 d 2 b="5.3

b 7.28 dd 2 $a=6.0, Jpc =
6.7

C 7.83 dd 2 =73, 3=
7.6

d 7.79 d 2 34=7.7

e 4,93, 4.31 d 4 e=16.1

f 4.97 S 2 -

g 7.34 d 2 Ih=77

h 8.14 d 2 3q=7.8

i 3.92 s 3 -
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SynthesisHCO,-BzBPMA

A solution of NaOH (0.4 g, 20 mmol) in.B (5 mL) was added to a solutidmeCO--

BzBPMA (0.695 g, 2.0 mmol) in MeOH (20 mL), and the mnetwvas stirred for 2h at

room temperature. The pH was adjusted to 7 by diep addition of 1M HCI (10 mL),

followed by removal of the solvent under reduceelspure. The sticky white residue was

stirred in CHC4 (100 mL), followed by filtration to remove NaClh& CHC} solution

was dried with MgS@ Yield: 0.534 g (80%)).

Table 6.14'H-NMR spectroscopic data f6tCO,-BzBPMA in CDCh

Proton 6 (ppm) Multiplicity # protons J (Hz)

a 8.65 d 2 3,=4.2

b 7.23 tt 2 3a=5.6, Joc =
6.7

c 7.73 dd 2 =77, 34=
7.6

d 7.64 d 2 $.=7.9

e 3.92 s 4 -

f 3.80 s 2 -

g 7.47 d 2 3n=8.1

h 8.02 d 2 3g=8.1
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Table 6.15"H-NMR spectroscopic data f6tCO,-BzBPMA in CD;CN

Proton 6 (ppm) Multiplicity # protons J (Hz)

a 8.47 d 2 Ip,=4.2

b 7.20 tt 2 3a=5.6, Joc=

6.7
C 7.69 dd 2 ?}:b =7.7, jcd =
7.6

d 7.57 d 2 $.=7.9

e 3.75 S 4 -

f 3.73 s 2 -

g 7.54 d 2 3n=8.1

h 7.94 d 2 3,=8.1

@]
HO7x\11 10
9
8
7
6
— N ? 4\ 3
\ N D )
1

Table 6.16"C-NMR spectroscopic data fetCO»-BzBPMA in CDCk

Carbon

6 (ppm)

148.5

122.5

137.2

123.6

158.6

59.1

58.0

142.7

129.1

130.8

130.0

PR e
QIR Blo|o|~Njo|u|lswinv-

169.3
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Synthesis §.27DB24Cg[OTf] ,

[3.5][OTf], (0.060 g, 0.105 mmol) was combined widl824C8 (0.141 g, 0.314 mmol),
in acetonitrile (5 mL) and stirred over night. Theaction was cooled to @ before
HCO,-BzBPMA (0.140 g, 0.420 mmol) and DCC (0.173 g, 0.838 mmare added.
"BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for 96 h at
room temperature. The side-product was filterede Holvent was removed under
pressure and the product was stirred in tolueneisoidted by filtration. Yield 0.090 g

(59%).ESI-MS: m/z[6.20DB24Cg?* calc. 738.3427, found 738.3438.
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Table 6.17*H-NMR spectroscopic data fo PIDB24Cg?" in CD;CN

Proton

o (ppm)

Multiplicity

# protons

J (Hz2)

5.45

9.04

3.=65

8.04

3,=8.3

7.65

}.=8.4

7.60

5.47

7.94

3gh =64

7.60

3.76

3.76

7.60

— X[ |TKQ|= 0D QO |T|D

1.72

gi3|n|n|3|alv|3|alalaln

INFNFIFNFNFNENINFNFNENEN

In=77, 3=
6.0

7.24

8.49

6.65

T |0 |5 |3

6.53

o
=
n

4.03-3.95

AEIEISE

NSNS SN N

N

Synthesig6.2][OTf]

[3.5][OTf], (0.060g, 0.105 mmol), the reaction was cooled dmw zlegrees before the

addition ofHCO,-BzBPMA (0.140 g, 0.420 mmol) and DCC (0.173 g, 0.838 thmo

"BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for 96 h at

room temperature. The side-product was filterede Holvent was removed under

pressure and the product was stirred in hexanes.sbhd was filtered, and stored in

chloroform to remove any excess stopper leavingémped thread as an off white solid.

Yield 0.020 g (18%).
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Table 6.18'H-NMR spectroscopic data f$8.2]** in CD;CN
Proton 6 (ppm) Multiplicity # protons J (Hz)

a 5.15 S 4 R
b 8.84 d 4 3.=6.7
C 8.31 d 4 3,=6.6
d 7.96 d 4 3.=85
e 7.58 d 4 3.=6.3
f 5.45 S 4 R
h 7.71 m 4 -
i 3.75 S 4 -
] 3.75 S 8 -
k 7.58 d 4 3 =63
I 7.71 m 4 -
m 7.20 t 4 I =3.8, 3

=73
n 8.48 d 4 Im=3.2
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Synthesis [(Re(C§))2(6.20DB24C8)][OTf] 4

Under an inert atmosphere, AgB(©.042 g, 0.218 mmol) and Re(G8B) (0.044 g, 0.109
mmol) in MeOH (1 mL) were heated to reflux for 60nmThe AgBr precipitate was
removed by filtration though Celite. Th6.201DB24C8[OTf] 2 (0.090 mg, 0.055 mmol)
dissolved in methanol (5 mL) was added to the smiutvhich was refluxed for an
additional 1 h. After cooling to room temperatutee solvent was removed in vacuo and
the residue dissolved in a minimum of diethyl etlaerd stirred for 30 min. The
precipitate was filtered and recrystallized from{CN/EtO. After standing for a day, a
brown solid was isolated. Yield 0.130 g (98%).ESI-MS: m/z
[(Re(CQ))2(6.20DB24C8)]* calc. 504.6406, found 504.6402. IR(KBrcm-1): 2036,

1940.

e d C Db @N\,/ 0O
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Table 6.19'"H-NMR spectroscopic data for [(Re(GJ}(6.20DB24C8)]* in CDsCN

Proton

o (ppm)

Multiplicity

# protons

J (Hz2)

5.50

9.06

3.=6.7

8.23

3,=8.2

7.69

}.=8.4

7.65

1,=8.4

5.49

7.96

3n=6.8

7.34

4.99

4.94, 4.33

°} =16.1

7.83

7.83

7.27

8.78

3.=5.0

6.66

OO |5 |3 |—|x[—|—|TQ |0 |a|o|T|w

6.54

o
=
%)

4.03-3.98

3313|2333 |a|v|3|ajv|ajajaja|n

ISJENFNFNFNFNFEN FAFN FENENFNENENENFNES

~

Synthesi§(Re(CQ;),)(6.2][OTf] 4

Under an inert atmosphere, AgOTf (0.030 g, 0.117oihrand Re(CQOBr (0.024 g,

0.059 mmol) in MeOH (1 mL) were heated to reflux 6® min. The AgBr precipitate

was removed by filtration though Celite. Thé.4[OTf], (0.020 g, 0.015 mmol)

dissolved in MeOH (1 mL) and the solution was refid for an additional 1 h. After

cooling to room temperature, the solvent was remanezacuo and the residue dissolved

in a minimum of diethyl ether and stirred for 30nmirhe precipitate was filtered and

recrystallized from CECN/ELO. After standing for a day, a brown solid was ased.

Yield 0.030 g (98%). IR(KBrp(cm-1): 2035, 1917.
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Table 6.20'H-NMR spectroscopic data for [[Re(§@)(6.2)]*" in CD:CN
Proton o (ppm) Multiplicity # protons J (Hz)
a 5.12 S 4 -
b 8.79 d 4 3.=5.1
C 8.35 d 4 3,=7.0
d 8.01 d 4 }.=8.4
e 7.77 d 4 14=8.4
f 5.52 S 4 -
g 8.22 d 4 3h=8.2
h 7.82 m 4 -
i 4.98 S 4 -
j 4.93,4.31 d 8 %} =16.1
k 7.33 d 4 J=79
| 7.82 m 4 -
m 7.28 dd 4 Jn=6.7, I
=6.5
n 8.72 d 4 3=7.0
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Synthesis [(AgX6.201DB24C8)][OTf] «
To a solution of $.201DB24Cg[OTf]» (0.030 g, 0.0148 mmol}issolved in CHCN (1
mL) was added AgOTf (9 mg, 0.0350 mmol) and thetami stirred at room temperature

overnight. Isopropyl ether was slowly diffusedairihe solution to give a yellow solid.

Yield 0.130 g (98%).
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Table 6.21'H-NMR spectroscopic data for [(Agp.20DB24C8)]," in CDsCN

Proton

o (ppm)

Multiplicity

# protons

J (Hz2)

5.43

9.04

3.=6.9

8.00

3,=8.3

7.62

7.62

5.46

7.94

3h=6.9

7.37

3,=7.8

3.70

3.77

7.48

3 :-8.3

— X[ |TKQ|= 0D QO |T|D

7.84

Zlaln|n|alajn|3|3|alaln

INFNFIFNFNFNENINFNFNENEN

In=77, 3=
7.8

7.40

8.55

§)nm =4.2

6.64

T |0 |5 |3

6.50

o
=
n

4.03-3.96

AEIEISE

NSNS SN N

N

Synthesis [(Cd)6.20DB24C8][OTf] «

To a solution of §.201DB24Cg[OTf], (0.030 g, 0.020 mmoljissolved CHCN (1 mL)

was added to [CA(#D)s][BF4]. (5 mg, 0.127 mmol) and the mixture stirred at room

temperature overnight.

yellow solid.

Isopropyl ether was slodiffused into the solution to give a
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Table 6.22'H-NMR spectroscopic data for [(G@.20DB24C8)]," in CD;CN

Proton

9 (ppm)

Multiplicity

# protons

J (Hz)

5.49

9.06

3.=6.9

8.14

3,=8.3

7.66

7.66

5.49

7.97

7.44

3.91

4.13, 3.76

7.53

NP ENSFENFNENFNFNFNFNES

— X || DQ|= 0D QO |T|D

8.07

Zlal,|v|ajla|n |33 |alaln

7.66

8.70

6.66

T |0 (> |3

6.54

o
=
%)

4.04-3.98

EIEIRE

NIEIEEES
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Synthesis 6.20T°P-DB24Cq[OTf]»

[3.5][OTf],» (0.060 g, 0.105 mmol) was combined wifiP-DB24C8 (0.294 g, 0.315
mmol), in acetonitrile (5 ml) and stirred overnighthe reaction was cooled to zero
degree beforélCO,-BzBPMA (0.140 g, 0.420 mmol) and DCC (0.173 g, 0.838 mimol
"BusP (5 mol %) was added as a catalyst and the mixtaseallowed to stir for 96 h at
room temperature. The side-product was filterede Holvent was removed under
pressure and the product was stirred in ethyl sed¢taremove the excess crown. The

solid was filtered giving us the product &2JT3P-DB24Cq[OTf], adducted. Yield

0.093g (28%)ESI-MS: m/z[6.20TP-DB24C8?* calc. 980.4467, found 980.4487.

q p

m_ k v/ N\
n\l j —/"
N . —N s o]
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Table 6.23'H-NMR spectroscopic data fo 20T P-DB24Cg?* in CD;CN

Proton o (ppm) Multiplicity # protons J (Hz2)

5.37

9.02

8.02

7.55

7.69

5.44

7.92

7.55

3.72

3.72

7.55

7.69

7.21

8.48

8.48

8.48

7.25

7.49

4.52

451

6.66

s|ic|l~|lun|~lQ@Oo (oS |3 |—|x[—|—|TQ|=lo|a|o|T|w

=

NIENIINFNENFNENFN N FN N N FN N EN N FN TN ENEN
1

~

BmwaBBBBBBBwMBnggnaw

X 3.77-3.71
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Chapter 7

Future Directions
The build up of the whole thesis has to lead to diegelopment of new so-called
“combo” rotaxane ligands. From the initial studiesolving ligands as stoppers and
appending ligand groups to crown ethers, the idebetng to form a “double” set of
independent frameworks appears, at least, plausB¥en though there are many
different possible coordination outcomes usi6@IT*P-DB24C8][OTf], as a ligand,
the most likely metal-ligand self-assembly intei@ts are those that link axle to axle and

wheel to wheels as pictured in Figure 7.1.

L’j\/|”|- /I\/I
—N N
Q N S
o7L —
o (6]
Y%

Figure 7.1 Possible “double” network thaBpOT>P-DB24C8][OTf], will form upon
coordination where M = Cd(Il) or Ag(l).
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Besides using nitrogen based donors there are miiffieyent donors available such as
sulfur donors that can be used in the construafddORFs; Figure 7.2, where R is any

aryl or alkyl group, and R’ being a bulky aryl gpothat can as a stopper.

Figure 7.2 Sulfur donor “combo” rotaxane ligand.

Besides just forming the “combo” rotaxane ligandwthe same donor ligands, we could

mix and match the donor ligands with each othegufa 7.3.

Figure 7.3 Possible mixed donor [2]rotaxane system that cbaldhade.
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The generation of a mixed donor “combo” rotaxagarid may allow for the generation
of mixed metal MORF by considering the hardness softness of the donors and

metals.
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