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CHAPTER 1
INTRODUCTION

1.1 Mechanically Interlocked Molecules (MIMs)

1.1.1 The Mechanical Bond

In the broad field of chemistry, one may find themselves in any number of diverse
branches. In each one, a researcher would be familiar with one of the bonds defined by
Pauling: the ionic, covalent, and metallic bonds. ! However, the most recently discovered
bond, the mechanical bond, has opened up unique and beautiful chemical options that are
impossible by only using the “classical” chemical bonds. ?* An example of a mechanical
bond can be seen in one of Stoddart’s [2]catenanes in Figure 1. While this bond is still
reliant upon its component parts to contain chemical bonds, the mechanical bond is a
physical interlocking of two or more independent molecular entities such that they cannot
be separated unless a chemical bond is broken within one or more of the aforementioned
component parts. * The mechanical bond is something that is familiar to us in the
macroscopic world. One may encounter it in daily life, for example, in clothing, tools, or
décor. By developing a bond that is no longer reliant on electron interactions for bonding
and that is similar in function to something found in the macroscopic world, researchers
have a novel, but familiar, tool in their kit for making molecular machinery that can

perform non-trivial work. 2
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Figure 1 — Example of a MIM, Stoddart’s “made to order” [2]catenane

1.1.2 Templation

In the original attempts to synthesize MIMs, very dilute solutions of component parts
were added together and ring closing reactions carried out. This method of synthesis
results in extremely poor yields (usually less than 1%), as one can only hope statistically
that the rings close around the desired substrate rather than closing independently.
Template-directed synthetic methods remove the guesswork from the formation of
MIMs. For instance, Cu(l) templated catenanes have been made in yields above 90%. °
Templation can be used for the synthesis of various MIMs such as: catenanes, molecular

knots, and rotaxanes. ' ®
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Figure 2 — An example of Cu(l) being used as a template for the synthesis of a MIM °

Within templation synthetic methods, there are two types: passive and active. Although
both methods use various intermolecular interactions such as ion-ion, ion-dipole, and
hydrogen bonding to promote mechanical bond formation, the majority of cases uses
metal ion coordination for templation. ® In passive templation, a “template” interacts with
functional groups on the component parts in solution. *® From a design perspective, this
requires that the component parts be functionalized such that the templation interaction
will occur to create desirable overlap during the subsequent ring closing steps (as seen in
Figure 2). * While passive templation significantly increased the efficiency of MIM

3



synthesis, active templation has further built upon the foundation passive templation
created. ” Active templation takes templation a step further by not only using a template
to promote the correct positioning of component parts, but also promoting covalent bond
formation to complete the mechanical bond (as seen in Figure 3). The template interacts
with the cavity of the macrocycle, and it promotes bonding of a secondary component
through the ring. This provides an advantage over passive templation since permanent
recognition sites are no longer required on the component parts, thus allowing more
creative options in molecular design. Additionally, active templation reactions can be
carried out in a catalytic fashion, where only sub-stoichiometric amounts of template are
needed; ! whereas, passive templation always requires at least a stoichiometric amount of
templating ion.  * In summary, template-directed synthetic methods have allowed the
making of MIMs to grow from a niche idea, to a mainstream Nobel-prize-winning field
with the potential to radically affect our future through the creation of molecular

machines. >’ 1?
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Figure 3 — A cartoon illustration of covalent bond formation between “half-thread” units
(shown in orange and green) promoted through a macrocycle (shown in blue) to generate
a rotaxane as promoted by a metal catalyst (shown as a grey ball). (a) Stoichiometric
active metal template and (b) catalytic active metal template synthesis of a [2]rotaxane.
Half-thread units: orange and green. Metal catalyst: grey ball. Reprinted with permission
from ref. 7.

1.1.3 Catenanes

When discussing MIMs, perhaps the most obvious example is the catenane—a complex
which usually consists of two or more macrocycles mechanically bonded. In fact, the
very first successful synthesis of a mechanical bond was a [2]catenane made by
Wasserman in 1960. ** Since then, higher ordered discrete structures such as Stoddart’s
“Olympiadane” [5]catenane (see Figure 4) ** and polymer chain-like [n]catenanes have
been synthesized. *° In a somewhat unique twist on classic macrocyclic catenanes, there
are even examples of interlocked molecular cage catenanes. " Not only can catenanes
be used to create interesting molecular topologies, but they can also be used as
component parts in molecular machines. Their wide range of motion in multiple planes

5



(360° rotation of a single ring, relative position of the rings), as well as their ability to

create cavities with interlocked rings, make these molecules candidates for molecular

switches, motors, and sensors.
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Figure 4 — Stoddart’s “Olympiadane” [5]catenane *



1.1.4 Molecular Knots

Perhaps the most beautiful examples of MIMs are molecular knots. Knots are common
structures in our macroscopic world, but envisioning them on a molecular scale requires a
unique chemical perspective. Molecular knots are defined by how many “crossing points”
there are in the structure. The simplest example of a molecular knot, a trefoil knot, must
have 3 crossings, as seen in Figure 5.*° By using a variety of templating methods, more
complex molecular knots with up to 8 crossings have been successfully synthesized. ?° As
significant as our advancements have been in the synthesis of these knots, nature still far
outpaces human advancement with its knots in proteins and DNA. * Structure is related
to function in biological systems, therefore these knots end up having functional
ramifications. In cells, DNA has to be tightly packed so that it can be long enough to
carry the necessary genetic information for an organism; however, in this tightly packed
system, knotting can occur which can cause significant deleterious effects for an
organism. 2! When researchers incubated topoisomerase | from E. coli and DNA together,
it was found that every possible knot up to seven crossings was created. 2 While the field
of molecular knots is growing, it has not yet had as great an impact on molecular

machines and functional material design as other MIMs. *°



Figure 5 - An example of the simplest molecular knot, a trefoil knot %

1.1.5 Rotaxanes

One final MIM to be discussed, and the one most important to this thesis, is the rotaxane
—a molecule which consists of a “wheel” (a macrocycle) and an “axle” (a linear molecule
with bulky stoppers on the ends, i.e. a “dumbbell”). As can be seen in Figure 6, there are
two forms of precursors related to rotaxanes that can exist, the pseudorotaxane and the
semi-rotaxane. The pseudorotaxane lacks the bulky stopper groups (as represented by the
grey balls) on the ends of the molecule, and the semi-rotaxane which just has one stopper
group, rather than two. The pseudorotaxane and semi-rotaxane are described as
interpenetrated as the wheel can still easily unthread from the axle whereas the rotaxane

is permanently interlocked due to the presence of two stopper groups. 2*



Pseudorotaxane Semirotaxane

Rotaxane

Figure 6 — Cartoons of a pseudorotaxane, semi-rotaxane, and a rotaxane

As mentioned in 1.1.2, template-directed synthetic methods allowed rotaxanes to be
synthesized reliably and in good yields. * As seen in Figure 7, there are five main
template-directed mechanisms which can be followed to synthesize rotaxanes. “Capping”
first creates a pseudorotaxane, and then adds bulky stopper groups on the ends.
“Snapping” independently creates a semi-rotaxane and the other half of the axle, and then
joins the two pieces. % “Clipping” makes the naked dumbbell first, then a ring closing
reaction is performed around the axle. 2" “Slipping” uses elevated temperatures to cause
the macrocycle to enlarge, thus being able to slip over the stopper groups of the naked

dumbbell. 2 Finally, active templation not only aligns the two halves of the axle and the

macrocycle, but also promotes covalent bond formation through the ring. ’












Figure 55 — Modeled structure of [Pdg(en)sg[2=24C8]4][NOs]16 (top: full view) (bottom
left: side-on view) (bottom right: top-down view)

3.2.3 Synthesis and characterization of [Ptg(dppp)s[2 24Cg4][OTf]16

The synthesis of [Ptg(dppp)s[2c24C8]4][OTf]16 Was attempted by adding Pt(dppp)(OTf),
and [2c24C8] to a vial and stirring in CD,Cl;:CD3sNO; (1:1) overnight at room
temperature. A *H NMR spectrum was taken of the crude reaction mixture after it had
stirred overnight. Again, this compound suffers from the problem of solubility. The *H

NMR spectrum is broad and is unable to be used for complete characterization. As with
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the two previous complexes, monoprotonation most likely occurs as indicated by the
significant downfield shift of the benzimidazole NH peak when compared to the neutral
ligand. Also, the ring protons are split in the product spectrum, which indicates an
unsymmetrical environment. The aromatic region of the product spectrum becomes
complex post-reaction. These features again suggest complexation, but no conclusive

statements can be made about the success of the reaction.

Ring
[2c24C8]
NH
Ml | A
Complex
NH M\/\L__,J_J
Pt(dppp)(OTf).
) M

13.513.012.512.011.5 11.0 10.5 10.0 9.5 9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0
3 (ppm)

Figure 56 — Stacked *H NMR spectra of [2=24C8], [Pts(dppp)s[2=24C8]4]***, and
Pt(dppp)(OTI),, ([2=24C8] and Pt(dppp)(OTf),: CD,Cl,, 500 MHz)
(Complex: CD2C|2/CD3N02, 500 MHZ)

This self-assembly reaction should follow the same pattern as the two previously
discussed complexes. Therefore, the expected structure of the compound would be almost

identical to that of Figure 55. Crystals were not able to be obtained for the product of this

reaction, so no crystal structure was obtained. Again, the steric hindrance from the shorter
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Additionally, CSI-MS data could be obtained to confirm the exact mass of the complex.
It was determined that the complex was too delicate to survive ESI-MS. CSI-MS is a
gentler technique as it is run at lower temperatures, rather than room temperature. This
should allow for the collection of mass spectrometry data to confirm the degree of
aggregation of the assembly.

For complexes [Pdg(en)s[2c24C8]4][NOs]is and [Pts(dppp)s[2<24C8]4][OTf]16, two
potential issues arose. First, the solubility of the ligand was poor, which made synthesis
and characterization difficult. Ideally, one would want to run a self-assembly reaction in a
non-competitive solvent, but due to solubility issues, competitive solvents like DMSO
and nitromethane had to be used. Secondly, the length of the pyridine groups of
[2c24C8] may have been too short to allow closure of the 3D polygon. The complex
may have been too strained to properly close. One potential solution to this, is designing

a ligand with longer stopper groups. An example of this can be seen in Figure 59.

Figure 59 — Potential ligand with longer stopper groups
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