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ABSTRACT

Molecular Level Design of Supramolecular Compounds and Nanomaterials

Andrea Ivana d’ Aquino

Molecules are highly social: they recognize one another and form bonds with those they
are attracted to and repel those they are not. Some molecules establish strong bonds, while others
form weak, transient associations. These interactions are ubiquitous in Nature and are integral to
life. For at the basis of many biological processes lies the ability of molecules to recognize and
respond to one another. Molecular chaperonins and G-protein-coupled receptors, for example, rely
on the reversible binding of molecules and proteins to guide crucial cellular functions ranging from
protein folding to signal transduction. To achieve these tasks, the proteins assemble to form
binding sites that reversibly and selectively bind guests through weak, intermolecular interactions
known as supramolecular interactions. These supramolecular interactions render proteins
allosteric, which enables them to adapt their structure and activity in response to changing
chemical environments and, as a result, facilitate complex chemical processes. Nature’s ability to
orchestrate such complex chemistries, has inspired chemists to develop synthetic enzyme mimics
capable of allosteric regulation.

Coordination chemistry has emerged as a powerful means to design inorganic constructs
that exploit supramolecular interactions. This thesis describes the design and synthesis of
bioinspired, stimuli-responsive coordination constructs, assembled via the Weak-Link approach
(WLA). The WLA represents one of the few sets of fundamental reactions in inorganic chemistry
that allow one to synthesize spatially defined, stimuli-responsive, and multi-component

frameworks in high to quantitative yields and with remarkable functional group tolerance. The
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WLA enables access to distinctly different structural states via small-molecule reactions at a metal
node, which affect the coordination of hemilabile ligands. The generality and applications of this
approach are demonstrated in Chapter 1. In Chapter 2, an allosterically regulated macrocycle
reminiscent of a protein binding pocket, is designed and characterized. As described in Chapter 3,
this system can access four distinct states and may be used in the construction of sophisticated
stimuli-responsive sensors and receptors. In Chapters 4 and 5, we show that the principles of the
WLA may be extended to the design and synthesis of stimuli-responsive materials. Finally, in

Chapter 6, new types of stimuli-responsive WLA systems are explored.

Professor Chad A. Mirkin
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1.1  Allosteric Regulation in Nature

Nature has afforded us with the most functionally diverse molecules we know: Proteins.
Nature uses proteins such as enzymes and ribosomes to build molecules step by step, seamlessly
making and breaking bonds with unprecedented precision. These proteins are Nature’s most
formidable machines as they perform complex chemistry with unmatched properties with respect
to substrate recognition, signaling and catalysis. At the heart of every enzyme is a complex
arrangement of proteins, called the active site. The active site is a highly organized binding pocket,
whose size, shape and binding motifs allow for the selective recognition and binding of specific
substrates.™ Processes such as self-replication, cellular signaling, and metabolism are essential to
life and rely on a protein’s ability to recognize and bind substrates within their active site. The
process of molecular recognition is ubiquitous in many biological systems and can be understood
by one unifying concept: non-covalent interactions.*® The non-covalent interactions characteristic
of biological molecules provide the flexibility and specificity required in most important biological
processes.? 7 They provide a sharp contrast with covalent biochemical compounds which supply
the structural firmness and the energy reservoir for living systems.

The thermodynamics of biological molecular recognition are primarily governed by weak,
non-covalent interactions such as hydrogen bonding, van der Waals forces, or hydrophobic effects
while, the highly organized nature of their cavity minimizes the entropic penalties of binding
(Table 1).> &8 Unlike covalent bonds, which are bonds that hold atoms together within molecules
through shared electrons, non-covalent interactions are attractive forces between molecules
(Figure 1.1).° The energy released in the formation of noncovalent bonds is only 1-5 kcal/mol,

much less than the bond energies of single covalent bonds.® Because the average kinetic energy of
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molecules at room temperature (25 °C) is about 0.6 kcal/mol, many molecules will have enough
energy to break noncovalent interactions.®

Table 1.1 Common Non-Covalent Interactions and their Associated Strengths in kJ mol*

Interaction Strength (kJ mol )
Covalent 200400
Ion—Ion 100-360
Ion—Dipole 50-200
Dipole-Dipole 5-50
H-Bonding 4-120
Cation—n 5-80
T—T 0-50
Van der Waals < 5 (variable)

_ Related to solvent-solvent
Hydrophobic ] )
Interaction energy

Although the strengths of non-covalent interactions are much less than those of covalent
bonds, the former play critically important roles in biological systems. Multiple noncovalent bonds
often act together to produce highly stable and specific associations between different parts of a
large molecule or between different macromolecules (Figure 1.1).6 It is these interactions which
in Nature allow for the exquisite control of structure that is required for biological reactions to
proceed and for life to exist. Peptides, for example, can be written as a simple linear chain of amino
acid residues. This does not, however, give any idea of the complex three-dimensional nature of
these moieties, which is vital to their function. The intricate structure of these molecules, which is

essential to their function, is based on a combination of many weak, non-covalent interactions.
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Figure 1.1 Hydrogen bonding present in alpha helices is an example of a non-covalent interaction
employed by Nature. The hydrogen bonding between base pairs defines the helical structure.

A consequence of assembling protein binding pockets with non-covalent interactions that
can easily be broken and reformed, is that they are structurally addressable such that they can
readily undergo structural changes. These structural changes allow enzymes to be allosterically-
regulated.® Of the various regulatory tools used by biological systems, the most widely used is the
cooperative binding strategy called allosteric regulation (Figure 1.2).%1° Allosteric regulation
involves the binding of a small molecule effector to an allosteric site (a site that is not the active
site), which then causes a structural change in the active site, allowing for the “on” or “off”
regulation of enzyme activity.'%1

In nature, allosteric regulation is a recognition-based process, which allows enzymes and
other proteins to adapt their functional capabilities and activities in response to changing chemical
environments, thereby constituting an integral mechanism of cellular homeostasis.''*3
Importantly, allosteric regulation allows for precise biochemical control of protein activity by
exploiting changes in structure that arise from a chemical recognition event, thereby changing the
shape and, consequently, the functionality of the active site.*118

An example of an allosterically regulated protein is hemoglobin (Figure 1.2). The binding
of oxygen to one of hemoglobin’s four heme sites, induces conformational changes that are relayed

to the other subunits and raises their affinity for the oxygen molecule.'® " In this particular case,
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the binding of oxygen to hemoglobin is said to be cooperative.’® The cooperative binding of
oxygen by hemoglobin enables it to deliver 1.7 times as much oxygen as it would if the sites were
independent, dramatically increasing its oxygen-carrying capacity.1® 17 19-20

Effector

Enzyme + . - Substrate
Requiliito Inactive
gULAeEY <= Catalytic —_—
Site site —
- ‘ . Product

Figure 1.2 The basic principle of allosteric regulation in proteins can be illustrated with the binding
of oxygen to hemoglobin isolated from red blood cells. The hemoglobin protein displays
cooperative binding between subunits.
1.1.1 Molecular Recognition in Nature

At the basis of many biological processes lies the ability of molecules to recognize each
other and to form well-defined complexes. Well-known examples are substrates bound to
enzymes, signal substances bound to receptors, antibodies bound to antigens and metal ions bound
to ionophores.!! Proteins almost always interact with other molecules in performing their
biological functions. These interactions include the binding of ligands in receptor sites, allosteric
binding, the binding of antibodies to antigens, protein-DNA interactions, protein-protein
interactions, multimerization, and protein-carbohydrate interactions.?* The key factors in all these

interactions are the shape and chemical properties of a protein’s surface.
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1.1.2 Nature’s Reactive Cavities and Binding Pockets

Protein surfaces have evolved to incorporate numerous cavities, pockets and protrusions,
which offer unique microenvironments for molecule and ligand binding.?? In proteins, a cavity on
the surface or in the interior of a protein that possesses suitable properties for binding a ligand is
typically referred to as a binding pocket, or a binding site.?* As previously mentioned, allosteric
regulation involves the binding of a molecular effector to an allosteric site (a binding site that is
not the active site), which results in a structural change in the active site, allowing for the regulation
of enzyme activity.*%*2 Binding sites exploit weak, non-covalent interactions, imbuing the ligand-
binding site with high chemical specificity and affinity for molecules, ions or protein ligands.?®
The set of amino acid residues around a binding pocket determines its physicochemical
characteristics and, together with its shape and location in a protein, defines its functionality.?® The
dynamics of protein binding pockets are crucial for their interaction specificity. Structural
flexibility allows proteins to adapt to their individual molecular binding partners and facilitates the
binding process.?® Importantly, these physiochemical features are made possible by non-covalent,
supramolecular interactions, which enable the structural flexibility and addressability of these
systems, while also rendering them highly specific for guest molecules. Such molecular
recognition systems are termed “host-guest” systems.

A classic example of an allosterically regulated, host-guest protein is the chaperonin
protein. Chaperonins form a double ring structure stacked back-to-back, which forms the protein’s
cleft opening where peptide folding is facilitated (Figure 1.3).2* The substrate-binding domain is
thin and brick-shaped with the cleft capped by a mobile a-helical lid. Both the lid and the cleft

open to allow substrate binding, which can then be trapped by closing of the lid (Figure 1.3).?° The
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nucleotide state of the ATPase domain affects the opening (stimulated by ATP binding) and
shutting (after ATP hydrolysis) of the substrate-binding site. The flexible linker, located at the
base of the two domains remote from the cleft opening, is a key site in allosteric regulation.?®

:. --------------------- .-------"“.:........E I Correctly
i  Chaperonin Protein ( M -Polypeptide folded 4

protein

A
&
@

Figure 1.3 Chaperonin proteins consist of two stacked rings of subunits that enclose separate
cavities for the binding of substrates. The chaperonin protein facilitates protein re-folding.

cap

i Binding
pocket

Nature’s ability to orchestrate complex chemical reactions and processes using relatively
weak, non-covalent interactions, has inspired chemists to mimic Nature’s design with synthetic
systems. Specifically, the highly selective molecular recognition inherent to enzymes has given
chemists impetus to develop abiotic analogues, possessing reactive cavities, which operate under
the same principles as biology.

1.2 Synthetic Enzyme Mimics
1.2.1 Molecular Recognition with Synthetic Receptors and Cages

The supramolecular organization of protein active sites heralds unprecedented properties,
motivating chemists to develop generalizable strategies for the design of systems with similar
control over local environment. Despite the prevalence of non-covalent interactions in the
chemistry and biology of living systems, synthetic chemists did not begin to explicitly use weak,

non-covalent interactions in the assembly of synthetic complexes capable of molecular



32
recognition, until the relatively recent emergence of the field of supramolecular chemistry.
Supramolecular chemistry is the chemistry encompassing assemblies of molecules that bond or
organize through non-covalent interactions.?6-2

In 1987 the Nobel Prize in chemistry was awarded to Professor Donald J Cram,?® Professor
Jean-Marie Lehn?” and Professor Charles J Pedersen,® for their work which inspired molecules
with structure-specific, and highly selective interactions.?’-2 3031 Twenty years prior to the
award, Charles J. Pedersen published two works describing methods of synthesizing cyclic
polyethers, which he named crown ethers (Figure 1.4).%° Pedersen showed that these compounds
had remarkable and unexpected properties and that they could bind the alkali metal ions of lithium,
sodium, potassium, rubidium and cesium into complexes. He found that, depending on the
structure of the crown ether, potassium could for instance be bound before cesium, determining
that different crown ethers possessed binding pockets of different sizes, into which different
spherical metal ions selectively fit.3>3! These crown ethers have been recognized as the first

reported synthetic host-guest architectures which exploit the intermolecular bond.

Figure 1.4 Some of the early synthetic, organic host-guest architectures (from left to right):
cryptands, spherands and crown ethers.

By attaching bridges within the crown ether ring, Dr. Lehn constructed reinforced crown

ethers called cryptands (Figure 1.4).32 As a result of the complementary fit between the guest cation
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and the intramolecular cavity of the host, these stable molecules strongly and selectively bind
cations, including such toxic heavy metals as cadmium, lead and mercury.*

Together, the now laureates, were recognized for their pioneering work synthesizing
organic compounds capable of binding cations, anions and neutral molecules, in a specific and
selective manner. Importantly, they established factors that determine the ability of the molecules
to recognize each other and, ultimately, pioneered the field of supramolecular chemistry: the
chemistry of the intermolecular bond.?® *° Now, supramolecular chemists exploit these weak
interactions with an aim of controlling chemical structure and reactivity in chemical systems.?

Efforts to mimic biological molecular recognition fall under the purview of supramolecular
host-guest chemistry. The field of supramolecular, host-guest chemistry—in which a molecule
(host) can bind another molecule (guest) to produce a “host-guest” complex—has led to the
development of a vast array of host complexes and architectures.3*3> Among these architectures,
molecular “capsules” and “cages” are of particular interest owing to their well-defined cavities,
which provide constrained environments reminiscent of biological active sites.

1.2.2 Synthetic, Organic Receptors and Cages

One of the first example of an allosteric supramolecular receptor was described by Rebek
and co-workers in 1979.%5%° The group designed and synthesized 2.2¢-bipyridine (bpy) to which a
crown ether moiety was attached in 3,3‘-positions (Figure 1.5, compound 1).*” A tungsten
tetracarbonyl (W(CO)4L>) salt was then introduced and behaves as an allosteric effector when
coordinated to the bidentate bpy site and affects interaction of Na* with the crown ether site. The
affinity of the crown ether for Na* is reduced about 5-fold by coordination of a W(CO). fragment

to the 2,2°-bipyridine unit. The group later went on to report ion “transport” selectivity in this
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receptor, as the sites are mechanically coupled. The binding at one site forces conformational

restrictions, which alter receptivity at the remote site (Figure 1.5).%8
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Figure 1.5 Binding induced conformational changes in a synthetic receptor (1) possessing two
distinct binding sites: the polyether which binds alkali metal ions and the 2,2'-bipyridyl function
which binds transition metals.

Since this early discovery, many groups have developed synthetic receptors through the
use of covalent, organic chemistry. These organic receptors have found broad applications in
small-molecule binding and catalysis, primarily, and the receptor—substrate interactions include
aromatic 7-stacking, solvophobic interactions, hydrogen bonding, and electrostatic interactions.

More recently, chemists have sought to expand the scope of synthetic organic receptors
and have thus turned to assembling cavitands via non-covalent intermolecular forces (Figure 1.6).
Unlike their covalently linked counterparts, such systems enable guest release upon disruption of
the network of non-covalent interactions holding the cavitands together. For example, Gibb
reported the self-assembly of two hydrophobic capsules, in water and in the presence of
hydrophobic guest, to form a larger bicapsule.®**> This capsule has been used in
photodimerizations of aryl alkenes and photo-oxidations of cycloalkenes by singlet oxygen to give
the corresponding hydroperoxides.*® However, since the formation of these capsules requires the

presence of a guest molecule in polar solvents, their utility is limited. In addition, Rebek and
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coworkers* have also developed a capsule that self-assembles via the formation of hydrogen
bonds between two building blocks and shows interesting reactivity (this molecular vessel can
encapsulate phenyl azide and phenyl acetylene with the right orientation to produce a 1,3-dipolar
cycloaddition between the two substrates)**, however, this system is limited by solvent choice.
The synthetic and solubility challenges posed by purely organic receptors, have motivated
chemists to employ coordination-based methods for the rapid assembly of supramolecular

macrocycles, capsules, cages and receptors.
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Figure 1.6 Many organic receptors have been developed through the assembly of cavitands such
as calixarene, resorcinarene and cyclodextrin derivatives.

1.2.3 Synthetic, Coordination-Based Receptors and Cages

Current work has been focused on developing new methodologies for assembling
sophisticated host-guest systems for molecular recognition. Most recently, coordination-based
chemistry—the chemistry involving metal-ligand coordination bonds—has emerged as a means to
direct the assembly of supramolecular host complexes. Through the use of a range of diverse
functional ligands, coordination-driven self-assembly has proved to be a powerful tool to construct
supramolecular architectures with controlled shapes and sizes.

Supramolecular coordination chemistry uses metal-ligand bonds with moderate energies

that can be synthesized under thermodynamic control.*>%¢ This oftentimes yields a single product
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dictated by the coordination geometry of a metal center, while utilizing bonding motifs that yield
potentially addressable structures—structures which can undergo structural changes.*’ To this end,
various design principles and synthetic methodologies underpinning coordination-driven
supramolecular assembly have emerged in the past 25 years.*®

An example of a functional coordination-based assembly was demonstrated by Fujita and
coworkers, who assembled a cage with Pd(Il) nodes and four tridentate pyridyl ligands (Figure
1.7, 2).*8 The addition of anthracene and maleimide derivatives to a solution of the cage lead to the
inclusion of the small molecules via hydrophobic interactions. Interestingly, when this ternary
complex was heated at 100 °C for 8 hours, a Diels-Alder reaction occurred between the anthracene
and maleimide substrates resulting in the unusual syn product rather than the anti product.*® The
unusual regioselectivity and reactivity can be attributed to preorganization of the substrates within
the cage, as no Diels-Alder reaction occurs in the absence of the cage. The restrictive cavity aligns
the reactants in close proximity to each other in a hypothesized exo transition state, where the
dienophile is positioned above the unsubstituted six-membered diene ring. The confines of the
cage preclude substrate rearrangement, leading to the formation of the single syn product (Figure
1.7).%8 Importantly, this work demonstrates that supramolecular architecture can not only be used
to facilitate reactions that would not normally proceed but also to make unusual product
regioselectivities possible, much in the way that enzymes catalyze unfavorable reactions

efficiently and selectively.
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Figure 1.7 Coordination-based supramolecular capsule (2) developed by the Fujita group. The
capsule facilitates the pair-selective encapsulation of 9-hydroxymethylanthrancene and N-
cyclohexyl maleimide, within cage 2 and the subsequent Diels-Alder reaction.

1.3 Approaches to Coordination-Based Supramolecular Architectures

Since the concept of host-guest chemistry was first described, it has captured the
imagination of chemists and has evolved into a field with exciting implications for many areas of
molecular science. Numerous hosts have already been synthesized, but researchers continue to
develop host molecules with properties matched to specific guest compounds. As well, efforts are
under way to design more complex host molecules with the potential to incorporate several active
substances. As previously mentioned, a long-standing goal of chemists has been to develop
synthetic protein mimics for realizing the next generation of catalysts, signal amplifiers, and
nanomaterials. Proteins possess remarkable catalytic and stimuli-responsive properties, which
arise from their ability to control their supramolecular environment and resulting properties,
through allosteric regulation. The supramolecular interactions that dictate protein structure and
properties have inspired work on developing abiotic enzyme systems that mimic the highly
selective and structurally dynamic, reactive cavities found in proteins and enzymes.

Coordination-driven supramolecular chemistry has emerged as a powerful means to

assemble large and complex macrocycles, cages, and capsules, with general methods developed
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by several groups, including our own, for assembling such multicomponent structures.*” The
methods for the metal-directed assembly of supramolecular constructs fall within three categories:
the Directional Bonding Approach (DBA), the Symmetry-Interaction Approach (SIA) and the
Weak-Link Approach (WLA).*"*° The DBA and SIA rely on the assembly of rigid ligands and
metal centers, to form rigid supramolecular cages. In contrast, the WLA employs flexible ligands
resulting in structurally flexible systems that can interconvert between rigid, “closed” and flexible,
“open” structures through reversible binding events that occur at the metal center (Figure 1.8).4%-
%0 Among the different approaches, the WLA is a powerful method for synthesizing complexes
that can undergo reversible, small-molecule-induced structural changes and therefore be toggled
between a “closed” rigid state and an “open” flexible state.*: 4% 5 Work carried out in the Mikrin
group exploits the WLA to design systems which mimic the best aspects of enzymes as it allows

for the construction of allosterically-regulated systems.
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Figure 1.8 Approaches to coordination-based supramolecular constructs: A) The Directional
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Bonding Approach for the synthesis of squares, B) the Symmetry Interaction Approach for the
synthesis of tetrahedrons, and C) the Weak-Link Approach for the synthesis of macrocycles.

1.4 The Weak-Link Approach to Supramolecular Coordination Chemistry

The WLA to coordination-driven supramolecular chemistry, is a powerful means to
construct allosteric enzyme mimics. The diverse toolbox of metals and ligands explored by our
group have allowed for the construction of complex structures including tweezers, triple deckers,

and macrocycles (Figure 1.9).%
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Tweezers Macrocycles Triple-deckers

Figure 1.9 Depiction of tweezers, macrocycles and triple-decker complexes that can be assembled
via the WLA.. Such structures employ d® metal centers and hemilabile ligands.

The ability of these structures to flexibly switch between structural configurations is unique
to the WLA, and results from the use of hemilabile ligands—ligands which employ a strongly
binding atom, and a weakly binding atom (Figure 1.10). The difference in bond strength allows
one to retain the “strong” bonds while selectively cleaving the “weak” bonds by the binding of
small molecule “effectors” to the metal sites.? WLA complexes typically are defined by a
molecular architecture where two hemilabile ligands, bearing both a “strong-link” moiety
(typically a phosphine) and a “weak-link” moiety (typically a chalcoether or amine) are bound to
a d® metal center (Figure 1.10). Introduction of a coordinating ligand, such as CO, CN-, halide
anions or acetate, results in the breaking of one or both “weak-links”, and converts a rigid,

condensed species to an extended, flexible one.
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Figure 1.10 The weak-link approach (WLA) to supramolecular chemistry employs hemilabile
ligands and metal ions to make condensed, or closed, structures in high yield. These closed
complexes can be interconverted between open, flexible states through small molecule
coordination chemistry.

The WLA, therefore, provides not only a method to synthesize cage structures that mimic
the environment of biological receptors, but also affords them the structural flexibility required to
modulate their activity, rendering them synthetic allosteric receptors. Through the modular and
convergent assembly of metal ions and multidentate hemilabile ligands, the WLA provides a
platform to deliberately engineer molecular selectivity and stimuli-responsiveness into
supramolecular complexes. WLA-based supramolecular systems are attractive as they offer 1)
chemical access to multiple structural states with tailorable selectivity and binding affinities, 2)
high functional group tolerance, and 3) modularity, including access to structures with a wide
variety of metal nodes and ligand types.

1.4.1 WLA Structures Based Upon Hemilabile Ligands
Our group has focused on the synthesis of novel metallo-supramolecular complexes via the

WLA. As previously mentioned, these structures are based upon hemilabile ligands and allow one

to build macrocyclic, triple-decker, and tweezer-based complexes, in which structural changes can
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be induced by displacement of the weak binding group of the hemilabile ligand at the metal hinge
sites with small molecules and elemental ions. The WLA has allowed us to design a wide variety
of molecules with catalytic and biomimetic properties, in terms of allosteric regulation and
recognition, which have also led to the development of sensors for small molecules and elemental
ions reminiscent of amplification schemes used in molecular biology, such as ELISA (Enzyme
Linked Immuno Sorbent Assays) and PCR (Polymerase Chain Reaction).>
1.4.2 General Approach to the Synthesis of Air-Stable Pt(I1) WLA Architectures

WLA complexes typically are defined by a molecular architecture where two hemilabile
ligands, bearing both a “strong-link” moiety (typically a phosphine) and a “weak-link” moiety
(typically a chalcoether or amine) are bound to a d® (typically) metal center. Introduction of a
coordinating ligand, such as CO, CN, halide anions or acetate, results in the breaking of one or
both “weak-links”, and converts a rigid, condensed species to an extended, flexible one.
Furthermore, if the “weak-links” are of sufficiently different electron donating ability, then
heteroligated structures can be selectively formed under thermodynamic control via a halide
induced ligand rearrangement (HILR) pathway.>3%° The WLA has enabled researchers to develop
novel molecular systems capable of allosterically regulated catalysis,>®->® sensing,>*-%* and signal
amplification.®? Until recently, such systems relied heavily on the use of air-sensitive Rh(1) metal
centers, which excluded uses that required them to operate under ambient conditions. As a result,
we began targeting WLA complexes based on Pt(Il) due to their air-stability and analogous
coordination chemistry to Rh(l), as the basis for WLA chemistry.*

To this end, we sought to develop a general approach to the synthesis of air-stable Pt(Il)

WLA complexes. Initially, we reported that heteroligated Pt(ll) tweezer and triple-decker
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complexes can be formed using traditional P,S-ligands, with the requirement that the ligands bear
“weak-link” thioether moieties of considerably different electron donating ability, and that the
reaction be performed in polar solvents (i.e. MeOH), which favors the formation of dicationic
product complexes with outer-sphere counterions.>® While this approach allowed us to bring Pt(11)-
based WLA chemistry to the bench top, the ditopic tetrafluorophenyl thioether P,S-ligands proved
too weakly binding, and/or too kinetically labile, to allow for the clean formation of heteroligated
macrocycles (though homoligated macrocycles are accessible).>0 63-64
1.4.3 Step-wise Construction of Heteroligated Pt(l11) WLA Complexes

The single-step assembly of Pt(Il) heteroligated complexes has been shown to rely on
having an appreciable energetic difference in binding between the two P,S-ligands,: 53 55 6465
however, in the case of macrocycles, the “weak-links” are so weakly coordinating that the resulting
complexes are Kinetically unstable. As a result, we turned toward more strongly donating ligands
by employing N-heterocyclic carbene thioether (NHC,S) ligands in conjunction with traditional
P,S-ligands to obtain heteroligated structures.®®

With respect to the WLA chemistry,>® %3 this new synthetic approach operates nearly
identically to traditional systems, however, they are synthesized by a vastly different step-wise
assembly procedure.5* The key to this approach is to first coordinate the NHC,S hemilabile ligand,
essentially irreversibly, to PtCl.. This occurs in the presence of Ag.O, which acts as both a base
and an Ag" source to generate a silver-carbene intermediate in situ, before transmetalation occurs,
to form the more thermodynamically stable Pt—carbene bond.54 ¢7-%8 |n the second step, a traditional
monotopic, or ditopic, P,S-ligand is coordinated to yield a heteroligated structure in quantitative

yield. We have used this procedure to demonstrate the step-wise assembly of benchtop stable WLA
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tweezers and triple-decker complexes, which are functionally identical to previous Rh(l) systems,
however immune to the dynamic ligand scrambling processes resulting from the HILR under
thermodynamic control, observed in the purely P,S—Pt(ll) heteroligated complexes. This new
methodology for the synthesis of heteroligated Pt(11) WLA constructs has enabled current work
by providing us routes to previously inaccessible heteroligated structures that combine multiple
functional moieties into a single complex.

1.5  Allosterically-Regulated, Weak-Link Approach Macrocycles and Receptors
1.5.1 An Allosterically-Regulated Molecular Receptor with Switchable Selectivity
Previous work in the Mirkin group used the unique properties imparted on systems
assembled by the WLA, to demonstrate the synthesis of a supramolecular allosteric receptor
capable of selectively binding guest molecules (Figure 1.11).%° This system was synthesized with
a calix[4]arene cavitand (a cyclic molecule that has a cavity in which a guest molecule may fit)
and was able to achieve three distinct states that discriminated guests based on size and charge.®
The host—guest properties of the ion-regulated receptor were found to be highly dependent upon
the coordination of the Pt(ll) center, which is controlled through the reversible coordination of
small molecule effectors. Formation of inclusion complexes was determined by *H NMR titration
of guests and the binding stoichiometry of host—guest complexes was determined by using Job
plots. The closed complex (3) was unable to bind any guest molecules due to its restricted binding
cavity size. Semi-open complex 4, could be reversibly accessed upon introduction of chloride and,
in contrast, was able to selectively bind the neutral molecule N-oxide pyridine. Only the positively
charged semi-open complex 4 is able to encapsulate the neutral guest molecule in the form of a

1:1 inclusion complex. Interestingly, it was determined that the formation of this inclusion
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complex is driven by dipole-dipole interactions between the positively charged, cationic complex,
and the negatively charged oxygen of N-oxide pyridine. Upon introduction of cyanide (CN"), the
complex can be opened to a neutral, fully open complex (5). The fully open complex is able to
selectively bind the guest molecule, N-methylpyridinium. Interestingly, in the host-guest complex
formed with receptor 5 and N-methylpyridinium, the most significant interactions found were n—
n stacking interactions (1.05 kcal/mol) between the bonding orbital of the calix[4]arene phenyl
ring and the antibonding orbital of B and y carbons in the guest molecule. Importantly, the
formation of a 1:1 host—guest complex can only be observed between cationic guest, N-
methylpyridinium, and the neutral, fully open configuration. This indicates that the electrostatic
repulsion between 5 and the positively charged guest, plays a major role dictating the host—guest
selectivity.

By controlling the coordination environment around a Pt(I1) regulatory center via the use
of small coordinating anions, the authors showed that three independent supramolecular
configurations could be accessed, each with unique properties based on overall cavity size and
charge. Importantly, the authors demonstrated that the coordination geometry at the regulatory site
dictates the size of the cavity and the nature of the possible electrostatic and dipole interactions,
giving rise to selective substrate binding.

Although an impressive example of an allosterically regulated host-guest system, this
molecular receptor was limited to relatively small guest molecules and could only reversibly access
two structural states, with the third state being irreversible. A significant advance would be to
rationally design systems that can selectively recognize and bind a greater variety of sophisticated

substrates and control chemical reactivity, in a reversible manner.
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Figure 1.11 Selective and reversible encapsulation of N-methylpyridinium (blue) and N-oxide
pyridine (red) is achieved using a multi-state ion-regulated molecular receptor capable of accessing
a closed state (3), a semi-open state (4) and a fully state (5).

1.5.2 Reversible and Selective Encapsulation of Dextromethorphan and B-Estradiol Using

an Asymmetric Molecular Capsule Assembled via the Weak-Link Approach

More recently, our group was able to demonstrate the design and synthesis of an
allosterically-regulated, asymmetric receptor featuring a binding cavity large enough to
accommodate molecular entities was synthesized via the WLA (Figure 1.12).7° This architecture
is capable of switching between an expanded, flexible “open” configuration (7) to a collapsed,
rigid “closed” one (6). The molecular receptor can be completely modulated in situ through the
use of simple ionic effectors, which reversibly control the coordination state of the Pt(l) metal
hinges to open and close the molecular receptor. The substantial change in binding cavity size and
electrostatic charge between the two configurations is used to modulate the host-guest properties

of the receptor, in the presence of two pharmaceuticals: dextromethorphan (6) and B-estradiol (9).7
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Open (7) Closed (8)

Figure 1.12 An allosterically regulated, asymmetric receptor featuring a binding cavity large
enough to accommodate three-dimensional pharmaceutical guest molecules as opposed to planar,
rigid aromatics, was synthesized via the WLA. This architecture is capable of switching between
an expanded, flexible “open” configuration and a collapsed, rigid “closed” one.

Each configuration was demonstrated to have an affinity for a different type of guest
pharmaceutical, which arises from the electrostatic and dipole interactions each assembly can
provide in the recognition process. In addition to studying the unusual binding properties of this
structure, the authors reported the reversible capture and release of guest molecules by switching
between closed and open configurations in situ. The nature of the host-guest interactions was
explored using Job plots, *H NMR titrations, and DFT computational studies and, importantly,
detailed the synthesis of the first asymmetric receptor employing N-heterocyclic carbene (NHC)
ligands, assembled via the WLA. This work paved the way for future asymmetric receptors and
was key to demonstrating the irreversible nature of the Pt'"-NHC bond. This work inspired the
projects that will be discussed in the future chapters of this thesis.

1.6 Introduction to Dissertation Topics
1.6.1 An Allosterically-Regulated Four State Macrocycle

In Chapter 2 of this dissertation, a molecular receptor capable of emulating the reversible

conformational changes of a protein’s binding cavity was designed, synthesized and assembled via
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the Weak-Link Approach (WLA). Macrocycles capable of host-guest chemistry are an important
class of structures that have attracted considerable attention due to their utility in chemical
separations, analyte sensing, signal amplification, and drug delivery. The deliberate design and
synthesis of such structures are rate-limiting steps in utilizing them for such applications, and
coordination-driven supramolecular chemistry has emerged as a promising tool for rapidly making
large classes of such systems with attractive molecular recognition capabilities and, in certain
cases, catalytic properties. A particularly promising subset of such systems are stimuli-responsive
constructs made from hemilabile ligands via the Weak-Link Approach (WLA) to supramolecular
coordination chemistry. Such structures can be reversibly toggled between different shapes, sizes,
and charges based upon small molecule and elemental anion chemical effectors. In doing so, one
can deliberately change their recognition properties and both stoichiometric and catalytic
chemistries, thereby providing mimics of allosteric enzymes. The vast majority of structures made
to date involve two-state systems, with a select few being able to access three different states.
Herein, we describe the synthesis of a new allosterically-regulated macrocycle assembled via the
WLA. The target structure was made via the step-wise assembly of ditopic bidentate hemilabile
N-heterocyclic carbene-thioether (NHC,S) and phosphino-thioether (P,S) ligands at Pt metal
nodes. Importantly, each complex was fully characterized by multinuclear NMR spectroscopy and,
in some cases, single-crystal X-ray diffraction studies and DFT computational models.

1.6.2 Complex Switching Behavior in a Four State WLA Macrocycle
In Chapter 3 of this dissertation, the switching behavior of the relatively simple macrocycle
designed in Chapter 2, is explored. The WLA macrocycle displays complex dynamic behavior

when addressed with small molecule effectors, and structural switching can be achieved with
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several distinct molecular cues. Importantly, each state was fully characterized by multinuclear
NMR spectroscopy and, in some cases, single-crystal X-ray diffraction studies and DFT
computational models. The driving forces for switching are elucidated and the structure-property
relationships discussed. This new structure opens the door to complex multi-cue switching
reminiscent of multi-state chemoswitches that could be important in controlling stoichiometric and
catalytic transformations as well as generating molecular logic systems.

1.6.3 Design, Synthesis and Characterization of Infinite-Coordination Polymers Bearing

Weak-Link Approach Building Blocks

In Chapter 4 of this dissertation, a family of infinite coordination polymer (ICP) particles
was synthesized by the assembly of modular Weak-Link Approach-based coordination chemistry
construct building-blocks. Chloride ions can be used to chemically interconvert these building
blocks between rigid, closed and flexible, semi-open states either pre- or post-polymerization.
These changes in molecular geometry manifest themselves as morphological changes in the ICP
particles. Furthermore, scanning transmission electron microscopy, energy-dispersive X-ray
spectroscopy, and dynamic light scattering data suggest that the resulting particle morphology is
highly dependent not only on the structure of the soluble precursors but also on the bond strengths
and the dissociation kinetics of the metal-ligand coordination bonds in the polymer chain.
1.6.4 Reconfigurable, Bio-Inspired Coordination Polymers Assembled via the Weak-Link

Approach

In Chapter 5 of this dissertation, a new class of materials is described in which WLA
complexes act as building blocks for crystalline coordination polymer chains. The ability to

engineer the responsive properties of nanoscale coordination polymers (CPs) at the molecular level
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holds promise for the development of sophisticated, multifunctional materials. To realize this goal,
CP building blocks must be capable of responding to molecular stimuli, while producing structural
changes in the ligand geometry or orientation in a reversible manner. Herein, we report the design
and synthesis of a reconfigurable, bio-inspired CP assembled via the Weak-Link Approach
(WLA). Reaction of copper(ll) tetrafluoroborate hexahydrate (Cu' (BF4)2#6H20) with stimuli-
responsive organometallic monomers bearing hemilabile phosphino-thioether pyridine ligands
(P,S—pyr) in acetonitrile (MeCN) gave the compound [(P,S—pyr)[Cu(OH)2(MeCN)2]. The
coordination environment at the regulatory metal node dictates the charge and the structural
conformation of the assembly, resulting in two distinct structural states that correspond to two
morphological phases: one closed, crystalline phase and one open, amorphous phase. Together,
single crystal X-ray diffraction, NMR spectroscopy and mass spectrometry were used to study the
formation and binding modes of the coordination complex monomers and resulting coordination
polymers in the solution and solid state. Additionally, electron microscopy studies confirm that
the assembly can undergo a transition from a crystalline single-chain to an amorphous state upon
the introduction of a small molecule effector (CI). Single crystal X-ray diffraction studies in
conjunction with DFT calculations, reveal that ligand geometry and bond strength effects are
important molecular parameters which drive the formation of either single-chain, or amorphous,
coordination polymers. Taken together, this work represents a promising method for the
construction of reconfigurable CP materials, possessing properties reminiscent of biological

systems.
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CHAPTER 2

An Allosterically Regulated, Four-State Macrocycle

The work presented in this chapter is based upon work published in:
d’Aquino, A. I.; Cheng, H. F.; Barroso-Flores, J.; Kean, Z. S.; Mendez-Arroyo, J. E.; McGuirk,
C. M.; Mirkin, C. A. An Allosterically-Regulated, Four-State Macrocycle. Inorg. Chem. 2018,

57, 3568-3578. DOI: 10.1021/acs.inorgchem.7b02745
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2.1 Introduction
The rational design of supramolecular systems, which undergo reversible structural
changes, has been a long-standing goal of chemists due to the potential for developing
technologically useful catalysts, switches, and sensors.’"? Coordination-driven supramolecular
chemistry has emerged as a powerful means to assemble large and complex macrocycles, cages,
and capsules, with general methods developed by the Stang,’® Fujita,’* Raymond,”>"® Nitschke,””-
8 Mirkin,*" 5% 7 and other groups,®®# for assembling such multicomponent structures. Among
the different approaches to coordination-driven supramolecular constructs, the Weak-Link
Approach (WLA) has emerged as a powerful means for synthesizing complexes that can undergo
reversible small molecule-induced structural changes and therefore be toggled between “closed”
rigid states and “open” flexible ones (Figure 2.1 a—c).*" %% 52 Through the modular and convergent
assembly of metal ions and hemilabile ligands, the WLA provides a platform for engineering
molecular selectivity and stimuli-responsiveness with deliberate control. WLA-based
supramolecular systems are attractive as they offer: (1) chemical access to multiple different states
with tailorable selectivity and binding affinities,®*° (2) high functional group tolerance,*® 8 and
(3) modularity, including access to structures with a wide variety of metal nodes and ligand
types.*” 7 8 Many stimuli-responsive systems have been developed based on this platform,
through the incorporation of catalytic,®*% redox-active,?-°° and host-guest recognition sites®® into
the ligands in such a way that small-molecule induced structural changes result in marked changes

in the properties of these complexes.
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Figure 2.1 The Weak-Link Approach (WLA) to coordination-driven supramolecular (a)
macrocycles, (b) tweezers, and (c) triple-decker complexes. For the sake of this example,
complexes with Pd'" and Pt" metal centers are illustrated, but the WLA works with many other
metal systems including Rh'!, Cu' and Ir'.%1%4

The addressable nature of these structures arises from the hemilabile
phosphinoalkyl—chalcoether or —amine (P,X; P = Ph,PCH2CH>—, X =0, S, Se, N) ligands typically

coordinated to d® transition metals (such as Rh!, Pd" or Pt"!). These complexes can reversibly access
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three distinct states, a fully open, semi-open and fully closed state through the removal and
introduction of small molecules coordinating ligands (Xc) or elemental anions, which can easily
displace the metal-S bond (“weak-link”, in this example), while preserving the metal-P bond
(“strong-link”) (Figure 2.1; for simplicity the semi-open macrocycle is not shown in Figure 2.1a,
and the fully open states are omitted from Figure 2.1b and 2.1c). Recently, our group reported the
step-wise synthesis of heteroligated Pt WLA tweezer and triple-decker complexes with
monotopic bidentate hemilabile N-heterocyclic carbene-thioether (NHC,S) and phosphino-
thioether (P,S) ligands (Scheme 2.1a).> This strategy allowed for the assembly of air-stable
heteroligated structures without the requirement of different electron donating abilities at the
“weak-links”, a requisite for previous heteroligated Pt WLA systems.’® This step-wise approach
was demonstrated in the synthesis of heteroligated tweezer and triple-decker complexes.”®
Recently, this approach was used to synthesize a switchable molecular receptor that can access
two distinct structural states: flexible “open” and a rigid “closed” states (Scheme 2.1b).”® Although

this construct was the first example of a heteroligated Pt"

macrocyclic system, the limited
structural states accessible by this complex prevented the switching between multiple binding
pockets, each capable of binding a different guest molecule or exhibiting a different, but
complementary function. Developing allosterically regulated structures that can access multiple
states with different properties is a fundamental challenge and remains an important synthetic goal.
The structures reported herein are the first step toward the development of multi-state, stimuli-

responsive receptors, catalysts and chemoswitches, with fundamentally interesting functions

relating to their different chemically tunable structures.
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Scheme 2.1 (a) Step-Wise Approach to the Synthesis of WLA Tweezer and Triple-Decker
Complexes, (b) Step-Wise Assembly of a WLA Heteroligated Pt' Macrocyclic Capsule (c) The
Scope of this Work Applies this Approach to the Synthesis of an Allosterically-Regulated, Multi-
State, Heteroligated Macrocycle.?

Herein, we apply this step-wise approach to the synthesis of a heteroligated multi-state

t" metal nodes,

macrocycle, possessing two different ditopic bidentate ligands bridging two P
which exhibits four-state switching behavior, considerably more complex than previously reported
for WLA systems (Scheme 2.1c¢). Experimental and computational evidence suggests that, while
the addressability of the system arises from the coordination chemistry, the resulting complexity

of the macrocycle behavior is a function of multiple factors, including: geometry, strain, strength

of coordination bonds and electronics. This is in contrast with previously reported WLA systems
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that rely on the use of weakly chelating ligands to achieve the assembly of heteroligated structures,
which are too unstable to form significantly strained structures.>
2.2 Results and Discussion
2.2.1 Model WLA Macrocycle Design

The Mirkin group has historically synthesized heteroligated macrocycles using a Rh(l)
metal center bearing one P,S and one P,O ligand, the different donating abilities of which allow
for the formation of heteroligated structures as the thermodynamic products. A significant
drawback, however, of the Rh(l) complexes is their instability under ambient conditions and
limited accessible solvents and guests.®” In order to synthesize bench-top stable complexes, our
group turned to Pt(l1) as the coordination center. Unfortunately, a drawback of this Pt(1l) chemistry
is that the more weakly donating ligands (P,O through P,S-tetrafluoroaryl) are now Kinetically
labile, resulting in ligand scrambling and largely limiting the available ligands to form stable

structures (Scheme 2.2A).1%%1
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Scheme 2.2 a) Heteroligated Pt(l1l) WLA complexes containing weakly donating ligands (P,O
through P,S-tetrafluoroaryl) are kinetically labile, resulting in ligand scrambling; b) The strategy
described here takes advantage of strong NHC-Pt(Il) interactions to assemble heteroligated Pt(1l)
macrocycles.
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As a solution, the Mirkin group developed a methodology for the stepwise assembly of
heteroligated Pt(I1) complexes based on N-heterocyclic carbene-thioether (NHC,S) and (P,S-aryl)
ligands. NHCs are strong sigma donors and are more strongly donating than even the most
donating phosphines, which allows them to be bound to the Pt(Il) center in a monoligated fashion
in the first step. Subsequent addition of a P,S—Aryl ligand allows for the formation of kinetically
stable and structurally rigid heteroligated Pt(11) complexes.®® We hypothesize that this synthetic
strategy is generalizable and can, therefore, be applied to the synthesis of higher-order
heteroligated complexes and used this strategy to design a heteroligated macrocycle bearing both

a P,S-based ligand (10) and an NHC-based ligand (Figure 2.2, 12).
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Figure 2.2 The design of a heteroligated WLA macrocycle bearing a ditopic bidentate NHC,S—
based ligand (12) in conjunction with a traditional ditopic bidentate P,S—based ligand (10).

2.2.2 WLA Macrocycle Synthesis and Characterization

In order to synthesize the Pt'!

heteroligated WLA macrocycle, we utilized a previously
reported step-wise approach employing a ditopic bidentate NHC,S—based ligand in conjunction

with a traditional ditopic bidentate P,S—based ligand, both of which bind Pt" strongly enough to
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result in kinetically stable structures. Benzimidazolium chloride salt 14 was treated with two
equivalents of dichloro(1,5-cyclooctadiene)platinum(II) (PtClx(cod)) and one equivalent of
silver(l) oxide (Ag20) in dichloromethane (CHCly) to produce complex 12 [Pt2Cla(xtiu:x'~

NHC,S)] as an insoluble white solid (Scheme 2.3).
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Cl—Pt-Cl + { Cl—Pt-Cl

Ph, PhR Tl Ph;

Scheme 2.3 Synthesis of Fully Open Heteroligated Macrocycles 13a-13c. Reaction conditions: (i)
2 eq. PtClx(cod); 1 eq. Ag20; 6:1 CH2Cl2:MeOH, 24 h, 60 °C. (ii) 1:1 MeOH:CHCl,, 25 °C. (iii)
CHClIy, 25 °C.

In order to confirm that the metalation reaction of 14 with Ag.O and the subsequent
transmetalation reaction with PtCly(cod) were successful, complex 12 was characterized by
matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MYS),
with monoisotopic mass and isotopic distribution matching those of the molecular ion [M—CI]".
Due to the low solubility of complex 12 in CH2Cly, single crystals suitable for X-ray diffraction
were obtained by slow diffusion of diethyl ether into a solution of complex 12 in dimethyl

sulfoxide (DMSOQO). The solid-state structure reveals a complex with DMSO ligands coordinated
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to the metal center, displacing the weakly bound thioether groups on the NHC,S hemilabile ligand

(Figure 2.3).

Figure 2.3. Single crystals obtained of complex 12-DMSO.

The irreversible metalation—transmetalation reaction at the NHC ligand allows the
subsequent use of strongly binding P,S-ligands without the occurrence of previously observed
ligand exchange reactions.”® *® Due to the low solubility of 12 in CH,Cl>, complex 12 was
dissolved in a 1:1 mixture of dichloromethane and methanol (MeOH) and reacted with one
equivalent of P,S—aryl-S,P ligand 10 (Scheme 2.3). Characterization of the resulting product by
'H and *'P nuclear magnetic resonance (NMR) spectroscopy revealed that the fully open
macrocycle was obtained as a mixture of isomers (13a—13c) when synthesized under homogenous
conditions in a 1:1 mixture of MeOH and CH2Cl; (Scheme 2.3). Consistent with this observation,
a high-resolution mass spectrum (HRMS) of the sample exhibited a peak with a mass to charge
(m/z) ratio corresponding to the molecular ion [M—CI]".

3P NMR spectroscopy was used to further characterize the resulting compounds since it is
highly diagnostic of coordination environment. Additionally, the resonance shifts and platinum—

phosphorus coupling patterns were consistent with the presence of a combination of cis- (13a),
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trans- (13b) and combined cis/trans (13¢) fully open complexes (Figure 2.4a).”°1°! As
summarized in Figure 2.4, the fully open trans species 13b [trans—PtoCla(x*:;u:x'-NHC,S) (xt 11—
P,S)] contains two platinum nodes in which the phosphine and carbene are trans to one another;
this configuration is evidenced by a resonance at 9.7 ppm with a Jp_p¢ coupling constant of 2300
Hz. The presence of the cis complex 13a [cis—Pt2Cla(x*:u:x'-NHC,S)(x*::x*~P,S)] is evidenced
by a resonance at 1.8 ppm with a larger Jp_p; of 3740 Hz. Downfield from each of the two major
resonances are additional sets of signals at 2.5 and 10.5 ppm, which are of equal intensity relative
to one another (Figure 2.4a). We proposed that they correspond to a species which has both cis
and trans nodes in one complex, 13¢ [cis—PtCly(x!:u:x*-NHC,S)(x*::x-P,S)-trans—
PtCla(xt::k!-NHC,S)(x :1:x*-P,S)]. This assignment is supported by the 3'P—!°*Pt coupling
constants that are comparable to that of the purely cis and purely trans isomers (Figure 2.4). The
relative chemical shifts along with the 3'P—'*>Pt coupling constants reveal important information
about the trans influence inherent to these structures.!%-1%% In the case of strongly donating ligands,
the chemical shift typically appears further downfield,'”! such as in trans complex 13b. Between
isostructural complexes, larger 3'P—!'">Pt coupling constants are indicative of a more weakly
coordinating ligand #rans to the phosphine ligand, while smaller coupling constants indicate the
presence of a more strongly coordinating ligand. The NHC is a more strongly donating ligand than
the chloride; therefore, the coupling constant of the trans complex 13b (Jp-pt = 2300 Hz) is
significantly smaller than that of the cis complex 13a (Jp_pi= 3740 Hz). The cis/trans species (13c)
follow the same trend, with one Pt node in the cis configuration and the other in the trans
orientation, each having a chemical shift and coupling constant in the same region of the spectrum

as the fully cis and frans counterparts, respectively. The resonance at 2.5 ppm has a larger coupling
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constant (Jp_p;= 2943 Hz), while the resonance of equal intensity further downfield at 10.5 ppm,

has a smaller coupling constant (Jp_p¢= 2270 Hz).

Shifts and couplings:

cis cis/trans trans
J (ppm) 1.8 25/10.5 9.7
Je_pt (HZ) | 3740 | 2943 / 2270 | 2300

(a)

S
(b)
(c)

5
f1 (ppm)
Figure 2.4 (a) 3P NMR spectrum of complex mixture 13 in CD,Cls, (b) 3P NMR spectrum of
single crystals of the fully open cis complex, 13a, dissolved in CD2Cly, (c) 3P NMR spectrum of

13a after several hours, indicating the reappearance of resonances attributable to the cis (13a),
trans (13b), and cis/trans (13c) species.

When the solvent from the solution of 13a—c¢ was slowly evaporated, single crystals
composed exclusively of 13a were isolated. The solid-state structure of 13a is consistent with the
solution-phase spectroscopic characterization of the fully open cis isomer, with one x!u:x*-P,S

ligand and one x!:;u:x'-NHC,S ligand coordinated to Pt" through the phosphines and carbenes,
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respectively (Figure 2.5). We hypothesized that the cis fully open structure would dynamically
equilibrate back to the 13a—c complexes initially observed in solution, an indication of fully open
isomers similar in energy. To assess the kinetic stability of 13a, its crystals were dissolved in
CD:Cl> and the corresponding *'P NMR spectrum was collected (Figure 2.4b), confirming our
assignment of the 1.8 ppm shift belonging to 13a. Over time, we observed the reappearance of
resonances attributable to the trans (13b) and cis/trans (13c¢) species, in addition to cis 13a,
indicating the complex undergoes isomerization in solution (Figure 2.4c). Consistent with an
equilibrium that involves small energetic differences between isomers, we observed strong solvent
effects in the synthesis of 13a-c. In an alternative procedure, we reacted 12 with 10 in
dichloromethane under heterogeneous conditions (Scheme 2.3), resulting in the selective
formation of 13a as confirmed by 'H and *'P NMR spectroscopy and HRMS. These results suggest
that solvent effects play a key role in lowering the kinetic barriers to establish an equilibrium

between isomers 13a-c.

Figure 2.5 Crystal structure of 13a, drawn with a 50% thermal ellipsoid probability. Solvent
molecules and hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and angles
[deg]: Pt1-CI2 2.360(2), Pt1-CI2 2.352(2), Pt2—-CI3 2.340(2), Pt2—-Cl4 2.357(2), CI1-Pt1-CI2
90.57(6), CI13—Pt2—Cl4 89.42(6).
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2.2.3 The Solid-State Structure of 13a

The solid-state structure of 13a confirms that the cis fully open complex contains two inner
sphere chloride atoms in the cis orientation. Complex 13a crystallized in the triclinic
centrosymmetric space group P1, and the asymmetric unit contains distinct Pt—CI bond lengths and
angles (Figure 2.5) comparable to those found in literature.>” *> The Pt metal nodes adopt a square
planar geometry [Cl1-PtI-CI2 = 90.57(6)°], with the phosphine moieties cis to the carbene
moieties [P1-Pt1-C1 = 94.6(2)°] (Figure 2.5). The solid-state structure supports the assignments
made in the 'H and *'P NMR spectra.
2.2.4 Computational Studies of Complexes 13a-c

In order to further investigate and understand the intramolecular interactions and relative
energies of each fully open isomer in solution, we explored the electronic structures of 13a, 13b
and 13c and their possible diastereomers with Density Functional Theory (DFT) calculations in
the gas phase. DFT calculations were carried out on the solid-state structure of 13a with Gaussian
09 suite of programs at the B97D/LANL2DZ level of theory. The selected functional B97D
empirically includes dispersion effects, which allows for a better description of the electronic
structure. The geometry optimized model of 13a provided the basis for developing the energy
minimized models of 13b and 13¢ and their respective isomers. Bond lengths and angles of model
13a are nearly identical to those measured in the solid-state crystal structure. All structures
correspond to local minima on the potential energy surfaces and, therefore, are chemically
accessible states. Population analysis was performed within the Natural Bond Orbitals (NBO)

formalism to provide a localized, pairwise, description of the electron density.
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We hypothesized that complexes 13a—13c would be relatively close in their free energies,

owing to the observation of rapid and dynamic conversion from the purely cis state to the mixture
of cis, trans and cis/trans states. Energy minimized models (Figure 2.6) were obtained for each
complex (13a—13c¢), and their respective frontier orbitals were identified, as they point to the
identity of the orbitals involved in WLA bonding. Relative HOMO and LUMO energies were
calculated, and free energies were compared across different structures. Table 2.1 summarizes the

free energies calculated from the DFT results.

13a

13¢c

Figure 2.6 Energy-minimized models of complexes 13a—13c, obtained from DFT calculations.
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Table 2.1 Free Energies (kcal/mol) of 13a—13c Obtained from DFT Calculations.

Compound Free Energy Relative Free
(kcal/mol) Energy (kcal/mol)
13a -2811.3087 0.0
13b -2811.3029 0.006
13c -2811.3018 0.007

Computational modeling of the fully open states suggests that the overall free energy of
the three states are close enough that there is no strong preference to form one isomer over the
others. This is consistent with a system that has very small energy differences between isomers,
suggesting that 13a—13c are nearly isoenergetic.

2.3 Conclusions

A primary goal of supramolecular coordination chemistry—drawing inspiration from
biology—is the synthesis of three-dimensional structures with highly organized and addressable
reactive compartments. Herein we demonstrate the synthesis and assembly of a macrocycle
containing two types of hemilablile coordinating ligands, with the aim of advancing the scope and
function of such biomimetic compartments. Specifically, the macrocycle is composed of: (1) a
strongly chelating, N-heterocyclic carbene—thioether (NHC,S) ligand which has been synthesized
and its structure characterized using NMR spectroscopy in solution, and single—crystal X-ray
diffraction in the solid state, and (2) a phosphinoalkyl-thioether (P,S) ligand. The allosterically
addressable heteroligated macrocycle is assembled in a stepwise fashion by chelating each ligand

to a Pt(I1) metal center as confirmed by NMR spectroscopy. This macrocycle represents the first
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example of a stable yet structurally addressable heteroligated macrocycle which is suitable for use
under ambient conditions. The methodology developed so far will allow access to far more
complex allosterically regulated, supramolecular host-guest capsules for applications in molecular
recognition and beyond.

2.4  Experimental Methods
2.4.1 General Methods and Instrument Details

Commercially available chemicals were purchased as reagent grade from Sigma-Aldrich,
Acros, and Alfa Aesar, unless otherwise noted, and used as received. Unless otherwise stated, all
solvents were purchased anhydrous and degassed under a stream of argon prior to use. All
glassware and magnetic stirring bars were thoroughly dried in an oven (180 °C). Reactions were
monitored using thin layer chromatography (TLC), and commercial TLC plates (silica gel 254,
Merck Co.) were developed and the spots were visualized under UV light at 254 or 365 nm. Flash
chromatography was performed using Si02-60 (230—400 mesh ASTM, 0.040-0.063 mm; Fluka).
Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.
'H, 3'P,3'P{'H} and ""F{'H} NMR spectra were recorded on a Bruker Avance 400 MHz and
chemical shifts () are given in ppm. "H NMR spectra were referenced internally to residual proton
resonances in the deuterated solvents (dichloromethane-d> = 0 5.32; nitromethane-ds = ¢ 4.33;
methanol-ds = 6 3.31). >'P and *'P{!H} NMR spectra were referenced to an external 85% H3PO4
standard (¢ 0). High resolution electrospray ionization mass spectrometry (HR—MS) measurements
were recorded on an Agilent 6120 LC-TOF instrument in positive ion mode. Electrospray
ionization mass spectrometry (ESI-MS) was recorded on a Micromas Quatro II triple quadrapole

mass spectrometer. Matrix assisted laser desorption ionization—time of flight mass spectrometry
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(MALDI-TOF MS) was recorded on a Bruker Autoflex III smartbeam in reflectron and positive
ion mode.
2.4.2 Synthesis
2.4.2.1 Synthesis of Benzimidazolium Salt (14)

In a modified procedure,®® a solution of 1,4-bis[(chloromethyl)thio]benzene (50 mg, 0.209
mmol) and 1-methylbenzimidazole (74.09 mg, 0.627 mmol) were dissolved in 5 mL of anhydrous
dimethylformamide (DMF). The reaction mixture was stirred and heated at 100 °C for 24 hin a
Schlenk flask under N2 gas. The solvent was reduced to ca. 1 mL in vacuo with heptane. The
product was then washed with diethyl ether and dichloromethane and dried in vacuo to obtain a
white solid (66.3 mg, 0.132 mmol, 63% vyield). *H NMR (400 MHz, DMSO-ds): J 9.85 (s, 2H),
7.68 (dtd, J = 15.7, 7.4, 6.3 Hz, 4H), 7.72-7.64 (m, 4H); 7.37 (s, 4H), 6.17 (s, 4H), 4.05 (s, 6H).
13C NMR (126 MHz, DMSO-ds) ¢ 142.32, 132.31, 131.98, 131.67, 130.12, 126.79, 126.67,
114.06, 113.91, 49.83, 33.42.
2.4.2.2 [Pt2Cla(kt:p:x*-NHC,S)(C2Hs0S)2] (12-DMSO)

A solution of benzimidazolium salt (1) (100 mg, 0.199 mmol) in a solvent mixture of
DCM:MeOH at a ratio of 6:1 (4 mL), was combined with Ag>0 (46 mg, 0.199 mmol) and the
mixture was stirred at 60 °C until the solution became murky and the black Ag-O powder
disappeared. After ten minutes, a solution of PtClz(cod) (149 mg, 0.397 mmol) in the solvent
mixture of DCM:MeOH at a ratio of 6:1 (6 mL) was added to the mixture, which was then stirred
at 60 °C over 24 h. The suspension was centrifuged, washed with Et,O (10 mL x 3), and dried in
vacuo. The product was obtained as an off-white powder (115 mg, 0.120 mmol, 60% yield). *H

NMR (400 MHz, DMSO-ds): 6 7.74 (dd, J = 8.2, 3.7 Hz, 2H), 7.41 (d, J = 1.7 Hz, 4H), 7.35 (t, J



67
= 7.7 Hz, 2H), 7.29-7.16 (m, 4H), 6.20-6.02 (m, 4H); 4.19 (d, J = 3.6 Hz, 6H). 3C NMR (126
MHz, DMSO-dg) § 155.68 (d, 2Jc.pt = 4.2 Hz), 133.17 (s), 133.05 (5), 132.73 (s), 132.66 (S), 124.02
(s), 123.89 (s), 111.69 (s), 111.36 (s), 111.31 (s), 51.37 (s), 34.83 (s). MALDI-TOF MS (Matrix:
dithranol). Calcd for [M—-CI]*": 926.961 m/z. Found: 926.803 m/z.
2.4.2.3 1,4-bis(diphenylphosphino)ethylthiobenzene (10)

In a modified procedure,*®-1% benzene-1,4-dithiol (0.340 mg, 2.36 mmol) was combined
with AIBN (catalytic amount) in a Schlenk flask in THF (15 mL) under N2 gas. Diphenylvinyl
phosphine (KPPhy, 1.0 g, 4.71 mmol) was added drop-wise to the reaction mixture, via syringe,
under N2 gas over the course of 30 min. The solution turned from yellow to red. The reaction was
refluxed for 18 h under N2 gas. After stirring for 18 h, the reaction solution was concentrated in
vacuo to give a yellow oil. The crude product was washed with hexanes (10 mL x 3) followed by
MeOH (10 mL x 3), filtered and dried under high vacuum. The pure product appeared as an off-
white solid powder (1.18 g, 90% yield). *H NMR (400 MHz, CD2Cly): 6 7.41-7.35 (m, 8H), 7.34—
7.31 (m, 12H), 7.10 (s, 4H), 2.96-2.90 (m, 4H), 2.36-2.32 (m, 4H). 3P NMR (162 MHz, CD,Cl>):
0 -17.36.
2.4.2.4 Synthesis  of [cis—Pt2Cla(k':p:k'-NHC,S)(x:p:x*-P,S)], [trans—Pt2Cla(x!:p:k’-

NHC,S)(x!:p:x*-P,S)], and [cis—PtCla(k!:p:x'-NHC,S)(x': p:k*-P,S)-trans—

PtClz(x!:p:k'— NHC,S)(k*: p:x*-P,S)] (13a-c).

A solution of 10 (81.3 mg, 0.143 mmol) in CD2Cl2/CD3s0OD (1:1, 2.5 mL) was added to a
suspension of complex 12 (115 mg, 0.120 mmol) in CD2Cl2/CD30D (1:1, 0.7 mL) in a glass vial
in the glove box. The mixture was then stirred at room temperature for 48 h, during which the

yellow murky solution became clear and a dark precipitate formed (AgCl). The supernatant was
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then dried in vacuo to obtain a pale yellow solid powder as the product (114 mg, 0.0745 mmol,
62% yield). *H NMR (400 MHz, CD2Cl,): & 8.06-6.95 (m, 38H), 4.27-3.82 (m, 4H), 3.35-3.10
(br, 8H), 1.26 (s, 6H). 3P NMR (162 MHz, CD,Cly): § 10.45 (d, 2Jp_pt = 2270 Hz); 9.73 (d, "Jp st
= 2300 Hz); 2.53 (d, Wp_pt = 2943 Hz); 1.81 (d, 1Jp_pt= 3740 Hz). HRMS (ESI+). Calcd for [M—
Cl]": 1493.1039 m/z. Found: 1493.1051 m/z.
2.4.2.5 [cis—Pt2Cla(kt:p:k'-NHC,S)(k!:p:x'-P,S)] (13a)

Crystals of complex 13a were obtained by slow diffusion of Et,O into a CH.ClI; solution
of 13a-c. 'H NMR (400 MHz, CD,Cl,): & 8.06-8.00 (m, 4H), 7.75 (s, 4H), 7.60-7.48 (m, 10H),
7.35 (s, 4H), 7.30-7.11 (m, 11H), 7.01-6.98 (m, 9H), 6.03-5.84 (d, 13.54 Hz, 2H), 5.78-5.57 (d,
13.51 Hz, 2H), 3.82 (s, 6H), 3.45-3.22 (dt, 6.16, 6.16, 11.32 Hz, 4H), 3.19-2.92 (m, 4H). 3P NMR
(162 MHz, CD2Cly): 6 1.84 ({p_pt = 3740 Hz).

2.4.3 X-ray Crystallography

Suitable crystals were selected and the crystals were each mounted on MITIGEN holders
in Paratone oil on a Kappa Apex 2 diffractometer. Using Olex2,'% the structures were solved with
the ShelXT!% structure solution program using Direct Methods and refined with the ShelXL!'"’
refinement package using Least Squares minimization.
2.4.3.1 Crystal Structures of Complexes 12 and 13a

Single crystals of 12-DMSO and 13a were mounted on a MITIGEN holder in Paratone oil
on a Kappa Apex 2 diffractometer. All measurements were made with graphite-monochromated
Cu Ka radiation and all structures were solved with ShelXT structure solution program using
Direct Methods and refined with the ShelXL refinement package using Least Squares

minimization.
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12-DMSO 13a
Table 2.2 Crystallographic Data for Complex 12-DMSO and 13a
12-DMSO 13a
Empirical formula C40H70C14N4OsP1:S10 Co2He2Cli2NaP2Pt2S4
Formula weight 1587.58 1868.91
Temperature / K 100.06 100.0
Crystal system triclinic triclinic
Space group P-1 P-1
a/A 9.2837(3) 11.3838(5)
b/A 11.1950(4) 17.4837(7)
c/A 14.3816(5) 18.1658(8)
a/® 91.703(2) 84.972(3)
p/e 90.044(2) 74.501(3)
v/° 104.747(2) 79.960(3)
Volume / A3 1444.77(9) 3427.5(3)
Z 1 2
Pealc / Mg mm™> 1.825 1.811
u/ mm! 14.412 13.749
F(000) 786 1832

Crystal size / mm?

20 range for data collection

0.253 x0.164 x 0.015
6.148 to 130.288°

0.212 x 0.025 x 0.015
7.05 to 133.55°



Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>2c (I)]

Final R indexes [all data]

Largest diff. peak/hole /e A

-10<h<10,-13<k<12, -
16<1<16
11518
4844[R(int) = 0.0334]
4844/0/316
1.044
R; =0.0317, wR; = 0.0939
R, =0.0331, wR; = 0.0952
2.338/-1.249

70

[12<h<13,-20<k<20,0
<1<21
11971
11971[R(int) = 0.0731]
11971/0/777
1.077
R = 0.0464, wR, = 0.1028
R, =0.0667, wR = 0.1093
2.399/-1.460

2.4.4 NMR Spectra of all

Compounds and Complexes

H NMR Spectrum of Benzimidazolium chloride salt (14)
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13C NMR Spectrum of Monoligated Complex [Pt2Cla(kt:u:xk*~NHC,S)(C2He0OS)2] (12-

DMSO)
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31p NMR Spectrum of 1,4-bis(diphenylphosphino)ethylthiobenzene (10)
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3P NMR Spectra of Fully Open Macrocycle Isomers (13a-c)
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3P NMR Spectrum of Fully Open Macrocycle Crystals [cis—Pt2Cla(k!:p: k™ -NHC,S) (k! p: k-

P,S)] (13a)
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2.4.5 Mass Spectra of all Complexes

MALDI-TOF MS of [Pt2Cla(x!::x'-NHC,S)] (12)
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HRMS (ESI+) of Fully Open Macrocycle (13)
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CHAPTER 3

Complex Switching Behavior in a Four State WLA Macrocycle

The work presented in this chapter is based upon work published in:
d’Aquino, A. 1.; Cheng, H. F.; Barroso-Flores, J.; Kean, Z. S.; Mendez-Arroyo, J. E.; McGuirk,
C. M.; Mirkin, C. A. An Allosterically-Regulated, Four-State Macrocycle. Inorg. Chem. 2018,

57, 3568-3578. DOI: 10.1021/acs.inorgchem.7b02745
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3.1  Introduction
Molecular capsules assembled through coordination chemistry have long been used as
scaffolds to explore new types of molecular interactions in constrained geometries and have
potential applications in catalysis, drug delivery and separations. However, these assemblies are
rigid, usually trapping guests within the cavity or are effective only in a limited set of conditions.
These systems can be greatly enhanced by introducing principles from biology such as allosteric
regulation to expand the capabilities and reduce the shortcomings of such assemblies. To overcome
this limitation, the Weak-Link Approach (WLA) is used to assemble a heterodimeric molecular
receptor in this work. Herein, we apply this step-wise approach to the synthesis of a heteroligated

t! metal

multi-state macrocycle, possessing two different ditopic bidentate ligands bridging two P
nodes, which exhibits four-state switching behavior, considerably more complex than previously
reported for WLA systems. Experimental and computational evidence suggests that, while the
addressability of the system arises from the coordination chemistry, the resulting complexity of
the macrocycle behavior is a function of multiple factors, including: geometry, strain, strength of
coordination bonds and electronics. This is in contrast with previously reported WLA systems that
rely on the use of weakly chelating ligands to achieve the assembly of heteroligated structures,
which are too unstable to form significantly strained structures.>
3.2  Results and Discussion
3.2.1 Formation of the Semi-Open WLA Macrocycle

Upon exposing the neutral, fully open state 13a (or the mixture of 13a-c) to MeOH, the
dicationic, semi-open complex [Cis—Pt2Clao(x*::x*~NHC,S)(x?:u:x*>—P,S)][Cl]> (14) was formed

via the transfer of a chloride anion from the inner coordination sphere of each Pt center to the
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outer coordination sphere (Scheme 3.1). In polar protic solvents such as MeOH, outer-sphere
chloride counterions are stabilized by hydrogen bonding, and the overall charge of the complex is
stabilized by the polar solvent, thus favoring the semi-open state. This transformation is

enthalpically driven and has been observed in similar systems.>% 108109

—|2*20|'
(} W, —Q" U Q

N / \ N : Q _I_Q_LNQ
/ \ cl
ph,_P/ Nei m/ \Pth -« / \ )-

\—\ /—/ I thP/ \ / \Pphg

@— \_/ _/
13a 14

OR
Mixture 13a-13c

Scheme 3.1 Formation of the Semi-Open WLA Macrocycle. Reaction conditions: (i) Room
temperature, MeOH, 25 °C. (ii) CH2Cly, 25 °C.

The driving force of the switching from the fully open to the semi-open state is two-fold:
(1) the two outer-sphere chloride ions and the charged complex are stabilized by the polar solvent
and (i) the structure is able to relieve ring strain by adopting the semi-open configuration as
evidenced by DFT calculations. Complex 14 was thoroughly characterized via 'H and *'P NMR
spectroscopy, diffusion ordered spectroscopy (DOSY, Figure 3.1), two-dimensional correlation

spectroscopy and HRMS.
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Figure 3.1 *H DOSY NMR spectra of a sample containing complex 14 in methanl-da. The region
corresponding to the semi-open species is indicated by the dotted red line. Asterisks denotes a
diastereomer of 14. The average diffusion coefficient of complex 14 in methanol, was determined
to be 8x10° cm?s,

The chemical shift observed in the 3'P NMR spectrum of complex 14 (6 36 ppm) is shifted

dramatically downfield from that of the fully open Pt

complexes with a concurrent decrease in
the coupling constant (Jp.pe = 3421 Hz) (Figure 3.2a). The downfield chemical shift and the
decrease in Jp.p; are consistent with increased back donation from the platinum atoms in the semi-
open state in which the P,S-ligand is fully chelated with the phosphine moiety frans to the chloride.

Additionally, this downfield shift is diagnostic of phosphine-containing ligands forming a five-

membered ring. '
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Figure 3.2 (a) 3'P NMR spectra of each distinct state accessible by the WLA macrocycle, namely,
a fully open (13) a semi-open (14), a new intermediate state (15) with one Pt"' node in the closed
state and the other in a semi-open state, and a fully closed state (16). (b)) MALDI-TOF spectra
compared with ISOPRO simulation of the molecular ion [M—-BF4]* of complex 16.

A small shoulder at 37 ppm, hypothesized to be due to the presence of diastereomers, is
present just downfield of the major resonance at 36 ppm in the >'P NMR spectrum. Previous reports
have shown that stereoisomers in WLA tweezer complexes with two phosphinoalkyl-thioether
ligands, as well as in WLA complexes bearing NHC,S and P,S-ligands, can be observed via 'H
and 3'P NMR spectroscopy.’® *° This is attributed to the intramolecular inversion of the thioether
moiety frans to a ligand with a strong trans effect (such as phosphines).!!'"!'? A variable
temperature (VT) *'P NMR study revealed the two signals (36 ppm and 37 ppm) present at room

temperature coalesce at high temperature (330 K) in methanol-dy, indicating rapid interconversion
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of the diastereomers in solution (Figure 3.3). These results were further supported by energy

minimized DFT calculations of the two diastereomers
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Figure 3.3 3P NMR spectra of complex 14 in methanol-ds from 213 K to 330 K. Coalescence of
the major resonance (36 ppm) and the corresponding diastereomer’ resonance (37 ppm) is observed
at high temperature, consistent with the presence of rapidly interconverting diastereomers.

3.2.2 Formation of a New WLA Intermediate State
Semi-open complex 14 was then reacted with four equivalents of silver tetrafluoroborate
(AgBF4) in methanol to abstract the four chlorides (two inner sphere and two outer sphere) and
form the fully closed complex with fully chelated ditopic bidentate P,S- and NHC,S-ligands

(Scheme 3.2a). Despite being a widely reported method for closing WLA complexes, the reaction

did not result in a fully closed complex as evidenced by *'P NMR and MALDI-TOF MS. Instead

the signals in the 3'P NMR spectrum indicate a seemingly non-symmetric product, displaying two
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distinct 3'P resonances of equal intensity: one at 37 ppm and the other at 47 ppm (Figure 3.2a, 15).
The signal at 37 ppm is consistent with previously reported Pt semi-open complexes bearing
NHC,S-ligands,” while the resonance downfield at 47 ppm is characteristic of a fully closed
complex.”® Given that the peaks were of approximately equal intensity, we hypothesized that a
new WLA structural state was obtained, namely, a macrocycle with one Pt!! metal center in a fully
closed state and the other in a semi-open state with methanol-ds bound to the platinum center rather
than the expected thioether moiety ([Cis—Pta(x*:u:x>~NHC,S)(x?:u:x*>—P,S)CD30D][BFs]4, 15,
Scheme 3.2a). This hypothesis was supported by the observation that the relative intensities of the
two peaks did not change when additional AgBF4 was added, indicating that the reaction had gone
to completion and that the signal at 37 ppm does not belong to residual starting material. Although
single crystals suitable for X-ray diffraction were not obtained, 'H and 3'P NMR spectroscopy,
MALDI-TOF MS and DFT calculations support the formation of complex 15. MALDI-TOF MS
analysis of complex 15 revealed a peak at 1767.308 m/z, which matches the simulated mass of the
molecular ion [M+H]". Additionally, DFT calculations were used to calculate the strength of the
Pt"-OHCH3; bond, for comparison to the traditional Pt"-S bond. The Pt"-OHCHj3 interaction was
calculated to be 30.70 kcal/mol, which is comparable to that of the Pt''-S bond energy in the same

compound (42.25, 57.10 and 63.77 kcal/mol), further supporting the formation of 15.
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Scheme 3.2 Formation of (a) the New Intermediate WLA Macrocycle State (15), and (b) the Fully
Closed Macrocycle (16). Reaction conditions: (i) 4 equiv. AgBFs4, methanol-ds. (ii) 1. High
vacuum to remove methanol-ds (MeOD), 2 h; 2. CH3NO2-da. (iii) 4 equiv. AgBF4, CH3NO2-d3.
3.2.3 Formation of the Fully Closed State

In order to fully close the macrocycle, complex 15 was subjected to high vacuum for two
hours to liberate what was hypothesized to be a methanol-dymolecule bound to the Pt'! metal center
and form the x%uk>-NHC,S and «%ux*>-P,S coordinated complex (Scheme 3.2b).
Characterization by 'H and *'P NMR spectroscopy (Figure 3.2a, 16), MALDI-TOF MS and DFT
calculations confirmed the formation of the fully closed state. Specifically, when the fully dried

product was dissolved in a non-coordinating deuterated solvent (nitromethane- d3) and analyzed

by *'P NMR spectroscopy (Figure 3.2a, 16), two major resonances at 49 ppm (Jppt = 3450 Hz)
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and 51 ppm (Jp-p¢ = 3450 Hz) were observed with an integral ratio of 2:1. This result is consistent
with the formation of the fully closed complex 16 with a 2:1 mixture of diastereomers, as was the
case in the semi-open complex. Complex 16 was further investigated by a VT 3'P NMR

spectroscopy study from room temperature to 338 K, a temperature range in which thioether

inversion was previously observed (Figure 2.8).7 108
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Figure 3.4 3'P NMR spectra of complex 16 in CD3NO; from 253 K to 338 K. Coalescence is
observed at high temperature, consistent with the presence of rapidly interconverting

diastereomers at elevated temperature.

The coalescence of the two signals at high temperature confirmed that the two peaks stem from

the two diastereomers of the fully closed complex 16. This was further confirmed via VT 'H NMR

spectroscopy (Figure 3.5).
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Figure 3.5. 'H NMR spectra of complex 16 in CDsNO, from 253 K to 338 K. Coalescence is
observed at high temperature, consistent with the presence of rapidly interconverting

diastereomers at elevated temperature.

To further investigate the structures and energies of the two diastereomers, energy
minimized models were calculated by DFT and their relative energies were obtained. The energy
minimized models suggest that both diastereomers are structurally accessible states and are
comparable in their free energies, consistent with the nearly equal proportion observed in the *'P
NMR spectrum. The presence of complex 16 was further confirmed by MALDI-TOF MS with a
peak at 1647.070 m/z, which matches the simulated isotopic distribution of the molecular ion [M—

BF4]" (Figure 3.2b). Additionally, Complex 16 can also be obtained directly from the semi-open

complex 14 via reaction with four equivalents of AgBF4 in the non-coordinating solvent

nitromethane (Scheme 3.2b).
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3.2.4 Accessing Each of the Reversible States
As previously mentioned, WLA complexes are unique in their ability to be allosterically
regulated in a reversible manner. As such, we sought to re-open complex 16 and reform each of
the previously accessed states (Scheme 3.3). Complex 15 was readily regenerated from complex
16 by dissolution in methanol. Upon addition of four equivalents of a soluble chloride source,
namely bis(triphenylphosphoranylidene)ammonium chloride (PPNCI), complex 15 was converted
to semi-open complex 14. The opening was evidenced by the disappearance of the signal at 47
ppm and the concomitant appearance of signals at 36 ppm and 37 ppm, corresponding to the two
diastereomers of complex 14. Upon dissolving the fully dried complex 14 in CD,Cly, fully-open
complex 13a was regenerated, completing the closing and re-opening cycle. The *'P NMR
spectrum of the resulting product shows the disappearance of the resonances at 36 ppm and 37
ppm and the reappearance of the signal at 1.8 ppm (Jp_pi= 3740 Hz), consistent with the formation

of the cis complex 13a.
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Scheme 3.3 The Reversible Closing and Re-Opening of the WLA Multi-State Macrocycle. MeOD
= methanol-da.

3.3 Conclusions

Of the various supramolecular architectures that have been synthesized through
coordination-driven supramolecular assembly, the macrocycle continues to be an important
architecture due to its defined cavity, making it useful for host-guest chemistry, designed
molecular recognition, and catalysis.”> Additionally, macrocyclic architectures have paved the way
for the synthesis of larger, more sophisticated structures with three-dimensional cavities. The
addressable construct described here is a potentially useful building block for the construction of
higher order, chemically addressable complexes with multi-state switching capabilities. Key to the

success of the step-wise formation of heteroligated WLA macrocycles is the kinetic stability of the
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complexes where the “weak-link™ thioether is a relatively strong donor. The consequence of this
strong bonding is illustrated by the formation of semi-open/fully closed complex 15, in which a
methanol molecule occupies one of the empty coordination sites. The methanol molecule displaces
a single thioether and alleviates some of the fully closed structure’s strain energy, which has been
investigated by DFT calculations. The ring strain present in this system suggests that the WLA
may allow us to design systems in which strain can be exploited to enable the use of allosteric
effectors that are not anionic. The result is a macrocyclic structure that can adopt new intermediate
states previously not observed in traditional WLA systems, making it the first platinum-based
system to require multiple cues or stimuli to be switched between states and the only known four-
state WLA system.

3.4  Experimental Methods
3.4.1 General Methods and Instrument Details

Commercially available chemicals were purchased as reagent grade from Sigma-Aldrich,
Acros, and Alfa Aesar, unless otherwise noted, and used as received. Unless otherwise stated, all
solvents were purchased anhydrous and degassed under a stream of argon prior to use. All
glassware and magnetic stirring bars were thoroughly dried in an oven (180 °C). Reactions were
monitored using thin layer chromatography (TLC), and commercial TLC plates (silica gel 254,
Merck Co.) were developed and the spots were visualized under UV light at 254 or 365 nm. Flash
chromatography was performed using Si02-60 (230—400 mesh ASTM, 0.040—0.063 mm; Fluka).
Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.
'H, 3P, *'P{'H} and ""F{'H} NMR spectra were recorded on a Bruker Avance 400 MHz and

chemical shifts () are given in ppm. "H NMR spectra were referenced internally to residual proton
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resonances in the deuterated solvents (dichloromethane-d> = 0 5.32; nitromethane-ds = 0 4.33;
methanol-ds = 6 3.31). *'P and *'P{!H} NMR spectra were referenced to an external 85% H3POj
standard (¢ 0). High resolution electrospray ionization mass spectrometry (HR—MS) measurements
were recorded on an Agilent 6120 LC-TOF instrument in positive ion mode. Electrospray
ionization mass spectrometry (ESI-MS) was recorded on a Micromas Quatro II triple quadrapole
mass spectrometer. Matrix assisted laser desorption ionization—time of flight mass spectrometry
(MALDI-TOF MS) was recorded on a Bruker Autoflex III smartbeam in reflectron and positive
ion mode.
3.4.2 Synthesis
3.4.2.1 [cis—Pt2Clz(kt:p:k'-NHC,S)(k?: p:x°—P,S)][Cl]2 (14).

Complex mixture 13a-c (or single crystals of 13a) was fully dried and then dissolved in
CD3OD. *H NMR (400 MHz, methanol-ds): 6 8.25 (s, 4H); 7.78-7.60 (m, 12H); 7.57-7.43 (m,
12H); 7.35-7.30 (m, 4H); 7.28 (s, 4H); 7.27-7.24 (m, 2H); 5.51 (d, J = 14.0 Hz, 2H); 4.40 (d, J =
14.0 Hz, 2H); 4.10 (s, 6H); 3.63-3.52 (m, 4H); 3.28-3.11 (m, 4H). *!P NMR (162 MHz, methanol-
ds): 5 36.83(d, 1Jp_pt= 3421 Hz); 36.29. HRMS (ESI+). Calcd for [M—2CI]?*: 729.0677 m/z. Found:
729.0680 m/z.
3.4.2.2 [cis—Pt2(x!:p:k>~-NHC,S)(k%: n:x>-P,S)CD3OD][BF4]4 (15).

Four equivalents of AgBF4 was added to a solution of 14 in methanol. The solution was
allowed to stir for 30 min. *H NMR (400 MHz, methanol-d4): § 8.54-7.17 (m, 36H), 6.19-5.94
(br, 2H), 4.08-4.02 (s, 2H), 3.68-3.57 (m, 4H), 3.20-2.94 (br, 4H). 3P NMR (162 MHz,
methanol-ds): 6 37.16 (semi-open); ¢ 46.95 (fully-closed). MALDI-TOF MS (Matrix: a-cyano-4-

hydroxycinnamic acid). Calcd for [M+H]": 1767.249 m/z. Found: 1767.308 m/z.
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3.4.2.3 [cis—Pt2(k?:p:k>~-NHC,S)(k?: n:x’>-P,S) | [BF2]4 (16).

Complex 15 was subjected to high vacuum for two hours to remove the MeOH molecule
hypothesized to be bound to the Pt'" metal node. The fully dried powder was then dissolved in
deuterated nitromethane (CD3NO3). *H NMR (400 MHz, CD3NO>): § 8.51 (s, 4H), 8.16-7.92 (m,
10H), 7.69 (s, 6H), 7.65-7.43 (m, 16H), 6.32-5.84 (m, 4H), 4.02-3.77 (m, 2H), 3.62 (d, J = 19.7
Hz, 6H), 3.34-3.14 (m, 2H), 2.98-2.70 (m, 4H). 3P NMR (162 MHz, CDsNO2): 6 50.93 (d, 1Jp_
pt = 3450 Hz; diastereomer); 6 49.21 (d, YJp_pt = 3450 Hz);. MALDI-TOF MS (Matrix: 2,5-
dihydroxybenzoic acid): Calcd for [M-BF4]*: 1647.211 m/z. Found: 1647.070 m/z.

3.4.3 Computational Details

All structures were optimized at the B97D/lanl2dz level of theory. Functional B97D

includes dispersion effects albeit empirically. The Lanl2dz basis set was used with a

t! and Cl because we can expand their core electrons and include some

pseudopotential for P
relativistic affects when studying the platinum bonding. Population analysis was performed within
the Natural Bond Orbitals (NBO) formalism. NBO allows for a localized, pairwise, description of
the electron density and is more reliable than the Mulliken’s default. Interaction energies were
calculated with the NBODel (deletion) procedure. This takes the Fock matrix and finds the
elements that connect orbitals from one atom to those of another and sets their values to zero

(deletion); the resulting matrix is re-diagonalized and the associated energy value increases with

respect to the original non-deleted one. The change in energy is ascribed to the interaction energy.
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3.4.3.1 Energy Minimized Models of 14, 15 and 16

(a) (b) (c)

16

Figure 3.6 Energy minimized DFT models of (a) semi-open complex 14, (b) semi-open/fully
closed complex 15, and (c) fully closed complex 16.

Table 3.1 Free Energies (kcal/mol) of 14, 15 and 16 Obtained from DFT Calculations.

Compound F(rkecea]l?;ll;e;‘lg)y
14 -2780.8563
15 -2865.6565
16 -2750.0284

3.4.3.2 Bond Energies Calculated for Complexes 14, 15 and 16

Table 3.2 Selected Bond Energies (kcal/mol) of 14, 15 and 16 Obtained from DFT Calculations.

14 15 16

A Energy A Energy A Energy

Bond (kcal/mol) Bond (kcal/mol) Bond (kcal/mol)
Pt1-S2 61.239 Pt1-S2 42.255 Pt1-S1 59.529
Pt1-Cl1 88.486 Pt1-O1 30.704 Pt1-S2 63.514
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Pt2-S4 62.264 Pt2-S4 63.771 Pt2-S3 64.226
Pt2—CI2 92.227 Pt2-S3 57.102 Pt2-S4 58.440

3.4.3.3 Fukui Indices Calculated for Complex 14

Table 3.3 Selected Fukui Indices for complex 14 Obtained from DFT Calculations.?

Atom Fukui Indice
Cl1 0.54
Cl2 0.54
Ptl 0.045
Pt2 0.051
S1 0.13
S3 0.14

aFukui indices indicate the electrophilic and nucleophilic sites. Electrophilic sites are highlighted
in blue in Table 3.3, while nucleophilic sites are highlighted in red.

3.4.3.4 Diastereomers of 14 and 16

—| 2*2cr —| 2*2Cr
QO QO
5 O L) O O
(o} cl NS cl cl -
/N—(Pf“\ \Pt)_N\ /N*Pt‘ P h\
thp,/ \s @—s/ \Pth thp/ \s @ s/ \Pth

Figure 3.7 ChemDraw structures (top) and corresponding DFT models (bottom) showing the two
possible diastereomers of 14.
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] 4+ 4BF,-

Top View Top View

Figure 3.8 ChemDraw structures (top) and corresponding DFT models (bottom) showing top-
down views of the two possible diastereomers of 16.

3.4.4 Reversible Opening and Closing of the WLA Macrocycle
3.4.4.1 General Procedure for Re-Opening 15 to Form Semi-Open Macrocycle 14

Four equivalents of bis(triphenylphosphoranylidene)ammonium chloride (PPNCI) was
added to a sample of complex 15 in methanol-ds. The complex was characterized by *H and 3!P
NMR spectroscopies and HR-MS.
3.4.4.2 General Procedure for Re-Opening 14 to Form Fully Open Macrocycle 13a

Fully dried complex 14 was dissolved in CDCl; to form complex 13a. The complex was

characterized by *H and 3P NMR spectroscopies and HR-MS.
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Figure 3.8 3'P NMR spectra of complexes 13a-c, 14, and 15 upon reopening and closing.
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3.4.5 NMR Spectra of all Compounds and Complexes

'H NMR Spectrum of Semi-Open [cis—Pt2Cla(k*:u:k'-NHC,S)(k?:u:x>-P,S)][Cl]2 (14)
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'H and 3P NMR Spectra of Fully Closed/Semi-Open Complex [cis—Pta(x:p:x’>—
NHC,S)(xk?:u:x*~P,S)CD3OD][BF4]s (15)
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'H and 3P NMR Spectra of Fully Closed Macrocycle [cis—Pt2(k?:p:xk>~-NHC,S)(k?:u:x*—

P,S)][BF4]4 (16)
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Re-opening 15 to form [cis—Ptz(xk!:u:x'-NHC,S)(x?:u:x*-P,S)][Cl]2 (14)

1H NMR
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Re-opening (14) to form [cis—Pt2Cla(k*:u:xk*-NHC,S) (x*:u:x'-P,S)] (13a)
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3.4.6 Mass Spectra of all Complexes
HR-MS (ESI+) of Semi-Open Macrocycle [cis—Pt2Clz(k*:u:xk*-NHC,S) (k?:1:x°~P,S)][Cl]2 (14)
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MALDI-TOF MS of Fully Closed/Semi-Open Complex [cis—Ptz(x*:u:x>-NHC,S)(k?:u:x>—

P,S)CH3OH][BF4]s (15)
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CHAPTER 4

Infinite Coordination Polymer Particles Composed of Stimuli-Responsive Coordination
Complex Subunits

The work presented in this chapter is based upon work published in:
d’Aquino, A. 1.; Kean, Z. S.; Mirkin, C. A. Infinite Coordination Polymer Particles Composed of
Stimuli-Responsive Coordination Complex Subunits. Chem. Mater. 2017, 29, 10284-10288.

DOI: 10.1021/acs.chemmater.7b03638
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4.1  Introduction
Infinite coordination polymer particles (ICPs) are organic-inorganic hybrid materials in
which repeating ligand units are connected via metal ion nodes into one-, two-, or three-
dimensional structures.''® Interest in ICPs stems from their modularity, ease in which organic
components can be interchanged within them, and how changes in molecular structure can result
in changes in porosities,!'* as well as catalytic,'!> biological,''® and spectroscopic properties.!!’
While this broad class of materials encompasses polymers with regular repeat units, such as
crystalline metal-organic frameworks (MOFs) and other nano or porous coordination polymers
(NCPs or PCPs), the scope of ICPs is not limited to crystalline materials. Work by our group,''®-
120 and others!?!"123 has shown that amorphous ICPs can be formed under the kinetically controlled
precipitation of soluble precursors. The ability to assume an amorphous state enables the formation
of nano- and micron-sized particles where shape is not dictated by crystal packing forces but
instead by the interfacial free energy between the particles and the solvent.!?* Initial work from

119, 121

our group and others, reported the first methods for synthesizing spherical ICP particles.

Since this initial work, the library of building blocks and ICP particles accessible through this

approach has grown significantly!!® 125-127

and, importantly, these studies have demonstrated that
the chemical and physical properties of these materials are highly morphology-dependent.

An attractive feature of ICP particles is their ability to incorporate a wide variety of
complex building blocks, including ones that render such structures stimuli-responsive.!?® One
class of architectures, yet to be explored in the context of ICP particles are ones made from Weak-

Link Approach (WLA) building blocks. WLA complexes are supramolecular coordination

compounds that are assembled from transition metal precursors (typically d® metal centers) and
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hemilabile ligands. They are defined by both open (flexible) and closed (rigid) structural states
that may be interconverted through the introduction or removal of chemical effectors (Scheme

6062 catalysis,'?® and

4.1A,B).*” They have shown promise in amplified chemical sensing,
molecular recognition.’® Although they have not yet been studied in polymeric systems and ICPs
in particular, they could prove to be valuable modalities for modulating both the chemical and
physical properties of such structures in a post-synthetic manner, as they provide precise chemical
control over molecular geometry, charge and flexibility of the molecular subunits and resulting
oligomers. Herein, we report the design and synthesis of a new class of ICP particles consisting of
ferric ions and chemically addressable WLA complex building blocks. These structures have been
characterized in the presence and absence of an elemental ion effector (C17), which changes the
local coordination environment of the metal nodes within the polymer, in addition to the
mesoscopic structural fate of the particle.
4.2  Results and Discussion
4.2.1 Synthesis and Characterization

Proof-of-concept WLA-based ICPs were synthesized from monomers composed of: (1)
either square-planar Pt" or Pd" metal cores bound to hemilabile phosphino-thioether (P,S) ligands

appended with (2) a secondary terpyridine ligand. The terpyridine moieties allow such complexes

to be oligomerized and polymerized in the presence of Fe' ions (Scheme 4.1C,D).
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Scheme 4.1 WLA complexes containing hemilabile coordinating motifs can be toggled between
open (flexible) (A) and closed (rigid) states (B) (counterions omitted for clarity). Coordination-
based assembly of these subunits results in extended structures (C,D).

4.2.2 Synthesis of Monomeric Building Blocks: 18-Pt-Open and 18-Pt-Closed
We first synthesized ligand 17 (Figure 4.1A) according to a modified literature procedure

from previously reported compounds (see Supporting Information).!3°

We chose the terpyridine
moiety for its extremely high affinity (K. ~ 10%) and selective 2:1 binding with Fe' ions,'*! as well
as the previously demonstrated orthogonality of this binding motif with Pt"“WLA systems.!°
Ligand 17 was then reacted with dichloro(1,5-cyclooctadiene) platinum(Il) (Pt(COD)Cl;) in
dichloromethane (CH2Cl) to yield complex 18-Pt-Open (Figure 4.1A) in quantitative yield.

The molecular structure of 18-Pt-Open is both flexible and dynamic, whereby exchange

between the thioether group and the chloride (Cl") bound to the Pt" center occurs at room
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temperature as evidenced by variable temperature *'P nuclear magnetic resonance (NMR)
spectroscopy. With complex 18-Pt-Open in hand, we were able to generate the rigid complex 18-
Pt-Closed (Figure 4.1A) by chloride abstraction with thallium tetrafluoroborate (TIBF4). The
structure and geometry of complex 18-Pt-Closed were confirmed in solution by 'H and *'P NMR
spectroscopies and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS), and

in the solid-state by single crystal X-ray diffraction (Figure 4.1B).

A.

Figure 4.1. (A) Molecular building blocks used in the synthesis of ICP particles bearing WLA
subunits. (B) The X-ray crystal structure of complex 18-Pt-Closed, drawn with 50% thermal
ellipsoid probability. Hydrogens, solvent molecules, and anions have been omitted for clarity
(black, Pt; orange, sulfur; purple, phosphorous; grey, carbon; blue, nitrogen).
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4.2.3 Synthesis of Coordination Polymers: 19-Pt-Open and 19-Pt-Closed
In order to form soluble ICP precursors, both 18-Pt-Open and 18-Pt-Closed were
dissolved in acetonitrile (CH3CN) and treated with one equivalent of iron(Il) tetrafluoroborate
(Fe(BF4)2) to polymerize the terpyridine groups to form intermediates 19-Pt-Open and 19-Pt-
Closed, respectively (Figure 4.2), which can be switched between states post polymerization.
While the '"H NMR spectrum of 19-Pt-Open was relatively nondescript, comprised of many broad
peaks and consistent with the formation of high molecular weight polymer, the 'H NMR spectrum
of 19-Pt-Closed exhibited well-formed narrow peaks and was more complex, consistent with more
rigid and less dynamic species. In order to further characterize these structures, diffusion-ordered
spectroscopy (DOSY) experiments were performed. Based on the 'H DOSY experiments, the
diffusion coefficient of 19-Pt-Closed is calculated to be approximately a factor of four greater
than the constituent monomer 18-Pt-Closed, as calculated from the Stokes Einstein equation,
indicating the formation of low molecular weight, cyclic, oligomers. This result is consistent with
the narrow peaks present in the '"H NMR spectrum of 19-Pt-Closed and can be attributed to the
nearly co-parallel orientation of the terminal terpyridine ligands. This observation is consistent

with that of analogous systems,!¥"13

and with density functional theory (DFT) calculations
performed on the solid-state structure of 19-Pt-Closed (see Supporting Information, Fig. S6). It is
clear that the flexible nature of the monomer 18-Pt-Open enables the formation of flexible
coordination polymer 19-Pt-Open in solution. The closed monomer (18-Pt-Closed), however,
results in the formation of rigid cyclic oligomers (19-Pt-Closed) owing to the co-parallel

orientation of the terminal terpyridines ligands. This co-parallel orientation is a direct result of the

nearly 30° angle formed between the Pt metal node and the thioether moiety on the P/S ligand, in
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the closed structure. The results observed for the soluble precursors indicate that molecular
geometry strongly affects the nature of the polymeric precursors and, ultimately, particle
morphology.

4.2.4 Synthesis of Infinite Coordination Polymer Particles

Next, we synthesized ICP particles by the slow precipitation method.''> ¢ In a typical
experiment, a solution of either 19-Pt-Open or 19-Pt-Closed was prepared in CH3CN, and diethyl
ether was allowed to slowly diffuse into it over the course of 24 hours. Particle samples were then
suspended in an excess of diethyl ether for storage and analysis. All samples were analyzed by
scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDX), indicating an elemental composition consistent with the proposed structures, while
samples that formed stable suspensions were also characterized by dynamic light scattering (DLS).
Importantly, the morphology of the final particles formed from 19-Pt-Open was highly dependent
on the concentration of the initial solution in CH3CN. When particles were grown from an 8 mM
solution (with respect to the monomer) of 19-Pt-Open, the resulting particles were composed of
spherical aggregates and particles of various sizes, with most spherical features being smaller than
100 nm; this is consistent with uncontrolled growth and incomplete coalescence and characteristic

of conditions where growth occurs too quickly (Figure 4.2A).!"°



Figure 4.2 (A) Proposed repeat unit, coordination polymer structure (top) and STEM micrographs
(bottom) of ICPs bearing open and (B) closed WLA subunits at different concentrations.

Alternatively, when the concentration was lowered to 2 mM, we obtained spherical
particles between 200 and 500 nm in size (DLS Z-Average size = 195 nm), that while well formed,
appeared to have rough surface features. While 19-Pt-Open under 8 mM growth conditions was
observed to form particles with predominantly spherical features, the oligomeric precursor 19-Pt-
Closed yielded ill-defined aggregates and sheets. Synthesis of particles were also attempted with
sub-stoichiometric quantities of chloride, and two kinds of morphologies were observed:
aggregates of spherical particles and sheets. When the concentration of the 19-Pt-Closed was
lowered to 2 mM, larger aggregates were formed (Figure 4.2B). While we attempted to further
slow the growth process by performing the particle synthesis at ~5 °C, this simply arrested the
growth process at stages that resulted in ill-defined aggregates of small spheres.
4.2.5 Synthesis of Pd''-Based Coordination Polymers and Particles

In light of our inability to grow smooth, well-defined ICP particles, we looked toward

adjusting the strength of the metal-ligand coordination bonds as a means of facilitating molecular
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level rearrangement and more rapid coalescence of the system. Here, we hypothesized that by
employing a more labile metal center, smooth spheres would form in order to minimize interfacial
energy, as any rough surface topology will increase the overall surface area and thus the interfacial
energy. To test this hypothesis, we took advantage of the modular nature of the WLA to assemble
a new set of complexes with an isoelectronic and isostructural palladium core. Previous reports
indicate that the rate of Pd-P,S-ligand exchange occurs on the timescale of seconds and minutes, %’
much faster than that for Pt-P,S-ligand exchange under identical conditions. Therefore, we utilized
modified procedures to synthesize a new set of monomers, 18-Pd-Open (Figure 4.3A) and 18-Pd-
Closed, which are qualitatively identical to the Pt derivatives, as evidenced by 'H NMR
spectroscopy, 'H DOSY, ESI mass spectrometry, and single crystal X-ray diffraction studies.
Importantly, coordination polymers 19-Pd-Open and 19-Pd-Closed can be synthesized and
interconverted post-polymerization, which was confirmed by 'H and *'P NMR spectroscopy and
DOSY experiments.

ICP formation was attempted, again by slow diffusion of diethyl ether into acetonitrile
solutions of 19-Pd-Open or 19-Pd-Closed (2 and 8 mM). Intriguingly, while there were some
variations in size and polydispersity, all samples led to the formation of well-formed spherical
particles with smooth surface topologies (Figure 4.3). The variation in size between 19-Pd-Open
and 19-Pd-Closed, is likely due to the difference in length between the monomers that comprise
the two polymeric states. The open states, regardless of metal, are extended and more flexible than

the closed states.
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Figure 4.3 (A) Proposed repeat unit structure (top) and STEM micrographs (bottom) of ICPs
bearing open and (B) closed palladium WLA subunits.

This observation not only supports our hypothesis that the formation of smooth spheres
will result from employing a more labile metal center, but also rules out the potential effect of
charge and counterions on the particle morphology. For example, between the open and closed
systems the charge changes from 17 to 2*, as do the counterions (C1™ to BF4), however this in itself
has no bearing on the final morphology given that both 19-Pd-Open or 19-Pd-Closed form
particles of the same morphology. It is important to note that the formation process, which initially
involves nucleation, followed by oligomerization, aggregation, fusion and growth,'!? influences
the polydispersity observed in the ICP particles. During the slow diffusion of the initiation solvent
(diethyl ether), the concentration of the ligand and metal ion precursors decrease over time,
resulting in a decrease in the nucleation of new particles.!'> Although physical parameters, such as

concentration and temperature, were used to control the rate at which nucleation and particle
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formation occur, achieving monodisperse particles remains a challenge for these amorphous
materials.

4.3  Conclusions

In conclusion, when taken together, these results indicate that the ability of the system to
rearrange on the molecular level dictates its ability to form fully coalesced smooth ICP particles.
This study also suggests that one can use switchable molecular motifs embedded within ICPs to
control morphology and that metal-heteroatom bond strength (Pt-P,S vs Pd-P,S) is an important
consideration and point of tunability. Indeed, if the interactions are too weak, as in the case of the
Pd system, very little differentiation at the mesoscopic particle level is observed, under all
conditions tested. These observations open the door to making well defined ICP particles with
stimuli responsive units embedded within and for controlling particle morphology by altering the
lability of coordination bonds in particles formed under kinetic control. Such structures may lead
to new motifs that could become important in the area of chemical sensing where molecularly
triggered events can lead to changes in macroscopic properties that affect signaling.
4.4  Experimental Methods
4.4.1 General Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification,
unless otherwise stated. (2-chloroethyl)diphenylphosphine*® and 4'-[4-(mercaptomethyl)phenyl]-
2,2":6' 2"-terpyridine®®® were synthesized according to literature procedures. Solvents were
purchased anhydrous and degassed under a stream of argon prior to use. Flash chromatography
was performed using SiliaFlash F60 SiO2 (230-400 mesh ASTM, 0.040-0.063 mm; SiliCycle).

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.
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'H and *'P{*H} NMR spectra were recorded on a Bruker Avance 400 MHz. *H NMR spectra were
referenced to residual proton resonances (CD2Cl, = & 5.32; CD3CN = § 1.94) in the deuterated
solvents. *C NMR spectra were referenced to the solvent peak (CD,Cl, = § 53.84; CDsCN =
5 1.32 and 118.26) *'P{*H} NMR spectra were referenced to an 85% H3PO4aqueous solution. All
chemical shifts are reported in ppm. High resolution mass spectra measurements (HR-MS) were
recorded on an Agilent 6120 LC-TOF instrument in positive ion mode. Transmission electron
microscopy (TEM) imaging and energy dispersive X-ray data were performed and collected on a
Hitachi HD-2300 STEM microscope operating at 200 kV, equipped with two Thermo Scientific
Energy Dispersive X-ray (EDX) detectors. TEM samples were prepared by drop-casting a 5 puL
Et20 solution of particles onto a carbon-coated Cu TEM grid (Ted Pella). Single crystals suitable
for X-ray diffraction studies were mounted using oil (Infineum V8512) on a glass fiber. All
measurements were made on a CCD area detector with graphite monochromated Mo Ka or Cu Ka
radiation. Data were collected using Bruker APEXII detector and processed using APEX2 from
Bruker. Dynamic light scattering (DLS) data were collected using a Zetasizer Nano ZS (Malvern
Instruments Ltd). All XRD structures were solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included
in idealized positions, but not refined. Their positions were constrained relative to their parent

atom.
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4.4.2 Synthesis

4.4.2.1 Synthesis of 4'-[4-(mercaptomethyl)phenyl]-2,2":6",2""-terpyridine

17

4'-[4-(mercaptomethyl)phenyl]-2,2":6',2"-terpyridine was prepared according to literature
procedures.?®? In a glove box: 4'-[4-(mercaptomethyl)phenyl]-2,2":6',2"-terpyridine (475 mg, 1.34
mmol) was transferred to a 6 mL vial with stir bar and dissolved in 7 mL CH3CN. Potassium tert-
butoxide (150 mg, 1.34 mmol) in 2 mL THF was added slowly while stirring rapidly to produce a
light yellow suspension. (2-chloroethyl)diphenylphosphine (367 mg, 1.47 mmol) was then added
as a solid and the vial was sealed, removed from the glovebox, and allowed to stir at 70 °C
overnight. The solution was cooled, then passed through a short plug of neutral alumina, which
was washed with an additional 50 mL of CH2Cl>. The solvent was removed under reduced pressure
and the residue was recrystallized from CH2CI2/EtOH to give 17 as fine white needles (530 mg)

in 70 % vyield.

IH NMR (400 MHz, CD:Cly): § = 8.76 (s, 2H), 8.73 (m, 2H), 8.70 (m, 2H), 7.91 (td, J = 7.7, 1.8
Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.38 (m, 8H), 7.33 (M, 6H), 3.79 (s, 2H), 2.52 (m, 2H), 2.31 (m,
2H). BC{"H} NMR (101 MHz, CD:Cl,): § = 156.51, 156.41, 150.11, 149.58, 140.10, 138.51 (d,
Je p = 13.9 Hz), 137.54, 137.23, 133.05 (d, Jc» = 18.8 Hz), 129.89, 129.12, 128.90 (d, Jc » = 6.6

Hz), 127.69, 124.29, 121.48, 118.97, 36.22, 28.86 (d, Jcp = 15.1 Hz), 28.08 (d, Jcr = 21.6 Hz).
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31p{1H} NMR (162 MHz, CD.Cl2): & = -17.05. ESI-HRMS (m/z): Calcd: 568.1971 [M+H]+.

Found: 568.1982.

4.4.2.2 Synthesis of 18-Pt-Open

18-Pt-Open

Dichloro(1,5-cyclooctadiene)platinum(ll) (Pt(COD)ClI», 65.8 mg, 0.176 mmol) was weighed into
a 6 mL vial with a stir bar and 2 mL of CH>Cl> was added. A solution of 17 (200 mg, 0.352 mmol)
in 2 mL CH2Cl; was prepared and added dropwise to the mixture containing Pt(COD)CI, while
stirring. After 10 min, the homogenous clear solution was evaporated under reduced pressure to a
minimal volume and Et,O was added to precipitate a white solid. The solid was collected by
centrifugation, redissolved in CH2Clz, and precipitated into Et,O to yield 18-Pt-Open as a

microcrystalline white solid in quantitative yield.

IH NMR (400 MHz, CD2Cly): & = 8.72 (s, 4H), 8.71 (m, 4H), 8.68 (m, 4H), 7.90 (td, J = 7.7, 1.8
Hz, 4H), 7.69 (d, J = 8.2 Hz, 4H), 7.62 (d, J = 7.8 Hz, 4H), 7.51 (t, J = 7.3 Hz, 4H), 7.39-7.21 (m,

20H), 4.42 (br s, 4H), 2.74 (br m, 8H). 3P{*H} NMR (162 MHz, T = 193 K, CD2Cly): & = 42.66
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(Jp-pt = 3595 Hz), 6.98 (Jp-pt = 3105 Hz). ESI-HRMS (m/z): Calcd: 1365.3132 [M—CI]+. Found:
1365.3129

4.4.2.3 Synthesis of 18-Pt-Closed

18-Pt-Closed

Thallium tetrafluoroborate (TIBF4, 23 mg, 0.079 mmol) was weighed into a 2 mL vial equipped
with a stir bar and 1 mL of CH3CN was added. With stirring, 17 (54 mg, 0.039 mmol) was added
as a solution in CH2Cl, (4 mL) and allowed to react for 30 min. The white suspension was then
filtered through celite and washed with an excess of CH2Cl, to give a translucent light yellow
solution. The solution was evaporated under reduced pressure and redissolved in 3 mL of CH,Cl;
to give a slightly cloudy suspension that was filtered through a 0.2 um PTFE filter. The resulting
solution was then evaporated under reduced pressure to give 18-Pt-Closed (57 mg) as a yellow

microcrystalline solid in 98 % yield.

IH NMR (400 MHz, CDsCN): & = 8.60 (m, 4H), 8.57 (s, 4H), 8.54 (dt, J = 7.9, 1.1, 4H), 7.90 (d,

J=8.0Hz, 4H), 7.88 (td, J = 7.9, 1.8 Hz, 4H), 7.66 (d, J = 8.3 Hz, 4H), 7.60-7.10 (br, 20H) 7.36
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(ddd, J=7.5, 4.8, 1.2 Hz, 4H), 4.68 (br s, 4H), 2.98 (br m, 8H). 3:P{*H} NMR (162 MHz, CDsCN):

8 = 46.91 (Jo_pt = 3032 Hz). ESI-HRMS (m/2): Calcd: 1417.3473 [M—BF4]+. Found: 1417.3505.

4.4.2.4 Synthesis of 18-Pd-Closed

18-Pd-Closed

In the glovebox, tetrakis(acetonitrile)palladium(l1) tetrafluoroborate (Pd(MeCN)4(BF4)2, 39.2 mg,
0.088 mmol) was weighed into a 6 mL vial with a stir bar and 2 mL of CH2Cl> was added. A
solution of 17 (100 mg, 0.176 mmol) in 2 mL CH.Cl, was prepared and added dropwise to the
mixture containing Pd(MeCN)4(BF4)2 while stirring. After 10 min, the homogenous clear, yellow
solution was evaporated under reduced pressure to a minimal volume and Et,O was added to
precipitate a yellow solid. The solid was collected by centrifugation, redissolved in CHCl, and
precipitated into Et,O to yield 18-Pd-Closed (133 mg) as a microcrystalline yellow solid in

quantitative yield.

IH NMR (400 MHz, CD,Cl,): & = 8.60 (m, 2H), 8.59 (m, 2H), 8.58 (s, 4H), 8.56 (d, J = 1.14, 2H),

8.54 (d, J = 1.07, 2H), 7.86 (s, 2H), 7.84 (s, 2H), 7.79 (td, J = 7.78, 1.4, 4H), 7.55 (m, 9H), 7.47
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(br m, 15H), 7.25 (ddd, J = 7.45, 4.72, 1.20, 4H), 4.54 (s, 4H), 3.37 (dg, J = 10.41, 6.33, 5.85, 4H).
31pLIHY NMR (162 MHz, CD,Cly): § = 61.58. ESI-HRMS (m/z): Calcd: 1327.2890 [M—BF4]+.
Found: 1327.2875

4.4.2.5 Synthesis of 18-Pd-Open

18-Pd-Open

18-Pd-Open was synthesized via two different procedures:

Chloride salt method: In a dry 6 mL vial equipped with a stir bar, 18-Pd-Closed was dissolved in
~2 mL of CH2CI and allowed to dissolve. In a separate vial, a solution of tetrabutylammonium
chloride (8 mg, 0.029 mmol) was prepared in CH2Cl and added to the solution of 18-Pd-Closed
and allowed to react for 30 min. The resulting homogeneous, clear, yellow solution was then
evaporated under reduced pressure to give 18-Pd-Open as a yellow microcrystalline solid in

guantitative yield.

Chloride resin method: 18-Pd-Closed was measured into a falcon tube (12 mg, 0.008 mmol) and
dissolved in 2 mL of CH3CN. In a separate falcon tube, 312 mg of Dowex 1x4 chloride resin (100-

200 mesh) was measured out and mixed with 3 mL of CH3CN. The solution containing 18-Pd-
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Closed was slowly transferred (via pipette) to the flacon tube containing the Dowex chloride resin.
Once completely transferred, the solution was mixed continuously for 30 min. After 30 min,
solution was filtered and the resin washed with 1 mL portions of CH3CN. The resulting
homogeneous, clear, yellow solution was then evaporated under reduced pressure to give 18-Pd-

Open as a yellow microcrystalline solid in 88% yield.

IH NMR (400 MHz, CDsCN): & = 8.67 (m, 13H), 7.89 (td, J = 7.76, 1.82, 4H), 7.67 (d, J = 7.99,
4H), 7.54 (m, 8H), 7.36 (m, 12H), 7.19 (dd, J = 12.40, 7.73, 8H), 4.23 (s, 4H), 3.14 (m, 9 H), 2.74
(m, 4H), 2.56 (m, 4H). *'P{*H} NMR (162 MHz, CDsCN): & = 65.06, 43.34. ESI-HRMS (m/2):

Calcd: 1365.3186 [M—BF4]+. Found: 1365.3146.

4.4.2.6 Synthesis of 19-Pd-Closed

| an*anBF,-
Ph,P_ PPh,
() —
'S S \“'N_
N K=

19-Pd-Closed

A solution of iron(ll)tetrafluoroborate hexahydrate (Fe(BF4)226H20) was prepared by dissolving
0.0040 g of Fe(BF4)226H20 in 500 uL of CD3CN. The prepared Fe(BF2)2¢6H20 solution was then
added to a solution of 18-Pd-Closed (9.8 mg, 0.007 mmol) in CD3CN until a 1:1 molar ratio was
achieved (2.3 mg of Fe(BF4)2, 0.007 mmol). The solution changed from a clear, yellow solution

to a dark purple solution.
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4.4.2.7 Synthesis of 19-Pd-Open

19-Pd-Open

19-Pd-Open can be prepared from 18-Pd-Open prepared by either of the two outlined procedures,
above. A solution of iron(Iltetrafluoroborate hexahydrate (Fe(BF4)2¢6H20) was prepared by
dissolving 0.0041 g of Fe(BF4)226H20 in 200 uL of CD3sCN. The prepared Fe(BF4)2+6H20 solution
was then added into a solution of 18-Pd-Open (12.0 mg, 0.009 mmol) in CD3CN until a 1:1 molar
ratio was achieved (3.0 mg of Fe(BFa4)2, 0.009 mmol) The solution changed from a clear, yellow

solution to a dark purple solution.

4.4.2.8 Synthesis of 19-Pt-Closed

PhoP(  PPh,
Pt

7 s

IN—Fe—N. D

19-Pt-Closed

A solution of iron(Il)tetrafluoroborate hexahydrate (Fe(BF4)226H20) was prepared by dissolving
0.0040 g of Fe(BF4)2¢6H20 in 200 uL of CD3CN. The prepared Fe(BF4)226H20 solution was then

added to a solution of 18-Pt-Closed (3.0 mg, 0.002 mmol) in CDsCN until a 1:1 molar ratio was
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achieved (0.673 mg of Fe(BF4)2, 0.002 mmol). The solution changed from a clear, yellow solution

to a dark purple solution.

4.4.2.9 Synthesis of 19-Pt-Open

19-Pt-Open

A solution of iron(ll)tetrafluoroborate hexahydrate (Fe(BF4)226H>0) was prepared by dissolving
0.0040 g of Fe(BF4)226H20 in 300 uL of CD3CN. The prepared Fe(BF4)2¢6H20 solution was then
added to a solution of 18-Pt-Open (6.0 mg, 0.004 mmol) in CD3CN until a 1:1 molar ratio was
achieved (1.44 mg of Fe(BF4)2, 0.004 mmol). The solution changed from a clear, yellow solution

to a dark purple solution.
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4.4.3 X-Ray Crystal Data

Figure 4.4 Crystal structures of (a) 18-Pt-Closed (obtained from the slow diffusion of ether into
acetonitrile) and (b) the 18-Pd-Closed (obtained from the slow diffusion of ether into DCM) drawn
with 50% thermal ellipsoid probability. Hydrogen atoms, solvent molecules, and anions have been

omitted for clarity.

Table 4.1 Crystal data and structural refinement for 18-Pt-Closed and 18-Pd-Closed.

18-Pt-Closed 18-Pd-Closed
Empirical formula C72HesoF18N6PsPtS2 C76H70B2FsNsOP2PdS;
Formula weight 1765.32 1489.46
Temperature /K 100.0 149.99
Crystal system orthorhombic monoclinic
Space group Ccce P2i/c
alA 22.614(4) 9.5073(5)
b/A 28.042(5) 35.1644(18)
c/A 54.989(12) 21.6818(11)
a/® 90 90
B/° 90 92.515(4)
y/° 90 90
Volume / A3 34871(12) 7241.6(6)




Z
Pcalc/ Mg mm-3
b/ mmt
F(000)
Crystal size / mm?

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I1>20 (l)]
Final R indexes [all data]

Largest diff. peak/hole/e A3

16
1.345
5.013
14096
0.222 x 0.146 x 0.014

3.214 to 127.094°

0<h<250<k<320<|<
63

12624
12007[R(int) = 0.0000]
12007/1119/982
1.046
R, = 0.0965, WR; = 0.2614
R, = 0.1278, wR, = 0.2786
1.502/-0.786

123

4
1.366
3.601
3064.0

0.259 x 0.095 x 0.006

5.026 to 136.634°

-11=h<10,-42<k<40, -
18<1<26

34154
12892[R(int) = 0.0642]
12892/534/1033
1.050
R: = 0.0605, wR; = 0.1515
R: = 0.0803, WR; = 0.1607
0.939/-0.938

4.4.4 Characterization of Coordination-Polymers Bearing WLA Subunits

In order to determine the stoichiometry of metal-ligand binding, we conducted a titration

wherein samples each containing a fixed concentration of 230 pM 18-M-Open or 18-M-Closed

(M = Pd" or Pt'") in 1 mL CD3CN were prepared with increasing amounts of Fe(BFs)2-6H20

ranging from 0 to 300 pM.
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4.4.4.1 '"H NMR and 'H DOSY Spectra of Coordination Polymers

Pt~

MeCN

l Fe(BF,),*6H,0

N

93 9.1 89 87 85 83 841 79 77 75 73 71 69 67 65
ppm

Figure 4.5 'H NMR spectra of monomer 18-Pt-Closed before (top) and after (bottom) the addition
of one equivalent of Fe(BF4)26H20 to form 19-Pt-Closed. Dashed lines and boxes show free
terpyridine resonances shifting to regions indicative of iron binding.*3!

"] 4n*ncivr3nBF,-

PhPPPh,
-[-(: :}—\ — pt J
Fe(BF,),* 6H,0
—_—

MeCN

94 92 90 88 86 B84 82 80 78 76 74 72 710
ppm
Figure 4.6 'H NMR spectra of monomer 18-Pt-Open before (top) and after (bottom) the addition

of one equivalent of Fe(BF4)226H20 to form 19-Pt-Open. Dashed lines and boxes show free
terpyridine resonances shifting to regions indicative of iron binding.*3!
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Figure 4.7 *H DOSY NMR spectra of monomer 18-Pt-Closed (D = 7.9 « 10-° cm?s 1) before (left)
and after (right) the addition of Fe(BF4)2¢6H20 to form 19-Pt-Closed. The Spectrum of 19-Pt-
Closed indicates the complete consumption of the starting monomer and the formation of
oligomeric species with diffusion coefficients reduced by up to a factor of four.
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Figure 4.8 'H DOSY NMR spectra of monomer 18-Pt-Closed (D = 7.9 « 10-° cm?s ) before (left)
and after (right) the addition of Fe(BF4)2¢6H20 to form 19-Pt-Closed. The Spectrum of 19-Pt-
Closed indicates the complete consumption of the starting monomer and the formation of
oligomeric species with diffusion coefficients reduced by up to a factor of four.
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4.45 DFT Calculations
All computational calculations were carried out with the use of SCM’s Amsterdam Density
Functional (ADF2016.104) suite on a 12-core computational cluster. The model for 19-Pd-Closed
and 19-Pt-Closed were built ignoring counter anions and assuming local charge(s) arising from
the Pd(Il) or Pt(ll) metal center only. Geometry optimizations of all electrons were made by
applying the generalized gradient approximation method (GGA) with bases sets containing triple-
¢ functions with two polarization functions (TZ2P), and the local density approximation of Becke,
Perdew and Ernzerhof (PBE).1*° Scalar relativistic effects were taken into consideration for heavy

metal atoms.

Figure 4.9 Density function theory (DFT) energy minimized models of A) 19-Pd-Closed and B)
19-Pt-Closed. The lowest energy conformation of 19-Pt-Closed resembles cyclic oligomers.
4.4.6 Post Polymerization Switching of States

In order to switch from the closed Pd" coordination polymer (19-Pd-Closed) to the open
Pd" coordination polymer (19-Pd-Open), a solution of 19-Pd-Closed (10 mg, 0.007 mmol) in
CH3CN was treated with tetrabutylammonium chloride (TBAC, 2 mg, 0.007 mmol). The solution
was filtered, and the resulting homogeneous, clear, purple solution was evaporated under reduced

pressure to give 19-Pd-Open. In an alternative approach, the closed Pd'' coordination polymer
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(19-Pd-Closed) to the open Pd' coordination polymer (19-Pd-Open), 3-Pd-Closed (25 mg, 0.018
mmol) was dissolved in ~4 mL of CH3:CN in a falcon tube. In a separate falcon tube, 440 mg of
Dowex 1x4 chloride resin (100-200 mesh) was measured out and mixed with 4 mL of CHsCN.
The solution containing 3-Pd-Closed was slowly transferred (via pipette) to the falcon tube
containing the Dowex chloride resin. Once completely transferred, the solution was mixed
continuously for 30 min. After 30 min, the solution was filtered, and the resin was washed with 1
mL portions of CH3CN. The filtrate was collected, and the resulting homogeneous, clear, purple
solution was then evaporated under reduced pressure to give 3-Pd-Open. Access to 3-Pd-Closed

from 3-Pd-Open was achieved by addition of TI(BF4).

] 3n*3nBF,

Chloride
Resin

—
TI(BF,)

19-Pd—Open

19—Pd—0pen/\ﬂv\
A
MM A

M A ~—

MJ\M 1Q_Pd_0penﬁﬂ«
DN

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
ppm

Figure 4.10 *H NMR spectra of coordination polymer 19-Pd-Open (bottom) converted to 19-Pd-
Closed (middle) via abstraction of chloride post-polymerization, and 19-Pd-Closed (middle)
switched to 19-Pd-Open (top) via addition of chloride post polymerization. All NMR spectra were
taken in CD3CN.



128

31P{'H} NMR
MeCN-d, 19-Pd-Open
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100 9 8 70 6 50 40 30 20 10 0 -10
ppm
Figure 4.11 *'P{*H} NMR spectra of coordination polymer 19-Pd-Open (bottom) converted to
19-Pd-Closed (middle) via abstraction of chloride post-polymerization, and 19-Pd-Closed
(middle) switched to 19-Pd-Open (top) via addition of chloride post polymerization. All spectra
were taken in CD3CN.
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Figure 4.12 'H DOSY spectrum, taken in CD3CN, of resulting 19-Pd-Open from 19-Pd-Closed,
indicating the formation of one polymeric species.
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Figure 4.13 'H DOSY spectrum, taken in CD3CN, of resulting 19-Pd-Closed from 19-Pd-Open,
indicating the formation of one polymeric species.
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In order to switch from 19-Pt-Closed to 19-Pt-Open, 19-Pt-Closed (9 mg, 0.006 mmol)

was dissolved in ~3 mL of CH3CN in a falcon tube. In a separate falcon tube, 300 mg of Dowex
1x4 chloride resin (100-200 mesh) was measured out and mixed with 3 mL of CH3CN. The
solution containing 19-Pt-Closed was slowly transferred (via pipette) to the flacon tube containing
the Dowex chloride resin. Once completely transferred, the solution was stirred continuously for
30 min. After 30 min, the solution was filtered, and the resin was washed with 1 mL portions of
CH3CN. Switching from 19-Pt-Open to 19-Pt-Closed was achieved by dissolving 19-Pt-Open (6
mg, 0.004 mmol) in CH3CN and treating it with TIBF4 (1.2 mg, 0.004 mmol) and the mixture was

stirred for one hour.

Chloride
Resin

TIBF,

19-Pt—-Open

HNMR
MeCN-d,

AMMM 19-Pt—Closed
N o N—

.
MM 19—-Pt—Closed
/‘"\L

Figure 4.14 *H NMR spectra of coordination polymer 19-Pt-Closed (bottom) converted to 19-Pt-
Open (middle) via addition of chloride post-polymerization, and 19-Pt-Open (middle) switched
to 19-Pt-Closed (top) via abstraction of chloride post polymerization. All NMR spectra were taken
in CD3CN.
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Infinite Coordination Polymer Particle Characterization
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Figure 4.15 Representative EDS spectra for ICPs composed of 19-Pt-Closed (top) and 19-Pt-
Open (bottom) showing the presence of Cl, which is indicative of the fully open complex.
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Figure 4.16 Representative DLS trace for colloidally stable ICPs composed of 19-Pt-Open
synthesized from a 2 mM solution (Diameternumber average = 164 nm, Diameterz-average = 195 nm, PDI

= 0.089).
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4.4.8 ICP Particles Synthesis in Varying Conditions
ICP particles composed of 19-Pt-Closed were prepared with sub-stoichiometric
equivalents of chloride, and the resulting particle morphologies were analyzed using STEM. A
solution of 19-Pt-Closed (12 mg, 0.008 mmol) was dissolved in 4 mL of CH3CN and
tetrabutylammonium chloride (1.1 mg, 0.004 mmol) was added. Particles were synthesized from

8 mM solutions (with respect to the monomer).

Figure 4.17 ICP particles composed of 19-Pt-Closed containing A) 0 equiv. of chloride, B) 0.5
equiv. of chloride, and C) 1 equiv. of chloride.

Figure 4.18 ICP particle synthesis from a 2 mM solution of 19-Pt-Closed, at ~5 °C, resulting in
ill-defined aggregates of small spheres.



133

4.4.9 NMR Spectra of all Compounds and Complexes

'H NMR and *'P{*H} NMR of: Ligand 17
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'H NMR and *'P{*H} VT NMR of: 18-Pt-Open
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'H NMR and *'P{*H} NMR of: 18-Pt-Closed
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'H NMR and 3'P{*H} NMR of: 18-Pd-Closed
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'H NMR and *'P{*H} NMR of: 18-Pd-Open
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4.4.10 Mass Spectra of all Complexes
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CHAPTER 5

Design of Reconfigurable, Bio-Inspired Coordination Polymers
Assembled via the Weak-Link Approach

The work presented in this chapter is unpublished.
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5.1 Introduction
Proteins and other biological systems demonstrate remarkable control over their primary,
secondary and tertiary structure through a complex network of relatively weak supramolecular
interactions.*! These interactions allow proteins to effectively regulate their structure and function
in response to molecular effectors or stimuli, a process known as allosteric regulation, which
enable their unique properties and unmatched activity.® 142 Chemists, therefore, have sought to
adapt these same principles found in biology, to the assembly of abiotic allosteric architectures
with a goal of developing the next generation of catalysts, sensors and functional materials. One
versatile class of bio-inspired materials that have garnered significant interest are coordination
polymers (CPs),#3146 whose structures consist of multidentate ligands interconnected by cationic
metal nodes.!' 7 Interest in CPs have stemmed from their highly tailorable metal and ligand
precursors, which exhibit microporosity and high internal surface areas, and possess a high level
of structural tailorability for a broad range of applications.*® 148
Significant advances have been made in the development of bio-inspired CPs, with recent
work demonstrating stimuli-responsive CPs that dynamically adapt their structure in response to a
stimulus,**® however, the vast majority of work in the field has focused on modulating the structure
and properties of bulk materials (e.g. Metal-Organic Frameworks).*>%152 Stimuli-responsive
micrometer- and nanometer-scale CPs on the other hand, are a particularly attractive—though,
underdeveloped—synthetic target. It is well understood that the size and composition of
microporous materials drastically affect their diffusion kinetics and electronic properties®® for a
broad range of applications such as drug delivery,'>* sensing, gas storage,**>**® molecular

separations,’® catalysis and ion exchange.’® Developing responsive CP building blocks,
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therefore, represents a method to modulate the chemical, physical and electronic properties of these
materials on the nanoscale. Though several methods exist for the synthesis of a broad range of CP
materials,**® 1% there are few established approaches for the construction of stimuli-responsive,
nanoscale CPs. Therefore, a central goal of this work is to expand the scope of stimuli-responsive
CP materials at the micrometer and nanometer scale.

Previous reports have shown that molecular geometry and metal-ligand coordination,
influence the chemical and physical properties of CPs,'6%-163 therefore, a strategy for constructing
stimuli-responsive CP nanomaterials must focus on the development of monomeric building-
blocks possessing: (a) Tunable structural geometry; (b) Geometrically well-defined coordination
sites to induce the assembly of 1-D, 2-D or 3-D architectures'*® 1%4; and (c) Modular and facile
syntheses for incorporation into a wide variety of networks. On the basis of these principles, we
focused on the design and synthesis of CP building blocks possessing hemilabile ligands
coordinated to metal ions (Figure 5.1). Despite their extensive use in stimuli-responsive
coordination-based compounds, hemilabile ligands are relatively underrepresented as constituents
used in the construction of CP building blocks, until recently.'®® However, their modular design
and high degree of tunability make hemilabile ligands attractive for modulating the chemical and
physical properties of CP materials. As such, we sought to incorporate these versatile, hemilabile
ligands into stimuli-responsive monomers via the Weak-Link Approach (WLA), a supramolecular

strategy to assembling coordination-based architectures (Figure 5.1).47: 4966, 165
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Figure 5.1 The goal of this work: design and synthesis of CP building blocks possessing
hemilabile ligands coordinated to metal ions.

5.2  Results and Discussion
5.2.1 Design of CP Building Blocks Possessing Coordinating Hemilabile Ligands

WLA structures have traditionally been assembled from d® transition metals and hemilabile
phosphino—chalcoether (P,X; X = O, S, Se) ligands, therefore, the monomer used here was based
on a Pd" tweezer-like complex bearing pyridine coordinating units, as shown in Figure 5.2. Such
architectures give rise to stimuli-responsive building blocks that can reversibly access distinctly

different structural states upon introduction to small molecule effectors or elemental anions.
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Figure 5.2 WLA tweezer complexes bearing hemilabile ligands and d® metal centers can
reversibly access multiple, distinct structural states upon introduction of an allosteric effector.

The WLA enables structures possessing addressable structural geometry, well-defined
coordination sites, tunable ligand design and offers a modular and facile syntheses of stimuli-
responsive building blocks for incorporation into a wide variety of network materials.*” 052 6% Ag
such, the WLA lends itself to the construction of responsive, supramolecular, coordination-based
materials and, importantly, meets the molecular design parameters previously described.

We, therefore, designed molecular-level building blocks for the assembly of stimuli-
responsive coordination polymer materials (Figure 5.3). Drawing upon our previous work
investigating the assembly of terpyridine-based WLA building blocks,®° we sought to expand the
scope of such materials to include building blocks of varying denticity, geometry, chelating
strength and ligand basicity. In this way, fundamental structure—property relationships could be

elucidated, and materials function could be tuned through deliberate molecular-level design.
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Figure 5.3 General design of tunable WLA building blocks with different possible chelators for
coordination to metal ions in the assembly of responsive coordination polymers. The WLA is an
ideal platform for the synthesis of stimuli-responsive coordination polymer materials, owing to its
highly tunable platform and modularity. Metal-ligand binding strength, orientation, and geometry
may be tuned by changing the coordinating end group on the P,S ligand (terpyridine, pyridine,
carboxylate, are discussed).

Initially, we explored the effect of pyridine as the coordinating group appended to the WLA
hemilabile ligands. The pyridine units allow the monomer to be polymerized via metal-ligand
coordination, in the presence of metal ions such as Cu'.'®5167 Upon assembly, the resulting
complexes can be switched between a flexible, open state and a rigid, closed state by the
stoichiometric addition or removal of allosteric effectors (such as CI"), which displace the weakly
coordinating X moiety in the metal-X bond while retaining the strongly coordinating metal-P
bond. Phosphino—thioether (P,S) ligands have been previously employed as WLA ligands with d®
metal centers such as Pt" and Pd", and are sufficiently strong to form a robust metal—thioether

bond in the absence of chloride, while becoming sufficiently labile in the presence of chloride.®®

8 The stimuli-responsive properties of these constructs render the WLA an emerging and
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important tool for preparing CP materials whose structure and properties can be precisely
addressed with small molecule effectors.

5.2.2 Synthesis
5.2.2.1 Synthesis of the Closed Pd" Monomer, Complex 23

Model WLA-based CP building blocks were synthesized from square-planar Pd" and Pt"
metal nodes coordinated by hemilabile phosphino-thioether (P,S) ligands appended with pyridine
coordinating groups (P,S—pyr, 22).

The P,S—pyr ligand (22) was synthesized from commercially available 4-mercaptopyridine
(21) and (2-chloroethyl)diphenylphosphine precursor 20, according to a modified literature
procedure from previously reported compounds (Scheme 5.1A).47: 66:6%.89-90 The pyridine moiety
has a moderately high binding affinity (Ka~ 10%) with Cu"ions,'%81%° and is less sterically
hindered than the previously reported terpyridine WLA system. These features were attractive for
investigating how binding affinity and steric bulk, affect the chemical and physical properties of
coordination polymer materials assembled with stimuli-responsive subunits. Two equivalents of
ligand 22 were then reacted with one equivalent of tetrakis(acetonitrile)palladium(ll)
tetrafluoroborate (Pd(MeCN)(BF4)2) in a solution of dichloromethane (CH.Cl,;) and methanol
(MeOH) to yield complex 23 (Scheme 5.1B) in nearly quantitative yield. The polar solvent drives

the formation of a closed complex, whereby the counter ions are outer sphere.
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Scheme 5.1 Synthesis of (A) hemilabile P,S—Pyr ligand (22) and (B) WLA complex 23.

22

The molecular structure of 23 was studied in solution by *H and 3!P NMR spectroscopies
and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS) and in the solid-state
by single crystal X-ray diffraction. The *H and 3!P NMR spectra provide evidence supporting the
clean formation of a fully closed complex (23), as the 3P NMR resonance at ~64 ppm, is highly
diagnostic of a fully closed complex in which the P,S-pyr ligands are fully chelated to the Pd"
metal node. Interestingly, when complex 23 is dissolved only in the non-polar solvent
dichloromethane, the closed complex rapidly switches to the fully open state. This is evidenced by
the single 3P resonance that appears at ~15 ppm.
5.2.2.2 Synthesis of the Crystalline Coordination Polymer Chain (24)

In order to form soluble CP precursors, closed complex 23 was initially dissolved in
acetonitrile (CH3CN) and treated with one equivalent of Cu'(BF4)2 + 6H20 in order to polymerize
the pyridine end groups. The monomers rapidly polymerize to form the coordination polymer 24
(Scheme 5.2a). To further study the polymerization behavior of 23 in the solution state, we turned
to 'H NMR spectroscopy titration studies. A stock solution of Cu'"(BF)z « 6H20 and complex 23,

were prepared in methanol in order to maintain the closed structural state of 23. Cu' (BF4)2 » 6H20
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was then slowly titrated into a solution of 23, and the *H NMR spectrum collected from zero to
one equivalent of Cu'" (BF4)2 » 6H20 (Figure 5.4a-f).

The *H NMR spectrum of 23 at zero equivalents (Figure 5.4a) exhibited relatively narrow
peaks, representative of a molecular species possessing equivalent protons. As the concentration
of Cu'' (BF4)2 » 6H20 increases with increasing equivalents added, the 'H NMR spectrum
of significantly broadens. This broadening is highly representative of a polymeric species in which

non-equivalent protons are present in similar environments.
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Scheme 5.2 (a) Reaction of Cu' (BF4)2 « 6H,0 with the Pd'' monomer (23) in MeCN to give the
compound [(P,S—pyr)[Cu(OH).--(MeCN)2--] (24). (b) Crystal structure of the tweezer monomers,
and (c) the coordination mode of the monomers within the coordination polymer, and (d) the
coordination mode of the Cu'' metal node within the coordination polymer. Drawn with a 50%
thermal ellipsoid probability. Solvent molecules and hydrogen atoms have been omitted for clarity.
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Figure 5.4 'H NMR titration of 23 with Cu' (BF4)2 « 6H20 in methanol at (a) 0.0 equiv., (b) 0.2
equiv., (c) 0.4 equiv., (d) 0.6 equiv., (e) 0.8 equiv. and (f) 1.0 equiv. of Cu"' (BF4)2 * 6H-0.

5.2.3 The Solid-State Structure of Coordination Polymer 24

Single crystals of polymer 24 were obtained by preparing a solution of coordination
polymer 23 and a 0.42 mM solution of of Cu'(BFa4), » 6H20 in a mixed solution of DCM and
methanol (solutions were prepared in a 1:1 ratio), and slowly diffusing ether into the prepared
solution (Figure 5.2 and 5.5).

Interestingly, the N-Pd—N dihedral angle formed by the monomers within the coordination
polymer measures to be about 90°. This angle, in addition to the relatively little steric bulk of the
pyridine ligand, favor the formation of crystalline polymer chains, whereby the copper metal node
within the coordination polymer forms a nearly 180° dihedral angle (Figure 5.2 ¢ and d). The 90°
angle formed about the Pd" metal nodes, in conjunction with the 180° dihedral angle formed about
the Cu'' metal nodes, results in a distinct alternating crystal packing (Figure 5.5). Additionally, the

N-Cu distance at the copper metal node, measure to be about 1.990 A.
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Figure 5.5 Packing of crystalline 1-D coordination polymer (24) bearing Pd(P,S—Pyridine)2(BFa).
monomers. Drawn with a 50% thermal ellipsoid probability. Solvent molecules and hydrogen
atoms have been omitted for clarity.

5.2.4 Formation of Coordination Polymers Composed of Monomer 23 and Pt!' Metal Salts

In order to better understand the assembly conditions and dynamics of 23, we sought to
polymerize monomer 23 in the presence of other metal ions such as Pt (Scheme 5.3). We
hypothesized that the geometry about the secondary metal node would affect the assembly
behavior and morphology of the resulting material. Upon addition of cis-
bis(benzonitrile)dichloroplatinum(ll), WLA-based coordination polymers formed via
coordination of the pyridine moieties with the Pt' metal nodes. Despite many attempts to grow
single crystals suitable for X-ray diffraction of the resulting coordination polymer, only amorphous
coordination polymer particles formed upon the slow diffusion of ether into a concentrated solution
of coordination polymer. The polymerization of 23 in the presence of 25 was studied using *H and

3P NMR spectorscopies and the resulting coordination polymer particles were characterized by
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electron microscopy (Scheme 5.3). The STEM images revealed the formation of spherical particles
1-2 um in diameter.

In a separate experiment, we also investigated the assembly behavior and resulting
properties of the same system in the presence of Fe!'. We again found that crystalline chains could
not be obtained and hypothesized that this may be the case due to the size of the iron metal node
and the geometry resulting from the pyridine coordination. Studies are still underway,

investigating the polymeric structure.
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Scheme 5.3 Formation of CP particles bearing complex 23 building blocks polymerized in the
presence of Pt salt 25.

5.2.5 Structural Studies of Pt Tweezer Monomer Analogs

In light of the crystalline nature of the Pd" tweezers polymerized with Cu", we were
interested in the molecular structure and assembly behavior of Pt analogs, and therefore sought
to generate the open and closed Pt'' tweezer complexes that matched the Pd'' system. Fully open
Pt'! tweezer complex 26 was synthesized in an identical method to the Pd" derivative, however, a
Pt'! salt was used in place of the Pd'" salt. The structure and geometry of the fully open
complex (26) was confirmed in solution by *H and 3P NMR spectroscopies and high-resolution
electrospray ionization mass spectrometry and in the solid-state by single crystal X-ray diffraction.

Interestingly, single crystals suitable for X-ray diffraction could not be readily obtained for the



155
Pd" fully open complex, however, crystals of the fully open Pt" can be readily obtained by slow

vapor diffusion (Figure 5.6).

26 26 26
Front View Top View Front View, Rotated

Figure 5.6 Crystal structure of fully open complex 26, drawn with a 50% thermal ellipsoid
probability. Solvent molecules and hydrogen atoms have been omitted for clarity.

5.3  Conclusions

The construction of stimuli-responsive soft materials requires non-covalent interactions
that are both specific and directional to ensure that the required molecular assembly forms as
intended, and that the assembly is reversible. Herein, we demonstrated the design and synthesis of
stimuli-responsive coordination polymers bearing WLA subunits. Importantly, we have showed
that the incorporation of switchable molecular motifs embedded within ICPs can control
morphology and chemical properties, such as absorbance and fluorescence, whereby one structure
can access a crystalline, single chain phase, or an amorphous, multi-chain phase. Such structures
may lead to new motifs that may have applications in the area of chemical sensing where

molecularly triggered events can lead to changes in macroscopic properties that affect signaling.
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54  Experimental Methods
5.4.1 General Methods
All chemicals were purchased from Sigma-Aldrich or Fisher Scientific and used without
further purification, unless otherwise stated. (2-chloroethyl)diphenylphosphine®*® (20) and
diphenyl((4-pyridyl)thioethyl)phosphine, ligand 22%°, were synthesized according to literature
procedures. Solvents were purchased anhydrous and degassed under a stream of argon prior to use.
Flash chromatography was performed using SiliaFlash F60 SiO, (230-400 mesh ASTM, 0.040-
0.063 mm; SiliCycle). Deuterated solvents were purchased from Cambridge Isotope Laboratories
and used as received. *H and 3P{*H} NMR spectra were recorded on a Bruker Avance 400 MHz.
'H NMR spectra were referenced to residual proton resonances (CD2Cl,=85.32; CDsCN = § 1.94)
in the deuterated solvents. *3C NMR spectra were referenced to the solvent peak (CD2Cl,=§ 53.84;
CD3CN =5 1.32 and 118.26) and *'P{*H} NMR spectra were referenced to an 85% HzPO4aqueous
solution. All chemical shifts are reported in ppm. High resolution mass spectra measurements (HR-
MS) were recorded on an Agilent 6120 LC-TOF instrument in positive ion mode. Transmission
electron microscopy (TEM) imaging and energy dispersive X-ray data were performed and
collected on a Hitachi HD-2300 STEM microscope operating at 200 kV, equipped with two
Thermo Scientific Energy Dispersive X-ray (EDX) detectors. TEM samples were prepared by
drop-casting a 5 uLL Et2O solution of particles onto a carbon-coated Cu TEM grid (Ted Pella).
Single crystals suitable for X-ray diffraction studies were mounted using oil (Infineum V8512) on
a glass fiber. All measurements were made on a CCD area detector with graphite monochromated
Mo Ka or Cu Ka radiation. Data were collected using Bruker APEXII detector and processed

using APEX2 from Bruker. Dynamic light scattering (DLS) data were collected using a Zetasizer
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Nano ZS (Malvern Instruments Ltd). All XRD structures were solved by direct methods and
expanded using Fourier techniques. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in idealized positions, but not refined. Their positions were

constrained relative to their parent atom.

5.4.2 Synthesis
5.4.2.1 Synthesis of Hemilabile P,S-Pyr Ligand (22)

Diphenyl((4-pyridyl)thioethyl)phosphine, ligand 22, was synthesized according to
literature procedures. In a glovebox under inert atmosphere, 4-mercaptopyridine (21) was
dissolved in 7 mL MeCN in a flask equipped with a stir bar. Potassium carbonate (150 mg, 1.34
mmol) was dissolved in 2 mL of MeCN and the solution was added slowly to 21 while stirring
rapidly. (2-chloroethyl)diphenylphosphine (367 mg, 1.47 mmol) was then added as a solid and the
vial was sealed, removed from the glovebox, and allowed to stir at 70 °C overnight. The solution
was cooled, then passed through a short plug of neutral alumina, which was washed with an
additional 50 mL of CH2Cl.. The solvent was removed under reduced pressure and the residue was
recrystallized from CH,Cl,/EtOH to give 22 as fine white needles in 82 % yield. *H NMR (500
MHz, Methylene Chloride-d2) 6 8.56 — 8.42 (m, 1H), 7.50 — 7.31 (m, 5H), 7.21 — 7.09 (m, 1H),
3.68 (s, 1H), 2.59 — 2.43 (m, 1H), 2.42 — 2.25 (m, 1H). *'P NMR (162 MHz, Methylene Chloride-
d2) & -17.35. 1¥*C NMR (101 MHz, Methylene Chloride- dz) § 149.87, 149.83, 147.40, 132.70,

132.51, 128.76, 128.54, 128.47, 123.80, 123.74, 35.13, 35.04, 34.95, 28.25, 27.90, 27.69.
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5.4.2.2 Synthesis of Pd(P,S—Pyridine)2(BF4)2 (23)
Tetrakis(acetonitrile)palladium(I1) tetrafluoroborate (Pd(MeCN)4(BF4)2) was weighed into
a 6 mL vial with a stir bar and 2 mL of a 1:1 mixture of MeOH / CH2Cl. was added. A solution of
22, dissolved in 2 mL of the same 1:1 mixture of MeOH / CH.Cl,, was prepared and added
dropwise to the mixture containing Pd(MeCN)s(BF4)2 while stirring. After 10 min, the
homogenous clear solution was evaporated under reduced pressure to a minimal volume and Et,O
was added to precipitate a white solid in quantitative yield. *H NMR (400 MHz, Acetonitrile-ds)
§ 8.64 (s, 2H), 7.63 (dt, J = 7.4, 4.0 Hz, 2H), 7.50 — 7.35 (m, 7H), 2.17 (s, OH). 3P NMR (162

MHz, Acetonitrile-ds) 6 63.78.

5.4.2.3 Synthesis of Coordination Polymer 24

In order to form soluble CP precursors, closed complex 23 was initially dissolved in
acetonitrile (CH3CN) and treated with one equivalent of Cu'(BF4)2 * 6H20 in order to polymerize
the pyridine end groups. The prepared Fe(BF4)2 « 6H20 solution was then added to a solution of
23 in CD3CN until a 1:1 molar ratio was achieved. *H NMR (500 MHz, Methanol-ds) § 7.58 (s,
2H), 7.51 (s, 1H), 7.44 (d, J = 12.1 Hz, 1H), 7.37 (s, 5H), 3.11 (s, 4H), 2.15 (s, 4H), 1.33 (s, 2H),

1.29 (d, J = 4.2 Hz, 1H).

5.4.2.4 Synthesis of Pt(P,S-Pyridine)Cl:
'H NMR (400 MHz, Methylene Chloride-d) § 8.59 — 8.51 (m, 1H), 7.55 — 7.38 (m, 4H), 7.38 —
7.29 (m, 2H), 5.37 (s, 2H), 4.55 (s, 1H), 3.11 (s, 1H), 2.68 — 2.59 (m, OH). *'P NMR (162 MHz,

Methylene Chloride-d2) 6 50.97, 39.79, 28.61.
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5.4.3 Opening the Fully Closed Pd" Complex 23

The fully open Pd" monomer complex was accessed by dissolving monomer 23 in
dichloromethane. The formation of a fully open complex is observed in the 'P NMR spectrum
with the appearance of a peak at 15.34 ppm. In less polar solvent (DCM), complex 23 is stabilized
with two inner sphere chlorides, rendering the overall complex neutral in charge. In slightly more
polar solvent (methanol), the complex is stabilized as the fully closed complex with two outer-

sphere chlorides.
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H, 3'P{1H} and *C NMR Spectra of P,S-Pyr Ligand 22

5.4.3 NMR Spectra of all Complexes
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'H and 3'P{1H} NMR Spectra of the Open Monomer Pt(P,S-Pyridine)2Cl
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5.4.5 X-Ray Crystal Data

Table 5.1 Crystallographic Data for Coordination Polymer 24

Identification code cx0759
Empirical formula CasHs50B2sCuF16NsO2P2PdS,
Formula weight 1362.16
Temperature / K 100.09
Crystal system monoclinic
Space group P21/n
a/A,b/A, c/A 13.3903(4), 30.8825(9), 14.3575(4)
a/, B/°, v/° 90, 106.5840(15), 90
Volume / A3 5690.2(3)
Z 4
pcalc / mg mm-3 1.590
p/mm-1 0.915
F(000) 2740
Crystal size / mm3 0.181 x 0.067 x 0.024
20 range for data collection 3.24 t0 56.822°
Index ranges -17<h<17,-35<k<41,-19<1<19
Reflections collected 76641
Independent reflections 14219[R(int) = 0.0565]




Data/restraints/parameters

14219/141/741

Goodness-of-fit on F2

1.050

Final R indexes [[>26 (I)]

R1=0.0720, wR2 = 0.1879

Final R indexes [all data]

R1=0.1164, wR2 = 0.2033

Largest diff. peak/hole /e A-3

1.332/-1.150

Table 5.2 Crystallographic Data for Fully Open Monomer Pt(P,S—Pyridine)>Cl. (25)

Empirical formula Ca2H46CIlsN20P2PtS;
Formula weight 1057.76
Temperature / K 99.96

Crystal system triclinic
Space group P-1
a/A,b/A, c/A 9.8446(5), 10.6104(5), 21.0355(10)
a/°, B/°, y/° 83.095(4), 79.268(4), 84.615(4)
Volume / A3 2137.42(18)
Z 2
Pealc / Mg mm™> 1.644
i/ mm? 10.341
F(000) 1056

164



165

Crystal size / mm?® 0.147 x 0.046 x 0.004
20 range for data collection 8.416 to 130.966°
Index ranges -8<h<11,-12<k<12,-24<1<24
Reflections collected 15128
Independent reflections 7105[R(int) = 0.0844]
Data/restraints/parameters 7105/0/490
Goodness-of-fit on F 1.050
Final R indexes [[>20 ()] R1 =0.0510, wR, = 0.1287
Final R indexes [all data] R1=0.0734, wR2 = 0.1364
Largest diff. peak/hole/e A 5.177/-1.479

Pt—Methylpyr-Open Pt—Methylpyr-Open
Front View Side View

Table 5.3 Crystallographic Data for Semi-Open Pt Monomer

Identification code cx0695
Empirical formula Ca2H46CIlsN20P2PtS;
Formula weight 1057.76
Temperature / K 99.96
Crystal system triclinic
Space group P-1
a/A,b/A, c/A 9.8446(5), 10.6104(5), 21.0355(10)
a/°, B/°, v/° 83.095(4), 79.268(4), 84.615(4)
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Volume / A3 2137.42(18)
V4 2
Pealc/ Mg mm™ 1.644
i/ mm 10.341
F(000) 1056
Crystal size / mm? 0.147 x 0.046 x 0.004
20 range for data collection 8.416 to 130.966°
Index ranges -8<h<11,-12<k<12,-24<1<24
Reflections collected 15128
Independent reflections 7105[R(int) = 0.0844]
Data/restraints/parameters 7105/0/490
Goodness-of-fit on F 1.050
Final R indexes [[>20 ()] R: =0.0510, wR2 = 0.1287
Final R indexes [all data] R1=0.0734, wR2 = 0.1364
Largest diff. peak/hole /e A3 5.177/-1.479

5.4.6 Computational Details

DFT calculations were performed using the Amsterdam Density Functional (ADF2013.01)
suite on a 16-core Parallel Quantum Solutions (PQS) computational cluster. The model for
complex 23 and 24, were built ignoring counter anions and assuming only local charge arising
from the Pt(Il) metal center. Geometry optimizations were made without restraints in the ADF
GUI including all electrons and using the generalized gradient approximation method (GGA) with
basis sets containing triple- functions with two polarization function (TZ2P), and the local density
approximations of Becke, Perdew and Ernzerhof (PBE)'*°. Scalar relativistic effects were taken

into consideration for heavy Pt(Il) atoms.
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CHAPTER 6

Dissertation Overview and Future Outlook
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6.1  Dissertation Overview

Orchestrating the dynamic assembly of complex protein subunits, requires many relatively
weak non-covalent, intermolecular interactions. Nature’s ability to assemble life’s most
formidable machines—proteins—therefore, relies on supramolecular assembly. Supramolecular
assembly is the basis of forming various complex biological superstructures, such as double-
stranded DNA, three-dimensionally folded proteins, and biologically active cell membranes, that
are integral for life. In all of these cases, molecular recognition is key to forming precise and
selective interactions with other molecular entities, which enable proteins’ highly complex three-
dimensional surfaces and architectures. These interactions include correct pairing between
hydrogen bond donors/acceptors, electrostatic forces, induced interactions, and the hydrophobic
effect, among others. Each interaction works in concert with the many other weak interactions, to
form the chemically and functionally diverse proteins ubiquitous in Nature.

In this way, Nature has inspired chemists to develop abiotic systems that incorporate such
supramolecular interactions, with the goal of designing the next generation of sensors, catalysts
and drug-delivery vehicles. Importantly, Nature has helped lay the foundation for two fundamental
concepts in supramolecular chemistry: complementarity and preorganization. Strong binding
between a host and a guest occurs when there is a good match of guest shape and host binding site
(complementarity), and when this match is achieved with little conformational rearrangement
(preorganization), resulting in attractive pairwise interactions between host and guest. These
concepts have tremendous implications on a structure’s function, properties and assembly kinetics

and thermodynamics. As such, developing a fundamental understanding of the molecular-level
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interactions in such systems is key to understanding supramolecular assembly and resulting
properties.

Supramolecular assembly has emerged as a particularly useful approach for the bottom-up
assembly of nanoscale materials where a wide variety of morphologies can be achieved either in
bulk or in solution ranging from cylinders and spheres to micelles and vesicles.!’® Among the
different approaches, the WLA is a powerful method for synthesizing complexes that can undergo
reversible, small-molecule-induced structural changes and therefore be toggled between a “closed”
rigid state and an “open” flexible state. Through the modular and convergent assembly of metal
ions and multidentate hemilabile ligands, the WLA provides a platform to deliberately engineer
molecular selectivity and stimuli-responsiveness into supramolecular complexes. WLA-based
supramolecular systems are attractive as they offer 1) chemical access to multiple structural states
with tailorable selectivity and binding affinities, 2) high functional group tolerance, and 3)
modularity, including access to structures with a wide variety of metal nodes and ligand types. A
number of stimuli-responsive systems have been developed based on this platform, through the
incorporation of catalytic, redox-active, and host—guest recognition sites into the ligands in such a
way that small-molecule-induced structural changes result in marked changes in the physical or
chemical properties of these complexes.

This dissertation summarizes a generalizable supramolecular coordination-based approach
to the synthesis of supramolecular coordination constructs possessing switchable properties. This
work represents a major advance in the design and synthesis of biomimetic constructs with promise
in the fields of drug delivery, molecular sensing, chemical separations, and catalysis. Specifically,

the Weak-Link Approach to supramolecular chemistry was utilized to assemble such constructs,
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owing to its modular and tailorable nature. The WLA enables one to modulate conformational
changes in organometallic structures through the use of small molecule effectors, rendering them
allosterically regulated.

6.2  Summary and Conclusions

Macrocycles capable of host—guest chemistry are an important class of structures that have
attracted considerable attention because of their utility in chemical separations, analyte sensing,
signal amplification, and drug delivery. The deliberate design and synthesis of such structures are
rate-limiting steps in utilizing them for such applications, and coordination-driven supramolecular
chemistry has emerged as a promising tool for rapidly making large classes of such systems with
attractive molecular recognition capabilities and, in certain cases, catalytic properties. A
particularly promising subset of such systems are stimuli-responsive constructs made from
hemilabile ligands via the weak-link approach (WLA) to supramolecular coordination chemistry.
Such structures can be reversibly toggled between different shapes, sizes, and charges based upon
small-molecule and elemental-anion chemical effectors. In doing so, one can deliberately change
their recognition properties and both stoichiometric and catalytic chemistries, thereby providing
mimics of allosteric enzymes. The design and synthesis of a new allosterically regulated four-state
macrocycle was assembled via the WLA in Chapter 2. The target structure was made via the
stepwise assembly of ditopic bidentate hemilabile N-heterocyclic carbene thioether (NHC,S) and
phosphino thioether (P,S) ligands at Pt" metal nodes. The relatively simple macrocycle displays
complex dynamic behavior, which was explored in Chapter 3. When addressed with small-
molecule effectors, the macrocycle undergoes structural switching which can be achieved with

several distinct molecular cues (Figure 6.1). Importantly, each state was fully characterized by
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multinuclear NMR spectroscopy and, in some cases, single-crystal X-ray diffraction studies and

density functional theory computational models.
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Figure 6.1 An allosterically-regulated macrocycle capable of reversibly accessing four distinct
structural states, assembled via the WLA.

In summary, this work details the design, synthesis, and characterization of a multi-state
WLA macrocycle bearing hemilabile N-heterocyclic carbene-thioether (NHC,S) and phosphino-
thioether (P,S) ligands. We demonstrated: (i) the synthesis and characterization of a new class of
hemilabile ligands—specifically, a more strongly chelating bi-bidentate NHC,S ligand, (ii) the
incorporation of this ligand into a Pt(ll) heteroligated macrocycle and (iii) the Pt(Il) macrocycle
was shown to not undergo dynamic ligand scrambling—as is seen in typical P,S based WLA Pt(I1)
systems. With this Pt WLA macrocycle, we can access four distinct reversible configurational
states, distinguishing it from classical two- and three-state WLA complexes. Specifically, through
small molecule and elemental anion reactions at the Pt"" metal nodes, we are able to control the

complex geometries in the open, semi-open, mixed semi-open/fully closed, and fully closed states.
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Furthermore, we thoroughly investigate the cis/trans isomers present in different states via
spectroscopic and computational methods and study the intramolecular forces involved in the
overall formation of each state. Ultimately, this class of WLA complexes may be used in the
construction of functional supramolecular architectures, such as molecular capsules and receptors,
and can even be thought of in terms of a multi-state switch. Work on related supramolecular host-
guest capsules containing NHC,S ligands, for applications in sensing and encapsulation, is
underway.

Chapter 4 details the design, synthesis, and characterization of a new class of Infinite
Coordination Polymer Particles (ICPs) bearing Weak-Link Approach (WLA)-based building
blocks. Infinite coordination polymer particles are organic-inorganic hybrid materials in which
repeating ligand units are connected via metal ion nodes into one-, two-, or three-dimensional
structures. Interest in ICPs stems from their modularity, ease in which organic components can be
interchanged within them, and how changes in molecular structure can result in changes in
porosities, as well as catalytic, biological, and spectroscopic properties. While this broad class of
materials encompasses polymers with regular repeat units, such as crystalline metal-organic
frameworks (MOFs) and other nano or porous coordination polymers (NCPs or PCPs), the scope
of ICPs is not limited to crystalline materials. The ability to assume an amorphous state enables
the formation of nano- and micron-sized particles where shape is not dictated by crystal packing

forces but instead by the interfacial free energy between the particles and the solvent.
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Figure 6.2 A new class of infinite coordination polymer particles bearing Weak-Link Approach
subunits can be chemically addressed in the solution phase with small molecule effectors. Through
the introduction or abstraction of anions, the local geometry of the metal subunits can be
controlled, manifested by macroscopic morphological changes in the polymer particles.

In Chapter 5 we explore a family of ICP particles that was synthesized by the assembly of
modular Weak-Link Approach-based coordination chemistry construct building-blocks. Chloride
ions can be used to chemically interconvert these building blocks between rigid, closed and
flexible, semi-open states either pre- or post-polymerization. These changes in molecular geometry
manifest themselves as morphological changes in the ICP particles. Furthermore, scanning
transmission electron microscopy, energy-dispersive X-ray spectroscopy, and dynamic light
scattering data suggest that the resulting particle morphology is highly dependent not only on the
structure of the soluble precursors but also on the bond strengths and the dissociation kinetics of
the metal-ligand coordination bonds in the polymer chain. This work shows how stimuli-
responsive systems can be used to modulate the properties of ICPs, which is important in chemical
sensing, where molecularly triggered events lead to changes in macroscopic properties that affect

signaling.
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Figure 6.3 ICP particles synthesized by the assembly of modular Weak-Link Approach-based
coordination chemistry construct building-blocks, capable of undergoing morphological changes.

When taken together, this work has expanded the scope of supramolecular WLA constructs
by leveraging their stimuli-responsive properties for incorporation into macrocyclic constructs and
nanoscale materials. Work towards developing these constructs and materials occurred through
three main research projects. 1) We sought to enhance the structural and functional complexity of
the WLA constructs by developing WLA macrocycles and receptors using a step-wise assembly
approach for stimuli-responsive and programmable molecular receptors. This work builds upon
our previously reported foundation for synthesizing structurally sophisticated heteroligated
macrocycles, which can be readily modified with a variety of functional motifs. 2) We worked
towards understanding how to induce changes in the coordination and structural states of WLA
constructs using a broad range of stimuli. 3) We aimed to develop stimuli-responsive materials for
applications in sensing, drug delivery, and remediation. Work towards this goal resulted in the
design, synthesis, and assembly of stimuli-responsive building blocks, which can be incorporated
into coordination polymers.

6.3 Future Directions

Moving forward, we seek to push the boundaries of this work by developing more

sophisticated molecular sensors which can bind guests with high affinity and specificity.

Additionally, we are working to develop methods for regulating such constructs with new kinds
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of stimuli. Finally, we hope to expand upon the work detailed in Chapters 4 and 5 of this
dissertation and develop functional responsive nanomaterials possessing stimuli-responsive
building blocks.

6.3.1 Towards a Library of Allosteric, Multi-State Receptors

In order to expand the library of stimuli-responsive macrocycles and receptors accessible
by the WLA, we have sought to develop receptors with varying sizes, functional groups, and
properties. Work towards this goal has resulted in the synthesis of a library of highly tunable
hemilabile ligands for the assembly of stimuli-responsive, multi-state WLA receptors. The
structures were prepared via the stepwise assembly NHC,S and P,S ligands at Pt"" metal nodes, as

previously reported by our group (Figure 6.4).
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Scheme 6.1 a) Heteroligated Pt" WLA complexes traditionally synthesized via the halide-induced
ligand rearrangement reaction in which differences in electron density at the “weak-link”
(chalcoether or amine) controls heteroligated complex formation; A # A’. b) The step-wise
approach leverages a strong ligand—metal interaction (NHC—Pt'") in order to assemble asymmetric
WLA systems where the relative donating abilities of the “weak links” are not important

We sought to build upon our previous work on the design and synthesis of a heteroligated
multi-state macrocycle, to access larger macrocyclic host architectures. Expanding macrocyclic
cavity size in a two-component system enables us to encapsulate larger guest molecules and
incorporate more recognition motifs. To achieve this goal, we designed and synthesized longer P,S
and NHC,S ligands by incorporating a biphenyl spacer (Scheme 6.2). The structure was fully

characterized by *H NMR spectroscopy (Figure 6. 4) and HR-MS.
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Scheme 6.2 Synthesis of an extended NHS,S-based ligand for the construction of larger, two-
component macrocycles

\ 2cr

N Tl \
W?q O —~ PICL,(cod), Ag,0 @:'B_| O ok
- O Ny ikt nstint vl Jere Pt—-((
& DCM/MeOH, 24 °C, 4ol
N
\

24 h, Dark

Benzimidazolium salt

Monoligated complex
WMo A W

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
ppm

Figure 6.4 Characterization of an extended NHS,S-based ligand for the construction of larger,
two-component macrocycles

To assemble the new heteroligated macrocycle, the NHC,S and P,S ligands were dissolved

in dimethylsulfoxide and stirred in the dark overnight (Scheme 6.3). The resulting complex was
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characterized in the solution state via *H and *!P NMR spectroscopy. With the larger heteroligated,
WLA macrocycles in hand, we sought to develop a library of hemilabile ligands for incorporation
into multi-state receptors (Figure 6.5) and investigate their structure-property relationships to

elucidate structural motifs necessary for binding specific guest molecules.
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Scheme 6.3 The (top) synthesis and (bottom) 3P NMR characterization of an expanded, two-
component, WLA macrocycle accessed via step-wise assembly.
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Supramolecular squares were our first target as they offer large binding pockets and
potentially higher binding affinity for guests. Using insight from the assembly and switching
behavior of the two-component model, heteroligated macrocycle, we designed a heteroligated,
tetrametallic square, which incorporates four hemilabile ligands: two traditional ditopic bidentate

P,S-based ligands and two longer ditopic bidentate NHC,S-based ligands (Scheme 6.4a).
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Scheme 6.4 (a) The synthesis of a four-component, heteroligated WLA square, bearing 90°
corners as confirmed by (b) single crystals suitable for X-ray diffraction of a tweezer complex
bearing phenyl ring end groups. The solid-state crystal structure shown from the side view and (c)
the top view, indicate the presence of a 90° angle.

Longer NHC,S ligands are required to favor the formation of a four-component square
opposed to a two-component macrocycle. To establish whether the ligands form 90° angles at the
Pt center to enable the assembly of squares, we synthesized and characterized a heteroligated

tweezer complex containing phenyl rings as end groups to elucidate the geometry, distance, and

orientation of the ligands (Scheme 6.4b,c). The solid-state crystal structure revealed that the S—
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aryl/S—aryl dihedral angles are ~90°, indicating that in the closed state, a square architecture is
favored. Importantly, an irreversible metalation-transmetalation reaction at the NHC ligand
enabled the use of strongly binding P,S-ligands without undesired ligand exchange.
Characterization of the resulting ligands in solution was carried out by 'H and 3P NMR
spectroscopy and mass spectrometry (MS).

Future work will be focused on studying structure-function relationships of the library of
WLA-based receptors and macrocycles assembled. We hypothesize that by establishing the
foundation for assembling larger WLA macrocycles and squares, we will be able to incorporate a
variety of different ligands possessing multiple, specific functional groups. These functional
groups will imbue the WLA constructs with multiple recognition elements for supramolecular
sensing and binding of guest molecules. For example, we will design and synthesize ligands which
provide hydrogen-bonding moieties, cation-n interactions, m—m interactions, and dipole
interactions. This library of ligands will enable us to systematically study structure-function
relationships in the context of host-guest systems, sensors and even catalysis. Importantly, we will
develop design rules for the synthesis of highly specific receptors that bind guests with high
affinity, a long-standing goal within the field. This modular platform will allow us to
systematically investigate which recognition elements work cooperatively to bind guest molecules
with high affinity, and expand the design space of stimuli-responsive host-guest receptors and
cages. We will use techniques such as NMR spectroscopy, UV-Vis spectroscopy, FT-IR
spectroscopy, and isothermal titration calorimetry (ITC) to elucidate guest binding properties

through determination of host-guest binding affinities and guest orientation within the host.
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6.3.2 1-D, 2-D and 3-D Coordination Polymer Materials via Chemically Tunable Metal—-

Ligand Interactions

Previously, a single-chain CP was formed through the coordination of stimuli-responsive
metallo ligands and metal ions, and its structure-property relationships were studied. Tweezer-like,
WLA-based Pd" monomers possessing phosphino-thioether pyridine ligands (P,S—pyr) were
designed, synthesized, and characterized, however, further work is needed to elucidate
fundamental structure—property—function relationships in such materials.

Future work toward accomplishing this goal will focus on screening the conditions
necessary for the assembly of higher-ordered assemblies containing WLA building blocks.
Specifically, we will work to systematically study the effect of solvent, counterions, concentration,
and functional groups, to determine the synthetic parameters that drive the formation of different
architectures. Currently, we are able to access amorphous particles and single-chain coordination
polymers; however, the ultimate goal is to design and synthesize crystalline, 3-D frameworks that
can undergo structural transitions that enable a “breathing” architecture (Figure 6.6). This type of
structure would enable the use of these materials in energy applications where they would be able

to store and release molecular guests.

Figure 6.6 Future work is focused on developing crystalline, 3-D frameworks that can undergo
structural transitions that enable a “breathing” architecture
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CHAPTER 7

Conclusion
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Inspired by assemblies in the natural world, researchers have prepared a diverse range of
suprastructures with distinct spatial arrangements by artificial supramolecular assembly. Control
over the size, shape, charge and composition of synthetic building blocks has enabled the
formation of supramolecular architectures with substantial structural diversity. More importantly,
harnessing noncovalent interactions to assemble structures in a controlled manner has lead to a
better understanding of structure, function relationships and has better informed the complex
formation energetics. Coordination-driven self-assembly provides a bottom-up approach to
constructing various bioinspired supramolecular coordination complexes, which can—and have—
been further exploited as building blocks with controllable shapes and sizes.

This dissertation focused on our recent advances in the construction of coordination-based
supramolecular macrocycles and materials. A series of hemilabile ligands were developed for the
assembly of a switchable macrocycle, which was first constructed through coordination-driven
self-assembly. Then, further work investigated the complex switching behavior of this system,
demonstrating a multi-state switch capable of responding to multiple molecular cues. Finally, the
principles developed in this work, gave rise to switchable, supramolecular materials and higher-
order structures. By changing the functional groups in the acceptors and donors in these
coordination-based materials, different suprastructures, including nanoparticles, sheets, and
crystalline chains, were prepared. These studies suggest that using stimuli-responsive,
coordination-based complexes as building blocks is a highly efficient strategy to achieve complex
architectures and functional materials for the development of desired stimuli-responsive

biomimetic architectures and materials with high precision and fidelity.
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535 Hinman Ave. Apt. E1, Evanston, IL 60202 | 224-420-7097
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EDUCATION

Northwestern University, Evanston, IL 2014-December 2019
In Progress: Ph.D. Chemistry

Western Washington University, Bellingham, WA 2009-2014

B.S. Chemistry, Honors Thesis
Minor in Mathematics

RESEARCH AND PROFESSIONAL EXPERIENCE

2014 - Present | Northwestern University Department of Chemistry

Advisor: Dr. Chad Mirkin

Leadership Role: Organometallic Subgroup Leader

Conducting research on coordination based, supramolecular chemistry with a focus on
constructing stimuli-responsive coordination constructs and extended networks.

Winter 2013 — July 2014 | Western Washington University Department of Chemistry

Advisor: Dr. Mark Bussell

Conducted research on heterogeneous catalysts for the production of ultra-low sulfur fuels and
renewable biofuels. Developed a new synthetic route for preparing Ni-P catalysts.

Summer 2013 | Western Washington University National Science Foundation REU
Advisor: Dr. Mark Bussell
Developed new synthetic routes for preparing nickel phosphide catalysts.

Summer 2012 | University of Washington Environmental & Occupational Health Sciences
Advisor: Dr. Christopher Simpson

Conducted studies on the stability of ozone and air pollutants in Seattle, WA through the
Environmental Health Research Experience Program.

2011 - 2012 | Western Washington University, Vietham and America Study Abroad

Advisor: Dr. Mart Stewart

Studied the effects of dioxin within fatty tissues and the environment; investigated the
epidemiology associated with Agent Orange sprayed over 40 years ago during the war.

HONORS, AWARDS, FELLOWSHIPS & DISTINCTIONS

February 2019 | Accepted into Stanford’s Postdoctoral Recruitment Initiative in Science and
Medicine (PRISM) Program
Website: https://postdocs.stanford.edu/PRISM

April 16, 2018 | McBride Award

This award recognizes one outstanding graduate student for their contribution of excellence in
the area of diversity, service, or engagement ($3,000).

Link to Northwestern’s featured highlight.

April 2018 | PEO Scholars Award
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These one-time, competitive, merit-based awards are for women pursuing a PhD and provides
support to those who will make significant contributions in their field ($15,000).

April 1, 2014 — Present | National Science Foundation Graduate Research Fellowship
Recognizes and supports outstanding graduate students in science, technology, engineering, and
mathematics disciplines ($138,000).

2016 - Present | Ryan Fellowship, Northwestern University

The Fellowship supports graduate students who have shown exceptional scientific talent and are
dedicated to the exploration and advancement of nanoscale science.

Link to Andrea’s fellowship bio.

April 2009 — Present | Gates Millennium Scholarship and Fellowship
Funded by Bill & Melinda Gates Foundation, the award provides outstanding underrepresented
minorities an opportunity to earn a college and graduate education.

November 2016 | Selected to attend the 67" Lindau Nobel Laureate Meeting

Selected to participate in the 67" Lindau Nobel Laureate Meeting (June 25, 2017) in Lindau,
Germany. Only the 400 most qualified scientists are selected.
(https://news.northwestern.edu/stories/2017/may/spring-honors-and-awards/)

March 2, 2017 | Gordon Research Conference Carl Storm Fellowship ($600)

June 2014 | Western Washington University Spring Commencement Speaker

The commencement speaker of WWU is granted to a student from WWU'’s entire graduating
class. The award honors a graduating senior for their exceptional scholarship and service to the
university and community.

April 2014 | Western Washington University Presidential Scholar Award
One award granted to a student from WWU'’s College of Science & Engineering. The award
honors a senior for scholarship and service to the university/community.

April 2014 | WWU Outstanding Chemistry Department Graduate
One student from WWU’s Department of Chemistry is honored as the Outstanding Graduate.
Selected based on grades, research, writing, service, promise for the future.

February 2014 | Advanced Materials Science and Engineering (AMSEC) Kaiser—Borsari
Scholarship for Women in Material Science

Awarded to one female undergraduate who has excelled in materials science
and engineering research ($5,000).

March 17, 2014 | Outstanding Undergraduate Poster Prize — 247" American Chemical Society
National Meeting, Dallas, TX
1% Place Poster Prize in the Division of Colloid and Surface Chemistry ($250)

September 19, 2013 | Outstanding Undergraduate Poster Prize — Pacific Northwest AVS Science
and Technology Symposium, Troutdale, OR. 1% Place Poster Prize ($250)

September 2013 | All Nations Louis Stokes Alliance for Minority Participation Scholarship
The ANLSAMP program is funded by the NSF, with the goal of increasing the number of minority
and Native American students successfully completing degrees in STEM.

May 2012 | Harvard Center for Communicable Disease Dynamics Conference Scholar


https://www.iinano.org/andrea-d-aquino
https://news.northwestern.edu/stories/2017/may/spring-honors-and-awards/

207

December 2011 | Vietnam Study Abroad Research Scholarship

June 2010 | TeachWashington NOYCE Summer Internship (WWU)
Funded by the NSF, this internship allowed me to teach summer school math and science.

LEADERSHIP POSITIONS

May 2017 — May 2019 | Chair of the 2019 Self-Assembly and Supramolecular Chemistry Gordon
Research Seminar; Les Diablerets, Switzerland

March 2016 — Present | Mirkin Lab Organometallic Subgroup Leader, Northwestern Univ.
| facilitate subgroup meetings, delegate group responsibilities, | take leadership of instrument
repairs/maintenance, write grants, mentor students and develop projects.

January 2019 — Present | Northwestern Prison Education Program (NPEP) Graduate Student
Advisory Committee Member and Volunteer and Director of Student Wellness

| travel to Stateville Correctional Center once a week to tutor a broad range of subjects and
develop programs for incarcerated NPEP students.
(https://sites.northwestern.edu/npep/andrea-daguino/)

September 2015 — 2019 | Co-Director of HerStory, Northwestern University
| helped establish HerStory: an annual event aimed to inspire middle/high school girls to pursue
careers in science. (http://nuherstory.weebly.com/2017-organizers.html)

September 2015 — 2018 | Director of ChemUnity
I helped establish this mentoring program and | organize meetings, plan and execute events, and
apply for grants.

September 2015 — Present | Member and Organizer of NU BonD (Building on Diversity)
| helped establish NU BonD, and as a board member | organize meetings, plan and execute
events and apply for grants. (http://nubond.weebly.com/organizers.html)

September 2015 — Present | Organizer of Northwestern University’s Faces of Science
| helped establish and run the Faces of Science Seminar series at Northwestern University.
(https://nubond.weebly.com/faces-of-science.html)

PUBLICATIONS

1. d’Aquino, A. |.; Gosavi, A.; Paul, M.; Kleunder, E.; Mirkin, C. A. Spectroscopic Investigation
into the Formation of Metallic Nanoparticles Prepared via Scanning Probe Block Co-Polymer
Lithography. In preparation, 2019.

2. d’Aquino, A. I.; Kean, Z.; Mirkin, C. A. Single-Chain Coordination Polymers Enabled by
Chemically Tunable Metal-Ligand Interactions. In preparation, 2019.

3. Topalian, P.; Liyanage, D. R.; Danforth, S.; d'Aquino, A. I.; Brock, S.; Bussell, M. Effect of
Particle Size on the Deep HDS Properties of Ni;P Catalysts. J. Phys. Chem. C. 2019. Just
Accepted. Link

4. d’Aquino, A. l.; Cheng, H. F.; Barroso-Flores, J.; Kean, Z. S.; Mendez-Arroyo, J. E.;
McGuirk, C. M.; Mirkin, C. A. An Allosterically-Regulated, Four-State Macrocycle. Inorg.
Chem. 2018, 57, 3568-3578. DOI: 10.1021/acs.inorgchem.7b02745. Link
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5. Cheng, H-F.; d’Aquino, A. l.; Barroso-Flores, J.; Mirkin, C. A. A Redox-Switchable, Allosteric
Coordination Complex. J. Am. Chem. Soc. 2018, 140, 14590-14594. DOI:
10.1021/jacs.8b09321. Link

6. Wang, S.; McGuirk, C. M.; d’Aquino, A. I.; Mason, J.; Mirkin, C. A. Metal-Organic
Framework Nanoparticles. Adv. Mater. 2018, 30, 1800202. Link

7. d’Aquino, A. l.; Kean, Z. S.; Mirkin, C. A. Infinite Coordination Polymer Particles Composed
of Stimuli-Responsive Coordination Complex Subunits. Chem. Mater. 2017, 29, 10284—
10288. DOI: 10.1021/acs.chemmater.7b03638. Link

8. Liu, Y.; Kean, Z. S.; d’Aquino, A. l.; Manraj, Y.; Mendez-Arroyo, J. E.; Mirkin, C. A. Pd"
Weak-Link Approach Complexes Bearing Hemilabile N-heterocyclic Carbene-Thioether
Ligands. Inorganic Chem. 2017, 56, 5902-5910. Article. DOI:
10.1021/acs.inorgchem.7b00543. Link

9. Mendez-Arroyo, J. E.; d’Aquino, A. |.; Chinen, A. B.; Manraj, Y.; Mirkin, C. A., Reversible
and Selective Encapsulation of Dextromethorphan and B-Estradiol Using an Asymmetric
Molecular Capsule Assembled via the Weak-Link Approach. J. Am. Chem. Soc. 2017, 139,
1368-1371. DOI: 10.1021/jacs.6b10027. Link

10. McGuirk, C. M.; Mendez-Arroyo, J. E.; d’Aquino, A. l., Stern, C. L.; Mirkin, C. A., A
Concerted Two-Prong Approach to the in-Situ Allosteric Regulation of Bifunctional Catalysis.
Chem. Sci. 2016, 7, 6674-6683. Link

11. d'Aquino, A. I.; Danforth, S. J.; Clinkingbeard, T. R.; llic, B.; Pullan, L.; Reynolds, M. A_;
Murray, B. D.; Bussell, M. E., Highly-Active Nickel Phosphide Hydrotreating Catalysts
Prepared In Situ Using Nickel Hypophosphite Precursors. J. Catal. 2016, 335, 2014-214.
Link

12. Anne E. d’Aquino, Andrea l. d’Aquino, Lauren Sutton, Mart Stewart, “Agent Orange
and Narratives of Suffering,” Occam’s Razor 2 (2012): 36—64.

CONFERENCE PRESENTATIONS

1. “Molecular Design of Supramolecular Compounds and Nanomaterials”
Poster Presentation, 2019 Self-Assembly and Supramolecular Chemistry Gordon Research
Conference — May 17-24, 2019.

2. “Navigating the Energy Landscape of Graduate School”
Oral Presentation, Invited speaker for the 2018 Western Washington University REU
Symposium. Bellingham, WA.

3. “An Allosterically Regulated, Four-State Macrocycle”
Oral Presentation, 255" American Chemical Society National Meeting; March 18-22, 2018

4. “Molecular Geometry and Bond-Strength Effects in Infinite Coordination Polymer Particles
Bearing Weak-Link Approach Subunits”
Oral Presentation, 2017 Self-Assembly and Supramolecular Chemistry Gordon Research
Seminar; May 20, 2017, Les Diablerets, Switzerland

5. “Molecular Geometry and Bond-Strength Effects in Infinite Coordination Polymer Particles
Bearing Weak-Link Approach Subunits”
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Poster Presentation, 2017 Self-Assembly and Supramolecular Chemistry Gordon Research
Conference, May 2017, Les Diablerets, Switzerland

6. “Stimuli-Responsive Supramolecular Assemblies via the Weak-Link Approach.”
Poster Presentation, April 21, 2016, National Science Foundation Mathematical and Physical
Sciences Directorate Visit Poster Session

7. “Optimizing the Synthesis of Nickel Phosphide Catalysts for Heteroatom Removal
Reactions.”
Oral Presentation, 2014 Western Washington University Honors Thesis Presentation

8. “Optimizing the Synthesis of Nickel Phosphide Catalysts for Heteroatom Removal
Reactions.”
Poster Presentation, 2014 Pacific Northwest ACS Symposium

9. “Optimizing the Synthesis of Nickel Phosphide Catalysts for Heteroatom Removal
Reactions.”
Poster Presentation, 2014 National ACS Conference (Best poster award, $250)

10. “Optimizing the Synthesis of Nickel Phosphide Catalysts for Heteroatom Removal
Reactions.”
Oral Presentation, November 2013 MJ Murdock College Science Conference (Finalist for the
John Van Zytveld award for best oral presentation in the physical sciences)

11. “Nickel Phosphide Hydrotreating Catalysts.”
Poster Presentation, September 2013 Pacific Northwest — AVS Science and Technology
Symposium (Best undergraduate research poster award, $250)

12. “Nickel Phosphide Hydrotreating Catalysts.”
Poster Presentation, July 2013 WWU REU Undergraduate Research Symposium

13. “Investigating Ozone Stability: Ogawa Holding Time Experiment in Seattle, WA.”
Poster Presentation, August 2012 University of Washington Research Symposium

14. “Investigating Ozone Stability: Ogawa Holding Time Experiment in Seattle, WA.”
Poster Presentation, October 2012 SACNAS National Conference, Seattle, WA.

COMMUNITY & VOLUNTEER SERVICE

Fall 2018 — Present | Northwestern Prison Education Program (NPEP)

Northwestern University, Volunteer, Advisory Committee Member and Teacher. | help
incarcerated students with coursework they are taking towards their Associates degree, at
Stateville Correctional Center.

September 2015 — Present | HerStory Outreach Program

Northwestern University, Lead organizer and Volunteer. | organized “HerStory” in collaboration
with the Museum of Science and Industry. The event is geared towards young minority females
with a goal to inspire young women in science.

September 2015 — Present | NU Bond (Building on Diversity)
Northwestern University, Organizer, Board Member. Established NU BonD, with a goal of
fostering a community built on inclusivity and diversity of thought, ideas and backgrounds.

January 2017 — Present | Faces of Science Seminar Series
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Northwestern University, Organizer and board Member. Faces of Science is a 2-day lecture series
recognizing leading scientists who are committed to science and diversity.

June 2019 | Museum of Science and Industry Engineer Your Future Event
As a scientist, | connected with youth and families through meaningful scientific conversations,
hands-on activities and science demos.

February 2018-2019 | MSI Black Creativity Career Showcase
Interacted with kids and families through demonstrations, hands-on activities and one-on-one
conversations about science at the Museum of Science and Industry.

2015 - 2019 | Science Club

Northwestern University, Volunteer. | develop and implement hands-on science lessons for
underserved populations. This is a mentor-driven afterschool program for middle school youth in
high need communities.

September 2015 — 2018 | Northwestern University ChemUnity
Northwestern University Department of Chemistry, Organizer, Board Member. Organized NU
Chemistry Dept.’s first graduate student mentoring program.

September 2015 — 2016 | Northwestern’s Science in the Classroom (SITC)
Northwestern University, 4™ grade classroom leader and Volunteer. | taught 4" grade students
basic concepts in science. | lead demonstrations and hands-on activities.

2014 - 2016 | Jugando con la Ciencia (JCLC — Translates to “Playing with Science”)
Northwestern University, Volunteer. | design science lessons in Spanish for 3'9/4™ grade Latino
and minority students.

September 2014 — 2016 | Science in Society HELIX Magazine
Scientific writer/blogger, Northwestern University
(https://helix.northwestern.edu/entities/andrea-daquino)

GRANTS

June 2017 | National Science Foundation Research Grant from the Macromolecular,
Supramolecular and Nanochemistry Program | Awarded for four years for a total of $595,000 with
a start date of 08/01/17.

February 2016 | The Alumnae of Northwestern University Grant ($4,880) | This grant was
awarded to NU BonD for the Faces of Science Seminar Series.

September 2016 | Northwestern ASCB COMPASS Outreach Grant ($688) | This grant was
awarded to Jugando con la Ciencia for a science outreach event at Oakton Elementary, entitled
“Science Show in Spanish”.

TEACHING

Fall 2019 | Teaching general chemistry and general chemistry lab at Stateville Correctional Center
with the Northwestern Prison Education Program (NPEP)

Fall 2014 — Winter 2015 | Organic Chemistry Teaching Assistant, Northwestern University
Spring 2015 |General Chemistry Teaching Assistant, Northwestern University
Spring 2015, Spring 2016 | Instrumental Analysis Teaching Assistant, Northwestern
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Winter 2012 — Spring 2014 | Chemistry Tutor, Western Washington University
Fall 2013 | Laboratory Teaching Assistant, Western Washington University

PROFESSIONAL SOCIETY MEMBERSHIPS

2018 - Present | P.E.O. Member

2014 - Present | Women in Science and Engineering Research (WISER)

2016 — Present | Phi Lambda Upsilon Alpha Gamma Chapter Northwestern University
September 2012 — 2015 | Society for the Advancement of Hispanics/Chicanos and Native
Americans in Science (SACNAS)

September 2012 — Present | American Chemical Society

February 2017 — Present | AAAS Member



