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ABSTRACT

The research presented in this thesis is founded upon the ability to mimic Nature
by using highly directional forces to influence self-assembly, while achieving the
formation of desired supramolecular structures. The successful engineering of such
solids relies upon a full comprehension of supramolecular synthons, so as to apply them
to design complex architectures. We have studied synthon formation in multifunctional
pharmaceutical solids. Through the formation of salts and co-crystals, we uncovered a
role of tautomers in the salt — co-crystal continuum. From a solid-state perspective, one
can envisage that tautomers could promote co-crystal formation since an inherent
flexibility to interconvert can accommodate geometries of different co-formers, as well as
increase the number of synthons able to support a multicomponent solid. We have also
employed co-crystallization to ibuprofen as a means to exploit solid-state properties. We
have shown that co-crystallization with bipyridines can result in the formation of both co-
crystal solid solutions and co-crystal conglomerates.

Supramolecular chemistry can also be utilized to construct target organic and
metal-organic frameworks. Solid-state synthesis has emerged as a means to achieve the
formation of molecular targets that are usually inaccessible via solution phase synthesis
through the exploitation of molecular recognition and self-assembly. In particular,
utilizing a combinatorial template strategy can facilitate a [2+2] photodimerization in the
solid state. Although the template-directed strategy has helped circumvent problems
associated with crystal packing, the solid state is still not routinely used for synthesis,
owing, in part, to a lack of expansion to multifunctional olefins and molecular targets.

We have introduced a method to direct the reactivity of multifunctional olefins
that contain two robust hydrogen bonding elements to produce heteropolytopic molecules
that are of interest for the formation of metal-organic frameworks. Specifically, we

developed a protecting group strategy that affords a supramolecular regiochemistry to



attain the desired self-assembly. We have also extended our template approach to more
conformationally-complex molecules to gain a further understanding of the rules
regarding reactivity in highly substituted systems.

The end of this thesis is focused upon the solid-state synthesis of a series of
molecular targets known as cyclophanes. Cyclophanes have a very rich history however,
their immersion in all aspects of chemistry has suffered from a lack of high yielding
synthetic techniques, as well as novel methodologies that target substitution on the
aliphatic bridges. We have shown that a series of laterally-substituted [2.2]cyclophanes
can be synthesized in quantitative yields utilizing template-directed self-assembly. The
cyclophanes also exhibit optical properties that are influenced by a nonconventional
internal charge transfer process, stemming from the strained cyclobutane core. We have
also developed a sonochemical method to produce nanocrystals of cyclophanes, resulting
in enhanced and red-shifted emissions.

Overall, the results described herein detail the use of supramolecular chemistry to
achieve the formation of target architectures that differ in topology, connectivity, and/or
physiochemical properties. The entirety of this thesis represents the undeveloped
interplay between traditional synthetic organic chemistry and supramolecular solid-state
chemistry. While the precision afforded by the crystalline phase provides access to
molecular targets with high fidelity, expansion to multifunctional molecules that are
desirable in the context of emergent properties bodes well for the continued development

and exploitation of molecular recognition to generate novel functional materials.
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ABSTRACT

The research presented in this thesis is founded upon the ability to mimic Nature
by using highly directional forces to influence self-assembly, while achieving the
formation of desired supramolecular structures. The successful engineering of such
solids relies upon a full comprehension of supramolecular synthons, so as to apply them
to design complex architectures. We have studied synthon formation in multifunctional
pharmaceutical solids. Through the formation of salts and co-crystals, we uncovered a
role of tautomers in the salt — co-crystal continuum. From a solid-state perspective, one
can envisage that tautomers could promote co-crystal formation since an inherent
flexibility to interconvert can accommodate geometries of different co-formers, as well as
increase the number of synthons able to support a multicomponent solid. We have also
employed co-crystallization to ibuprofen as a means to exploit solid-state properties. We
have shown that co-crystallization with bipyridines can result in the formation of both co-
crystal solid solutions and co-crystal conglomerates.

Supramolecular chemistry can also be utilized to construct target organic and
metal-organic frameworks. Solid-state synthesis has emerged as a means to achieve the
formation of molecular targets that are usually inaccessible via solution phase synthesis
through the exploitation of molecular recognition and self-assembly. In particular,
utilizing a combinatorial template strategy can facilitate a [2+2] photodimerization in the
solid state. Although the template-directed strategy has helped circumvent problems
associated with crystal packing, the solid state is still not routinely used for synthesis,
owing, in part, to a lack of expansion to multifunctional olefins and molecular targets.

We have introduced a method to direct the reactivity of multifunctional olefins
that contain two robust hydrogen bonding elements to produce heteropolytopic molecules
that are of interest for the formation of metal-organic frameworks. Specifically, we

developed a protecting group strategy that affords a supramolecular regiochemistry to
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attain the desired self-assembly. We have also extended our template approach to more
conformationally-complex molecules to gain a further understanding of the rules
regarding reactivity in highly substituted systems.

The end of this thesis is focused upon the solid-state synthesis of a series of
molecular targets known as cyclophanes. Cyclophanes have a very rich history however,
their immersion in all aspects of chemistry has suffered from a lack of high yielding
synthetic techniques, as well as novel methodologies that target substitution on the
aliphatic bridges. We have shown that a series of laterally-substituted [2.2]cyclophanes
can be synthesized in quantitative yields utilizing template-directed self-assembly. The
cyclophanes also exhibit optical properties that are influenced by a nonconventional
internal charge transfer process, stemming from the strained cyclobutane core. We have
also developed a sonochemical method to produce nanocrystals of cyclophanes, resulting
in enhanced and red-shifted emissions.

Overall, the results described herein detail the use of supramolecular chemistry to
achieve the formation of target architectures that differ in topology, connectivity, and/or
physiochemical properties. The entirety of this thesis represents the undeveloped
interplay between traditional synthetic organic chemistry and supramolecular solid-state
chemistry. While the precision afforded by the crystalline phase provides access to
molecular targets with high fidelity, expansion to multifunctional molecules that are
desirable in the context of emergent properties bodes well for the continued development

and exploitation of molecular recognition to generate novel functional materials.
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CHAPTER 1. INTRODUCTION

The motivation behind chemistry research continues to focus upon the complete
comprehension of how matter is put together and how it interacts with other forms of
matter. Specifically, there is an ongoing push to synthesize valuable materials in the
form of natural products,1 active drugs,2 nanostructures,3 and electrical devices.* The
synthesis of such structurally-exquisite molecules is a challenging task, wherein every
group and atom has a precise destination within a targeted framework. The targeted
making and breaking of covalent bonds has been exhaustively studied, and
correspondingly, well-documented in terms of mechanisms and synthesis.! Owing to the
breadth and wealth of knowledge of reactions, a chemist invariably desires to exert
precise control over matter and its reactivity in an attempt to synthesize molecules by
design.” The nature of covalent bonding has been well-established since Linus Pauling’s
work in the 1930’s,° yet, researchers are still unable to control the interactions of
chemicals. Biological systems are capable of influencing molecules and building more
complex entities by exerting dynamic control over noncovalent interactions with a
definite precision.” In an effort to comprehend and mimic Nature,® chemists now strive
to fully understand the noncovalent forces that control molecular assemblies and their

functions.

1.1 Supramolecular Chemistry

In 1969, Jean-Marie Lehn coined the term ‘supramolecular chemistry.”” Lehn
classified supramolecular chemistry as the branch of chemistry concerned with the
interplay between designed molecular assemblies and intermolecular bonds, or more
colloquially referred to as “chemistry beyond the molecule.”"® Supramolecular chemistry
focuses on the design and synthesis of molecular architectures by relying on the
complementary recognition, and subsequent assembly, of well-defined subunits. The

products of complementary synthesis, the so-called ‘supermolecules,’”’’ are sustained by



noncovalent interactions such as hydrogen bonding,'? halogen bonding," coordination
forces'* and/or -7 stacking.'” As natural products are strung together by covalent
bonds between adjacent functionalities, supramolecular complexes are linked by

complementary intermolecular interactions (Figure 1).'°

Molecular (covalent)
synthesis

Molecular precursors

Supramolecular
- - — > . (noncovalent)
synthesis
k Guest k
Host

Figure 1: Construction of target molecules using covalent synthesis and noncovalent
synthesis.

The emergence of supramolecular chemistry has directly influenced how
efficiently chemists can design and synthesize desired frameworks.!” The development
and application of this ‘bottom up’ approach is widely successful, owing to the
noncovalent forces that dictate structural and morphological properties, while producing
structures that were previously inaccessible. Such secondary interactions provide a
reliable element of control in the design of molecular architectures. The idea of
molecular recognition'® and self-assembly'® stems from biological systems, wherein
complementary molecules showcase the precision and specificity of noncovalent bonds

needed to form larger architectures. As chemists have slowly recognized the advantages



of mimicking biological systems, there remains a push to synthetically design structures
with the same control and precision as demonstrated by Nature. This can only be
accomplished by comprehending how molecular recognition and self-assembly co-
operate within biological systems, and applying this knowledge towards targeted organic

synthesis.

1.2 Molecular Recognition and Self-Assembly

Molecular recognition and self-assembly are at the cornerstone of supramolecular
chemistry.20 Molecular recognition is a process in which molecules can utilize
complementary functionalities to interact in a well-defined and precise manner via
intermolecular forces. This concept has been well-established within biological systems,
being utilized as early as the 1890°s, when Emil Fisher described the idea of a lock-and-
key interaction.”’ Accordingly, molecular recognition was said to be an analogous
process to fitting a key within a lock in the context of complementarity. The lock acts as
the molecular receptor, and the key is a substrate. This same ‘lock and key’ principle
also governs enzyme recognition in the context of substrate-specific binding. Molecular
recognition also plays an essential role in the synthesis of the biomacromolecules™
responsible for life in both prokaryotes and eukaryotes (e.g. DNA, RNA, proteins).
Intermolecular interactions are, in part, responsible for the helical structure of DNA, as
the bases adenine, thymine, guanine, and cytosine are all polar aromatic N-heterocycles
that possess recognition elements that are orthogonal to each other and interact via
specific hydrogen bonds and n-r stacking.”® Specifically, a purine base (adenine — A or
guanosine — G) recognizes and interacts with a complementary pyrimidine base (thymine
— T or cytosine — C) via hydrogen bonding such that A—T and G—C pairs stack along
each strand of the DNA helix (Figure 2).



Adenine — Thymine base pair Guanine - Cytosine base pair

Figure 2: Self-assembly of nucleobases to generate DNA.

Another process that is integral to the formation of functional supramolecular
architectures is self-assembly. Defined by George Whitesides, self-assembly is “the
spontaneous assembly of molecules into structured, stable, noncovalently joined
aggregates” (Figure 3)."” The process of self-assembly is known to be reversible, thus,
any mismatched subunits or assemblies can be eliminated from the final structure.”” The
idea of self-assembly is founded in biological studies of the tobacco mosaic virus
(TMV).** TMV is formed when a protein sheath composed of 2130 identical protein
subunits encloses single-stranded RNA. The protein sheath provides the shape of the
helix, while the RNA strand controls the length. Studies of TMV have demonstrated that
the components can disassemble and in vitro, reassemble to form the active virus.
Essential principles of self-assembly were provided by TMV, the most significant being:
1) the control of associations through multiple reversible interactions, 2) the economy of
molecular information of subunits, 3) self-correcting information, and 4) overall

efficiency of molecular assembly.



Supramolecular _
Self-assembly ~

Obtained using covalent
chemistry

Figure 3: Self-assembly of hydrogen bonding reactants to generate a side-chain
supramolecular polymer aggregate.

1.3. Molecular vs. Supramolecular Organic Synthesis

Advancements in synthetic organic chemistry rely upon the development and
application of novel methodologies to synthesize target molecules.' Currently, organic
synthesis portrays the pursuit of target molecules as a significant problem that can be
solved through the meticulous formation of a series of covalent bonds and functional
group interconversions in a linear fashion.”> With the increasing complexity of desirable
structures, the number of steps needed to achieve the target increases, and thus, attaining
the desired regio- and stereochemistry in the product remains a noteworthy challenge. To
combat the challenge, a systematic approach to molecular organic synthesis, known as
target-driven synthesis, was developed by E. J. Corey.”® The target-driven approach
introduced the concept of target ‘synthons’ or structural units within molecules attainable
via retrosynthetic analysis.”’” Retrosynthesis is essentially a conceptual tool that
facilitates the breakdown of a target molecule into smaller discrete units and enables the

recognition of synthons. A key component of a retrosynthetic analysis involves the



design of multiple plausible synthetic routes, as well as the comparison of any possible
pathways in a very straightforward fashion. Upon recognition of molecular synthons, the
target molecule can then be synthesized in, ideally, the most direct route with the fewest
number of steps and, in theory, the highest possible yield. The success of a retrosynthetic
analysis relies upon an endless library of chemical reactions that can be applied to
reactants with a variety of geometries and multiple functionalities.”’ Application of a
retrosynthetic approach has led to the successful synthesis of a variety of complex
molecular targets, although at times, in less than desirable yields.*®

Whereas targets in organic synthesis are defined in the context of the connectivity
of covalent bonds, supramolecular targets are described in terms of their interactions and
topologies.'® Although originally applied to construct molecular targets, the concept of a
target-driven synthesis' can still be used to provide a rational entry to the development of
supramolecular structures. In particular, the retrosynthetic analysis of a solid architecture
can allow for the identification of multiple supramolecular synthons that have the
capacity to self-assemble and sustain the target framework. As coined by Guatum
Desiraju, “Supramolecular synthons are structural units within supermolecules which can
be formed and/or assembled by known or conceivable synthetic operations involving
intermolecular interactions. . . and play the same focusing role in supramolecular

9516

synthesis that conventional synthons do in molecular synthesis. In contrast to a

molecular target, a supramolecular target can be furnished by two distinct types of

synthons:  homosynthons and heterosynthons.'®

Whereas a homosynthon is a
supramolecular entity sustained by two or more identical hydrogen-bonding functional
groups, a heterosynthon consists of two or more different, yet still complementary,

hydrogen-bonding functionalities (Figure 4).



Supramolecular homosynthons
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carboxylic-acid dimer 2-aminopyridine dimer amide dimer ---1r stacking
Supramolecular heterosynthons

Gy S

pyridine : carboxylic acid pyridine : alcohol carboxylic acid : amide benzene : fluorobenzene

Figure 4: Examples of supramolecular synthons.

1.4 Functional Supramolecular Chemistry

Since the inception of supramolecular chemistry in 1969, the area has developed
in somewhat of an architectural science focused broadly upon ‘the chemistry beyond the
molecule.’'® Initial studies focused on understanding the basic interactions of molecular

" As engineers of target

recognition and how those interactions dictated self-assembly.
assemblies, the paramount challenge afflicting supramolecular chemists stems from
designing systems that echo sophistication, yet are as simple and efficient as those
produced by Nature. The impetus behind comprehending the complex interplay between
molecular interactions and self-organization remains centered in the potential to reliably
predict, and thus, control intermolecular forces leading to the construction of target
frameworks with desired physical and/or chemical properties.”®  The area of

supramolecular chemistry has, thus, evolved to encompass the notion of controlled

engineering of supramolecular entities by design,” providing access to functional



supramolecular materials, such as supramolecular polymers®' and liquid crystals™ that

exploit the dynamic nature® of noncovalent interactions.

1.4.1 Supramolecular Polymer Science

The coalescence of supramolecular chemistry and materials science has resulted
in the development of polymers, with a focus on subsequent self-assembly. Owing to the
ability of Nature to design macromolecules utilizing molecular recognition (vide supra),
supramolecular polymers emerged as attractive modules capable of sustaining a precise
assembly, while providing building blocks for functional materials.”’  There are two
classes of supramolecular polymers, organized by the domain containing the noncovalent
interaction. If the interactions comprise the polymer backbone, it is termed a main-chain
supramolecular polymer,** while materials containg noncovalent interactions within the
pendant units are coined side-chain supramolecular polymers.”> Both classes have
exhibited unique properties, and their development bodes well for materials science.”® To
date, main-chain supramolecular polymers have garnered the most interest, whereas side-
chain functionalization has only emerged as a mainstream target in the past 15 years.

In the 1990’s, Jean-Marie Lehn reported the first well-defined main-chain
supramolecular polymers®’ based upon the complementary recognition of ditopic uracil
and 2,6-diaminopyridine monomeric organic building blocks (Figure 5a),”® while Fréchet
reported the first noncovalently functionalized side-chain polymers based upon
poly(siloxanes) and poly(acyrlates) with liquid crystalline domains comprising (acid)
O—H--N (imidazole) hydrogen bonds in the pendant chains (Figure 5b).” Aided by the
understanding of the directional hydrogen bonds manifested throughout nature,
specifically present in the biopolymers DNA and RNA,” supramolecular polymer
science after Lehn and Fréchet’s groundbreaking work has developed into a rich and
mature area. By the late 1990’s, 2-ureido-4[1H]-pyrimidinone (UPy) units emerged as

strong self-complementary monomers, owing to their ability to sustain four highly



directional hydrogen bonds.*” Extensive work utilizing UPy motifs to control the
formation of main-chain supramolecular polymers has been accomplished by Meijer,"!
Zimmerman,** and others® (Figure 5c-5d). Such materials have demonstrated both high
degrees of polymerization and rigidity,** as well as potential in tissue engineering.*> In
the late 1990’s, an additional approach emerged to exhibit architectural control in side-
chain supramolecular materials.  This approach involves utilizing ring-opening
metathesis polymerization (ROMP)* to synthesize hydrogen bonding motifs within the

side-chain, and has been extensively studied by both Weck*” and Rotello.*®
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Figure 5: Supramolecular polymers with molecular recognition elements in red: (a)
Lehn’s uracil and diamidopyridine main-chain polymer, (b) Fréchet’s
poly(acrylate) liquid crystalline side-chain polymer, (c) Meijer’s self-
complementary UPy polymer, and (d) Zimmerman’s ureido-naphthyridine
self-complementary oligomer.
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In a fashion similar to obtaining other supramolecular architectures, metal
coordination has also been investigated in the context of polymer self-assembly,*” owing
to the highly directional and orthogonal nature of the interaction, as well as the capacity
to form much stronger interactions in side-chain functionalized materials.”® In addition,
utilization of metal-ligand bonds could afford materials exhibiting optical,
chemiluminescent, electrical, and/or photochemical properties. =~ The majority of
metallosupramolecular polymers reported to date are based upon bipyridine (bipy)’' and
terpyridine (terpy)> ligands, owing to their multidentate nature and ability to lead to
orthogonal functionalization. Recent work by Rowan has also utilized
bis(benzimidazolyl)pyridine units to generate stimuli-responsive shape-memory
polymers,” as well as optically-healable® materials using europium and zinc,
respectively (Figure 6a). Additional utilization of pincer ligand-based scaffolds™ has
been demonstrated by Weck and coworkers.®  The combination of multiple
supramolecular interactions in the form of both coordination bonds and hydrogen bonds
has also been pioneered by Weck to sustain polymeric structures (Figure 6b).”’
Specifically, a combinatorial approach58 was developed that allowed for the
supramolecular functionalization along a polymer backbone, so as to encompass multiple
different noncovalent motifs equally (i.e. using both metal coordination and/or multiple
hydrogen bonding sites), while providing access to a unique library of materials.

Although still in their infancy, the emergence of supramolecular polymers has
undoubtedly led to well-defined materials that are reminiscent of biomolecules. The
seminal work of Lehn®® and Fréchet,”® as well as the availability of multiple recognition
elements*** has spurred the development of this field. Additional efforts, spearheaded
largely by Weck?” and Rotello®® to circumvent the vexatious nature of uncontrollable
polymerizations, led to the utilization of ROMP to afford well-defined architectures with
a high degree of precision. With the breadth of supramolecular interactions that can be

utilized to afford novel architectures, the field undeniably has a very promising future.
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Figure 6: Supramolecular polymers with metal coordination (blue) and hydrogen
bonding (red) elements: (a) Rowan’s bis(benzimidazolyl)pyridine system
and (b) Weck’s mixed coordination and hydrogen bonding system.

1.5. Crystal Engineering

(CHz)q4

The central paradigm of solid-state supramolecular organic chemistry is founded

upon crystal engineering,” the ability to make molecules by design. Crystal engineering

is the ‘new organic synthesis,”'® using both analysis and synthesis to engineer new,

functionalized, and robust materials. Akin to traditional syntheses that rely on reason and

ingenuity to breakdown a target molecule into discrete synthons, crystal engineers can

innovatively assess target architectures in the context of patterns of intermolecular

interactions. In effect, a crystal engineer endeavors to identify and design building
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blocks and synthons that can ultimately guarantee predictability within a homologous set
of structures,'® owing to the robust ability to be reliably and effectively applied to each
molecule within a given set. The establishment of such structural predictability can be
expected to culminate with the deliberate development of solids with very specific
physical and/or chemical properties via a bottom up approach.

Although it is generally impossible to predict the structure of the simplest
crystals,” even if one is given all possible knowledge of the chemical constituents, the
early persistent efforts of Desiraju,60 Etter,’! Robson,62 Wuest,” and o‘[hers,64 combined
with the current work of Zaworotko,* Braga,66 MacGillivray,67 and Aakeréy68 have led
to the emergence of crystal engineering as a practical method to construct target
architectures such as metal-organic ’frameworks,69 pharmaceutical materials,70 devices,71
and organic semiconductors.”?

The building blocks of a functionalized crystal are held together by intermolecular
interactions™ that are weaker than the covalent bonds within the individual components.
Aside from coordination bonds and ionic interactions, such as dipole-dipole, the strongest
interactions in crystal engineering are hydrogen bonds. Owing to the strength,
directionality, and overall ubiquity of the interactions in organic molecules, hydrogen
bonds are the most exploited interactions in crystal engineering.”” In the context of
hydrogen-bonded complexes, supramolecular adducts known as co-crystals are widely
studied to impart desired physiochemical properties within a multicomponent solid.

Although there are several different definitions of a co-crystal, and indeed, the
community cannot even converge on whether it is a ‘co-crystal’ or a ‘cocrystal,’™
Aakerdy has provided an explanation that is not widely accepted by crystal engineers.
According to Aakerdy, a co-crystal is a “structurally homogenous crystalline material that
contains two or more neutral building blocks that are present in definite stoichiometric

9975

amounts. In co-crystals, two or more distinct chemical entities are held together by

one of multiple intermolecular interactions.
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Co-crystals are of particular interest to not only study solid-state reactivity,”® but
also develop robust pharmaceutical solids™ and optical devices.”' Co-crystals are utilized
in the context of solid-state reactivity to circumvent issues arising from an unpredictable
crystal packing.”” Within the pharmaceutical industry, co-crystals have been investigated
to overcome solubility, hydration, stability, and toxicity issues in drugs. In addition, co-
crystals provide an effective way to tailor the properties (e.g. melting point, solid-state
behavior, hygroscopicity, compressibility) of active pharmaceutical ingredients (APIs).”®
Recently, co-crystallization has been applied to manipulate the luminescent and/or non-
linear optic (NLO) properties of organic molecules.” Co-crystals are also different from
solid solutions, wherein two or more components are present, yet one of the components

is randomly distributed within the crystal lattice of the other.

1.6 Organic Solid-State Reactivity

1.6.1 Introduction and Principles
Covalent bond-forming reactions lie at the core of synthetic organic chemistry.®
Such reactions are utilized to construct simple and complex frameworks with variable
yields. Within this field, chemists continually search for conditions to control the
formation of covalent bonds, while obtaining high yields and limiting byproducts. In this
context, the organic solid state has emerged as an exciting medium that provides control

81 . . . . . .
The solid state maintains an environment which is

over the formation of such bonds.
flexible enough to allow some atoms to move and react, yet rigid enough to facilitate
quantitative and stereospecific covalent bond formation. Additionally, conducting
reactions within crystals enables molecules to adopt previously unknown geometries,
resulting in the formation of products that are inaccessible in the liquid phase.

The most studied solid-state reaction remains the [2+2] cycloaddition.*

Pioneering work on this reaction was achieved by Schmidt in the 1960’s and 70’s.¥

Based upon structural analyses of cinnamic acids, Schmidt identified the geometrical
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criteria for a pair of carbon-carbon double bonds to undergo a solid-state [2+2]
photodimerization.*> Following this work, it was determined that solid-state reactions are
topochemically-controlled with a minimal amount of molecular movement. Thus, the
[2+2] cycloaddition is dictated in part by the alignment and parallel overlap of the olefins
and the relevant nonbonding orbitals. The desired olefin distance in the crystal lattice is
thought to be within 4.2 A.*® The validity of the topochemical postulate is illustrated
through the reactivity of cinnamic acid polymorphs. In particular, o-ethoxycinnamic acid
exists as three polymorphs, labeled as a, B, and y (Figure 7). The a- and B- forms are
photoreactive, stacking with the double bonds of neighboring molecules aligned and
within 4.2 A, while the y-form has neighboring molecules aligned, yet separated by > 4.2
A and is photostable. Whereas the a-polymorph adopts alternating orientations within
each stack, the B-polymorph adopts identical orientations in each stack. Consequently,
the [2+2] photodimerization of the a- and B-forms affords the head-to-tail and head-to-

head truxillic acids, respectively.*

%E e hv
3.71A -
H‘“fé crystal

a-polymorph
N E %94;\

hv
X ) crystal
B=polymorph
I é 4.51I A : | :
__,_L_é Srys@l no reaction

y-polymorph

Figure 7: Crystal structures and solid-state reactivity of a, 8, and y polymorphs of o-
ethoxycinnamic acid.



15

Several advances have been made to circumvent the problems associated with
crystal packing to facilitate reactivity within the solid state. More specifically,
intermolecular forces in the field of supramolecular chemistry have been exploited.
Initially, directing effects of covalently-attached functionalities (e.g. Cl-atoms) were
employed to steer packing.®® Forces such as m —n stacking, charge-transfer complexation,
and hydrogen bonding then followed. Despite successes, however, somewhat limited
control was achieved since the functional groups lacked an ability to compete with crystal
packing.

Whereas initial work to control reactivity involved the use of covalently-attached
substituents to promote olefins in a suitable geometry to react, chemists in more recent
years have turned to a dynamic combinatorial chemistry approach,” wherein a library of
auxiliaries that function as templates is screened to direct reactivity.”” Specifically,
organic molecules and metal-complexes have been utilized to assemble and organize
reactants via directional forces (e.g. cation-m stacking, hydrogen bonding, metal
coordination) in a geometry appropriate for reaction. By exerting supramolecular control
over the solid-state topology that is independent of crystal packing, relatively complex
molecules (e.g. ladderanes and paracyclophanes) have been effectively synthesized in up

to quantitative yields (Figure 8).%!

o ————— hv
Self-assembly e crystal
L J L | J |—|—|

|
template olefin product

Figure 8: Combinatorial template-directed approach to control reactivity in the solid
state.
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In line with Schmidt’s work, studies were aimed at identifying molecules that
could crystallize in a reactive assembly. Owing to the topochemical postulate™ and the
abundance of studies, the [2+2] cycloaddition is the most well-known solid-state reaction.
Although not much has been studied in the context of topochemistry for other
cycloadditions, several other reactions have been pursued with good success in the solid
state. The second most studied solid-state reaction is the [4+2] cycloaddition.”> Other
reactions, such as the [4+4] and [3+2] cycloadditions,86 are sparking some interest in the
context of solid-state reactivity. Several lesser known solid-state reactions (e.g. 1,3-
dipolar cycloadditions, Sx” reactions)®’ have also been demonstrated to occur. Despite
the breadth of known solid-state reactions, the [2+2] cycloaddition remains the focus of

studies, owing to a strong topochemical foundation.

1.6.2 Hydrogen Bond-Driven [2+2] Cycloadditions
Templates that operate via hydrogen bonding to preorganize reactive molecules
have been utilized to control [2+2] photodimerizations of olefins mainly functionalized

.81 The approach relies on the formation of organic co-crystals.

with pyridyl groups.
MacGillivray introduced the co-crystallization approach to control and direct the
reactivity of substituted olefins in the solid state. Specifically, it was demonstrated that
the photostable olefin trans-1,2-bis(4-pyridyl)ethylene (4,4'-bpe), when co-crystallized
with 1,3-dihydroxybenzene (res), forms a discrete four-component molecular assembly
sustained by O—H--*N hydrogen bonds wherein the double bonds of 4,4'-bpe are aligned
parallel, and separated by 3.65 A (Figure 9).*®* The resulting photoreactive discrete
assembly produces rctt-tetrakis-(4-pyridyl)cyclobutane (rctt-4,4'-tpcb) stereospecifically

and in quantitative yield. In essence, the use of the ditopic res template essentially

decoupled the effects of solid-state reactivity from crystal packing.
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Figure 9: Application of a template-directed approach to synthesize 4,4'-tpcb using res as
an organic template.

A template based on a crown ether was subsequently used to organize C=C bonds
within a 0D complex in a solid for a [2+2] photoreaction.*® Specifically, Garcia-Garibay,
Stoddart and co-workers demonstrated that reaction of a bisparaphenylene-34-crown-10
(bpp-34-crown-10) with a bis(dialkylammonium)-substituted stilbene (amm-stilb)
produced the four-component complex 2(bpp-34-crown-10)-2(amm-stilb) held together
by eight 'N—H---O hydrogen bonds. The cavity of the crown ether was filled with end of
the two reactants, with the olefinic bonds being parallel and separated by approximately
420 A. UV irradiation resulted in a dimerization of amm-stilb to give a single
diastereomer in approximate 80% yield.

MacGillivray demonstrated that co-crystallization of 1,8-naphthalenedicarboxylic
acid (nda) with either 4,4'-bpe or 2,2'-bpe produced a discrete four-component assembly
sustained by O—H--"N hydrogen bonds (Figure 10a).”’ Each carboxylic acid group also
participated in a C—H-+O interaction with each pyridine ring. The olefins in each

assembly were organized parallel and separated by 3.73 and 3.91 A, respectively, which
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rendered both 4,4'-bpe and 2,2'-bpe photoreactive. UV irradiation of each solid produced
the corresponding rctt isomers in quantitative yield. Expanding on this idea, Jones has
also demonstrated that carboxylic acid templates can also direct the reactivity of 4,4'-
bpe.”! Specifically, tricarballylic acid (tca) was co-crystallized with 4,4'-bpe, affording a

supramolecular tape, wherein the C=C bonds are separated by <3.85 A (Figure 10b).

Figure 10: Co-crystals of photoactive (a) 2(nda)-2(2,2'-bpe) and (b) (tca)-2(4,4'-bpe).

In addition to symmetrical hydrogen bond donor templates that interact via O—
H-N hydrogen bonds, MacGillivray and co-workers have demonstrated the ability of
unsymmetrical Rebek’s imide (Reb-im) to direct a [2+2] photodimerization (Figure 11).”?
Specifically, co-crystallization of Reb-im with 4,4'-bpe produced a four-component
assembly with stacked olefins parallel and separated by 3.78 A. The assembly was held
together by both O—H-N and N—H--N hydrogen bonds. The photoreaction also
proceeded via a single crystal to single crystal (SCSC) transformation to give 4,4'-tpcb

stereospecifically and in 100% yield.
0 o]
NH-- -N=5 »—<=N---HO NH- - - N== ~—N---HO
o ; - : j]j:z
I) é o 1)
LNy C—=N-__HN — "N - - -HN
o crystal OH---N N

Figure 11: Synthesis of 4,4'-tpcb using Reb-im as a heteroditopic template
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Organic templates have also been utilized to pre-organize monopyridyl olefins
into more complex architectures. Co-crystallization of 4-chlorostilbazole (4-Cl stilbz)
with resorcinol or 4-ethylresorcinol affords a three-component assembly that is held
together by two O—H-N hydrogen bonds.”> Both molecular assemblies result in the
quantitative formation of rc#t-1,2-bis(4-pyridyl)-3,4-bis(p-chlorophenyl)cyclobutane.
Recently, Ramamurthy demonstrated that additional stilbazoles (e.g. 4-CN, 4-F, 4-Br
stilbz) undergo stereospecific photodimerizations using thiourea as a template.”*
Specifically, co-crystallization of 4-F stilbz afforded an infinite assembly sustained by
N—H--"N hydrogen bonds. Thiourea tapes are formed that position the olefins like rungs
of a ladder in an antiparallel orientation (Figure 12). UV-irradiation of the co-crystals

afforded afforded the head-to-tail dimer in near quantitative yield.

Figure 12: Self-assembly of thiourea and 4-F stilbz displaying the position the olefins
like rungs of a ladder in a parallel head-to-head orientation
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Hydrogen bond-driven self-assembly has also been utilized to direct the reactivity
of di- and triolefinic reactants. Specifically, 5-OCHj res has been utilized as a linear
template to organize both trans-1,4-(4-pyridyl)-1,3-butadiene and trans-1,6-(4-pyridyl)-
1,3,5-hexatriene into a photoreactive four-component assembly, wherein the C=C bonds
lie parallel and separated by <4.2 A, and in a position suitable for photoreaction.”” The
photoreaction results in the stereospecific and quantitative formation of [3] and

[5]ladderanes (Figure 13).

hv hv
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Figure 13: Template-directed solid-state reactivity to generate a [3]- and [5]-ladderane.

Similarly, co-crystallizing 4-benzylresorcinol (4-Bn res) with p-di-[2-(4-
pyridyl)ethenyl]benzene affords co-crystals wherein both sets of double bonds are
positioned for a double photoreaction (Figure 14a).”® 4-Bn res controls the positioning of
the olefins via strong O—H--N hydrogen bonds, affording a bridge-substituted
[2.2]paracyclophane (tpcp) stereospecifically, and in quantitative yields (Figure 14b).
This same approach has also been used by Brunklaus to direct the reactivity of p-di-[2-(4-
pyridyl)ethenyl]-2-fluorobenzene (bpef).””  Co-crystallization of bpef with 2.4-

dihydroxybenzaldehyde (4-CHO res) affords a similar four-component assembly that
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affords a [2.2]paracyclophane via a rare single-crystal to single-crystal (SCSC) reaction
(Figure 14c).

(a) (b)

" 3R D, he e QP —

Figure 14: Template-directed [2+2] photodimerizations affording [2.2]paracyclophanes:
(a) co-crystal 2(4-Bn res)-2(bpeb) that affords product (b) tpcp, and (c) solid-
state synthesis of substituted tpcp from co-crystal 2(4-CHO res)-2(bpef).

In related work, Santra and Birahda have reported that the reactivity of 1,5-bis(4-
pyridyl)-1,4-pentadiene-3-one  (1,5-bppo) can be directed wusing the tritopic
phloroglucinol (pg).”® The resulting ladder-like network is sustained via the expected
O—H--*N hydrogen bonds with two of the —OH groups, while the additional phenolic —
OH is bonded to a CH3CN molecule. Adjacent double bonds in the 1D network are
separated by 3.60 and 3.85 A. The photoreaction results in 100% yield of a

tricyclo[6.2.0.0]decane ring system (Figure 15).

Figure 15: Photoactive ladder-like network of (1,5-bppo)-(pg).
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All of the above assemblies rely on olefins substituted with hydrogen bond-
accepting pyridines, along with hydrogen bond-donating templates. In principle, the
supramolecular code can also be reversed, such that the olefins are functionalized with
carboxylic acids, while the templates are substituted with pyridines. This was first
demonstrated by MacGillivray using fum as the reactive olefin and 2,3-bis(4-
methylenethiopyridyl)naphthalene (2,3-nap) as the ditopic template (Figure 16a).” As
expected, a four-component assembly dominated by strong O—H:*N hydrogen bonds
resulted from co-crystallization. The olefins were aligned and approximately parallel
with a C=C separation of 3.84 A and reacts in a SCSC manner to give ctba in up to 70%
yield. A similar approach was developed by Wolf to further direct the reactivity of fum,
100

wherein 1,8-bis(4-pyridyl)naphthalene (dpn) was used as a template (Figure 16b).

This supramolecular approach resulted in the quantitative formation of ctba.

Figure 16: Solid-state reactivity of fum by ‘reversing the code’ of the template approach.

1.6.3 Halogen Bond-Driven [2+2] Cycloadditions
In addition to templates that enforce stacking, ditopic halogen bond donors have
been used to assemble olefins within a photoreactive assembly. Metrangolo and
coworkers have also shown that reactivity in the solid state could be controlled using

templates based on halogen bonding, and n-m stacking.'”’  Specifically, they
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demonstrated the first use of a tetratopic template to complex 4,4'-bpe in a reactive
assembly. Co-crystallization of 4,4'-bpe and a halogenated pentaerythritol derivative
(ery) afforded an infinite 1D ribbon sustained by I---N halogen bonds (Figure 17). The
directionality resulting from the halogen bonds and n-n stacking preorganized the olefins
into a reactive alignment. The photoreaction afforded rctt-4,4'-tpcb stereospecifically and

in quantitative yield.

27 Ex 2

Figure 17: Halogen-bonding erythritol template employed by Metrangolo to direct the
reactivity of 4,4'-bpe.

1.6.4 Coordination-Driven Self-Assembly in [2+2]
Cycloadditions

Transition metal-ion complexes have been introduced as templates to direct [2+2]
photoreactions in the solid state.'”® The photoreaction has been achieved in both discrete
complexes and metal-organic frameworks (MOFs). MOFs are intriguing platforms to
control the photodimerization owing to changes to bulk physical properties that can occur
in the porous frameworks.

MacGillivray and co-workers reported the first metal complex to control a [2+2]
photodimerization in a solid.'® A Schiff-base complex involving Zn(I) ions pre-
organized 4,4'-bpe into a discrete tetranuclear complex that, upon photoreaction,
underwent a change in fluorescence. Two dinuclear [Zn,L(OH)]*" (where: L = 2,6-bis[ V-
(2-pyridylethyl)formimidoyl]-4-methylphenol) units stacked two molecules of 4,4'-bpe

into a polygon based on a rectangular geometry. The olefins were assembled parallel and
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separated by 3.64 A (Figure 18). Upon UV-irradiation, the bipyridines formed rctt-4,4'-

tpcb in a SCSC reaction stereospecifically and in quantitative yield.

Figure 18: X-ray crystal structure of tetranuclear Zn(II) complex that directs reactivity of
4,4'-bpe to afford 4,4'-tpcb in a SCSC reaction (Zn = green).

Jin and coworkers reported the ability of rectangular tetranuclear Ir(II) and Rh(II)
complexes to direct a photodimerization of 4,4'-bpe. Bridging oxalato ligands enabled
two 4,4'-bpe molecules to coordinate adjacent sites, leading to the C=C bonds being

104

parallel and separated by 3.79 A (Figure 19)."™ UV-irradiation produced rctt-4,4'-tpcb in

up to quantitative yield. The rtct-isomer was also generated in the Ir(Il)-based solid. The

tetranuclear assembly supported SCSC reactivity.

hv

crystal

Figure 19: Controlled SCSC synthesis of 4,4'-tpcb using an iridium based macrocyclic
template (Ir = turquoise).
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Ag(l) ions have been used to direct [2+2] photodimerizations in solids.
Argentophilic forces (i.e. Ag:--Ag interactions) were exploited by MacGillivray and co-
workers to assemble and stack a stilbazole (4-stilbz) for reaction. Reaction of Ag(I)
trifluoroacetate with 4-stilbz produced a disilver complex that organized two pairs of 4-

stilbz. '

The Ag---Ag interaction displayed a metal-metal separation of 3.41 A while the
C=C bonds were criss-crossed and separated by 3.82 A (Figure 20a). The corresponding
head-to-head cyclobutane was generated quantitatively in a SCSC reaction. The
formation of the photoproduct was ascribed to pedal-like rotation of the C=C bonds in the
solid. A similar complex was subsequently used to achieve the first photodimerization of
terminal olefins in a solid. Reaction of Ag(I) chlorate with 4-vinylpyridine (4-vp)
afforded a disilver complex (Figure 20b) that generated cis-1,2-bis(4-pyridyl)cyclobutane

stereospecifically and in quantitative yield.'®
2+
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Figure 20: Schematic of Ag-based assembly of (a): with 4-stilbz and (b) with 4-vp.

The sizes and shapes of the cavities and pores of MOFs are defined by both the
metals and organic bridges. Changes to the structures of the components results in
changes to properties and functions of the pores. It, thus, follows that a change in
structure that accompanies a [2+2] photodimerization in the solid state can be considered
a means to affect the properties of MOF materials.

In this context, Michaelides and coworkers were the first to describe a
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photoreaction integrated into a MOF. The framework was based on Cd(II) ions

connected to fumarate (fum) ions that produced a rectangular grid network. The C=C
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bonds were parallel and separated by 3.37 A between adjacent layers, which enabled the
olefins to react to give ctba. Although the network did not possess cavities, the study
established that reactive components can be incorporated into a MOF.

In related work, Vittal and coworkers subsequently described the photoactive
ladder-like coordination polymer [Zn{CF3CO)(u-O-CCHs)}a(p-4,4'-bpe)s]..'”®  Each
Zn(II) center adopted a distorted octahedral geometry, with two acetate ions bridging a
pair of Zn(II) ions in [Zna(p-bpe)s]. with Zn---Zn distances of 3.85 A. Each metal was
chelated by a trifluoroaceate ion (Figure 21). The C=C bonds of parallel chains were
separated by 3.75 A. UV-irradiation afforded 4,4-tpcb quantitatively via a SCSC

transformation.

Figure 21: Representation of [{(CF3CO,)(u-O,CCH3)Zn},(pn-bpe)a . (Zn = green).

Following the work of Vittal, MacGillivray and coworkers described the ability of
the Schiff-base complex {[Zn,L(OH)(4,4"-bpe),](ClO4)2}, to support a linear
photoreactive ladder-like coordination polymer (Figure 22).'”” The metals were tetra-
coordinated by L in the basal plane while the apical sites were coordinated by the
bipyridines. The olefins were, thus, coordinated to neighboring dinuclear complexes,
being stacked parallel and separated by 3.71 A. UV-irradiation generated 4,4'-tpcb

stereospecifically in up to 95% yield.
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Figure 22: Crystal structure of [Zn,L(OH)(4,4'-bpe),](C104)2-4H,0 (Zn = green).

Whereas argentophilic forces supported reactive discrete complexes, Vittal and
coworkers reported a [2+2] photodimerization involving the solvated 1D coordination
polymer [Ag(4,4'-bpe)(H,0)](CF;CO,)-CH;CN."'®  Adjacent 1D polymers produced a
2D brickwall structure sustained by Ag:--Ag forces and hydrogen bonds. Olefins of two
consecutive layers were misaligned and separated at 5.15 A. UV-irradiation, however,
resulted in an unusual solid-state reorganization that led a photodimerization of the C=C
bonds in up to quantitative yield. Similar observations were made by the same group
involving the 1D double- and triple-stranded polymers [Cd(4,4'-bpe)(CH3CO0),(H,0)]w
and [Pbs(4,4'-bpe)s(0,CCF3)4(0,CCHs),]. (Figure 23), respectively.!'™''?  For the
former, adjacent polymers exhibited C=C bonds separated on the order of 433 A. A
dehydration of the solid, however, afforded a photoactive material that reacted to give
4,4'-tpcb upon UV-irradiation in 100% yield. For the latter, the reaction proceeded in a
two-step pathway wherein UV-irradiation followed by mortar-and-pestle grinding

facilitated quantitative conversion of 4,4'-bpe to 4,4'-tpcb.
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Figure 23: Representation of adjacent layers of [Pbs(4,4'-bpe);(O,CCF3)4(0>CCHj3)1]w
(Pb = indigo)

Miao and Zhu have described the integration of a [2+2] photodimerization into a
2D  MOF.'"” The components of {[Cdy(CH3COO),(3-sulfobenzoate)(4,4'-
bpe),.s(H,0)]-4H,0} ., generated a 2D MOF with one edge based on stacked 4,4'-bpe in a
ladderlike chain and the other edge being a single 4,4'-bpe linker. The 2D structures
assembled into 3D networks via interpenetration. UV-irradiation generated 4,4'-tpcb in
quantitative yield. An isostructural solid involving the photoproduct 4,4'-tpcb also
formed upon reaction of the individual components.

Michaelides et al. reported the first photodimerization in a 3D MOF. The solid
was based on reported 2D layered structure composed of Cd(II) dimers linked by fum.
The 2D layers were pillared using 4,4'-bpe to give a 3D MOF with a structure that

"% The fum ions, thus, were bridging ligands in a 2D

conforms to a quasi a-Po topology.
grid while double columns of 4,4'-bpe ligands acted as linkers. The close proximity
between pairs of Cd(I) ions assembled 4,4'-bpe parallel and separated by 3.95 A. UV-
irradiation afforded 4,4'-tpcb stereospecifically and in quantitative yield. Vittal later
reported that reaction of Zn(II) ions and either fum, muconic acid (muco), or 1,4-benzene

dicarboxylic acid (bdca) affords a series of interpenetrated 3D MOFs (Figure 24).'"> The

MOFs involving muco and beda reacted to generate 4,4'-tpcb via SCSC transformations.
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Figure 24: Perspective of a cubic net of (a) [Zn(bpe)(bdca)]-DMF before photoreaction
and (b) [Zn(tpcb)o s(bdca)]-DMF after SCSC reaction (Zn = green).

Dienes have been assembled to react in MOFs. In particular, Eddaoudi and co-
workers employed Cu(Il) ions to assemble the anion of the heterocyclic diolefin
chelidonic acid (cdo) for a [2+2] photodimerization (Figure 25)."'° The dicarboxylate

reacted via a SCSC transformation to give an unusual cage-like photodimer.

Figure 25: Solid-state photodimerization of Cu(cdo)(py).(H>O) (Cu = bright green).

Lang and co-workers have reported an extension of the MOF approach to the

diene 1,4-bpep.''” Hydrothermal treatment of 1,4-bpep with Zn(Il) ions with 5-
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sulfoisophthalic acid or 1,4-bpep with Cd(II) ions and 1,3-phenylenediacetic acid
afforded the photoactive 2D and 3D MOFs [Zng(us3-OH),(5-sufoisophthalate),(1,4-
bpeb),]. and [Cdy(1,3-pda),(1,4-bpeb),]., respectively. For the former, the stacked
olefins were aligned offset or ‘out-of-phase’. UV-irradiation of the solid produced the
corresponding offset cyclobutane dimer in 100% yield. For the latter, the olefins were
eclipsed or ‘in-phase’, with the photoreaction generating the paracyclophane tpcp (Figure

26). Both solids reacted via a SCSC transformation.

S
crystal

Figure 26: Photodimerization of [Cd(1,3-pda),(1,4-bpeb),].. generating [Cd,(1,3-
pda)(tpep)] (Cd = aqua).

1.6.5 Mixed Hydrogen Bond and Coordination-Driven
Self-Assembly in [2+2] Cycloadditions

The self-assembly process to direct [2+2] photodimerizations in the solid state has
been extended to combinations of coordination and hydrogen bonds. More specifically,
Hill and Briceno reported that both crystalline [Mn(2,4-bpe),(OH;)4](ClO4)2:2(2,4-
bpe):2H,O and [Mn(2,4-bpe),(NCS),(OH;),] possess olefins organized by Mn—N
coordination and O—H:--"N hydrogen bonds that involve coordinated H,O molecules that
conform to geometries for photoreaction (Figure 27).!""!'"? UV-irradiation of both solids
resulted in the regioselective formation of the head-to-tail photodimer rctt-2,4-tpcb. In
related work, Vittal has described the ability of stacked olefins in [Zn(4,4'-

bpe).(H20)4(NO3),-8/3(H,0)-2/3(4,4'-bpe) to undergo a photodimerization to afford 4,4'-
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tpeb in 100 % yield.'"® The components formed a 1D hydrogen-bonded complex wherein
the reactive olefins participated in a combination of Zn—N coordination and O—H--N

hydrogen bonds that involved coordinated H,O molecules.

Figure 27: View of [Mn(2,4-bpe)2(OH;)4](Cl04)22(2,4-bpe)-2H,0 (Mn = tan).

1.6.6 Charge-Driven [2+2] Cycloadditions

In principle, hydrogen bonds involving cations and anions, as well as cation-nt
interactions'?' can help drive the solid-state packing such that the olefins are aligned for
photoreaction.  Ito originally demonstrated that cinnamic acids undergo [2+2]
photodimerization in the solid state mediated by salt formation.'”” Diammonium
fumarates and ammonium cinnamates displayed photoreactivity owing to strong
hydrogen bonding to the cations (Figure 28). The salt formation with several amines was
explored to better understand how anion identity impacts stereospecificity and product
formation. In most cases, greater than 50% yield was observed, affording the head-to-

head dimers with moderate to high stereoselectivity.
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Figure 28: Solid-state [2+2] photodimerization of trans-cinnamates via double salt
formation.

Photodimerizations with charged compounds have been studied in several styryl
dyes, wherein a N-heterocycle (e.g. pyridine, benzothiazole) was alkylated to generate
the salt. Gromov and coworkers have also shown that when the styryl dye contains a
crown ether, stereospecific [2+2] reactions can be conducted since crown ethers normally
interact with cations (Figure 29).'"> Additionally, Gromov determined that the presence

of the counteranion controls the assembly process to give specific dimer complexes.
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Figure 29: Solid-state [2+2]photodimerization of a stilbazole-based dye containing a 18-
C-6 substituent.

Vittal and coworkers have recently shown that salts can undergo photoreactions
stereospecifically, and that the stereochemistry is anion-controlled."”*  Specifically,
formation of the trifluoroacetate and hydrogen sulfate salts of (E)-3-(4-pyridyl)acrylic

acid (4-pa), and subsequent photoreactions generated the head-to-tail and head-to-head
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dimers, respectively. In both cases, the C=C bonds were aligned within 3.7 A. The salt
formed between 4-pa and trifluoroacetic acid (tfa) crystallizes in a head-to-tail fashion
(Figure 30a), whereas the salt formed between 4-pa and H,SO4 crystallizes in head-to-
head fashion (Figure 30b). The effect of the anion is demonstrated in the (4-pa)(tfa) salt,
as C—H-F hydrogen bonding interactions between the anion and pyridine ring helped
control the packing. The photoreaction of this salt afforded the cyclobutane dimer
quantitatively, whereas the HSO4” salt demonstrated a 66% yield, as every third olefin is

crisscrossed within the assembly.

(a) (b)

- /

Figure 30: Anion-directed solid-state photodimerization of 4-pyridineacrylic acid.

Vittal has also demonstrated that (E)-4,4'-stilbenedicarboxylic acid, when ground
with 1,3-diaminopropane, the resulting salt undergoes [2+2] photodimerization
quantitatively, affording rctt-tetrakis-(4'-carboxyphenyl)cyclobutane after protonation of
the salt dimer.'”> Cation-n interactions between pyridinium and aromatic rings have also
directed reactivity in [2+2] photodimerizations. Specifically, cation-rt interactions have
been used to direct the photodimerization of 4-azachalcone and 4'-methoxy-4-
azachalcone, as well as their respective HCI salts. In all four compounds, at least 90% of
the olefin was converted to the cyclobutane. The neutral compounds did not show
stereoselectivity, as all four possible dimers were obtained; however, the two salts

demonstrated nearly quantitative formation of the syn head-to-tail product. Bricefio has
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also studied charge-assisted hydrogen bonds in supramolecular ionic assemblies of
protonated asymmetric olefins (e.g. 2,4-bpe, 4-hydroxy and 4-Cl stilbz) with the
dicarboxylate salt of 1,2,4,5-benzenetetracarboxylic acid.'*® The salt formation heavily

influences the packing as, in all cases, the head-to-tail photodimers form.

1.6.7 Substituent-Controlled [2+2] Cycloadditions

It should not go without mention that earlier studies of the [2+2]
photodimerization revealed that additional supramolecular forces could be exploited to
control reactivity, such that olefins are aligned in a photoreactive assembly. Hydrogen
bonding has been utilized to organize J-shaped olefinic diacids into “fish hook”
assemblies that preorganize C=C bonds in the solid state for photoreaction. Initial work
by Feldman reported a ‘J’-shaped naphthalene dicarboxylic acid to self-assemble via
carboxylic acids to form a dimer sustained by O-H--O hydrogen bonds (Figure 31)."
The naphthalene unit preorganized the C=C bonds parallel and separated by 3.62 A. UV

irradiation produced the corresponding cyclobutane in quantitative yield.
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Figure 31: Photoactive assembly of a J-shaped naphthalene dicarboxylic acid.

Later, Wheeler demonstrated that chiral sulfonamidecinnamic acids self-assemble
into hydrogen-bonded dimers wherein the olefins lie parallel, with C=C bonds separated
by 3.68 A."*® The approach was expanded to cross-photoreactions that generate
heterodimers. Upon UV irradiation, the quasiracemate co-crystals underwent asymmetric
photodimerizations to afford a single enantiomeric a-truxillic acid photoproduct (Figure

32).
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Figure 32: [2+2] Photodimerization of a sulfonamidecinammic acid quasiracemates.

In addition to hydrogen bonding, additional forces such as perfluoro-phenyl
stacking'* and 7t-m stacking have also displayed the ability to control solid-state packing.
As demonstrated by Desiraju, engineering a crystal such that donor-acceptor interactions
are present also can afford a photoreactive assembly through charge-transfer.'*’
Although the utility of multiple inter- and intramolecular forces has been shown to direct
reactivity, olefins that do not rely on auxiliaries to lock the C=C bonds in place show
limited control over solid-state packing, and thus, insufficient control over product
formation and stereochemistry. Despite a lack of reliable control, non-templated [2+2]
photodimerizations still have demonstrated interesting results and have provided a better
understanding of supramolecular interactions and how they can be manipulated for

applications.

1.6.8 Applications and Properties of Products
The products of a template-driven [2+2] photodimerization are studded with, in
the minimal case, two hydrogen bond accepting groups, such as pyridyl or carboxylic

acid moieties.””®!

The products are generally formed in quantitative yields, and gram
amounts can be produced with relative ease and without byproducts. These combined
features warranted the utilization of the photoproducts as attractive ligands in

coordination-driven self-assembly. In particular, the pyridine-based photoproducts

synthesized in our studies could serve as ditopic or polytopic organic linkers in metal-
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organic frameworks (MOFs) or other such materials. Whereas the utilization of
molecules synthesized in the liquid phase to materials science has been invariably
studied, importantly, the application of solid-state products to materials science is largely
undeveloped. This can be attributed to difficulties associated with engineering target
architectures within the solid state, as well as the limited utility of [2+2] cycloadditions

reactions.

1.6.8.1 Applications: Metal-Organic Frameworks

The major driving force behind the utilization of photoproducts as MOF ligands
spawns from the potential to generate materials with tailored magnetic, electronic,
semiconducting, and/or optical properties’’' akin to that of zeolites and mesoporous

materials.'>

MOFs typically consist of metal ions that form vertices of a porous
framework and organic linkers that form struts. An advantage of MOFs is an easily-
modifiable synthesis to control pore connectivities, topologies, and dimensions by
varying the ligands, metals, and/or counterions. Thus, MOFs are expected to have
applications in areas such as gas storage, separations, and catalysis.

Upon template-directed synthesis of 2,2'-tpcb, subsequent treatment with
CuS0O4-5H,0 generated a 1D MOF of the formulation [Cuy(u-2,2'-tpcb)(H20):]o,

133 A square pyramidal

wherein 2,2'-tpcb served as a bis-chelating ligand (Figure 33).
coordination environment was exhibited by each Cu(Il) ion, with two of the pyridyl N-
atoms and two O-atoms (one from a sulfate ion and one from a water molecule) in the
basal plane, and an O-atom of a second sulfate ion occupying the apical site. The
polymer assembles in both offset and parallel strands, with the interstitial space occupied
by water molecules. It was demonstrated that the self-assembly process is sensitive to
changes in counterion, as the 1D MOF generated using 2,2'-tpcp and Cu(NO3)-2.5H,0

exhibits an octahedral coordination sphere consisting of the bi-chelating 2,2'-tpcb and

two chelating nitrate ions.
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Figure 33: 1D polymer [Cuz(u2-SO4)2(u-2,2"-tpeb)(H20)2]. (Cu = bright green).

Incorporation of 4,4'-tpcb as an organic linker resulted in the generation of a
porous 2D MOF. In particular, treatment of 4,4'-tpcb with the Cu-paddle wheel complex
[Cuy(O,CCH;)4(H,0),] afforded the 2D MOF [Cus(O.CCH;)s(4,4"-tpcb)]...”**  The
complex resulted in the production of a 2D grid with identical rhombic cavities (ca. 17.2
A x 17.2 A). The stacking of 2D grids afforded a 3D framework with isolated 1D
channels (ca. 10 A x 12 A) that were occupied by benzene molecules that assembled in a
herringbone manner. In a different report, it was demonstrated that treatment of 4,4'-tpcb
with [Co(O,CCHs),(H20)4] also afforded a 2D MOF of the composition [Cos(O-
»CCH3)x(4,4"-tpcb) ] (Figure 34)."° Similar to 2D MOF [Cu4(O,CCH3)s(4,4"-tpeb)].., the
Co-based framework possessed rhombic cavities with edge lengths of 7.3 A. In contrast

to the Cu-based MOF, the framework exhibited two different rhombic cavities.



38

Figure 34: Perspective view of [Co(O2CCH3)2(4,4'-tpcb)]« that illustrates the different
cavities of the 2D MOF (Co = orange).

In addition to tpcb-based MOFs, we have demonstrated that the
[2.2]paracyclophane tpcp forms a 2D MOF with a topology that conforms to a nonregular
net upon treatment with Co(O,CCHs),-4H,0."*® The topology of the grid was unusual in
that the network was based on a combination of 3- and 4-connected ‘nodes’ wherein two
3-connected nodes were covalently fused via tpcp (Figure 35). As a result of the
assembly process, the 2D grid contained both rhombic and hexagonal cavities, each of
which hosted different solvent molecules as guests. Specifically, a methanol molecule
filled hydrophilic square cavities, while toluene molecules filled hydrophobic hexagon
cavities. By effectively serving as two 3-connected nodes, tpcp provided a unique means

to ‘code’ the design and formation of a MOF structure.
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Figure 35: Perspective view of [Co(O2CCH3)2(4,4'-tpep)]» (Co = orange).

1.6.8.2 SCSC-Controlled Properties

In a single-crystal to single-crystal reaction,”’” the structural integrity of the
crystal is maintained throughout the course of reaction. In contrast, the intrinsic
properties (e.g. optical, electrical, mechanical) of the crystal can change continually as
the reaction proceeds, making the phenomenon attractive for materials-based
applications, such as data storage and photoswitches.'*® Despite the significance of
SCSC reactions in materials science, there remains a lack of knowledge regarding the
design of materials that exhibit such reactivity. Consequently, most SCSC reactions are
recognized by discovery rather than design.

Recently, we have demonstrated that SCSC reactivity may be attained in nano co-
crystal systems even in cases where the macro co-crystals do not display this
phenomenon.'* The potential to induce SCSC reactions upon size reduction of reactive
co-crystal systems can lead to several new possibilities in the development of functional
materials and devices. In addition, the crystals can exhibit further size-dependent

properties (e.g. optical, mechanical) that sharply contrast those of macroscopic co-
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crystals. The ability to induce SCSC reactivity within nano co-crystals can likely be
attributed to an increased surface area-to-volume ratio that leads to a more efficient stress

and strain relaxation mechanism that may not be present in larger crystals.

1.6.8.2.1 Photocontrolled Fluorescence

During the course of our studies involving the tetranuclear [Zn4LL(OH)2(4,4’-
bpe)2](Cl0s),, (where: L = 2,6-bis[ N-(2-pyridylethyl)formimidoyl]-4-methylphenol) we
determined that the photoreaction proceeded via a SCSC transformation that was
accompanied by a significant change in fluorescence.'” Specifically, excitation of the
crystals using 290 nm light prior to the photoreaction produced a blue emission at 464
nm, while the fully reacted solid produced a green emission at 520 nm. Laser scanning
confocal microscopy revealed that a consistent difference in fluorescence of the reactants
and products via comparison of the ratios of fluorescence at 480 and 510 nm at different

depths in each crystalline solid (Figure 36).
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Figure 36: Photocontrolled fluorescence in single-crystalline [ZnsL>(OH)2(4,4'-
tpcb)](ClOy4)4-4H,0 (Zn = green).
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1.6.8.2.2 Size and Photocontrolled Softening or Hardening

During our studies of co-crystals that undergo SCSC transformations, we
observed that the co-crystal system 2(5-CN res)-2(4,4'-bpe) underwent a size-dependent
softening or hardening upon conversion to the cyclobutane product (Figure 37).'*°
Whereas the millimeter sized co-crystals formed via slow solvent evaporation, the nano
co-crystals were grown using sonochemistry-assisted reprecipitation methods. Atomic
Force Microscopy (AFM) was utilized to quantify the change in relative stiftness of both
millimeter and nanometer-sized co-crystals. Specifically, AFM nanoindentation analysis
revealed that unreacted single co-crystals of millimeter dimensions are not only
extremely soft, but become 40% softer after photodimerization. The reactant
nanodimensional co-crystals undergo an 85% increase in stiffness upon size-reduction
and become 40% harder following the photoreaction. The remarkable changes in the
mechanical properties are accompanied by a < 0.1 % change in density, which can be

attributed to the close spatial arrangement of the reactants and minimal movement that

occurs during the single-crystal transformation.
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Figure 37: Size-dependent softening and hardening of co-crystals in a SCSC reaction.
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1.7 Pharmaceutical Co-Crystals

The lack of essential physicochemical properties for drug candidates (e.g.
solubility, bioavailability, stability) represents a serious problem in drug formulation and

' In an effort to circumvent undesirable properties and/or

product manufacturing.'*
stability issues, potential drugs are subjected to intensive screening processes to identify
salts and polymorphs with improved physicochemical properties.'*>  Yet, such
approaches are somewhat limited in their scope, since, salt screening can only be
performed on APIs containing readily ionizable functional groups. Polymorph formation
also exhibits serious limitations, since it is very much a serendipitous event that is not
only unpredictable, but lacks a true design approach.'”® Polymorphs are also prone to
undergo phase transitions that can be accompanied by undesirable physiochemical
property changes. With such limitations in mind, the pharmaceutical industry has turned
to crystal engineering, and in particular, co-crystallization as a means to design and
synthesize new and robust solids not limited to APIs with ionizable functionalities.

Over the past 10 years, pharmaceutical co-crystals have emerged as a viable
means to tailor the physiochemical properties of an active pharmaceutical ingredient
(API).”® Whereas crystalline forms of APIs have generally been limited to polymorphs,
salts, hydrates, and solvates, the richness of functional groups within a target API
suggests that such drugs would be amenable to the formation of co-crystals sustained

* In addition, APIs represent a great opportunity to study

using multiple synthons."*
synthon hierarchies.
Recent studies have demonstrated that co-crystallization of APIs can, indeed,
form robust solid forms that exhibit physiochemical properties that are superior to that of
the parent API. In particular, solubility, bioavailability, hygroscopicity, and mechanical

properties of APIs have all been improved upon utilization of a co-crystallization

approach.”®
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1.7.1 Co-crystal Screening Techniques

For a successful application of co-crystal strategies to the development of new
pharmaceutical agent (PA)-based solids, suitable co-crystal formers must be identified
quickly and efficiently. In particular, techniques reminiscent of a dynamic combinatorial
approach, wherein one can screen several different potential co-formers simultaneously,
would be essential to improve efficiency within a pharmaceutical environment. Currently
two widely used practical techniques for screening constitute solid-state and/or liquid
assisted grinding,'” as well as a slurry-based technique founded upon physical

stability. '

1.7.1.1 Co-crystal Screening via Mechanochemistry

The simultaneous engineering of several novel solid forms of a given PA is
essential in drug formulation, as it provides a greater probability of designing a form that
exhibits enhanced and/or optimal physiochemical properties. In this context,
mechanochemistry has emerged as one of the most widely-utilized methods to form
pharmaceutical co-crystals.'*’ The popularity of this technique is founded upon the ease
in which it can be conducted, as well as the high success rate using both ‘neat’ and
‘liquid-assisted’ methods. Mechanochemistry, and in particular, ball milling, has been
shown to yield co-crystals in very short periods of time, and in near-quantitative yields.'**
The short reaction times and efficiency associated with the method is highly essential
considering the functional group diversity of a given PA and correspondingly, the vast

number of pharmaceutically-acceptable co-formers that can yield co-crystals of both

clinical and commercial relevance.

1.7.1.2 Co-crystal Screening via Solution-Mediated Phase

Transformation (SMPT) 146

Recently, a suspension/slurry-based screening technique designed to engineer co-

crystals was described by Zhang, and applied to efficiently generate pharmaceutical co-
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crystals. The slurry approach is founded upon the thermodynamic understanding of the
physical stability of hydrates and solvates and extended to co-crystals with solid co-
formers (Figure 38).'* The success of the approach relies on the presupposition that a
molecular complex (i.e. co-crystal) composed of a PA and a secondary component (i.e.
co-crystal former, CCF) that have the same thermodynamic stability as the solid drug if
the activity of co-former in the surrounding environment is at a critical value (0 < a¢ccr
<1). When the critical value is exceeded, the co-crystal stability is greatest, causing it to
spontaneously crystallize when given a sufficient time for nucleation, and provided co-
crystal formation between the two components is possible. The same equilibrium exists
between the corresponding solid co-crystal and CCF. When the activity of both
components is high, co-crystal nucleation readily occurs in a slurry of the components.
The subsequent conversion from a physical mixture of the components to a solid co-
crystal then proceeds via a solution-mediated phase transformation (SMPT) process until
the activity of either component reaches the critical value. The SMPT method maximizes
the screening efficiency, while providing relatively facile and rapid access to a variety of

multicomponent crystalline solids.
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Figure 38: Phase diagrams depicting physical stability of: (a) co-crystals with respect
the activity of the drug, and (b) co-crystals with respect to the activity of the
co-crystal former (CCF).
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1.8 Crystal Engineering at the Nanoscale

At the forefront of nanoscience lies the development of inorganic materials'*’

with a vast array of potential applications ranging from medicine to electronics and
materials science. Currently, there is a high demand for materials that can, not only be
produced efficiently and quickly, but have enhanced physical properties (e.g. flexibility,
optics, conductivity), thus prompting the development of nanomaterials.'”® However, the
expense associated with the production of inorganic or metal-based materials has, at
times, overridden the demand for such materials, and has instead spurred the
development of more cost-effective targets. Notably, organic targets possess desirable
properties that are different in comparison to inorganic or polymer-based materials."”'
The incorporation of organic molecules into the nanorealm over the past 15 years has
been facile with the continued development of the reprecipitation method to facilitate the
production of nano- and microcrystals with mild conditions.

Recent studies have demonstrated that organic nanocrystals of small molecules
(e.g. perylene, B-carotene) exhibit different optical properties in comparison to dilute
solution, and generally demonstrate a size-dependent absorption and emission.'”> While
investigating size-dependent luminescence of nanocrystals, Park and others observed an
enhanced emission for nanoparticles in comparison to dilute solution,'”® which was
thought to be somewhat unusual since organic molecules tend to have a quenched

. . 154
fluorescence in the solid state.

The phenomenon, however, is well-known in polymers,
and initially reported in poly(p-phenyleneethylenes) studied by Swager.'> It is generally
the case that when polymer chains aggregate, undesirable side effects occur that lead to
fluorescence quenching within materials. To circumvent this issue and become capable
of exploiting the emissive properties of polymeric architectures, one must exert some
control over the solid-state structure.  During the course of studying poly(p-

phenyleneethylenes), Swager noted that spin-cast thin films exhibited an aggregated

phase that corresponded to a higher quantum yield.'” 1In the few years that followed,
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156 15 158
Jones,”” and Tang"® have

other conjugated polymers studied by Garcia-Garibay,
demonstrated similar and consistent solid-state behavior.

In light of this phenomenon, since termed ‘aggregation-induced enhanced
emission’ (AIEE)," the behavior of small molecule organic nanoparticles has been more
thoroughly understood. Conjugated organic molecules, like polymers, are known to self-
quench in the solid state, owing to an aggregation motif that facilitates nonradiative
decay, and thus, the polymers lack an appreciable emission. Specifically, a pi-pi stacked,
or face-to-face motif is known to accelerate quenching and lead to blue-shifted
absorbances and/or emissions that are typical of H-aggregates.'® In contrast, a
herringbone, or edge-to-face packing motif promotes a higher intensity fluorescence,
owing to a J-type aggregation.'®' Although organic nanocrystals are still in their infancy,

the potential to tune the optical properties in lieu of covalent modification could result in

their incorporation into more optoelectronic devices.

1.9 Dissertation Scope and Overview

The foundation of the work presented in this dissertation lies in the ability to
manipulate highly directional noncovalent forces (e.g. hydrogen bonding, metal
coordination) to achieve the formation of desired supramolecular architectures. The
engineering of such structures relies upon the comprehension of supramolecular
synthons, and in particular, synthon hierarchy in complex multifunctional groups, such as
pharmaceutical agents (PAs). After fully comprehending how a molecule interacts in the
presence of different functionalities within the organic solid state, one can move to design
architectures that have different solid-state behavior and/or physiochemical properties.
Such a design can also lead to functional materials, prepared within hydrogen bonding
frameworks that are deemed synthetically inaccessible via conventional organic

synthesis. Accordingly, so too flows this dissertation.
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In chapter 2, sulfa drug-based PAs are analyzed in the context of multicomponent

162163 Although the prevalence of sulfonamides and

supramolecular complexes.
sulfoxides in drug delivery and development compounds is quite high, the ways in which
they interact in the solid state in the presence of other hydrogen-bonding components
remain largely unexplored. Through studies with sulfadiazine and pyridine-based co-
formers, we have not only reported the first co-crystals and salts of sulfadiazine,'®* but
we have, perhaps more importantly, uncovered a role of tautomers in the salt — co-crystal
continuum. In the context of sulfonamide geometry, effectively all of the S—N lengths of
the imidine — or higher energy and more polar tautomer — sit in between the S—N lengths
of salts and the amidine tautomer.'® To our knowledge, such a structural relationship of
tautomers as related to the salt — co-crystal boundary has not been reported. In the
second portion of the chapter, we also examine the sulfa drug Sulfamethazine (SMT),'®?
which is known to form multicomponent complexes with the imidine tautomer.

In chapter 3, a well-studied PA, ibuprofen, is utilized to form co-crystals with
pyridine-based co-formers. Previous studies have established the reliability of the robust
O—H:--N supramolecular synthon. In this chapter, the focus is placed on understanding
the effect of co-crystallization on the solid-state behavior of a chiral PA. In particular,
we demonstrate that the well-known racemate-forming system, ibuprofen, can be
exploited, so as to achieve the formation of solid solution and conglomerate systems.164
Solid-solution systems are extremely rare, and thus, not well studied; however,
conglomerate systems can ultimately result in chiral resolution, since the end result is
enantiopure crystals. Understanding the interplay between solid-state structure and
emergent properties of chiral PAs is essential to provide novel opportunities for chiral
resolution.

In chapter 4, the focus is placed on exploiting directional noncovalent forces to

confer reactivity upon a photostable compound. In this chapter, we introduce an

additional challenge into the self-assembly and reaction process. In particular, the aim is
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to produce heteropolytopic ligands that comprise both pyridine and carboxylic acid
functionalities via a template-directed [2+2] photodimerization. Owing to the sensitivity
of the molecular recognition process towards additional hydrogen bond motifs, we have
introduced a protecting group strategy that affords ‘supramolecular regiochemistry’
throughout our combinatorial template-directed approach.'®

In chapter 5, the focus is placed on how to control reactivity in the presence of
steric complexity proximal to the olefinic center. Specifically, we pursued the
photodimerization of trisubstituted conformationally-frustrated ~olefins.'® We
demonstrate the advantage to having both organic and metal-based templates to direct the
reactivity of three isomeric trisubstituted olefins. To our knowledge, the [2+2]
photodimerization of this series of trisubstituted olefins are the first by design.

In chapter 6, the focus is placed upon the optoelectronic properties of a series of
products obtained via our template-directed approach.'”” In particular, we examine a
series of [2.2]cyclophanes afforded in the solid state'®® in the context of absorbance and
fluorescence properties. Cyclophanes are well-studied hydrocarbon architectures that
exhibit intriguing properties in light of their structural simplicity, owing to their face-to-
face stacked nature. Although they are visually simplistic, cyclophanes themselves are
hard to synthesize via traditional organic approaches. We have synthesized a series of
[2.2]cyclophanes using our template-directed approach, and are able to achieve the

syntheses in quantitative yields.'®’

The synthesis and approach will be reviewed in
chapter 6, however, the focus is placed upon the properties the molecules exhibit. In
particular, in wake of having chromophores being connected via saturated cyclobutyl
bridges, the cyclophanes demonstrate non-conventional internal charge transfer (ICT)
indicative of interchromophore communication through the saturated bridges.'® We also
show that, through simple post-synthetic modification of the distal pyridines, each

cyclophane exhibits a red-shifted absorbance and emission.'® Additionally, through the

use of sonochemistry, we have produced nanocrystals of [2.2]cyclophanes that
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demonstrate unique properties in comparison to the macromolecular counterparts.'”' We
believe that the coalescence of nanotechnology and cyclophane chemistry can lead to
interesting methods to fine-tune optical properties of small organic molecules in lieu of
covalent modification.

Chapter 7 represents the author’s attempts to incorporate several aspects of the
previous chapters into one conceptual goal: the solid-state synthesis of unsymmetrical

paracyclophanes.'"

In particular, it was envisaged that unsymmetrical cyclophanes
could be produced in the solid state, perhaps aided by well-established pedal motion'®’
within a stilbene framework. In addition, utilization of terminal ester groups'™® would
allow for deprotection to a diacid framework that is expected to demonstrate different
optical properties, as well as lend itself to post-synthetic modification processes, and the
possibility of providing an organic ligand for metal-organic frameworks that can exhibit
unique properties.

Altogether, the research described in this dissertation details the use of crystal
engineering and supramolecular synthon hierarchies to achieve the formation of target
architectures. The resulting frameworks differ in topology, dimensionality, connectivity,
and emergent solid-state and/or physiochemical properties. An additional underlying
focus is established in that each project within this dissertation assesses a common
covalent chemistry theme from a supramolecular solid-state perspective. It is the intent
of the author of this dissertation to present the research with an eye to leave readers of all
areas, and in particular, traditional synthetic chemists, intrigued by the many facets of

supramolecular chemistry.
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CHAPTER 2. CRYSTAL ENGINEERING OF SULFA DRUGS

A portion of this chapter was published as a full paper in Crystal Growth and
Design and is adapted with permission from [E. Elacqua, D.-K. Bucar, R. F. Henry, G. G.
Z. Zhang, L. R. MacGillivray, Cryst. Growth Des. 2013. (DOI: 10.1021/cg301745x)].

Copyright 2012, American Chemical Society.

2.1 Introduction

The design of multicomponent pharmaceutical crystalline materials is based on
reliable noncovalent interactions in the form of supramolecular synthons.'> ' The
development of synthon hierarchies'” is achieved via extensive co-crystallization™ ** 14
studies of a model pharmaceutical agent (PA) with a structurally-analogous group of co-
formers that can participate in specific hydrogen bonding motifs. Caffeine'”> and
carbamazepine (CBZ)'" have been utilized as prototypical PAs to identify robust
supramolecular synthons based on (amide) N—H:--O=C (carboxy), (acid) O—H:--O=C
(carboxy), (acid) O—H---N (imidazole) and (phenol) O—H:--O=C (urea) forces in co-
crystals. ~ Whereas the number of supramolecular synthons employed in crystal
engineering continues to rapidly grow, there remains a need to investigate roles of
organic functionalities that can affect processes of drug discovery and development.'”’

Despite a widespread presence in pharmaceutical compounds, sulfoxides (-SO,)
are less studied in the context of crystal engineering.'” Although a search of the
Cambridge Structural Database (CSD) reveals that supramolecular synthons exhibit a
tendency to compete in solid-state materials based on sulfonates,'” less is known about
how sulfa drugs (SDs)'*’ behave in co-crystals and salts.'®" SDs are the original class of
PAs with an aniline ring covalently attached to a sulfonamide moiety as a structural core.
SDs were the first compounds used to systematically treat and prevent bacterial and
microbial infections, thriving on synergistic effects that spawn from a mixture of at least

two PAs (e.g. co-trimoxazole: 1:5 mix of sulfamethoxazole and trimethoprim).'** Owing
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to a drive by the field of pharmaceutics and the pharmaceutical industry to investigate
how intermolecular interactions between drug molecules dictate therapeutic efficacy,

novel solid forms of SDs merit consideration to develop pharmaceutical co-crystals.'®

2.2 Sulfadiazine (SDZ) as a Model PA

To efficiently generate multicomponent pharmaceutical solids, it is of
fundamental importance to analyze a target PA, evaluate how the molecule interacts in
the solid state, and identify dominant supramolecular synthons. In this context, the SD
sulfadiazine (SDZ) possesses both hydrogen bond donor and acceptor groups. SDZ self-
assembles via a self-complementary (amidine) N—H--N (pyrimidine) synthon,
generating dimers that interact via secondary (aniline) N—H--O,S (sulfoxide) forces
(Figure 39)."™ Such two-point interactions are well-documented in the field of molecular

% To date, multicomponent complexes of SDZ have not been reported,

recognition.'
likely owing to a markedly low solubility in common organic solvents compared to other
SDs. To achieve multicomponent solids based on SDZ, the use of a co-former with

stronger hydrogen-bond-donors and/or -acceptors that compete with the hydrogen bond

accepting pyrimidine functionality would be useful to limit dimer formation.'*

(a)

0 primary

/H/N\Q\é’\//o /interaction

_HT

H
secondary

interaction

Figure 39: Schematic of (a) SDZ and (b) self-assembly involving (sulfonamide) N—
H:---N (pyrimidine) and (aniline) N—H---O,S (sulfoxide) forces.
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Co-crystallization strategies that aim to disrupt dimer formation and generate
multicomponent solids have been reported with CBZ.'®” The goal was accomplished by
introducing carboxylic acids that act as stronger hydrogen bond donors and effectively
compete with CBZ dimer formation by forming (acid) O—H:--O=C (amide) hydrogen
bonds.'”™ The work involving CBZ suggested to us that a similar strategy could be
applied in the case of SDZ and pyridines (Figure 40a-b). Specifically, pyridine co-
formers would provide a hydrogen bond acceptor to interact with the acidic sulfonamide
(pKa = 5.69)'®, while breaking the dimer. An investigation of the CSD reveals 35 co-

189

crystals and 8 salts that comprise a SD.”™ Most structures contain a (sulfonamide) N—

H--O=C (carboxy) or a (pyrimidinium) "N—H:-"N" (sulfonamide) hydrogen bond as a
primary interaction between the components. Most complexes contain secondary
interactions in the form of N—H---O,S hydrogen bonds, suggesting that the sulfoxide
group can be integrated into hydrogen-bonded motifs of supramolecular complexes
(Figure 40c). The sulfoxide has recently emerged as a group able to readily sustain

synthon formation in solids.'”™

NH,

(a) ; (b)

H N@:@NS:D m Oxg_
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(c) i
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Figure 40: Approaches to multicomponent solids involving SDZ and pyridines: (a)
monofunctional pyridines, (b) bifunctional pyridines, and (c) pyridines with
added hydrogen bond donor (HD) groups.
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In this study, we designed and constructed multicomponent crystalline solids
involving SDZ and a series of mono- and bipyridines. The solids were formed using our
reported co-crystal screening technique that is based on solution-mediated phase

transformation (SMPT).146

The pyridines comprise N,N-dimethyl-4-aminopyridine
(dmap), 4-aminopyridine (4-ap), 4-picoline (pico), 4,4'-bipyridine (bipy), trans-1,2-bis(4-
pyridyl)ethylene (bpe), 1,2-bis(4-pyridyl) acetylene (bpa), and 4-(pyridin-4-yl)piperazine
(4-pypip) (Figure 41). We demonstrated that both co-crystals and salts form using the
pyridines as co-formers, with the formation of a co-crystal or salt being related to a

difference in pK,""°

of SDZ and pyridine. We observed that the solids formed structural
motifs involving dyads, rings, and chains based upon Etter’s graph sets.'”' The co-
formers that preserve the pyrimidine dimer, namely, bpe and bpa, were also shown to

afford novel ‘host-guest’ solids wherein the pyridine interrupts the formation of

secondary N—H--O,S synthons.

7 = 7 N =
OO O o=
bipy bpe bpa

N Ny Ny
\
E% @ | _ NC\>—N NH
=/ \_/

/N\ NHZ

pico dmap 4-ap 4-pypip

Figure 41: Chemical structures of all pyridine co-formers used with SDZ

From our efforts to investigate the co-crystal — salt continuum of complexes
involving SDZ, we reveal that each solid can be classified according to the geometry of

the sulfonamide moiety.'” In particular, the structures of the co-crystals and salts are
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classified according to the ApK, of the components. Moreover, an analysis of our
structural data along with data from the CSD reveals a trend between S—N bond length
and nature of complex formed, with longer and shorter S—N bond lengths being present in
neutral and anionic SDs, respectively. Whereas effects of proton transfer on C-O bond
length has been established in RCO,H/RCO, systems,"' an analysis of S-N bond
geometry as related to the formation of co-crystals and salts has not been reported.

In our analysis of the X-ray data involving SDs, we have also discovered
tautomers to occupy a previously unaddressed position within the co-crystal — salt
continuum. Tautomers are constitutional isomers that rapidly interconvert by a chemical

2 . .
A tautomeric form of a molecule can, in

reaction between two or more forms.'
principle, be either neutral or charged (i.e. cation or anion). Consequently, a tautomer
can serve as an integral and defining component of either a salt or co-crystal, while recent
reviews suggest that a vast majority of tautomers present in the solid state exist as a

neutral form.'”?

Tautomers will, de facto, exhibit different relative energies, which will
invariably affect the polarity of a molecule,"* which can make tautomers more akin to a
charged species (i.e. cation or anion). Here, we show that tautomers of SDs fall within
the co-crystal regime, yet are based on geometries that lie between co-crystals and salts.

We expect our identification of a role of tautomers in multicomponent solids to provide

further guidelines on understanding the nature of the co-crystal — salt continuum.'”

2.3 Experimental

SDZ (98%) and pico (98%) were purchased from Alfa Aesar (Ward Hill, MA,
USA) and used without further purification. dmap (98%), 4-ap (98%,), bipy (97%), and
bpe (98%) were purchased from Sigma Aldrich Chemical (St. Louis, MO, USA). 4-
pypip (97%) was purchased from Matrix Scientific (Columbia, SC, USA). All
components were used without further purification. bpa was synthesized according to a

literature procedure.'™ N ,N-dimethylformamide (99.9%) was obtained from Fisher
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Scientific (Pittsburgh, PA, USA). Single crystals of each solid were obtained by slow
evaporation from solution. In a typical procedure, SDZ (4 mmol) and pyridine (1.0 mol.
eq. for monopyridines, and 0.5 mol. eq. for bipyridines) were dissolved in DMF (5.0 - 7.0
mL) at 85 °C. Single crystals suitable for X-ray diffraction were grown upon cooling
each solution to ambient temperature and then allowing the solvent to slowly evaporate.
Single crystals formed within a period of approximately 10 days.

Single crystal X-ray diffraction experiments were performed on a Bruker SMART
system equipped with an APEX2 CCD camera (co-formers: pico, bipy, bpe, bpa, 4-
pypip), or on a Nonius Kappa CCD diffractometer (co-formers: dmap and 4-ap). Data
was collected at 100 K or 293 K with graphite-monochromated MoK,[ Jradiation

(L=0.71073 A). The data was collected and processed using either SaintPlus'*®

(co-
formers: pico, bipy, bpe, bpa, 4-pypip), or a combination of Collect'”’ and HKL
Scalepack/Denzo'™® (co-formers: dmap and 4-ap). All structures were solved using
direct methods that generated non-hydrogen atoms. All hydrogen atoms were located in
Fourier-difference electron density maps. All non-hydrogen atoms were refined
anisotropically.  Hydrogen atoms associated with carbon atoms were refined in
geometrically constrained riding positions. Hydrogen atoms associated with nitrogen
atoms were included in the located positions. Refinement was achieved with the use of
SHELX-97."""  The details of the structural analysis of all solids are summarized in
Tables A-1 and A-2.

The CSD database survey was accomplished using version 5.32 (including update
5, November 2011) with ConQuest’” (version 1.13). The CSD was searched for mono-
N-substituted sulfonamides comprising a sulfanilamide substructure that satisfies the
following criteria: (a) crystallographic R factor < 0.075, (b) not polymer structure,”®' (c)

no powder structure, (d) 3D coordinates fully determined,”® and (e) purely organic

components.
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The regions of S-N length and SNC angle that support salt or co-crystal
formation were analyzed by calculating the mean (X ) and standard deviation (o) for
each variable. The calculated ¢ values for S—N length of each complex type were
generally low in comparison to the range of observed values (S-N range = 0.089 A; oy
=0.007 A (7.9%); Geo-crystal = 0.018 A (20.2%)), the o values for SNC angle were much
larger (SNC range = 9.53°; Ggit = 2.55° (26.8%); Geo-crystal = 1.83° (19.2%)). The SNC
angles displayed more variation, thus, S—N lengths were used to assess salt and co-crystal
regions. The boundaries for each region were depicted on the graph such that each region

represented X =+ 2c.

2.4 Results

Seven solid forms of SDZ were obtained from the co-crystal screening'”° with the
selected pyridines. The crystal structure of each solid was determined using single-
crystal X-ray diffraction. Four solids were determined to be co-crystals while the
remaining three solids were salts, as evidenced by proton transfer. In each SDZ solid, the
sulfonamide crystallizes as either an amidine or amidide for co-crystals and salts,
respectively.

(1) (SDZ):(pico). (SDZ)-(pico) crystallizes from a neat mixture of the
components in the triclinic space group P1. The asymmetric unit consists of one
molecule of SDZ and one molecule of pico (Figure 42a). The two components interact in
a discrete assembly via (amidine) N—H--N (pyridine) hydrogen bonds that constitute a
Dll (2) graph set. The assembly is sustained by intermolecular (aniline) N—H:N
(pyrimidine) interactions between face-to-face stacked SDZ molecules in a Rzz (20) ring.
The N—H group also interacts with the SO, group (dx--o = 3.34 A),'”” however the
distance is larger than cited cutoffs for significant hydrogen bonding. Additional n--'xt
interactions between adjacent aniline rings (d ... = 3.23 A) contribute to the extended

packing of the solid (Figure 42b).
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Figure 42: View of (SDZ)-(pico): (a) primary synthon and (b) extended structure
highlighting (aniline) N—H---N (pyrimidine) hydrogen bonds and n---xt
interactions between adjacent aniline rings.

(2) 2(SDZ)-3(bipy). Co-crystallization of a 2:1 molar ratio of SDZ and bipy from
DMF resulted in a co-crystal of 2:3 stoichiometry, respectively. The components
crystallize in the triclinic space group PI. Two molecules of SDZ and three molecules
of bipy are present in the asymmetric unit. SDZ and bipy interact via intermolecular
(amidine) N—H---N (pyridine) and (aniline) N—H--N (pyridine) hydrogen bonds. The
2:3 assembly forms a 2D polymer sustained by a combination of sulfonamide and aniline
N—H---N hydrogen bonds in a sz (17) chain, as well as (aniline) N—H-~-0,S (sulfoxide)
forces based on a C(8) graph set (Figure 43). The N—H:--O,S interactions link each SDZ
in the heteromolecular chain to individual (bipy)—(SDZ)—(bipy) ‘bridges’ that join two
parallel chains, wherein each bipy participates in a single hydrogen bond with a ‘free’
pyridine in each unit. The free pyridines interact with the main chain aniline groups via
C—H:--"N forces (dc..x = 3.40 A). In each molecule of bipy, the pyridines are twisted
ca. 31-33° from co-planarity and participate in face-to-face m---m interactions (d r.p =

3.37,3.39, and 3.71 A) with the stacked bipy molecules.
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Figure 43: Views of 2(SDZ)-3(bipy) highlighting (a) hydrogen bond synthons and (b)
polymer backbone.

(3) 2(SDZ)-(bpe). 2(SDZ)-(bpe) crystallizes from DMF in the triclinic space
group PT with one molecule of SDZ and a % bpe molecule in the asymmetric unit. SDZ
and bpe form a 2D hydrogen-bonded polymer. The components interact via
intermolecular (aniline) N—H-*N (pyridine) hydrogen bonds, classified as a Dll (2)
graph set (Figure 44). The sulfonamide -NH group participates in dimer formation with a
second molecule of SDZ based on a R22 (8) array of (amidine) N—H-N (pyrimidine)
interactions. The NH, group of SDZ is involved in an intermolecular N—H--O,S
hydrogen bond. Additional n---7 interactions between adjacent pyrimidine rings (d .. =

3.63 A) and stacked pyridines (d . = 3.43 A) contribute to the extended structure.

” rrﬁ@%“

Figure 44: View of 2(SDZ)-(bpe) highlighting: (a) amidine-pyrimidine dimers and (b)
7+ interactions between adjacent pyrimidine rings and pyridine co-formers.
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(4) 2(SDZ)-(bpa). SDZ and bpa co-crystallize from DMF in the triclinic space
group PT with one molecule of SDZ and a % bpa molecule in the asymmetric unit. The
components form a 2D hydrogen-bonded polymer held together by (aniline) N—H--N
(pyridine) hydrogen bonds. SDZ and bpa assemble similar to 2(SDZ)-(bpe), wherein
adjacent SDZ molecules form hydrogen-bonded dimers via amidine) N—H--N
(pyrimidine) forces in a R22 (8) ring. The NH, group of SDZ also participates in
intermolecular N—H---O,S hydrogen bonds (Figure 45). Additional n---7 interactions are

present between stacked pyrimidine (d .. = 3.66 A) and pyridine rings (d z.x = 3.50 A).

(a) (b)

Figure 45: View of 2(SDZ)-(bpa) highlighting: (a) amidine-pyrimidine dimers and (b)
7 - -7 interactions between adjacent pyrimidine rings and pyridine co-formers.

(5) (dmap"):(SDZ). SDZ and dmap form a salt that crystallizes in the
monoclinic space group P2;/n with one dmap cation and one SDZ anion in the
asymmetric unit. The components form a 2D hydrogen-bonded assembly linked via a
primary intermolecular (pyridinium) "N—H:-N" (amidide) hydrogen bond (Figure 46a).
The extended structure is held together by intermolecular N—H---O,S interactions, as

well as face-to-face -+ -7 interactions of pyrimidine rings (d . = 3.29 A) (Figure 46b).
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Figure 46: Views of (dmap’)- (SDZ"): (a) primary interaction and (b) extended structure.

(6) (4-ap")-(SDZ’). SDZ and 4-ap form a salt that crystallizes from DMF in the
monoclinic space group P2;/c. The asymmetric unit consists of one 4-ap" cation and one
SDZ" anion that assemble via intermolecular (pyridinium) "N—H--N" (amidide) and
(amine) N—H-O,S (sulfoxide) hydrogen bonds in a R22 (20) ring (Figure 47a). The
components form a 2D polymer with m-m interactions between pairs of stacked

pyrimidine and pyridine rings (d . = 3.80 A) (Figure 47b).

Figure 47: Views of (4-ap")-(SDZ’): (a) primary interaction and (b) extended structure.
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(7) (4-pypip"):(SDZ’). SDZ and 4-pypip form a salt that crystallizes from DMF
in the monoclinic space group P2;/n. The asymmetric unit consists of one 4-pypip"
cation and one SDZ" anion that self-assemble to form a 3D hydrogen-bonded polymer.
Intermolecular (pyridinium) "N—H-N" (amidide) and (amine) N—H--0,S (sulfoxide)
hydrogen bonds in a C22 (13) chain, as well as (aniline) N—H:O,S (sulfoxide) forces in a
C(8) chain, form a 2D network (Figure 48). The NH, of SDZ" is also involved in an array

of (aniline) N—H--"N (pyrimidine) hydrogen bonds in a R22 (20) graph set.

Figure 48: Space filling model of (4-pypip)-(SDZ"): 2D network of 'N—H:---N" and
N—H:--O,S hydrogen bonds.

2.5 Discussion

SDZ has a mixture of hydrogen bond-donor and -acceptor groups, which make
the molecule a useful target and component for crystal engineering. The -NH, and -NH
groups are donors, whereas the -SO, and pyrimidine N-atoms are acceptors (Figure 49).

The relative proximity of the sulfonamide -NH group to both the acceptor sulfoxide and
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pyrimidine ring also makes the molecule exploitable for two-point synthon interactions.
Two-point interactions in the form of (amidine) N—H--N (pyrimidine) synthons sustain
the hydrogen-bonded dimer in the pure solid. Similar two-point interactions involving
pyrimidines are prevalent within the field of molecular recognition and play a prominent

role in biology.””

The introduction of a co-former that can compete with dimer
formation can also promote the formation of additional intermolecular forces (e.g.
(amidine) N—H--O,S (sulfoxide)). Thus, SDZ represents an attractive model SD for

studies of synthon hierarchies and the generation of supramolecular complexes sustained

by targeted hydrogen-bonded patterns.

Hydrogen bond acceptor

O Hydrogen bond donor

Figure 49: General schematic of a SD, viewed from a crystal engineering perspective.

2.5.1 Co-Crystals and Salts

Given that the pK, of pyridine is larger than pyrimidine (pK, = -1.3),"® it was
expected that the co-formers would interact with the sulfonamide and result in either
neutral N—H---N interactions or proton transfer. In particular, four of the seven co-
formers resulted in co-crystals while three co-formers involved proton transfer (Figure
50). Specifically, when the pK, of the co-former exceeded 5.7, proton transfer between
sulfonamide and pyridine N-atom occurred. When the pK, was less than 5.7, co-crystal
formation resulted. A division of co-crystals and salts can also be assigned using the
rules regarding the ApK, of components.'”® Specifically, for the co-formers, ApK, < 0

resulted in co-crystal formation, while ApK, > 0 resulted in proton transfer. Indeed,



63

recognizing combinations of components that exhibit both salt and co-crystal formation is
important when assembling specific supramolecular architectures, as recently discussed

by Aakeroy.™

Figure 50: pKa values of co-formers in relation to SDZ. The red region depicts co-
formers that facilitated co-crystal formation, while the yellow region
facilitated proton transfer.

2.5.2 From Motifs to Graph Sets

The use of pyridines in the self-assembly process was to compete with the
primary N—H:--N (pyrimidine) synthon via a N—H---N (pyridine) hydrogen bond to the
sulfonamide. Dimer formation would be interrupted by a pyridine that serves as a better
hydrogen bond acceptor than pyrimidine. In the context of crystal engineering, there are
a wide variety of pyridines (pK, pyridine = 5.2)** that can be used to disrupt dimer
formation of SDZ while supporting the formation of a either a co-crystal or salt.
Supramolecular complexes formed using pyridines that are either more basic (pK, > 5.7)
or more acidic (pK, < 5.7) than the sulfonamide group would not only provide a means to
investigate how pK, influences co-crystal or salt formation in SD-based solids but
support the formation of different supramolecular synthons.

The large number of hydrogen bond groups coupled with the conformational

mobility of the sulfonamide suggests that numerous hydrogen-bond synthons can be
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1802 wWhile SDZ contains more

achieved in supramolecular complexes based on SDZ.
acceptor than donor groups, the use of pyridine co-formers adds to an imbalance of
acceptors and, thus, would be expected to expand the number of motifs in resulting solid-
state complexes. In five out of seven of our solids, the pyridine co-former interrupted
dimer formation. For the co-crystals, the dimer of SDZ was both disrupted and
maintained. Whereas both pico and bipy disrupted the dimer, solids involving bpe and
bpa maintained the (amidine) N—H--N (pyrimidine) synthon. For the more basic
pyridines (i.e. 4-ap, dmap, 4-pypip), dimer disruption was accompanied by proton
transfer to the pyridine N-atom.

Five different graph sets can be ascribed to the seven solids; namely, Dll (2) dyad,
R22 (8) ring, R22 (20) ring, sz (17) chain, and C22 (13)chain. The most frequent pattern is a
single interaction between either the amido or amino N—H of SDZ and the pyridine N-
atom, as described by the Dl1 (2) notation. The pattern occurred in four out of seven
solids, with one of three synthons (Figure 51). Specifically, (amidine) N—H:N
(pyridine), (aniline) N—H:-N (pyridine), and (pyridinium) "N—H:-N" (amidide)
hydrogen bonds all comprise the Dll (2) graph set. The R22 (8) ring describes the two-
point interaction present between the sulfonamide and pyrimidine ring that affords the
dimer (Figure 51). The two structures that contain the hydrogen-bonding ring also
generate interactions between the aniline N-H and pyridine N-atom, being classified as
Dll (2) notation. The Rzz (20) ring is present in two different types, each being promoted
by a ‘bidentate’ nature of SDs. Specifically, a homomolecular'®® ring sustained by
(amidine) N—H:--N (pyridine) hydrogen bonds is present in the co-crystal (SDZ)-(pico)
while a heteromolecular ring is present in (4-ap )-(SDZ) (Figure 51). The hydrogen-
bond pattern in the salt (4-ap')-(SDZ") is based on an array of (pyridinium) "N—H---N"

(amidide) and (amine) N—H---O,S (sulfonamide) forces.
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Figure 51: Finite graph sets with pyridine co-formers (number of occurrences in blue).

The remaining motif is a heteromolecular chain (Figure 52).

In 2(SDZ)-3(bipy),

SDZ interacts with bipy at both hydrogen-bond donor sites, which affords a C;(17)

chain.  The salt (4-pypip’)-(SDZ) demonstrates similar structural behavior to

2(SDZ)-3(bipy), despite the addition of a donor site in the form of the piperazine group.

Salt formation results in the 4-pypip  cation interacting with the strongest two acceptor

sites of SDZ, which gives a C’22 (13) chain. Both structures also contain homomolecular

C(8) chains between aniline N-H and SO, groups.'**
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Figure 52: Chains with pyridine co-formers (number of occurrences in blue).

2.5.3 Host-Guest Co-Crystals

In co-crystals based on bpe and bpa, the co-former only competed with the
formation of secondary hydrogen-bond synthons so as to enable the sulfonamide-
pyrimidine R; (8) ring dimer to be preserved. Specifically, bpe and bpa disrupted the
formation of N—H---O,S hydrogen bonds that link pairs of dimers (Figure 53). Thus,
effectively half of the N—H:--O,S interactions were retained in both solids. Both co-
crystals also contain w7 interactions between adjacent stacks of dimers that are
analogous to those in pure SDZ, as well as additional 7w interactions between stacked
pyridines. The co-formers are, thus, akin to guest molecules within hosts, wherein the
bipyridines are inserted into frameworks that do not disturb primary interactions in pure
SDZ. Surprisingly, the ‘better donor’ does not hydrogen bond with the ‘better acceptor’
in each solid.**” Energy differences between the two different hydrogen bond motifs (e.g.
ring dimer and expected chain) may be minimal and overcome by a more favorable close

packing, as well as additional intermolecular forces.
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Figure 53: Schematic of interactions in pure SDZ and the ‘host-guest’ co-crystal with
bpa.

2.5.4 Unexpected Stoichiometry

The co-crystal involving SDZ and bipy is unexpected in the context of
stoichiometry. Specifically, an as prepared 2:1 ratio of SDZ and bipy co-crystallized as
2(SDZ)-3(bipy) while affording a mixed assembly with both the sulfonamide N-H group
and aniline N-H group participating in hydrogen bonds. Within the co-crystal, there are
two distinct ‘classes’ of bipy molecules. The first type of bipy participates in two
different N—H---N interactions that extend the polymer framework (Figure 54, polymer-
extending bipy). The second type is part of the pendant (bipy)—(SDZ)—(bipy) units and
form hydrogen bonds to only one strong donor. The pendant bipy molecules each
contain a non-hydrogen bonding pyridine unit that acts similar to polymer end-caps that
terminate a polymer (Figure 54, end-cap bipy). The free pyridines, instead, participate in

C—H---N interactions with an adjacent SDZ molecule (Figure 54).
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Figure 54: Co-crystal 3(SDZ)-2(bipy) highlighting: (a) ‘end-cap’ and ‘polymer-
extending’ bipys and secondary interactions with unbound ends of bipy
molecules.

We note that a search of the CSD reveals that free 4-pyridyl groups involving
bipy and co-formers similar to SDZ (i.e. with OH or NH as hydrogen bond donor) have
been reported.”™ A total of 248 such solids have been observed, with 16 (6.45%)
containing bipy molecules with only one 4-pyridyl group that participates in a single
hydrogen bond.*” The unbound bipy molecules often participate in weak C—H-+"N or

C—H-- & forces.”®

2.5.5 Geometry of the Sulfonamide

Although SDs are gaining interest as building blocks in crystal engineering,'™!
relatively little effort has been extended to compare SD-based co-crystals and salts
involving a series of co-formers. Having generated both co-crystals and salts of SDZ, we
examined the solids with a view to understand possible geometric changes associated
with the sulfonamide moiety. Proton transfer from the SD to the co-former was expected
to result in an increase of the sp2 character of the sulfonamide N-atom and, thus, lead to a
decrease in the S—N bond length and, concomitantly, smaller SNR bond angle (i.e. higher
S=N character) (Figure 55). Conversely, co-crystals were expected to exhibit longer S—N

bond lengths and larger SNR bond angles. The geometry of biologically-active
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sulfonamides has been examined in the gas phase and compared to the anionic form.*'’

Computational studies reveal the sulfonamide group to exhibit partial S=N character

upon deprotonation.

.. 9 9,. .
.0 O« .0 *O: o o 0 0
N N oV N/
/S\@/R - /S\\ _R - /S\\ _R /S\../R
H
Salts: S-N bond shorter Co-crystals: S-N bond longer
SNR angle smaller SNR angle larger

Figure 55: Schematic of sulfonamide geometries in (a) anionic and (b) neutral forms.

From our work involving pyridines, S-N bond lengths and SNC (pyrimidine)
angles were determined to be different in co-crystals and salts. The salts exhibited
shorter S—N bond lengths with a range of 1.56 to 1.60 A, which is consistent with greater
S=N character. The co-crystals exhibited longer S-N bonds in the range of 1.61 to 1.65
A. Additionally, the SNC bond angles were generally smaller for the salts (122 - 124°) as
compared to the co-crystals (126 - 128°) (Figure 56). From these observations, we
conclude that both S-N bond length and SNC angle can serve to identify multicomponent

solids based on SDZ as being either a co-crystal or salt.
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Figure 56: Plot of S—N bond length vs. SNC angle for our SDZ-based solids.

We next turned to the CSD to examine related SD-based solids. A search of the
CSD revealed 43 multicomponent solids of SDs, with 35 (71%) being co-crystals and
eight (19%) being salts. The majority of co-formers used to form the solids were based
on N-heterocyclic amines and carboxylic acids, as well as amides (Figure 57). One
pyridine, namely picolinamide, has been used in complex formation with a SD to form a
co-crystal. The solid was sustained by (sulfonamide) N—H---O (carboxy) interactions.
In this solid, the pyridine participates in the formation of secondary (alkyl) C—H---N
(pyridine) forces. In 24 complexes, the co-former interacts with the sulfonamide N-H
group via either (sulfonamide) N—H:--N (pyrimidine) or (sulfonamide) N—H:---O

(carbonyl) forces in the form of two-point interactions.
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Figure 57: Frequency of primary co-former functional groups utilized in construction of
multicomponent complexes involving SDs.

The S-N bond lengths and SNC angles of our pyridine-based co-crystals
generally fall within the ranges of the reported SD complexes (Table 1). The S—N bond
lengths and sulfonamide SNC angles of the reported complexes range from 1.56 to 1.67
A and 118 to 127° respectively. The larger differences compared to our SDZ-based
solids can be attributed to the larger variety of co-formers and sample size, since different
SDs and co-formers can be expected to accommodate a wider array of S—-N lengths and
SNC angles. Indeed, there are 10 SDs that differ in electronic character of the R group
(R = pyridazine, pyrimidine, oxazole, thiadiazole, quinoxaline, and acetyl). Moreover,
the different R groups are expected to affect delocalization involving the sulfonamide N-

atom, and in turn, affect S=N character.



Table 1: Geometric parameters for all SD-based supramolecular complexes.
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Sulfa Drug Complex Former 0/° d1/A Co-crystal/Salt  Reference
sulfamethoxypyridazine trimethoprim, H,O 125.19 1.571 salt [211]
sulfadiazine ampyr 122.55 1.573 salt [162]
sulfamethoxazole trimethoprim 123.47 1.573 salt [212]
sulfametrole tetroxoprim, MeOH 118.83 1.576 salt [213]
sulfametrole tetroxoprim, H,O 119.43 1.577 salt [213]
sulfametrole tetroxoprim, H,O 119.63 1.581 salt [213]
sulfamethazine 4-hydroxybenzamide 122.80 1.584 co-crystal* [181b]
sulfametrole tetroxoprim, EtOH 118.20 1.585 salt [213]
sulfametrole trimethoprim 118.30 1.585 salt [214]
sulfamethazine 4-hydroxybenzamide 123.26 1.585 co-crystal* [181b]
sulfadiazine 4-pypip 122.63 1.588 salt [162]
sulfadiazine dmap 123.69 1.593 salt [162]
sulfamethoxypyridazine trimethoprim 121.68 1.598 co-crystal* [213]
sulfamethazine picolinamide 121.38 1.602 co-crystal* [181b]
sulfamethazine 4-hydroxybenzoic acid 122.81 1.608 co-crystal* [181b]
sulfamethazine theopylline 120.13 1.618 co-crystal** [215]
sulfamethazine trimethoprim, MeOH 124.22 1.622 co-crystal [216]
sulfamethazine indole-2-carboxylic acid 125.55 1.623 co-crystal [217]
sulfamethazine 4-aminosalicylic acid 125.32 1.624 co-crystal [218]
sulfadiazine 4-pico 126.23 1.626 co-crystal [162]
sulfamethazine 4-aminobenzoic acid 123.58 1.627 co-crystal [219]
sulfamethazine 2,4-dihydroxybenzoic acid 126.98 1.628 co-crystal [217]
sulfamethazine 3-hydroxy-2-naphthoic acid 121.40 1.629 co-crystal* [181b]
sulfadiazine bipy 127.73 1.634 co-crystal [162]
sulfamethazine fumaric acid, CH;CN 125.84 1.635 co-crystal [181b]
sulfamethazine 4-chlorobenzoic acid 124.74 1.637 co-crystal [220]
5-methoxysulfadiazine acetylsalicylic acid 124.05 1.641 co-crystal [221]
sulfamethazine salicylic acid 126.58 1.641 co-crystal [222]




Table 1. Continued

sulfamethazine
sulfamethazine
5-methoxysulfadiazine
sulfadiazine
sulfamethazine
sulfadiazine
sulfapyridine
sulfamethazine
sulfamethazine
sulfamerazine
5-methoxysulfadiazine
sulfamethazine
sulfamethazine
chlorsulfaquinoxaline
5-methoxysulfadiazine
sulfamethazine
sulfamethazine
N-acetylsufanilamide
sulfamethazine
sulfamethazine
sulfamethazine

sulfaproxyline

2-aminobenzoic acid
theophylline
(18-C-6), CH3CN
bpe
acetylsalicylic acid
bpa
oxalic acid, dibutyl ester
3,4-dichlorobenzoic acid
sorbic acid
(18-C-6), CH3CN
dioxane
MeOH
trimethoprim, H,O
CH3;CN
THF
2,4-dinitrobenzoic acid
salicylic acid
caffeine
benzoic acid
saccharin
1-hydroxy-2-naphthoic acid

caffeine

125.92

125.78

125.88

126.54

125.94

126.81

122.79

126.92

127.15

125.65

126.23

124.78

125.49

124.62

125.55

126.18

126.20

124.85

126.54

125.56

126.77

124.39

1.641

1.642

1.642

1.642

1.643

1.643

1.644

1.644

1.644

1.645

1.646

1.647

1.647

1.648

1.648

1.650

1.651

1.652

1.652

1.656

1.658

1.660

co-crystal
co-crystal*
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
co-crystal
salt"
co-crystal

co-crystal
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[219]
[215]
[223]
[162]
[218]
[162]
[224]
[181b]
[181b]
[223]
[225]
[226]
[227]
[228]
[225]
[217]
[229]
[230]
[231]
[232]
[181b]

[233]

* Denotes complexes containing the imidine tautomer of the sulfonamide.

1 Entries found in same crystal structure.

T Denotes salt containing a cationic SD and anionic co-former (excluded from geometry study).
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The SD-based solids in the CSD reveal that the salts exhibit S-N bond lengths of
1.57 - 1.60 A while co-crystals exhibit S—N bond lengths of 1.58 - 1.66 A. In contrast to
our pyridine-based solids, there is slight overlap in S—N bond distances of the reported
salts and co-crystals from 1.58 to 1.60 A. The overlap involves five co-crystals and six
salts. The SNC angles ranged from 118 to 125° for salts and 120 to 128° for co-crystals.
There is, thus, also overlap of SNC bond angles from 120 to 125°. The solids in that
region comprise 17 co-crystals and four salts. As discussed by Childs in the context of
C—O bond length and ApK,,'” such an overlap is likely representative of a boundary

between co-crystal and salt formation.

2.5.6 Tautomers in the Co-Crystal — Salt Continuum

From our analysis of the SD-based co-crystals in the CSD, seven sulfonamide
moieties exist as the imidine tautomer. The tautomer is present in six sulfamethazine
(SMT) co-crystals and one co-crystal of sulfamethoxypyridazine. Both SDs contain a N-
heterocyclic ring atom adjacent to the sulfonamide and can generate two tautomers
(Figure 58). Relative energies of tautomeric forms have been investigated in the case of
SMT, with DFT calculations revealing the amidine to be more stable than the imidine by
33.2 kJ mol'*"® The higher energy of the imidine form has been attributed to less

aromatic character of the adjacent pyrimidine ring.215

The seven co-crystals with the
imidine tautomer possess S-N bond lengths and SNC angles of 1.58 to 1.63 A and 120 -
124°, respectively. The remaining amidine-based co-crystals in the CSD, along with our
co-crystals, exhibit SN bond lengths of 1.62 - 1.66 A. The SNC bond angles of the

amidine co-crystals span from 122 - 128°. For comparison, our salts and the salts in the

CSD, exhibited S-N lengths of 1.57 - 1.60 A and SNC angles of 118 - 125°.
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Figure 58: Schematic showing sulfonamide tautomers of SDZ.

It is clear that the ranges of S—N length for salts and amidine co-crystals do not
overlap. Remarkably, however, effectively all of the S—N lengths of the higher energy
imidine tautomer sit in between the S—N lengths of salts and the amidine tautomer. The
observation is supported by an analysis of S—-N bond lengths for each type of complex.
Using the mean (X ) SN length and standard deviation (o) for co-crystals and salts, we
analyzed the S-N distribution of each type, so as to display each region as X + 2. From
the data, the salts covered a range of 1.571 - 1.593 A, while the co-crystal region was
represented by 1.594 - 1.673 A (Figure 59). To separate the imidine and amidine sections
within the co-crystal region, X = 26 was calculated for the amidine form. The range for
amidine co-crystal SN bond length was 1.622 - 1.660 A, and thus, the imidine-amidine
boundary is assigned at 1.622 A. (Figure 59, dashed line). To our knowledge, a

delineation of tautomers as related to S—N bond length has not been reported.
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Figure 59: A plot of S—N bond length vs. SNC bond angle for SD-based complexes.

2.6 Sulfamethazine (SMT) as a Model PA

From the results related to SDZ, as well as the analysis of structures in the CSD,
we turned to look at Sulfamethazine (SMT) as a model PA to generate pharmaceutical
co-crystals while further studying the geometrical differences associated with
tautomerizarion of SDs (Figure 60). We envisioned that SMT would provide a better
opportunity to study the S—N bond length of the two tautomeric forms since the imidine
tautomer of SMT has been reported most frequently (six out of seven reported imidine-
based SD co-crystals, 86%). SMT is also the most well-studied SD to date, having been
reported in 25 out of 42 SD-based complexes, six of which contain the imidine tautomer

(24%).>** In addition, SMT has been reported to readily form co-crystals and salts with a
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variety of co-formers (e.g. N-heterocycles, carboxylic acids, amides), likely owing to a

markedly-higher solubility in common organics.
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Figure 60: Schematic showing (a) two tautomeric forms of SMT and (b) geometrical
differences related to the reported (SMT)-(theophylline) co-crystal containing
both tautomers.*"

SMT, similar to SDZ, is a bacteriostatic agent used to treat a variety of infections
and diseases in both human and veterinary medicine. SMT, in the pure form, self-
assembles via complementary (amidine) N—H--O,S (sulfoxide) and (aniline) N—H--N
(pyrimidine) synthons that afford C(4) chains and R22 (20) motifs, respectively (Figure
61).2 Previous studies with SMT have revealed both carboxylic acids and amides to co-

crystallize with SMT, wherein SMT crystallizes in the imidine form.
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Q Hydrogen bond donor

D Hydrogen bond acceptor

Figure 61: Schematic of SMT highlighting (a) self-assembly of complementary
(amidine) N—H---O,S (sulfoxide) and (aniline) N—H--"N (pyrimidine)
synthons and (b) hydrogen bonding functionalities.

In an extension of our studies with SDZ, we designed and constructed
multicomponent crystalline solids involving SMT and a series of bipyridines, benzoic
acids, and aromatic amides. The bipyridines comprise 4,4'-bipyridine (bipy), trans-1,2-
bis(4-pyridyl)ethylene (bpe), and 1,2-bis(4-pyridyl) acetylene (bpa). The acid and amide
co-formers used consisted of 3-hydroxybenzoic acid (3-hba), 4-hydroxybenzoic acid (4-
hba), 2,5-dihydroxybenzoic acid (2,5-dhba), 2,6-dihydroxybenzoic acid (2.6-dhba), 2.4-
dihydroxybenzoic acid (2,4-dhba), 3,5-dihydroxybenzoic acid (3,5-dhba), 2-
aminoterephthalic acid (2-ata), benzamide (ba), 4-aminobenzamide (4-aba), 4-
methoxybenzamide (4-mba), and 4-pyridylthioamide (4-pta) (Figure 62). The resulting
structures consist of 13 co-crystals and one salt with SMT. Of the 13 co-crystals, four
crystallize as the imidine tautomer of SMT. Extending our efforts to investigate the co-
crystal — salt continuum'®® of complexes involving SDs, we reveal that the geometry of
each SMT-based solid is in accordance within our earlier delineations in the context of S—

N bond length.



79

2 We N7 _ _ =
O O D=
bpe

bipy bpa
0 OH  OOH Oy OH O OH 0._OH O<_OH
OH dii & OH HO OH
3-hba 4-hba 2,4-dhba 2,5-dhba 2,6-dhba 3,5-dhba
0. _OH
O NH, Os_NH, O+ _NH, S _NH,
D
M, é &
HO"N0 NH, O ¥
2-ata ba 4-aba 4-mba 4-pta

Figure 62: Chemical structures of all co-formers used with SMT comprising pyridine
(red) benzoic acid (blue) and aromatic amide (green) derivatives.

2.7 Experimental

SMT (98%), bipy (97%), bpe (98%), ba (99%), 4-aba (98%), 4-mba (98%), 4-
hba (99+%), 2,5-dhba (98%), and 3,5-dhba (97%) were purchased from Sigma Aldrich
Chemical (St. Louis, MO, USA). 3-hba (99%), 2,4-dhba (97%), 2,6-dhba (97%), and 2-
ata (99.9%) were purchased from ACROS Organics (Morris Plains, NJ, USA). 4-pta
(96%) was purchased from Oakwood Products, Inc (West Columbia, SC, USA). bpa was
synthesized according to a literature procedure.'””  Acetonitrile (99.9%) and Ethanol
(99.98%, absolute grade) were obtained from Fisher Scientific (Pittsburgh, PA, USA) and
Pharmco-AAPER (Brookfield, CT, USA), respectively. All components were used as
purchased, unless specified. Single crystals of each solid were obtained by slow
evaporation from solution. In a typical procedure, SMT (4 mmol) and a co-former (1.0

mol. eq. for monopyridines, monoacids, and benzamides, and 0.5 mol. eq. for



80

bipyridines, diacids, and 4-pta) were dissolved in CH3CN or EtOH (5.0 - 7.0 mL) at 75
°C. Single crystals suitable for X-ray diffraction were grown upon cooling each solution
to ambient temperature and then allowing the solvent to slowly evaporate. Single crystals
formed within a period of approximately 5 days.

Single crystal X-ray diffraction experiments were performed on a Bruker SMART
system equipped with an APEX2 CCD camera. Data was collected at 100 K with
graphite-monochromated MoKa. radiation (A =0.71073 A). The data was collected and

processed using SaintPlus.'”

All structures were solved using direct methods that
generated non-hydrogen atoms. All hydrogen atoms were located in Fourier-difference
electron density maps. All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms associated with carbon atoms were refined in geometrically constrained riding
positions. Hydrogen atoms associated with nitrogen and oxygen atoms were included in

the located positions. Refinement was achieved with the use of SHELX-97."” The

details of the structural analysis of all solids are summarized in Tables A-3 through A-6.

2.8 Results

14 new solid forms of SMT were obtained using co-crystal screening146 with the
selected co-formers. The crystal structure of each solid was determined using single-
crystal X-ray diffraction. 13 solids were determined to be co-crystals while the
remaining solid was a salt, as evidenced by proton transfer. In ten solids, the sulfonamide
crystallizes as either an amidine (co-crystals) or amidide (salt) functionality, while the
remaining four crystallize as the higher energy imidine species.**

(8) (SMT)-(bipy):(CH3CN). Co-crystallization of a 2:1 molar ratio of SMT and
bipy in CH3CN afforded a co-crystal solvate of 1:1:1 stoichiometry. The components
crystallize in the monoclinic space group P2;/c. The asymmetric unit consists of one
molecule of SMT, one bipy molecule, and one CH;CN. SMT and bipy interact via

alternating intermolecular (sulfonamide) N—H-N (pyridine) and (aniline) N—H--N
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(pyridine) hydrogen bonds in a C22 (I7) chain. The 1:1 assembly forms a 2D polymer
sustained by a combination of amidine and aniline N—H--"N hydrogen bonds, as well as
(aniline) N—H-*N (pyrimidine) and N—H--O,S hydrogen bonds (Figure 63). The
CH;CN molecule also participates in weak (aniline) C—H:---N (nitrile) interactions with

SMT.

(a) (b)
, . @7 *«2’5‘
3 7@‘
ot KX
Figure 63: View of (SMT)-(bipy)-(CH3CN) highlighting: (a) alternating amidine and

aniline N—H---N hydrogen bonds and (b) 2D sheet formed with additional
N—H---O,S forces.

(9) (SMT)-(bpe):(CH3CN). SMT and bpe crystallize as a co-crystal solvate in
the triclinic space group PI . Crystallization from a 2:1 molar ratio in CH;CN in a solid
of 1:1:1 stoichiometry, wherein the asymmetric unit consists of one molecule of SMT,
one bipy molecule, and one CH3;CN. SMT and bipy interact via alternating
intermolecular (amidine) N—H--N (pyridine) and (aniline) N—H--N (pyridine)
hydrogen bonds in a sz (17) chain. The 1:1 assembly forms a 2D polymer, wherein the
extended structure is also sustained by a combination of (aniline) N—H---N (pyrimidine)
and (aniline) N—H---O,S (sulfoxide) hydrogen bonds (Figure 64). The CH3CN molecule
also participates in weak (aniline) C—H---N (nitrile) and (alkyl) C—H: - (aniline)

interactions with SMT.
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Figure 64: View of (SMT)-(bpe)-(CH3CN) highlighting: (a) alternating amidine and
aniline N—H--*N hydrogen bonds and (b) 2D polymer formed with additional
N—H---O,S interactions.

(10) (SMT)-(bpa)-(CH3CN). Co-crystallization of a 2:1 molar ratio of SMT and
bpa from CH3;CN resulted in a co-crystal solvate of 1:1:1 stoichiometry. The components
crystallize in the triclinic space group PT . The asymmetric unit consists of one molecule
of SMT, one bipy molecule, and one CH3CN. Similar to (SMT)-(bpe):-(CH;CN), SMT
and bipy interact via alternating intermolecular (amidine) N—H--N (pyridine) and
(aniline) N—H-N (pyridine) hydrogen bonds in a sz (19) chain. The components
assemble to form a 2D polymer wherein (aniline) N—H:N (pyrimidine) forces and
(aniline) N—H--O,S (sulfoxide) hydrogen bonds contribute to the overall structure
(Figure 65). Weak (aniline) C—H---N (nitrile) and (alkyl) C—H:---m (aniline)

interactions between the CH3;CN molecule and SMT are also observed.



Figure 65: View of (SMT)-(bpa)-(CH3CN) highlighting: (a) alternating amidine and
aniline N—H---N hydrogen bonds and (b) hydrogen bonding interactions
between SMT and CH;CN.

(11) (SMT):(3-hba). (SMT)-(3-hba) crystallizes from EtOH in the orthorhombic
space group Pbca with one molecule of SMT and one molecule of 3-hba in the
asymmetric unit. SMT and 3-hba assemble to form zig-zag chains consisting of a two-
point (acid) O—H:--N (pyrimdine) and (amidine) N—H:---O (carboxy) forces in a
R22 (8) motif, as well as (phenol) O—H:--N (aniline) interactions. Additional forces in
the form of (aniline) N—H---O,S (sulfoxide) interactions link adjacent chains, so as to

form a 2D hydrogen bonded polymer (Figure 66).

Figure 66: View of (SMT)-(3-hba): (a) primary two point (acid) O—H:--N (pyrimdine)
and (amidine) N—H---O (carboxy) synthon and (b) extended structure.
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(12) (SMT)-(4-hba). (SMT)-(4-hba) crystallizes from an ethanolic solution in
the triclinic space group PT. The asymmetric unit consists of one molecule of SMT and
one molecule of 4-hba. In contrast to (SMT)-(3-hba), (SMT)-(4-hba) co-crystallizes with
the imidine tautomer of SMT, and is sustained by a R22 (8) arrangement of (imidine) N—
H:--O (carboxy) and (acid) O—H---N (imidine) hydrogen bonds. Additional (phenol)
O—H---N (aniline) and (aniline) N—H---O,S (sulfoxide) interactions contribute to the

extended structure, generating a 2D hydrogen bonded polymer (Figure 67).

(a) (b)

Figure 67: View of (SMT)-(4-hba): (a) primary two point (acid) O—H---N (imidine) and
(imidine) N—H---O (carboxy) synthon and (b) extended 2D structure.

(13) (SMT)'(2,4-dhba). SMT and 2,4-dhba form a 1:1 co-crystal that
crystallizes from ethanol in the triclinic space group PT with one molecule of SMT and
one molecule of 4-hba in the asymmetric unit. (SMT)-(2,4-dhba) crystallizes as the
amidine tautomer of SMT, and is sustained by a R22 (8) arrangement of (amidine) N—
H:---O (carboxy) and (acid) O—H---N (amidine) hydrogen bonds. The two components
assemble with additional (aniline) N—H:---O,S (sulfoxide), (phenol) O—H:---O
(carboxy/phenol) and (phenol) O—H-:--N (aniline) interactions that give rise to a 2D

hydrogen bonded polymer (Figure 68).
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(b)

Figure 68: Views of (SMT)-(2,4-dhba): (a) primary two point (acid) O—H---N
(imidine) and (imidine) N—H---O (carboxy) synthon and (b) extended 2D
structure.

(14) (SMT):(2,5-dhba). Co-crystals of the composition (SMT)-(2,5-dhba)
crystallize from EtOH in the orthorhombic space group Pbca with one molecule of SMT
and one molecule of 2,5-dhba in the asymmetric unit. The primary interaction between
SMT and 2,5-dhba consists of the R; (8) motif based upon a two-point (acid) O—H:--N
(pyrimdine) and (amidine) N—H:--O (carboxy) forces. The two components assemble to
generate a 3D hydrogen-bonded polymer sustained by additional (phenol) O—H:--N

(aniline) and (aniline) N—H:---O,S (sulfoxide) interactions (Figure 69).

(a) (b)

éﬁ? I

Figure 69: Views of (SMT)-(2,5-dhba): (a) primary two point (acid) O—H---N
(pyrimidine) and (amidine) N—H---O (carboxy) synthon and (b) extended
2D structure.
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(15) (SMT")-(2,6-dhba’). SMT and 2,6-dhba crystallize from ethanol in the
orthorhombic space group Phca as a salt in the form of (SMT')-(2,6-dhba’). The
asymmetric unit contains one SMT" cation and one 2,6-dhba” anion that self-assemble to
form a 2D polymer (Figure 70). The two-component assembly is sustained by primary
(pyrimidinium) "N—H--O" (carboxylate) and (amidine) N—H:--O (carboxy) hydrogen
bonds, arranged in a R22 (8) motif, as well as (aniline) N—H:-O,S (sulfoxide) hydrogen
bonds that form a zig-zag C(8) chain. Additional (aniline) N—H--O,S (sulfoxide)
interactions, as well as m---m interactions between aniline and pyrimidine rings of

neighboring chains contribute to the overall structure. (d ..., = 3.33 A).

(a) (b)

Figure 70: Views of (SMT"):(2,6-dhba’): (a) primary two point (pyrimidinium) "N—
H---O (carboxylate) and (amidine) N—H:--O (carboxy) synthon and (b)
extended structure.

(16) (SMT)-(3,5-dhba). (SMT)-(3,5-dhba) crystallizes from an ethanolic
solution in the monoclinic space group P2;/c with one molecule of SMT and one
molecule of 3,5-dhba in the asymmetric unit. Similar to (SMT)-(4-hba), (SMT)-(3,5-
dhba) co-crystallizes with the imidine tautomer of SMT, and thus, is sustained by a
R22 (8) arrangement of (imidine) N—H:---O (carboxy) and (acid) O—H:--N (imidine)
hydrogen bonds. Additional (phenol) O—H:--O,S (sulfoxide), (aniline) N—H:--O,S
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(sulfoxide), and (aniline) N—H---N (pyrimidine) interactions, as well as n---n stacking
between benzene and pyrimidine rings (dr... = 3.72 A) contribute to the extended

structure, generating a 2D hydrogen bonded polymer (Figure 71).

Figure 71: Views of (SMT)-(3,5-dhba): (a) primary two point (acid) O—H---N
(imidine) and (imidine) N—H---O (carboxy) synthon and (b) extended 2D
structure.

(17) (SMT)-(2-ata). Crystallization of a 2:1 ratio of SMT and 2-ata results in the
formation of a 1:1 co-crystal. (SMT)-(2-ata) crystallizes from EtOH in the monoclinic
space group P2;/n with one molecule of SMT and one molecule of 2-ata in the
asymmetric unit. SMT and 3-ata assemble to form sheets consisting of a pair of two-
point R22 (8) motifs, specifically (acid) O—H--N (pyrimdine) and (amidine) N—H---O
(carboxy) forces, as well as an (acid) O—H:--O (carboxy) dimer (Figure 72) and (phenol)
O—H---N (aniline) interactions. Additional forces in the form of (aniline) N—H---O,S

(sulfoxide) interactions link adjacent sheets, generating a 3D hydrogen bonded polymer.
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Figure 72: View of 2(SMT)-2(2-ata) highlighting (acid) O—H---N (pyrimdine) and
(amidine) N—H---O (carboxy) forces, as well as an (acid) O—H:---O
(carboxy) dimer.

(18) (SMT)-(4-pta). SMT and 4-pta form a 1:1 co-crystal that crystallizes from
ethanol in the monoclinic space group P2,/n with one molecule of SMT and one molecule
of 4-pta in the asymmetric unit. (SMT)-(4-pta) crystallizes as the amidine tautomer of
SMT, sustained by a Rzz (8) arrangement of (amidine) N—H--S (thiocarboxamide) and
(amide) N—H---N (pyrimidine) hydrogen bonds. The two components assemble with
additional (aniline) N—H:---O,S (sulfoxide) and (aniline) N—H:--N (pyridine)

interactions that give rise to a 3D hydrogen bonded polymer (Figure 73).

Figure 73: Views of (SMT)-(4-pta): (a) primary two point (amidine) N—H:--S
(thiocarboxamide) and (amide) N—H:--N (pyrimidine) synthon and (b)
extended 2D structure.
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(19) (SMT):(ba). SMT and ba co-crystallize in the monoclinic space group
P2,/c. The asymmetric unit consists of one molecule of SMT in the imidine form and
one ba molecule that interact via intermolecular (amide) N—H-:-N (imidine) and
(imidine) N—H--O (carboxy) hydrogen bonds in a R22 (8) motif. The 1:1 assembly
forms a 2D polymer grid, wherein the extended structure is also sustained by (aniline)

N—H:--O,S (sulfoxide) hydrogen bonds (Figure 74).

(a)

Figure 74: View of (SMT)-(ba) highlighting: (a) (amide) N—H---N (imidine) and
(imidine) N—H---O (carboxy) two point interaction and (b) resulting 2D
polymer with (aniline) N—H---O,S (sulfoxide) forces.

(20) (SMT)-(4-aba). Crystallization of SMT and 4-aba results in a co-crystal of
the composition (SMT)-(4-aba). The complex crystallizes in the monoclinic space group
P2,/c with one molecule of SMT and one 4-aba molecule in the asymmetric unit. The
two components interact via (amide) N—H-N (pyrimidine) and (amidine) N—H--O
(carboxy) forces arranged in a R22 (8) motif. Additional (aniline) N—H-+O5S (sulfoxide)

hydrogen bonds contribute to the overall 3D polymer structure (Figure 75).
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Figure 75: Views of (SMT)-(4-aba): (a) primary two point (amidine) N—H:---O
(carboxy) and (amide) N—H---N (pyrimidine) synthon and (b) extended
structure.

(a)

(21) (SMT):(4-mba):(H,0). SMT and 4-mba crystallize as a monohydrate in
the triclinic space group PT with one molecule of SMT, one molecule of 4-mba, and one
water molecule in the asymmetric unit. Similar to (SMT)-(ba), (SMT)-(4-mba)-(H,0)
co-crystallizes as the imidine tautomer and is sustained by a R22 (8) arrangement of
(imidine) N—H---O (carboxy) and (acid) O—H---N (imidine) hydrogen bonds. The
water molecule effectively interrupts the formation of expected N—H:--O,S interactions,
instead generating (hydroxyl) O—H---O,S (sulfoxide) and (aniline) N—H---O (hydroxy)
interactions that alternate in a 1D polymer sz (10) chain (Figure 76). The amide N-H

also participates in (amide) N—H:--O,S (sulfoxide) forces.
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Figure 76: Perspective view of (SMT)-(4-mba)-(H,O) highlighting primary two point
(amidine) N—H:--O (carboxy) and (amide) N—H:--N (pyrimidine) synthon
and interactions of water molecules with SMT.

2.9 Discussion

Similar to SDZ, SMT contains a mixture of hydrogen bonding motifs that make
the molecule desirable for engineering co-crystals. Prior to our studies, 26 SD-based
supramolecular complexes (salts, co-crystals, solvates) had been reported with SMT
(63% of the SD-based complexes).”* Of those 27 complexes, 6 exhibit the higher energy
imidine tautomer. Out of the 13 new SMT-based solids we obtained, four contained the

higher energy tautomer.

2.9.1 Unexpected Stoichiometry
The co-crystal involving SMT and 2-ata affords an unexpected stoichiometry. In
particular, an as prepared 2:1 ratio of SMT and 2-ata co-crystallized as (SMT)-(2-ata),
while giving rise to an unexpected assembly.”® It was thought that a 2:1 ratio would
engineer a co-crystal containing two R22 (8) hydrogen bond patterns composed of (acid)
O—H---N (pyrimdine) and (amidine) N—H:--O (carboxy) forces per molecule of 2-ata.
However, within the co-crystal two distinct two-point R22 (8) motifs form (Figure 77). In

addition to the expected (acid) O—H---N (pyrimdine) and (amidine) N—H---O (carboxy)
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heterodimer, an (acid) O—H---O (carboxy) homodimer is present, giving rise to the 1:1

stoichiometry. The coexistence of a carboxylic acid homodimer in the presence of a

heterosynthon is rare,”*® having only been realized in a few systems to date.”’

heterosynthon

homosynthon

Figure 77: Schematic of (SMT)-(2-ata) highlighting heterosynthon and homosynthon
interactions within the asymmetric unit.

2.9.2 Supramolecular Synthon Disruption

The co-crystal afforded with SMT and 4-mba is a hydrate (Figure 78).
Interestingly enough, the water molecule interferes with the formation of the expected
(aniline) N—H---O,S (sulfoxide) interactions that are exhibited in not only all of the
SDZ- and other SMT-based solids described here, but also present in over 80% of the
reported SD-based solids in the CSD. Although co-crystal hydrates are commonly
reported (nearing 600 in the CSD), it is relatively uncommon to observe a
multicomponent system wherein complementary supramolecular synthons are engineered

in a system, yet their interaction is interrupted by water molecules.”*
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Figure 78: Perspective view of (SMT)-(4-mba)-(H,O) highlighting water molecules
engaging in synthon breakdown.

2.9.3 Geometry of the Sulfonamide

As uncovered previously, the geometry around the sulfonamide, specifically the
S—N bond length, can be used to aid in assessment of salt or co-crystal formation for SDs.
In addition to that, the S—N lengths of the higher energy tautomers appear to trend
towards salt-like geometries. From a statistical analysis of the SD-based structures and
the CSD, we observed that the salt region covered a range of 1.571 - 1.593 A, while the
co-crystal region was represented by the range of 1.594 - 1.622 A for the imidine-based
co-crystals and 1.622 - 1.673 A for the amidine-based co-crystals (Figure 59). Extending
our analysis to include our SMT-based solids, we observed that all of our SMT
complexes (Table 2) lie within our previously delineated regions (Figure 79, fully-filled

markers).



Table 2: Select geometrical parameters of our SMT-based complexes
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Entry Sulfa Drug Complex Former 0/° d1/A Co-crystal/Salt

1 sulfamethazine 4-mba 119.38 1.596 Co-crystal*
2 sulfamethazine ba 124.74 1.599 Co-crystal*
3 sulfamethazine 4-hba 121.95 1.607 Co-crystal*
4 sulfamethazine 3,5-dhba 120.59 1.620 Co-crystal*
5 sulfamethazine 2,4-dhba 126.39 1.630 Co-crystal
6 sulfamethazine 3-hba 124.44 1.637 Co-crystal
7 sulfamethazine 2-ata 126.88 1.639 Co-crystal
8 sulfamethazine 4-aba 124.35 1.640 Co-crystal
9 sulfamethazine 4-pta 125.37 1.643 Co-crystal
10 sulfamethazine 2,5-dhba 126.84 1.643 Co-crystal
11 sulfamethazine bpa 123.37 1.644 Co-crystal
12 sulfamethazine bpe 122.74 1.645 Co-crystal
13 sulfamethazine bipy 120.63 1.649 Co-crystal
14 sulfamethazine 2,6-dhba 124.92 1.662 Salt

T Denotes salt containing a cationic SD and anionic co-former (excluded from geometry study).

* Denotes complexes containing the imidine tautomer of the sulfonamide.
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Figure 79: A revised plot of S—N bond length vs. SNC bond angle for SD-based
complexes, including the SMT complexes (solid shapes) reported in this
section.

2.9.4 Tautomers: Implications in Solids

The co-crystals of SDs described here (i.e. CSD and our results) reveal that the
geometries of the higher energy imidine tautomers lie in between the salts and the
amidine co-crystals. The positioning enables the imidine tautomers to effectively lie at
the co-crystal — salt boundary. Indeed, we believe that the relative positioning of the
tautomers along the salt — co-crystal continuum can be considered significant owing to
the following. First, different tautomers of the same compound will exhibit different
relative energies. Moreover, the differences in energy will, de facto, correspond to forms
that exhibit different polarities.” From semi-empirical calculations involving SMT, for

example, we have determined the imidine tautomer to exhibit a larger dipole moment (9.8
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D vs. 4.9 D) than the amidine tautomer (Figure 80).24

From a solid-state chemistry
perspective, one can envisage that a higher energy (i.e. higher dipole) form of a tautomer
may promote the formation of a more stable crystal lattice or a lattice akin to that of a
salt. Second, molecules that exhibit tautomeric forms may be particularly useful to
promote co-crystal formation since an inherent flexibility to interconvert between forms
can be employed to accommodate geometric demands of different co-formers. A
molecule that exhibits tautomeric forms, thus, can increase the number of possible
synthons able to support a multicomponent solid. From a crystal engineering
perspective, the chameleon-like behavior of tautomers, thus, enhances the
crystallographic landscape®*' by increasing the number of potential synthons within a
multicomponent solid, since tautomerizarion effectively converts hydrogen-bond donors
to acceptors, and hydrogen-bond acceptors to donors. Moreover, the ability of tautomers
to exhibit reconfigurable exteriors, or display chameleon-like behavior*** may, in effect,

be employed as a tool for the crystal engineer to increase the probability of obtaining co-

crystals of a given target molecule.

4.9 Debye 9.8 Debye

Figure 80: Electrostatic potential maps of (a) the amidine tautomer of SMT and (b) the
imidine tautomer of SMT.
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2.10 Conclusion

We have described 17 pharmaceutical co-crystals and 4 salts involving SDZ or
SMT, with pyridines, acids, or amides as primary functional groups within the chosen co-
formers. Upon analysis of the existing SD-based complexes in the CSD, as well as our
SDZ-based solids, we determined that geometric differences were present upon salt and
co-crystal formation. In particular, the salts display shorter S-N bonds owing to the sp®
nature of the sulfonamide N-atom whereas co-crystals exhibit longer S—N bonds. While
the imidine tautomers of SDs are co-crystals, the geometry of the imidine exclusively lies
at the co-crystal — salt boundary. Moreover, we anticipate that the identification of a role
of tautomers to support multicomponent solids outlined here may provide further insight
on understanding and exploiting the co-crystal — salt continuum, particularly as related to

co-crystal formation.'”
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CHAPTER 3. CRYSTAL ENGINEERING OF CHIRAL
PHARMACEUTICAL AGENTS

3.1 Introduction

Crystal engineering,* a process originally used in the context of stereocontrolled-
photochemical reactions,”® has recently gained widespread interest, due to intriguing
applications in solid-state and materials chemistry alike. Owing to the potential to tailor
physiochemical properties (e.g. stability, bioavailability), crystal engineering has been
utilized recently in the pharmaceutical industry as a method to construct novel solid
forms of pharmaceutical agents (PAs). In particular, comprehending the structure-
activity relationship of chiral PAs is of utmost importance for chiral resolution.**
Resolution of chiral PAs is traditionally accomplished via preferential or diastereomeric
crystallization. When a racemate crystallizes, three possible systems can result: (1) a
true racemate forms if both enantiomers crystallize into the same unit cell and are related
by symmetry; (2) a conglomerate forms if each enantiomer crystallizes separately as
enantiomerically-pure crystals; (3) a solid solution forms if both enantiomers coexist in
the crystal in a randomly-distributed manner. Among these systems, racemates are the
most prominent, while conglomerates are rare, and solid-solutions are even rarer. To
successfully identify a method for resolution, it is important to understand the chiral
nature of the PA.

Recent focus in the pharmaceutical industry has led to the design and application
of pharmaceutical co-crystals as a means to manipulate the chemical and physical
properties of PAs via co-crystallization with a co-crystal former (CCF).” '™ The
resulting multicomponent crystals are held together by noncovalent interactions (e.g.
hydrogen bonding, n-m stacking). Co-crystallization has been shown to alter properties
such as solubility, melting point, and stability in a way comparable to ionic salts and

amorphous solids of APIs.”®
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Pharmaceutical co-crystals of chiral APIs and achiral CCFs can crystallize as
three different systems in a manner analogous to that of the racemate crystals (Figure
81).%** Similarly, a co-crystal racemate forms if both enantiomers of the chiral API and
CCF co-crystallize in the same unit cell, with the opposite-handed enantiomers related by
symmetry. A co-crystal conglomerate can form if an enantiomer of the API and a CCF
co-crystallizes into enantiomerically-pure co-crystals owing to spontaneous resolution. If
both API enantiomers are present in the co-crystal in a less-defined stochastic manner, a
solid solution forms.*** Owing to the large quantity of marketed APIs (>70%) that are
chiral, the understanding of such interplay between structure and properties is of

fundamental importance for the application of co-crystallization to chiral APIs.

Co-crystal racemic compound (CR)

¥ S co-crystal enantiomorph (CAg) R co-crystal enantiomorph (CAR)
\ Co-crystal conglomerate (CC)
racemic liquid

H S-enantiomer
|:] R-enantiomer

Co-crystal solid solution (CSS)
. Co-crystal former

Figure 81: Possible results from the co-crystallization of a chiral pharmaceutical agent
(PA) and achiral co-crystal former (CCF).

Ibuprofen solid forms are well-studied in the context of crystallization, with the

structures and thermodynamic data corresponding to the formation of a racemic

compound.”*® The sodium salt of ibu, however, crystallizes as a stable conglomerate.*®
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Owing to the ability to influence solid-state behavior via subtle structural changes, it is
important to study the influence of chirality upon crystallization for different solid forms.
Recently, we demonstrated that co-crystals of ibu and 4,4'-bipy247 crystallize as a solid

solution.”**

Here, we extend the scope of our study to structurally-related bipyridines
comprising: (E)-1,2-bis(4-pyridyl)ethylene (bpe), 1,2-bis(4-pyridyl)ethane (bpeth), 1,2-
bis(4-pyridyl)acetylene (bpa), (1E, 3E, 5E)-1,6-bis(4-pyridyl)hexatriene (bph), (£)-1,2-
bis(2-pyridyl)ethylene (2,2'-bpe), and (E)-[1-(4-pyridyl)-2-(2-pyridyl)]ethylene (2,4-bpe)
as co-formers in the preparation and characterization of chiral pharmaceutical co-crystals.
Co-crystal mixtures of varying R:S ratios of ibu were used to gain insight into the solid-
state behavior of each system. Our goal was to assess the robustness of the synthons and
examine the crystallization behavior of the resulting co-crystals, and also determine if the
geometry of the co-former, as well as the substitution on the pyridine ring, can influence
the solid-state behavior of ibu (Figure 82). The results portrayed in this chapter can be

particularly important in the field of crystal engineering, wherein constructing a system

that achieves predictable structures and/or properties remains a noteworthy struggle.
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Figure 82: Subtle differences within each co-crystallization attempt that could lead to
various solid-state behaviors.
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3.2 Experimental

Ibu (98%), bipy (97%), bpe (98%), bpeth (97%), and 2,4'-bpe (97%) were
purchased from Sigma Aldrich Chemical (St. Louis, MO, USA). 2,2"-bpe (97%) was
purchased from TCI America (Portland, OR, USA). 2,4-bpe and bpeth were sublimed
prior to use. bpa and bph were synthesized according to a literature procedure.
Acetonitrile (99.9%) and N,N-dimethylformamide (99.9%) were obtained from Fisher
Scientific (Pittsburgh, PA, USA), while ethanol (99.98%, absolute grade) was obtained
from Pharmco-AAPER (Brookfield, CT, USA). Single crystals of each solid were
obtained by slow evaporation from solution. In a typical procedure, (+)-ibu (48 mmol)
and pyridine (0.5 mol. eq.) were dissolved in EtOH, CH3CN, or 1:1 DMF:CH3CN (5.0 -
7.0 mL) at 70 °C. Single crystals suitable for X-ray diffraction were grown upon cooling
each solution to ambient temperature and then allowing the solvent to slowly evaporate.
Single crystals formed within a period of approximately 2 - 5 days. For the enantiopure
co-crystals, (+)-ibu was used as the starting material and EtOH was used as the solvent.

Single crystal X-ray diffraction experiments were performed on a Bruker SMART
system equipped with an APEX CD camera. Data was collected at 173 K with graphite-
monochromated Mo Ka[ Jradiation . = 0.71073 A). Data was collected in four sets using
@-¢ scans with @ steps of 0.5 i [stepsdof 90 [ ] A total
collected with 20 s frame exposures. Data was processed using SaintPlus.'”® Corrections
for Lorentz polarization effects were applied. Absorption was negligible. All structures
were solved using direct methods that yielded the non-hydrogen atoms. All presented
hydrogen atoms were located in Fourier-difference electron density maps. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms associated with carbon
atoms were refined in geometrically constrained riding positions. Hydrogen atoms
associated with oxygen atoms were included in the located positions. Refinement was
achieved with the use of SHELX-97." The details of the structural analysis of all solids

are summarized in Tables A-7 and A-8.
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146
d™™ was used to screen for

Our recently reported SMPT-based suspension metho
co-crystals of achiral pyridines with either (+)-ibu or (+)-ibu. In a typical screening
experiment, ibu (2.0 mmol) was mixed a pyridine co-former (1.0 mmol) and a minimal
volume of solvent to form a slurry. The resulting suspension was either vortexed using
an analog vortex mixer (VWR VM-3000) or sonicated using a sonicator bath (Branson
2510R-DTM) to facilitate the SMPT process. The slurries were continually agitated and
equilibrated for at least 24 hours at ambient conditions to ensure complete conversion.
Each suspension was then filtered and the residual solid was examined by powder X-ray
diffraction (PXRD) and analyzed in comparison to the individual component PXRDs.
All new crystalline phases were studied further using single crystal X-ray diffraction.

For the co-crystal systems with bpe and bpeth, the powder X-ray diffractograms
were obtained using a G3000 (Inel Corp. Artenary, France) diffractometer equipped with
a curved position sensitive detector and parallel beam optics. The instrument was
operated with a copper-anode tube (1.5kW, fine focus) at 40kV and 30mA. An incident-
beam germanium monochrometer was utilized to obtain monochromatic K, irradiation.
The diffractometer was calibrated using the attenuated direct beam at 1° intervals. The
calibration was established using a Si standard reference material (i.e. NIST 640c). The
instrument was operated using the Symphonix248 program, whereas the data was analyzed
using the Jade®™ software (version 6.5). The samples was loaded onto an aluminum
sample holder and leveled with a glass slide. The remaining co-crystal systems powder
X-ray data were collected on a Bruker D-5000 diffractometer equipped with a Bruker
SOL-X energy-sensitive detector using Cuk,; radiation (A = 1.54056 A). Representative
PXRD overlays for co-crystal systems using bpe or bpeth as co-formers are displayed

below (Figure 83).
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Figure 83: Powder X-ray diffraction patterns of solids isolated from SMPT co-crystal
screening of ibu and (a) bpe; (b) bpeth.

Mixtures of varying enantiopurities were prepared by grinding a mixture of 2(()-
ibu)-(co-former)) and 2((+)-ibu)-(co-former)) co-crystals. Mixtures were prepared that
varied from 50% to 100% S composition. DSC was performed using either a TA
Instruments DSC Q2000 or Q200 under a 50 mL min™' N, purge. Samples were scanned
at 1 °C min™' in Tzero aluminum hermetic pans. The temperatures and melting enthalpies
were calibrated against an indium standard. The data reported are the average of 3-5

measurements unless otherwise noted.
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3.3 Results

Seven new co-crystals of ibu (six with racemic ibu) were obtained using SMPT-
based screening with the selected co-formers. The crystal structure of each solid was
determined using single-crystal X-ray diffraction. Of the six co-crystal formers, two
were fully characterized via construction of melting point phase diagrams as solid-
solution co-crystals, while another was characterized as a co-crystal conglomerate.

(1) 2((=)-ibu):(bpe). Co-crystal 2((£)-ibu)-(bpe) crystallizes from acetonitrile in
the achiral triclinic space group, PT with two molecules of ibu and one molecule of bpe
in the asymmetric unit. The compounds form a discrete three-component assembly
sustained by (acid) O—H-N (pyridine) hydrogen bonds [O-N distances (A), 2.651(5)
and 2.665(5)] between each ibu and bpe. The three-component assembly adopts two
different conformations (Figure 84), wherein the isobutyl units of each ibu within the
assembly are either syn or anti to the hydrogen-bonding acid group. For both
conformations, the two pyridine rings of bpe are coplanar. The components assemble
with adjacent assemblies interacting via (pyridine) C—H:--O (carboxy) (3.732(7) and
3.689(7) A) and (alkyl) C—H--N (pyridine) hydrogen bonds on the order of 3.17 A.

(b)

-

7 Restgty”

Figure 84: Views of 2((£)-ibu)-(bpe) highlighting: (a) two different three component
assemblies and (b) extended packing.



105

(2) 2((+)-ibu)-(bpe). (+)-Ibuprofen and bpe co-crystallize from ethanol in the
chiral monoclinic space group, P2; with four molecules of (+)-ibu and two molecules of
bpe in the asymmetric unit. The three-component assembly is sustained by (acid) O—
H--N (pyridine) hydrogen bonds [O-N distances (A), 2.670(5), 2.621(5), 2.673(6), and
2.618(5)]. Similar to the racemic co-crystal, the assembly adopts two different
conformations (Figure 85a), wherein the isobutyl units are syn or anti to the acid (Figure
73a). The two pyridines of each bpe are twisted 7.28° and 4.88° from coplanarity for the
syn and anti assemblies, respectively. The b and ¢ axis of the enantiomeric pure co-
crystal can be respectively considered the ¢ and b axis of the racemate, with the b axis
being nearly double in length; thus, the cell volume is approximately double that of the
racemate co-crystal. The components assemble such that 1D chains form along the a axis
(Figure 85), with assemblies within the chain interacting via (alkyl) C—H:--O (carboxy)
C4 chains. Adjacent chains interact via (pyridine) C—H--O=C (carboxy) forces in a
C22 (11) pattern, as well as (alkenyl) C—H-+O (carboxy), and (alkyl) C—H-+O=C
(carboxy) hydrogen bonds on the order of 3.14 - 3.73 A.

(b)

Figure 85: Views of 2((+)-ibu)-(bpe) highlighting: (a) three component assembly and
(b) extended packing.
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(3) 2((#)-ibu):(bpeth). Ibu and bpeth co-crystallize from acetonitrile in the
achiral triclinic space group, PT with one molecule of bpeth and two molecules of ibu in
the asymmetric unit (Figure 86a). The three-component assembly is sustained by (acid)
O—H:N (pyridine) hydrogen bonds [O-N distance (A), 2.654(3)] between each ibu
enantiomer and bpeth. The three-component assembly adopts one conformation, wherein
the isobutyl units of ibu are anti to the hydrogen-bonding acid (Figure 86b). Within each
assembly, the pyridines assume a conformation similar to that of pure bpeth, wherein the
pyridines lie nearly orthogonal to the ethane (dihedral angle = 77.76°). Additionally, the
three components assemble to form chains with adjacent assemblies interacting via C—

H---O (carboxy) hydrogen bonds (3.690(3) A).

(a) (b)

- yb8

Figure 86: Views of 2((£)-ibu)-(bpeth) highlighting: (a) three component assembly and
(b) extended packing.

(4) 2(()-ibu):(bph). Crystallization of ibu and bph from 1:1 DMF:acetonitrile
(v/v) results in co-crystals of the formulation 2((£)-ibu):(bph). The two components
crystallize in the achiral triclinic space group, PI with one molecule of bph and two
molecules of ibu in the asymmetric unit (Figure 87). The three-component assembly is
sustained by (acid) O—H-N (pyridine) hydrogen bonds [O---N distance (A), 2.6239(16)]

between each ibu enantiomer and bph. The three-component assembly adopts one
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conformation, similar to ((£)-ibu),(bpeth), wherein the isobutyl units of ibu are anti to
the hydrogen-bonding acid (Figure 87). Additional interactions, such as (pyridine) C—
H---O (carboxy) hydrogen bonds in a C;(11)arrangement, and m--m interactions

contribute to the overall structure.

(a)

Figure 87: Views of 2((£)-ibu)-(bph) highlighting: (a) three component assembly and
(b) extended packing.

(5) 2((x)-ibu)-(2,2'-bpe). Ibuprofen and 2,2'-bpe co-crystallize from ethanol in
the monoclinic space group, P2;/c with one molecule of ibu and one molecule of 2,2"-bpe
in the asymmetric unit. The discrete three-component assembly is sustained by (acid)
O—H:N (pyridine) hydrogen bonds [O--N distance (A), 2.6774(15)]. The co-crystal
assembly adopts one conformation with the isobutyl units arranged anti to the acid
(Figure 88). The components assemble with additional (alkenyl) C—H--O (carboxy)
and (alkyl) C—H-n (pyridine) hydrogen bonds, as well as m--'m stacking between
pyridines.
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(a) (b)

Figure 88: Views of 2((£)-ibu)-(2,2'-bpe) highlighting: (a) three component assembly
and (b) extended packing.

(6)  2(()-ibu)-(bpa). Co-crystal 2((£)-ibu)-(bpa) crystallizes from 1:1
DMF:acetonitrile (v/v) in the monoclinic space group, C2/c with one molecule of ibu and
one molecule of bpa in the asymmetric unit. The compounds form a discrete three-
component assembly sustained by (acid) O—H-*N (pyridine) hydrogen bonds [O--N
distance (A), 2.6501(13)] between each ibu and bpe (Figure 89). Surprisingly, unlike all
previous structures, ((£)-ibu)(bpa) crystallizes with chiral assemblies, such that both ibu
molecules within a three-component assembly are of the same handedness. The three-
component assembly adopts a single conformation wherein the isobutyl units of each ibu
within the assembly are anti to the hydrogen-bonding acid group. Additionally, the two
pyridine rings of bpa are twisted in a semi-herringbone manner, as the rings lie 44.5°
apart. The components assemble with adjacent assemblies interacting via (pyridine) C—

H--O (carboxy) (3.2047(15) A) interactions that are arranged in a C; (11) motif,
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(a)

f _

Figure 89: Views of 2((£)-ibu)-(bpa) highlighting: (a) three component assembly and
(b) extended packing.

(7) ((+)-ibu)-(2,4-bpe). Co-crystallization of a 2:1 molar ratio of (£)-ibu and
2,4-bpe in ethanol afforded a co-crystal of 1:1:1 stoichiometry. The components
crystallize in the monoclinic space group P2;,. The asymmetric unit consists of one
molecule of (+)-ibu and one molecule of 2,4-bpe with the isobutyl unit of ibu in the syn
conformation. The two-component assembly is sustained by a single (acid) O—H--N
(pyridine) hydrogen bond [O-N distance (A), 2.6213(16)] exclusively at the 4-pyridyl
terminus, leaving a non-hydrogen bonding 2-pyridine unit (Figure 90). The non-
hydrogen bonding pyridine participates in weaker C—H---N interactions with adjacent 4-
pyridyl moieties (dc_p-~ = 3.568 A). The components assemble with additional (alkyl)

C—H--N (pyridine) forces, as well as ©- -7 stacking between pyridyl and alkenyl groups.

(a) B)

ey

Figure 90: Views of ((£)-ibu)-(2,4-bpe) highlighting: (a) two component assembly and
(b) extended packing.
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3.4 Solid-State Behavior

Co-crystals of chiral APIs with achiral CCFs can form three distinct types of co-
crystals: racemates, conglomerates, and solid-solutions. The crystal types were first
characterized by Roozeboom in 1899, with the construction of melting point phase
diagrams (Figure 91).2° A further classification was also described for different types of
solid solutions, whereby the melting points of the solid solution and the racemate dictate
which sub-category they fall into. Previously, we reported that co-crystals formed
between ibu and 4,4'-bipy form type II solid solutions, with a maximum melting point at
the racemic composition. The 2(ibu)-(4,4'-bipy) co-crystals not only lacked a eutectic
melting that would correspond to the formation of a racemate, but the co-crystal melting
points decreased as the amount of S-enantiomer increased, signaling the formation of a

co-crystal solid solution.

‘ (@) L (b) . () R
' ' T A
I
I

D L D L D L

Figure 91: Melting point phase diagrams illustrating (a) conglomerate systems (b)
racemates and (c) solid solutions.

3.4.1 Solid Solution Co-crystals
To evaluate the solid-state behavior of the co-crystals of ibu with structurally-
related CCFs, 4,4'-bpe, and 4,4'-bpeth, we examined the melting point of the co-crystal

mixtures with differing levels of enantiomeric purity (i.e. total sample compositions of
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50% to 100% S). Based on the melting endotherms and DSC onsets obtained, a melting
point phase diagram was constructed for each system (solid lines, Figure 92a and 92b,
respectively). Each phase diagram is also overlaid with the calculated phase diagrams for
racemate- and conglomerate-forming systems (dashed lines). In both systems, the
melting onset decreases with gradual increases in Xs, and the melting point behavior
mirrors that of a solid-solution-forming system. Indeed, analogous to 2(ibu)-(4,4'-bipy),
the highest melting point for both co-crystals exists at Xg = 0.5, or at the racemic

composition; thus, both systems demonstrate Roozeboom type II behavior.**’
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Figure 92: Melting point phase diagrams obtained for (a) 2(ibu)-(bpe) co-crystal system
and (b) 2(ibu)-(bpeth) co-crystal system.

3.3.2 Conglomerate Co-crystals

Upon observing the structure of ((£)-ibu)-(2,4-bpe), we noticed that the 1:1 ratio

of the two components was also consistent with the formation of enantiopure co-crystals

(i.e. each crystal only contains one enantiomer in the unit cell). To evaluate the solid-

state behavior of these co-crystals, we prepared physical mixtures of each type of co-

crystal (i.e. co-crystals formed using (+)-ibu and co-crystals prepared with (+)-ibu), so as
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to have mixtures that varied in total S composition. Based on the melting endotherms

and DSC onsets (Figure 93) obtained for samples of varying enantipurities, the solid-state

behavior was evaluated for the (ibu)-(2,4-bpe) co-crystal system. In contrast to the

previous systems, the melting onset steadily increases with gradual increases in Xg, while

two separate endotherms can be observed as the Xg increases. This behavior, combined

with the obtained melting point behavior mirrors that of a conglomerate-forming system.
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Figure 93: Thermal behavior of (ibu)(2,4-bpe) co-crystal system: DSC onsets obtained
for samples with differing enantiopurities.

In this chapter,

3.4 Conclusion

we have reported three additional co-crystal systems:

2(ibu)-(bpe), 2(ibu)-(bpeth), and (ibu)-(2,4-bpe). Thermal studies demonstrate that
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enantiomeric mixtures of 2(ibu)-(bpe) and 2(ibu)-(bpeth) behave as solid solutions. In
addition, both co-crystal systems fall into the Roozeboom type II sub-category, analogous
to that of the previously reported co-crystal system of ibu with 4,4'-bipy. Thermal studies
on the co-crystal obtained with the unsymmetrical system 2,4-bpe reveal that the system
exhibits conglomerate-forming tendencies. To our knowledge, this is the first report of a
co-crystal conglomerate system.

The combined observations suggest that ibu co-crystals with symmetrical
bipyridines exhibit a rather predictable solid-state behavior, regardless of the nature (i.e.
rigidity or flexibility) of the CCF, whereas the addition of an unsymmetrical achiral co-
former with a subtle structural difference exhibits less predictable behavior. In this
context, these results are a significant addition to the field of crystal engineering, where
there remains a considerable intellectual challenge towards designing novel materials

with specific architectures and/or expected properties.
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CHAPTER 4. TOLERANCE OF SOLID-STATE REACTIVITY TO
THE INTRODUCTION OF ADDITIONAL FUNCTIONALITIES

A portion of this chapter was published in Angewandte Chemie, International
Edition, and is adapted with permission from John Wiley and Sons, Copyright 2012 [E.
Elacqua, P. Kaushik, R. H. Groeneman, J. C. Sumrak, D.-K. Bucar, L. R. MacGillivray,

Angew. Chem. 2012, 124, 1061; Angew. Chem. Int. Ed. 2012, 51, 1037.].

4.1 Introduction

The principles of crystal engineering have been reliably used to facilitate
reactivity in the organic solid state and synthesize target molecules by design.” Previous
exploits utilizing a combinatorial®® template-directed approach’’ have resulted in the
photodimerization of disubstituted olefins that are, almost invariably, planar and studded
with a pair of either hydrogen bond donors or hydrogen bond acceptors,’® with stilbazole-

based molecules being notable exceptions.”***

In addition to involving hydrogen
bonding motifs, it is often desirable to have olefins that exhibit somewhat predictable
molecular recognition with the template molecule. Following initial reports of the
template-directed methodology, more complex olefins have been studied, generating
architecturally-exquisite molecules, such as [2.2]paracyclophanes™ and [3]- and [5]-

ladderanes.”

As a consequence of this methodology, it can be difficult to generate
multifunctional products that can be utilized postsynthetically to generate intricate target
frameworks.

To expand the applicability of this approach, we have attempted to incorporate
olefins with different functionalities, so as to test the tolerance of the method to
additional functional groups. Previous studies by us and others have resulted in the
successful installation of terminal olefins'®® and halobenzene moie:ties,93'94 both of which

have proven to be tolerant to the self-assembly process. Intrigued by the promise of

using the products of the template-driven reactions as secondary organic building blocks



116

to construct metal-organic frameworks (MOFs),” and having already achieved the

synthesis of MOFs with tetrapyridyl ligands (e.g. 4,4'-tpcb),'**'%

we sought to
incorporate additional groups (e.g. acids) in the self-assembly process with pyridines.

The synthesis of MOFs® is of interest, owing to potential application in materials
science areas ranging from gas storage™' and catalysis®” to diagnostic imaging.*”’
Significant progress with MOFs has been made by both Yaghi and Lin in the areas of gas
storage and catalysis, respectively (Figure 94). Specifically, Yaghi revealed that the 3D
cubic MOF ZnsO(BDC); (BDC=1,4-benzenedicarboxylate) (MOF-5) exhibited both
hydrogen uptake at 78 K (4.5 weight percent) and 293 K (1.0 weight percent), as well as
demonstrating a high thermal stability (300° to 400°C).”>' Lin has also utilized iodinated
BCD-based frameworks as potential computed tomography contrast agents,”” while also
exploiting MOF structures to direct catalysis.”>> In particular, Lin demonstrated that the
BINOL-based chiral MOF [L;Cuy(H,0),]-:21DMF-12H,0 (where L; = (R)-3,3",6,6'-
tetrakis(4-benzoic acid)-1,10-binaphthyl phosphate) denoted CMOF-1 was an active
catalyst for the Friedel Crafts reaction between indole and imines. CMOF-1 exhibited an
ability to afford the opposite major enantiomer as the product when compared to the
corresponding heterogeneous catalyst. The combined attractive work of Yaghi, Lin, and
others in the MOF field has allowed for the heightened interest of both supramolecular
and solid-state chemists alike in generating novel organic building blocks that could give

rise to MOFs with unique connectivities and topologies, as well as different properties.
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(a) (b)

Figure 94: Structures of (a) Zn-based MOF-5 and (b) and Cu-based CMOF-1 (green =
Zn, bright green = Cu, light blue = P).

4.2 ‘Supramolecular Regiochemistry’

A major impediment when planning reactions in the organic solid state is
unpredictable structure effects of crystal packing.*> For bimolecular reactions, reactive
centers must generally lie in close proximity, being separated on the order of 4 A.** To
achieve the goal, chemists often functionalize reactants with groups that participate in
molecular recognition'® processes that drive the solid-state assembly process to a

16,29 akin to

prerequisite geometry. The idea is to identify supramolecular synthons,
molecular synthons,”® able to overcome effects of crystal packing and, ultimately, enable
molecular synthesis by design.’

In this context, the use of protecting groups to achieve a particular regiochemistry
is a functionalization strategy replete in solution phase synthetic organic chemistry.”* A
protecting group involves temporarily derivatizing a reactant so as to mask an organic
group from hindering a desired chemical reaction by participating in an unwanted
covalent bond. In principle, the concept of a protecting group can be applied to an

organic group that participates in an unwanted noncovalent bond.*> In such a setting, it

may be necessary to mask an organic group from participating in an intermolecular force
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that disrupts an assembly process aimed to afford a covalent bond-forming
supramolecular structure.” The field of MOFs® has recently benefited from protecting
group strategies that involve noncovalent bonds whereby organic groups are removed in a
postsynthetic step to generate MOFs of controlled dimensionalities (Figure 95).%
Efforts to understand and exploit such interplay between noncovalent and covalent bonds,
however, remain in a stage of infancy, yet can equip chemists with powerful tools for
molecular and supramolecular design. Developing such interplay is especially important
in the organic solid state where structural effects of noncovalent bonds are accentuated in

the closely-packed environment.'®

Protecting
Group
Modifiable @

Organic
Building

Block _ Postsynthetic

Installation of Modification to Create a
Protecting Group Porous Material

Figure 95: Application of a protecting group strategy to achieve a porous MOF.**®

In this chapter, we introduce the concept of a protecting group strategy applied to
the organic solid state (Figure 96). The strategy employs principles of supramolecular
chemistry to achieve the targeted hydrogen-bond-mediated formation of C—C bonds and
concomitant installation of carboxylic acid (-CO,H) groups. We demonstrate that we can
achieve a degree of ‘supramolecular regiochemistry’ through the use of esters as

carboxylic acid protecting groups.'®’
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(a)

(b)

Figure 96: Protecting group strategy to achieve a targeted supramolecular framework.

4.3 Protecting Groups in Organic Solid-State Reactivity

Our interests lie in developing co-crystals based on resorcinol (res) to direct [2+2]
photodimerizations in solids.”™ 7’ Res acts as a ditopic hydrogen-bond-donor template
that assembles and stacks olefins lined with acceptor pyridyl groups for photoreaction.®
During studies to use res templates to direct the [2+2] cycloaddition, we developed an
interest to generate head-to-head 1a (Figure 97).'** The diacid is attractive as a building
block of MOFs and related porous solids. Moreover, the presence of the 4-pyridyl groups
suggested that 1a could be generated from a photodimerization of the acrylic acid 1b,
wherein a res assembles 1b via O—H---N hydrogen bonds in a head-to-head geometry for
photoreaction. To be realized, the O—H groups of a res would be required to participate

256

in O—H---N forces and, thereby, successfully compete”” with the O—H acid group of the

olefin that directs the self-assembly of pyridine-carboxylic acids such as 1b in solids.**’
We reveal how an inability to utilize res templates to assemble 1b to form la can be

overcome using a supramolecular protecting group strategy.'® The strategy involves
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masking the acid group®” of 1b as an ester in 1¢**® that remains dormant in the assembly
process and can be easily removed post-synthesis to generate the acid groups of 1la. The
protecting strategy enables res templates to afford la, and a lengthened congener 2a,
stereospecifically and in quantitative yield. In addition to the solid state, we are unaware
of a supramolecular protecting group strategy having been applied to related hydrogen-
bond-mediated syntheses developed in solution.” We also show how integrating a
stilbene unit into a lengthened protected olefin results in strikingly enhanced reactivity
that enables the generation of lengthened cyclobutane 2a, which we attribute to often

overlooked pedal motion in stilbene-based solids.*®
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Figure 97: Supramolecuar protecti%% group strategy applied to the [2+2] cycloaddition of
multifunctional olefins.'

4.4 Experimental

All reagents and solvents used were reagent grade and commercially available.
Acetic anhydride, N,N-dimethylformamide (99.9%), tetrahydrofuran (99.9%),
chloroform (99.8%), and methanol (>99.8%) were purchased from Fisher Scientific
Company (Pittsburgh, PA, USA). 4-Carboxybenzaldehyde (97%), 4-picoline (99%),
thionyl chloride (>99%), 4-pyridinecarboxaldehyde (97%), methyl
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(triphenylphosphoranylidene)acetate (98%), and dichloromethane (>99.8%) were
purchased from Sigma Aldrich Chemical (St. Louis, MO, USA). Ethanol (99.98%,
absolute grade) was obtained from Pharmco-AAPER (Brookfield, CT, USA). Trans-3-
(4-pyridylacrylic acid (97%) was purchased from Alfa Aesar (Ward Hill, MA, USA).
All reagents were used without further purification. Substituted resorcinols were
purchased commercially or synthesized via standard literature preparations.

'H NMR spectra were collected using a Bruker Avance 300 MHz or 400 MHz
spectrometer using DMSO-ds as a solvent. IR Spectra were recorded using KBr pellets
on a Nicolet 380 single beam FT-IR spectrometer. Photoreactions were conducted using
ultraviolet radiation from a 500 W medium-pressure mercury lamp in an ACE Glass
photochemistry cabinet. Co-crystals were finely ground using a mortar and pestle, and
then placed between a pair of pyrex glass plates. The samples were irradiated in 10-hour
periods and mixed between consecutive irradiations. The product formation was
monitored using 'H NMR spectroscopy. Upon completion of photoreaction, the products
were isolated using basic extraction with CHCl;.

Single crystal diffraction data was collected on a Nonius Kappa CCD single-
crystal X-ray diffractometer at both room and low temperatures using MoK, radiation (4
=0.71073 A). Data collection, cell refinement and data reduction were performed using
Collect”” and HKL Scalepack/Denzo,"® respectively. Structure solution and refinement
were accomplished using SHELXS-97*°' and SHELXL-97," respectively. The
structures were solved via direct methods. All non-hydrogen atoms were identified from
the difference Fourier map within several refinement steps. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms associated with carbon atoms were refined in
geometrically constrained positions with isotropic thermal parameters Uio(H) =
1.5Ucq(Ccnz) and Uiso(H) = 1.2Uo(Ccn). Hydrogen atoms belonging to phenolic OH
groups were and refined using a riding model with isotropic thermal parameters Ujso(H) =

1.5Ucq(Onydroxy)- Hydrogen atoms belonging to water molecules were indentified from the
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difference Fourier and refined with isotropic thermal parameters Usso(H) = 1.5Ucq(Owater),
The details of the structural analysis of all solids are summarized in Tables A-9 through
A-13. Powder X-ray data was collected on a Bruker D-5000 diffractometer equipped
with a Bruker SOL-X energy-sensitive detector using CuK,, radiation (A\=1.54056 A).
Variable temperature single crystal X-ray diffraction experiments were performed
on a Rigaku SCX Mini X-ray diffractomter equipped with a Rigaku Mercury 70 CCD
camera. Data were collected at 290, 250, 210 and 170 K using graphite-monochromated
Mo K, radiation (A = 0.71073 A). Data collection strategies to ensure maximum data

redundancy were determined using CrystalClear.”®*

Data collection, initial indexing,
frame integration, Lorentz-polarization corrections and final cell parameter calculations
were carried out using CrystalClear.”** Multi-scan absorption corrections were performed
using REQAB.*® The structure was solved using direct methods and difference Fourier
techniques via SIR92,*** SIR2004%°> or SHELXS-97.*! The final structural refinement
included anisotropic temperature factors on all non-hydrogen atoms, with the exception
of some disordered olefin carbon atoms, which could not be refined satisfactorily
anisotropically. All hydrogen atoms were attached via the riding model at calculated
positions. Structural refinement, graphics and creation of publication material were
performed using SHELXL-97"" and XSEED.**® Space groups were unambiguously
verified using PLATON.*®’

Variable temperature studies were performed on a single crystal of the desired co-
crystal following this protocol: The co-crystal will be moutned and have been in the
stream for one hour prior to data collection. The first collection was at 290 K. After
collection, the temperature was lowered to 250 K, stabilized for 1 hour, and then
collected. The temperature was then lowered to 210 K, stabilized for 1 hour, and then a

third collection took place. The last collection was conducted after the temperature had

been lowered to 170 K and stabilized for one hour.
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4.4.1 Synthesis of (£)-methyl-3-(pyridine-4-yl)prop-2-
enoate 1c

A solution of 4-pyridinecarboxaldehyde (4.17 g, 0.0389 mol) in 10 mL of CH,Cl,
was slowly added to a solution of methyl (triphenylphosphoranylidene)acetate (12.50 g,
0.0374 mol) in 30 mL CH,Cl,. The mixture was refluxed for 5 hours, and then cooled to
ambient temp. Upon cooling to ambient temperature, pTsOH (0.0784 mol) was added
with stirring to the CH,Cl, solution. After stirring for 30 minutes, the acidified product
was extracted with water (2x, 100 mL), basified with K,CO;, and re-extracted with
CH,CI, (2x, 50 mL). The solution was evaporated to yield a white solid free of the
Ph;P=0 byproduct (5.5 g, 90%). 'H NMR (400 MHz, DMSO-ds): /ppm = 8.68 (dd,
2H), 7.76 (dd, 2H), 7.68 (d, 1H) , 6.95 (d, 1H), 3.78 (s, 3H).

0
Ph4P=CO,Me

I N7 o~
N. = CH,Cly |

(1c)

Figure 98: Synthesis of (E)-methyl-3-(pyridine-4-yl)prop-2-enoate via Wittig reaction.”®

4.4.2 Synthesis of (E)-4-[(2-pyridin-4-yl)ethenyl]benzoic
acid 2b

4-Picoline (5.00 g, 0.054 mol) and 4-formylbenzoic acid (8.05 g, 0.054 mol) were
refluxed in 25 mL acetic anhydride for 16 hours. The mixture was cooled to ambient
temperature, and poured onto 200 mL of ice water. A white powder was collected by
filtration, and washed repeatedly with water, followed by aqueous ethanol, and dried to
give 4-[(E)-2-(pyridine-4-yl)ethenyl]benzoic acid (2a) (10.5 g, 87%), which was used as
synthesized for conversion to the ester. 'H NMR (400 MHz, DMSO-dg): 8/ppm = 8.63
(dd, 2H), 8.01 (d, 2H), 7.82 (d, 2H), 7.76 (s, 1H), 7.66 (dd, 2H), 7.44 (d, 1H).
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4.4.3 Synthesis of (£)-methyl-4-[(2-pyridin-4-
yl)ethenyl]benzoate 2¢

10.04 g of [(E)-2-(pyridin-4-yl)ethenyl]benzoic acid (0.045 mol) and 80 mL of
thionyl chloride were combined and stirred at room temperature for 12 hours. After 12
hours, the solution was cooled to -10 °C, and quenched via the slow addition of
methanol. The solution was allowed to warm to room temp for another hour, then poured
onto 750 mL ice water, and neutralized by the slow addition of 4M NaOH. The white
precipitate formed from neutralization was filtered, washed with water, and dried to 8.75
g of the desired ester (84% overall yield). 'H NMR (400 MHz, DMSO-ds): &/ppm =
8.58 (dd, 2H), 8.01 (d, 2H), 7.82 (d, 2H), 7.64 (d, 2H), 7.61 (dd, 2H), 7.42 (d, 1H), 3.87

(s, 3H).
OH OH
: LY
1]|$-::u:|2
Aczo AN
reflux, 12 h I N Z]CH OH =
= 3) NaOH, H,0 =N

(2b) (2c)

Figure 99: Synthesis of (E)-methyl-4-[(2-pyridin-4-yl)ethenyl]benzoate®® via
condensation, and subsequent one pot transformation to the methyl ester.

4.4.4 Co-crystallization Procedures
Co-crystallization of 1b was performed by dissolving 80 mg (0.54 mmol) of 1b
and 0.27 mmol of a resorcinol in 10 mL of DMF (res used: res; 5-F res; 4,6-diBr res; 4,6-
dil res; 4,6-diCl res; 5-OCHj res; 5-CO,CHj res; 4-CH,CH; res; 5-CHj; res; 4-Cl res).
The solution was heated to boiling and left to cool to room temperature. A precipitate
formed within 1 hour. The white precipitate was filtered, dried, and analyzed using
PXRD. Co-crystallization of 2b was performed by dissolving 80 mg of 2b and 0.18

mmol of a resorcinol in 10 mL of DMF. The solution was heated to boiling and left to
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cool to room temperature. A precipitate formed within 30 minutes. The white precipitate
was filtered, dried, and analyzed using PXRD.

Co-crystallization experiments involving 1¢ were performed by dissolving 50 mg
of the compound in 5 mL of acetonitrile and adding 0.5 mol equivalents of a res. The
solution was heated to boiling and left to cool slowly to room temperature. After
standing at room temperature for 48 hours, the yellow colored co-crystals were isolated
by vacuum filtration and air-dried. Co-crystallization experiments involving 2c were
performed by dissolving 50 mg of the compound in 5 mL of acetonitrile or ethanol and
adding 0.5 mol equivalents of a res. The solution was heated to boiling and left to cool
slowly to room temperature. After standing at room temperature for 48 hours, the white

colored co-crystals that formed were isolated by vacuum filtration and air-dried.

4.4.5 Photoproduct Hydrolyses

The photoproducts 1d and 2d were stirred in 2M NaOH for 2 h. 10% HCI was
added until neutral by pH paper and the solutions were allowed to stir overnight.
Evaporation yielded the product and sodium chloride. Trituration of the solid with 2:1
CH;OH:CHClI; solution, followed by evaporation, afforded diacids 1a and 2a. "H NMR
(1a, 300 MHz, DMSO-dg): 6/ppm =8.36 (dd, 4H), 7.08 (dd, 4H), 4.26 (d, 2H), 3.89 (d,
2H). 'HNMR (2a, AVA 400, DMSO-ds): 5/ppm = 8.36 (dd, 4H), 7.66 (d, 4H), 7.28 (dd,
4H), 7.12 (d, 4H), 4.62 (d, 4H).

4.5 Results
In our initial studies to synthesize the target 1a, we attempted to achieve a reactive
hydrogen-bonded assembly involving 1b and a res. The olefin 1b was insoluble in most
organic solvents, which can be attributed to 1b participating in intermolecular (acid) O—
H-N (pyridyl) hydrogen bonds in the pure solid.*>’ For a res template, we employed our

2996

co-crystal screening strategy termed “template switching. The strategy involves

screening a pyridine-based olefin with res derivatives via solvent precipitation and
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exposing the resulting co-crystals to UV irradiation. The method allows us to assemble
the olefin into similar yet different packing environments to improve the probability of
obtaining a photoreactive solid. From our studies, the application of template-switching
to 1b in organic solvents (e.g. EtOH, DMF) afforded pure 1b alone as a precipitate, as
evidenced by powder X-ray diffraction (PXRD) analyses (Figure 100). We attribute the
inability of each res to form a co-crystal with 1b to the marked insolubility of the olefin

and, corresponding, intermolecular hydrogen bonds present in the pure solid.
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Figure 100: PXRD overlay of 1b (blue trace), 5-F res (red trace) and powder generated
upon co-crystallization attempt (gray trace).

To achieve a reactive co-crystal that furnishes 1a, we designed a protecting group
strategy.'®® In particular, we expected that the hydrogen-bond-donor abilities of the acid
group of 1b could be rendered inactive by masking the acid proton converting as the
methyl ester. Conversion of 1b to 1¢ was expected to result in increased solubility and, at
the same time, enable a res to participate in an O—H---N hydrogen bond to the alkene.

Although the sp*-hybridized O-atom of an ester can act as a hydrogen-bond-acceptor
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group, the basicity of a pyridine (pK, = 5.2) versus an ester (pK, = -6) suggested that the

173b

pyridyl group would selectively participate in a hydrogen bond with a res. Upon

photoreaction, the resulting diester 1d would be deprotected via hydrolysis to generate la.

4.5.1 Application of Supramolecular Protecting Group
Strategy to 4-Pyridine-based Olefinic Acids

Following the lack of co-crystal attained through template switching of the acrylic
acid 1b, the methyl ester Ic was synthesized.™®® Our template switching method was
applied to screen for reactive co-crystals of Ic and a series of resorcinols. We isolated
and characterized seven co-crystals of 1c¢, which are described below.

(1) 2(1c¢):(res). Co-crystals of the formulation 2(1c)-(res) crystallized from EtOH
in the triclinic space group PT with one res and two molecules of 1c in the asymmetric
unit. The components form a discrete assembly sustained by two O—H--"N hydrogen
bonds [O-+N separations (A): O1---N1 2.787(3), 02:-N2 2.800(3)]. The C=C bonds were
ordered and separated by 3.63 A yet, adopting a crisscross conformation (Figure 101).
Additional interactions in the form of (alkyl) C—H---O (carboxy) and (pyridine) C—
H---O (phenol) contribute to the extended packing (dc..o = 3.293 A; dc...o = 3.563 A).

Figure 101: X-ray structure of 2(1c)-(res): (a) assembly with crisscrossed C=C bonds and
(b) antiparallel packing.



129

(2) 2(1c):(4-Br res). 2(1c)(4-Br res) co-crystallizes from EtOH in the
orthorhombic space group Pbca. The molecules assemble to form discrete three-
component assemblies sustained through the formation of two O—H--*N hydrogen bonds
[O-N separations (A): O1--N1 2.708, 02---N2 2.752] (Figure 102). The C=C bonds
within each assembly are stacked parallel, aligned, and separated by 3.781 A. The C=C
bonds between neighboring assemblies are separated by 5.033 A. Additional interactions
in the form of (pyridine) C—H---O (carboxy), (alkyl) C—H---O (carboxy), and (alkyl)
C—H---O (phenol) forces are present between adjacent assemblies (dc..o = 3.375 A;
dc..0=3.407 A, 3.525 A; dc..0o=3.484 A, 3.501 A).

> . ] 393 A L 503 A f [
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Figure 102: X-ray structure of 2(1c)-(4-Br res): (a) assembly with parallel C=C bonds
and (b) antiparallel packing.

(3) 2(1c¢):(4-Cl res). Co-crystals of the formulation 2(1c)-(4-Cl res) crystallize
from ethanol in the orthorhombic space group Pbca with two molecules of 1c and one 4-
ClI res in the asymmetric unit. The resulting three-component assembly is sustained by
two O—H:--"N hydrogen bonds [O-N separations (A): O1-+-N1 2.724, 02--N2 2.768].
Within each assembly, the C=C bonds are arranged in a parallel fashion, and aligned with
a separation of 3.765 A (Figure 103). In between adjacent assemblies, overlapping C=C

bonds are arranged in an antiparallel fashion and the C---C separation is 5.010 A.
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Additional interactions in the form of (pyridine) C—H:---O (carboxy), (alkenyl) C—
H:--O (carboxy), and (alkyl) C—H---O (phenol) forces are present between adjacent
assemblies (dc.-0=3.392 A; dc..o =3.422 A; dc...o = 3.471 A).

(a) (b) % | ,.
b I 377 A | o / ;.01 A ,}_J
et Pe

Figure 103: X-ray structure of 2(1¢)-(4-Cl res): (a) assembly with parallel C=C bonds
and (b) antiparallel packing.

(4) 2(1c):(4,6-diCl res). 2(1c)-(4,6-diCl res) co-crystallizes from EtOH in the
triclinic space group P1 with one 4,6-diCl res and two molecules of 1c in the asymmetric
unit. The resulting three-component assembly is sustained by the formation of two O—
H--N hydrogen bonds [O-N separations (A): O1--N1 2.733, 02--N2 2.790]. Within
each assembly, the C=C bonds are aligned parallel with a C---C separation of 4.047 A
(Figure 104). Additionally, neighboring assemblies are positioned with the C=C moieties
offset in an antiparalle]l manner and separated by 8.350 A. The offset neighboring
assemblies can be attributed to, in part, a degree of m---7 stacking between pyridyl units
(dp.x = 3.412 A). The extended packing contains additional (pyridine) C—H---O
(carboxy), (alkenyl) C—H:---O (carboxy), and CI---Cl interactions between adjacent
assemblies (dc..o =3.371 A; dc..o =3.460 A, 3.369 A; dcy..c1 = 3.466 A).
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(a)

(b) 9

Figure 104: X-ray structure of 2(1¢)-(4,6-diCl res): (a) assembly with parallel C=C bonds
and (b) antiparallel offset packing.

(5) 2(1¢):(5-OCHj3; res). Crystallization of 1c and 5-OCHs res from EtOH
affords a co-crystal in the monoclinic space group P2;/n. Single crystal structure analysis
reveals that the molecules assemble to form discrete three-component assemblies
interacting primarily through two O—H:N hydrogen bonds [O-N separations (A):
O1--N1 2.772, O2--N2 2.790]. The C=C bonds within each assembly are parallel and
separated by 3.739 A, yet are arranged in a crisscross fashion, thus, no photoreaction is
expected (Figure 105). The C=C bonds between neighboring assemblies are separated by
4.649 A. Adjacent assemblies interact via (pyridine) C—H---O (phenol), (pyridine) C—
H---O (carboxy), and (alkyl) C—H---O (phenol) interactions (dc.-.o = 3.377 A; dc..0 =
3385 A; dc..o=3.126 A).
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I 3.74 A

Figure 105: X-ray structure of 2(1¢)-(5-OCHjs res): (a) assembly with crisscrossed C=C
bonds and (b) parallel, yet crisscrossed packing.

(6) 2(1c):(5-CO,CHj; res). 2(1c)(5-CO,CHs res) crystallizes from EtOH in the
monoclinic space group P2;/n. The molecules assemble to form discrete three-
component assemblies sustained through the formation of two O—H--*N hydrogen bonds
[O-N separations (A): O1--N1 2.711, 02-+N2 2.829]. The C=C bonds within each
assembly are parallel and separated by 3.741 A, yet are stacked in a crisscross manner
(Figure 106). The C=C bonds between neighboring assemblies are separated by 4.920 A.
Additional interactions in the form of (pyridine) C—H---O (carboxy: Ic), (alkyl) C—
H:--O (carboxy), and (pyridine) C—H---O (carboxy: res) forces are present between
adjacent assemblies (dc...o =3.348 A; dc..0o =3.548 A; dc..o = 3.467 A).



133

(a) (b) L . < ,
| = ; g ﬁaﬁﬁ \
Xa.MA o= j .

Figure 106: X-ray structure of 2(1¢)-(5-CO,CHs res): (a) assembly with crisscrossed
C=C bonds and (b) parallel offset packing.

(7) 2(1c¢):(5-F res). Co-crystals of the formulation 2(1c)-(5-F res) crystallized
from CH;CN in the orthorhombic space group Pbca. Single-crystal structure analysis
revealed the formation of a discrete, three-component hydrogen-bonded assembly
sustained by two O—H:N forces [O-N separations (A): O1-+N1 2.763(2), 02--N2
2.741(2)]. The stacked C=C bonds were ordered, organized parallel, and separated by
3.73 A, geometries that conform to the criteria for photoreaction. Olefins between
nearest-neighbor assemblies were antiparallel and separated by 4.87 A (Figure 107).
Adjacent assemblies also interact through the formation of (pyridine) C—H:--O

(carboxy) and O—H---F interactions (dc...o = 3.293 A; do..r = 2.913 A).

(a) (b)
. 1 h

373 A

Figure 107: X-ray structure of reactive 2(1c)-(5-F res): (a) assembly with parallel C=C
bonds and (b) antiparallel packing.



134

Of the res template screened with 1c, to our surprise, only the co-crystal 2(1c¢)-(5-
F res) was photoactive. UYV irradiation of a powdered sample of 2(1¢)-(5-F res) revealed
lc to react quantitatively to give 1d, as evidenced by 'H NMR spectroscopy. The
photoproduct was characterized by the disappearance of the olefinic peaks at 7.65 and
6.95 ppm and the appearance of cyclobutane peaks at 4.38 and 4.15 ppm. Basic
extraction and a subsequent hydrolysis afforded the unmasked diacid 1a, as confirmed by

'H NMR spectroscopy (Figure 108).'%*

Ha Hp
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Figure 108: "H NMR spectrum of 1d obtained after hydrolysis (300 MHz, DMSO-ds).

Given that organization of molecules in solids is extremely sensitive to subtle
changes to molecular structure, we investigated the generality of the protecting group
strategy through application to generate the extended cyclobutane congener 2a. As for
1b, each attempt to screen 2b for a co-crystal afforded the pure solid olefin, as confirmed
by PXRD analyses (Figure 109). The corresponding protected lengthened phenyl ester

2¢ was, thus, prepared using a modified procedure.”
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Figure 109: PXRD overlay of 2b (blue trace), 4,6-diBr res (red trace) and powder
generated upon co-crystallization attempt (gray trace).

Co-crystals were generated by mixing 2c¢ and each res (0.5 eq.) in EtOH and
allowing the solution to stand. Within one week, all samples contained a precipitate that
was dried and subjected to UV-irradiation. 'H NMR analysis showed each solid to
consist of 2¢ and a res (2:1 ratio) prior to UV irradiation. We isolated and characterized
eight co-crystals of 1c, which are described below.

(1) 2(2¢):(5-OCHj3; res). Co-crystals of the formulation 2(2c)-(5-OCHj res)
crystallized from EtOH in the monoclinic space group C2/c with one 5-OCHj3; res and two
molecules of 2¢ in the asymmetric unit. The components form a discrete assembly
sustained by two O—H:--N hydrogen bonds [O--N separations (A): O--"N 2.829, 02:--N2
2.895]. The C=C bonds were determined to be parallel and separated by 4.132 A yet,
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adopting a crisscross conformation (Figure 110). Olefins between neighboring
assemblies were aligned parallel, but separated by 4.154 A. Additional interactions in the
form of (alkoxy) C—H---O (alkoxy) and (alkyl) C—H---O (phenol) contribute to the
extended packing (dc...o = 3.491 A; dc...o = 3.653 A).

(@) PRy

(oo ’“‘f’:‘“%

Figure 110: X-ray structure of 2(2¢)-(5-OCHj3 res): (a) assembly with parallel C=C bonds
and (b) antiparallel packing.

(2) 2(2¢):(5-F res). 2(2c)(5-F res) co-crystallizes from EtOH in the triclinic
space group P1. The molecules assemble to form discrete three-component assemblies
sustained through the formation of two O—H--"N hydrogen bonds [O--N separations (A):
O1--N1 2.734, O2---N2 2.738]. The C=C bonds within each assembly are arranged
parallel and separated by 4.505 A, owing to the two reactant molecules stacking in a
more edge-to-face manner (0 = 45.52°) (Figure 111). The C=C bonds between
neighboring assemblies are separated by 6.629 A. Additional interactions in the form of
(pyridine) C—H---O (carboxy) forces are present between adjacent assemblies (dc...o =

3.351A,3.231 A).
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Figure 111: X-ray structure of 2(2c)-(5-F res): (a) assembly with twisted C=C bonds and
(b) antiparallel packing.

(3) 2(2c¢):(5-CHj; res). Co-crystals of the formulation 2(2¢)-(5-CHj res)
crystallize from EtOH in the monoclinic space group C2/c with two molecules of 2¢ and
one 5-CHj res in the asymmetric unit. The resulting three-component assembly is
sustained by two O—H--N hydrogen bonds [O-N separations (A): O1--N1 2.737(4),
02---N2 2.760(5)] (Figure 12). Within each assembly, the C=C bonds are stacked in a
parallel fashion, with a C---C separation of 3.934 A, yet are crisscross, while the C=C
bonds between assemblies are aligned antiparallel, separated by 4.011 A. Neighboring
phenyl and pyridyl rings exhibit 7-- -7 stacking interactions (dy.... = 3.587 A). Additional
interactions in the form of (alkenyl) C—H:--O (carboxy) and (alkyl) C—H---O (phenol)

forces are present between adjacent assemblies (dc...o = 3.551 A;dc...o=3.430 A).
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Figure 112: X-ray structure of 2(2¢)-(5-OCHjs res): (a) assembly with parallel C=C bonds
and (b) antiparallel packing.

(4) 2(2¢):(4-Br res). 2(2c)(4-Br res) co-crystallizes from EtOH in the triclinic
space group PT with one 4-Br res and two molecules of I¢ in the asymmetric unit. The
resulting three-component assembly is sustained by the formation of two O—H-'N
hydrogen bonds [O--N separations (A): O1---N1 2.682, 02-N2 2.753]. Within each
assembly, the C=C bonds are aligned with a C---C separation of 3.878 A, yet are
crisscrossed (Figure 113). In between the assemblies, the C=Cs are arranged in an
antiparallel manner, and separated by 4.154 A. The extended packing contains additional
(pyridine) C—H---O (carboxy) and (alkenyl) C—H---O interactions between adjacent
assemblies (dc..0 =3.391 A; dc..o=3.510 A, 3.423 A).
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Figure 113: X-ray structure of 2(2c¢)-(4-Br res): (a) assembly with crisscross C=C bonds
and (b) antiparallel packing.
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(5) 2(2¢):(4-Cl res). Crystallization of 2¢ and 4-Cl res from EtOH affords a co-
crystal in the triclinic space group P1. Single crystal structure analysis reveals that the
molecules assemble to form discrete three-component assemblies interacting primarily
through two O—H--N hydrogen bonds [O--N separations (A): O1---N1 2.713(4), 02---N2
2.725(5)]. The C=C bonds within each assembly are aligned parallel and separated by
3.934 A, while the C=C bonds between neighboring assemblies are separated by 5.103 A
(Figure 114). The antiparallel stacking between assemblies is likely owing to significant
--m interactions between stacked phenyl and pyridine rings (dy.... = 2.607 A). Adjacent
assemblies interact via (alkyl) C—H---O (phenol) and (pyridine) C—H---O interactions
(dc.-0=3.466 A; dc...o = 3.304 A).
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Figure 114: X-ray structure of 2(2¢)-(4-Cl res): (a) assembly with parallel C=C bonds and
(b) antiparallel packing.

(6) 2(2¢):(4,6-diBr res). 2(2c):(4,6-diBr res) crystallizes from EtOH in the
monoclinic space group PT. The molecules assemble to form discrete three-component
assemblies sustained through the formation of two O—H--N hydrogen bonds [O--N
separations (A): O1-+N1 2.750(3), 02-+N2 2.706(4)]. The C=C bonds within each
assembly are parallel and separated by 4.100 A, yet are stacked in a crisscross manner

(Figure 115). The C=C bonds between neighboring assemblies are separated by 4.013 A
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and antiparallel, owing to @---m interactions between stacked phenyl and pyridine rings
(dg-x=3.587 A). Additional interactions in the form of (alkyl) C—H---O (carboxy) and
(alkyl) C—H---O (phenol) forces are present between adjacent assemblies (dc...o = 3.373
A, 3.595 A; dc..0 =3.500 A).
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Figure 115: X-ray structure of 2(2¢)-(4,6-diBr res): (a) assembly with twisted C=C bonds
and (b) antiparallel packing.

(7)  2(2¢):(4,6-dil res). Co-crystals of the formulation 2(2c)-(4,6-dil res)
crystallized from CH;CN in the monoclinic space group P2;/c. A structure analysis
revealed the formation of a discrete, three-component hydrogen-bonded assembly
sustained by two O—H-N forces [O-N separations (A): O1--N1 2.698(4), 02:--N2
2.707(3)]. The C=C bonds were aligned parallel separated by 4.239 A, while olefins
between assemblies were offset and separated by 5.417 A (Figure 116). The olefins
within an assembly are twisted 18.32° away from each other, likely contributing to the
higher C---C separation. Adjacent assemblies also interact through the formation of (res)

I---O (carboxy) and (res) I:--O (phenol) interactions (dy...o = 3.185 A; dy...o = 3.365 A).
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Figure 116: X-ray structure of 2(2¢)-(4,6-dil res): (a) assembly with parallel C=C bonds
and (b) antiparallel packing.

(8) 2(2¢):(4,6-diCl res). Co-crystals of the formulation 2(2c)-(4,6-diCl res)
crystallized from EtOH in the triclinic space group PT with one 4,6-diCl res and two
molecules of 2¢ in the asymmetric unit. The components form a discrete assembly
sustained by two O—H--N hydrogen bonds [O-N separations (A): O1--N1 2.694(6),
02:-N2 2.764(5)]. The C=C bonds were determined to be ordered and separated by
3.989 A yet, adopting a crisscross conformation (Figure 117), while the olefins between
the assemblies were stacked antiparallel and aligned with a C---C separation of 3.897 A.
Additional interactions in the form of (alkyl) C—H:---O (phenol) and (pyridine) C—
H---O (carboxy) contribute to the extended packing (dc..o = 3.533 A; dc...o = 3.180 A).

(b)

Figure 117: X-ray structure of 2(2¢)-(4,6-diCl res): (a) assembly with crisscross C=C
bonds and (b) antiparallel packing.
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In contrast to 1c, the application of template switching to 2c, remarkably, afforded
a photoactive solid in each case (Table 3).'® Of the reactive solids, four solids (res =
4,6-diBr res, 4,6-dil res, 4-Cl res, and 5-CHj res) afforded 2d stereospecifically and in

quantitative yield.

Table 3: Summary of photoreactivity studies of 2¢ with ten resorcinols.

entry res time (h) conv. (%) yield of 2d (%)
1 res 175 66 44*
2 5-F res 175 85 55°
3 4,6-diBr res 175 100 100
4 4,6-diCl res 75 90 90
5 4,6-dil res 175 100 100
6 4-Cl res 75 100 100
7 5-CHj; res 130 100 100
8 4-Et res 175 52 52
9 5-OCH; res 175 96 64"
10 5-CO,Me res 175 75 75

* mixture of 2d and unidentified minor product

Single-crystal X-ray diffraction was employed to gain an understanding of the
origin of the enhanced solid-state reactivity of 2c versus lc. Moreover, a structure

analysis of each solid that afforded 2d in 100% yield revealed that the C=C bonds in three
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of the co-crystals were disordered [(2(2¢)-(4,6-dil res): 0.51/0.49 and 0.91/0.09; 2(2¢)-(4-
Cl res): 0.53/0.47 and 0.50/0.50; 2(2c)-(5-CHj3 res): 0.71/0.29 and 0.66/0.34.)], with the
C=C bonds being separated by 3.94, 3.94, and 3.96 A, respectively. Olefins between the
stacked assemblies were either parallel (4,6-dil res) or antiparallel (4-Cl res and 5-CH;
res), being separated by 5.42, 5.11 and 4.01 A, respectively (Figures 118d,fh). For
2(2¢)+(4,6-diBr res), the C=C bonds were ordered and separated by 4.10 A, with adjacent
assemblies adopting an antiparallel arrangement (Figures 118a,b). The C=C bonds

between adjacent assemblies were also parallel and separated by 4.01 A.
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(9) (h)

Figure 118: X-ray structures of (2¢)-(res): 2(2¢)-(4,6-diBr res): (a) antiparallel C=C
bonds and (b) packing, 2(2c)-(4,6-dil res): (c) parallel C=C bonds and (d)
packing, 2(2c)-(4-Cl res): (e) parallel C=C bonds and (f) packing, and
2(2¢)(5-CHjres): (g) antiparallel C=C bonds and (h) packing. Lower
occupancies of each C=C bond in green.
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UV irradiation of (2¢)-(res) (where: res = 4,6-diBr res, 4,6-dil res, 4-Cl res, and 5-
CHjs res) revealed 2c to react stereospecifically and quantitatively in each co-crystal. The
generation of the cyclobutane photoproduct was evidenced by the disappearance of the
peaks at 7.65 and 7.43 ppm and appearance of peaks at 4.75 and 4.69 ppm. Basic
hydrolysis, upon separation from the template, afforded the target cyclobutane 2a, as
revealed by '"H NMR spectroscopy. Moreover, the head-to-head structure of 2a was
confirmed by an  X-ray analysis of the sodium  salt [Nag(pe-

OHz)g(ngHzoNgO4)2(OH2)6(OH2)]'Hzo (Figure 1 19)

(b)

Figure 119: X-ray structure of Na carboxylate salt of 2a: (a) wireframe and (b) space-
filling views of dianion of the lengthened congener 2a.

4.5.2 Pedal Motion in the Organic Solid State
Given that our structures involving 2c¢ undergo pedal motion that mediates
chemical reactivity, we sought to investigate the influence of temperature upon molecular
movement in co-crystals of 2c. Variable temperature X-ray diffraction experiments have
previously been reported the late 1990°s by Harada and Ogawa using azobenzene as a
model system.””® In particular, it was found that the two conformer populations deviated
with temperature. If the crystal structure collection was conducted at room temperature,

270

the ratio of the two populations was determined to be 81.5/18.5.”" When the collection

was performed at 82 K, however, the motion was nonexistent, as the lower occupancy
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disorder disappeared. In 2004, Harada and Ogawa also performed temperature-

' The studies determined that the pedal motion

dependant studies on frans-stilbene.*’
slowed down, evidenced by the decrease in population of the minor conformer, and
essentially ceased to exist at 90 K (Table 4). As the collection temperature decreased, the

unit cell volume also decreased by ca. 1%.

Table 4: Summary of variable temperature crystallography data obtained by Harada and
Ogawa for trans-stilbene.

temperature/K occupancy unit cell volume/A®
373 0.796/0.204 1057
340 0.818/0.182 1044
300 0.846/0.154 1034
250 0.882/0.118 1023
200 0.918/0.082 1013
150 0.942/0.058 1004
90 0.945/0.055 994

4.5.3 Variable Temperature Studies of 2¢ and Co-crystals
of 2¢
The starting point for our investigation was the olefin 2c. 2c¢ crystallizes in the
orthorhombic space group Pna2; with two molecules of 2¢ in the asymmetric unit. The
olefin is disordered over two sites (0.858/0.142) when collection is conducted at 290 K

(Figure 120). The occupancies remain relatively unchanged as the collection temperature



147

decreases to 250 K (0.846/0.154), 210 K (0.858/0.142), and 170 K (0.865/0.135) Unlike
the data collected by Harada pertaining to trans-stilbene,””' 2¢ appears to constantly

undergo pedal motion that cannot be slowed or suppressed at lower temperatures.

§-os—t

Figure 120: X-ray structure of 2¢c highlighting lower occupancy disorder in green.

We next turned to investigate the effects of temperature on the motion of organic
co-crystals involving 2c. In particular, we studied the four co-crystals resulting in 100%
photoreactivity [2(2¢)-(4,6-diBr res), 2(2c)-(4,6-dil res), 2(2c):(4-Cl res), and 2(2c)-(5-
CHj res)]. Unlike single-component systems (e.g. trans-stilbene, azobenzene) that likely
stack in a more rigid manner, two-component systems, such as co-crystals, could exhibit
a more flexible packing motif that leads to molecular motion within the co-crystal,

despite the lower temperatures.
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Table 5: Summary of variable temperature data collected for 2(2¢)-(4,6-diBr res) and
2(2¢)-(4,6-dil res).

co-crystal temperature/K olefin occupancies  unit cell volume/A*

2(2¢)(4,6-diBr res) 290 0.861/0.139 1624
1.000/0.000

2(2¢)*(4,6-diBr res) 250 0.871/0.129 1620
1.000/0.000

2(2¢)(4,6-diBr res) 210 0.876/0.124 1620
1.000/0.000

2(2¢)*(4,6-diBr res) 170 0.898/0.102 1617
1.000/0.000

2(2¢)(4,6-dil res) 290 0.531/0.469 3379
0.923/0.077

2(2¢)*(4,6-dil res) 250 0.399/0.601 3373
1.000/0.000

2(2¢)(4,6-dil res) 210 0.551/0.449 3367
0.926/0.074

2(2¢)*(4,6-dil res) 170 0.536/0.464 3363
1.000/0.000
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Table 6: Summary of variable temperature data collected for 2(2¢)-(4-Cl res) and
2(2c)-(5-CHj res).

co-crystal temperature/K olefin occupancies  unit cell volume/A®

2(2¢)-(4-Cl res) 290 0.572/0.428 1592
0.747/0.253

2(2¢)-(4-Cl res) 250 0.506/0.494 1586
0.561/0.439

2(2¢)-(4-Cl res) 210 0.713/0.287 1585
0.533/0.467

2(2¢)(4-Cl res) 170 0.497/0.503 1581
0.587/0.413

2(2¢)-(5-CH; res) 290 0.704/0.296 6432
0.792/0.208

2(2¢)(5-CH; res) 250 0.710/0.290 6432
0.773/0.227

2(2¢)-(5-CH; res) 210 0.719/0.281 6419
0.771/0.229

2(2¢)(5-CH; res) 170 0.658/0.342 6409
0.782/0.218
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4.6 Discussion

The markedly enhanced reactivity of co-crystals of 2¢c compared to 1c with res
templates can be attributed to the C=C units undergoing pedal, or crankshaft, motion in
each solid. Stilbenes such as 2¢ can exhibit dynamic motion in the crystalline state that
can interconvert C=C bonds from a criss-cross to parallel conformation that is suitable for
a photodimerization (Figure 121). Here, the pedal motion of the stilbene acts to our
advantage, compared to the acrylate 1c, to achieve reactivity within a series of res-based
solids. Given that the goal here is to expand the synthetic versatility of reactivity in
organic solids, these observations are important since the enhanced reactivities suggest
that stilbene units and protecting groups when applied in combination can provide a route

to highly-reactive olefins for the directed formation of C—C bonds in solids.

Figure 121: Enhanced reactivity of protected olefin in a co-crystal with a res template
achieved through pedal motion.

The variable temperature studies demonstrate some interesting results, in the
context of the four fully-reactive co-crystals. In particular, we observed that the co-
crystals still exhibited a large degree of pedal motion, even after a rapid cooling cycle,
the minor conformer was present in all samples, suggesting that, even at lower
temperature collection, the co-crystals are constantly undergoing pedal motion that is not

1

temperature dependant, as is the case for frans-stilbene’’' and azobenzene.””’ The
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constant motion is, in part, attributed to the co-crystal providing a more flexibile

environment that can mediate molecular motion in solids.

4.7 Extension of a Supramolecular Protecting Group

Strategy to 3-Pyridine-based Olefins

3-Pyridyl-containing olefins are not as commonly studied in the context of
directing solid-state reactivity, relative to their 4-pyridyl counterparts. We have reported
the head-to-head [2+2] photodimerization of the co-crystal 2(1,8-naphthalenedicarboxylic
acid)-2(trans-1-(3-pyridyl)-2-(4-pyridyl)ethylene) to afford rctt-1,2-bis(3-pyridyl)-3,4-
bis(4-pyridyl)cyclobutane (3,4-tpcb) in quantitative yield.272 We have also demonstrated
how 3,4-tpcb can be successfully utilized in MOF chemistry. Specifically, crystallization
of 3,4-tpcb in the presence of Zn(NOs), afforded a 2D MOF of the composition [Zn,(3,4-
‘[pcb)z(NOg)4(H20)4]w.273 The MOF exhibited three distinct cavities, owing to the ability
of the combination of pyridyl groups to sustain tiling of square cavities, whereby the
cavity walls comprise combinations of 3- and 4-pyridyl groups.

Following our work on the 4-pyridyl systems, we extended our combinatorial
template switching strategy to the 3-pyridyl ester analogues (Figure 122). The 3-pyridyl
analogues would be of interest from a post-synthetic standpoint. In particular, the 3-
pyridyl moieties are expected to lead to different topologies and connectivities, as well as

dimensionalities and pore sizes if used as organic building blocks for MOFs.
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Figure 122: 3-Pyridyl starting olefins and cyclobutane products of interest in this study.

4.8 Experimental

All reagents and solvents used were reagent grade and commercially available.
Acetic  anhydride, N,N-dimethylformamide (99.9%), chloroform  (99.8%),
tetrahydrofuran (99.9%), and methanol (>99.8%) were purchased from Fisher Scientific
Company (Pittsburgh, PA, USA). Ethanol (99.98%, absolute grade) was obtained from
Pharmco-AAPER (Brookfield, CT, USA). 3-Pyridinecarboxaldehyde (97%), methyl
(triphenylphosphoranylidene)acetate (98%), triethylphosphite (98%), sodium hydride
(dry, 95%) and dichloromethane (>99.8%) were purchased from Sigma Aldrich Chemical
(St. Louis, MO, USA). Methyl-4-(bromomethyl)benzoate (>97%) was purchased from
TCI America (Portland, OR, USA). All reagents were used without further purification.
Substituted resorcinols were purchased commercially or synthesized via standard
literature preparations. Silver paratoluene sulfonate (99.9+%), silver methanesulfonate
(98%), silver trifluoromethanesulfonate (>99.9%), silver nitrate (99.9+%), and silver
perchlorate hydrate (99%) were purchased from Sigma Aldrich Chemical (St. Louis, MO,
USA).
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'H NMR spectra were collected using a Bruker Avance 300 MHz or 400 MHz
spectrometer using DMSO-d;s as a solvent. IR Spectra were recorded using KBr pellets
on a Nicolet 380 single beam FT-IR spectrometer. Photoreactions were conducted using
ultraviolet radiation from a 500 W medium-pressure mercury lamp in an ACE Glass
photochemistry cabinet. Co-crystals were finely ground using a mortar and pestle, and
then placed between a pair of Pyrex glass plates. The samples were irradiated in 10-hour
periods and mixed between consecutive irradiations. The product formation was
monitored using "H NMR spectroscopy.

Single crystal diffraction data were collected on a Nonius Kappa CCD single-
crystal X-ray diffractometer at both room and low temperatures using MoK, radiation (4
=0.71073 A). Data collection, cell refinement and data reduction were performed using
Collect”” and HKL Scalepack/Denzo,"® respectively. Structure solution and refinement
were accomplished using SHELXS-97*°' and SHELXL-97,'" respectively. The
structures were solved via direct methods, while silver coordination complexes were
solved using Patterson method. All non-hydrogen atoms were identified from the
difference Fourier map within several refinement steps. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms associated with carbon atoms were refined in
geometrically constrained positions with isotropic thermal parameters Uio(H) =
1.5Ucq(Ccnz) and Uiso(H) = 1.2Uo(Ccn). Hydrogen atoms belonging to phenolic OH
groups were and refined using a riding model with isotropic thermal parameters Uis(H) =
1.5Ucq(Onydroxy)- The details of the structural analysis of all solids are summarized in
Tables A-14 through A-16. Powder X-ray data was collected on a Bruker D-5000
diffractometer equipped with a Bruker SOL-X energy-sensitive detector using Cuk,

radiation (A=1.54056 A).
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4.8.1 Synthesis of (£)-methyl-3-(pyridine-3-yl)prop-2-
enoate 3¢

A solution of 3-pyridinecarboxaldehyde (4.2 g, 0.0392 mol) in 10 mL of CH,Cl,
was slowly added to a solution of methyl (triphenylphosphoranylidene)acetate (12.0 g,
0.036 mol) in 60 mL CH,Cl,. The mixture was refluxed for 5 hours, and then cooled to
ambient temp. Upon cooling to ambient temperature, pTsOH (0.0784 mol) was added
with stirring to the CH,Cl, solution. After stirring for 30 minutes, the acidified product
was extracted with water (2x, 100mL), basified with K,COs3, and re-extracted with
CH,CI, (2x, 50 mL). The solution was evaporated to yield a white solid free of the
Ph;P=0 byproduct (4.2 g, 72%). 'H NMR (400 MHz, DMSO-dq): &/ppm = 8.91 (s, 1H,
8.63 (d, 1 H), 8.21 (dd, 1H), 7.74 (d, 1H), 7.48 (dt, 1H), 6.84 (d, 1H), 3.77 (s, 3H).

PhsP=CO,Me o

| _ CH,CI, I

Figure 123: Synthesis of (£)-methyl-3-(pyridine-3-yl)prop-2-enoate via Wittig reaction.

4.8.2 Synthesis of (£)-methyl-4-[(2-pyridin-3-
yl)ethenyl]benzoate 4c
Methyl-4-(bromomethyl)benzoate (5.2 g, 0.0227 mol) was refluxed in the
presence of triethylphosphite (3.87 mL, 1 mol eq) for 4 hours. Upon cooling to room
temperature, the cloudy solution was washed with H,O (150 mL) and extracted with
CHCI; (2x, 30 mL). After drying with Na,SO,, the solution was concetrated afford

methyl-4-[(diethoxyphosphono)methyl] benzoate as a clear oil (6.5 g, 100%) which was
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used in the subsequent step as synthesized. 'H NMR (400 MHz, DMSO-ds): &/ppm =
7.91 (2H, d), 7.45 (2H, dd), 1.01 (4H, quintet), 3.84 (3H, s), 3.35 (2H, d), 1.16 (6H, t).

Methyl-4-[(diethoxyphosphono)methyl] benzoate (2.5 g, 0.0086 mol) was
dissolved in 125 mL THF, and cooled to -10° C. Sodium hydride (0.7 g, 3.4 eq) was
added slowly, followed by 0.95 g of 3-pyridinecarboxaldehyde (0.0086 mol) that was
dissolved in 10 mL of THF. The resulting solution was allowed to stir to room
temperature and for an additional 20 hours, followed by pouring onto 500 mL ice water.
Upon vaccum filtration, (£)-methyl-4-[(2-pyridin-3-yl)ethenyl]benzoate was collected as
a white solid (0.5 g, 24%). 'H NMR (400 MHz, DMSO-ds): /ppm = 8.85 (s, 1H), 8.53
(d, 1H), 8.12 (dd, 1H), 7.99 (d, 2H), 7.80 (d, 2H), 7.48 (multiplet of overlapping signals,
3H), 3.87 (s, 3H).

T,
4\©\J PO, 1) NaH, THF e
reflux ih “ 0"\ ’ o
-
(}—\ [

(4c)

Figure 124: Synthesis of (£)-methyl-4-[(2-pyridin-3-yl)ethenyl]benzoate via Arbouzov
and Horner-Wadsworth-Emmons reactions.

4.8.3 Co-crystallization Procedures
Co-crystallization experiments involving 3¢ were performed by dissolving 50 mg
of the compound in 5 mL of ethanol and adding 0.5 mol equivalents of a res. The solution
was heated to boiling and left to cool slowly to room temperature. Co-crystals formed
within 72 hours and were isolated by vacuum filtration, washed with a small amount of
ethanol and air-dried. Co-crystallization experiments involving 4c were performed by

dissolving 50 mg of the compound in 10 mL ethanol and adding 0.5 mol equivalents of a
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res. The solution was heated to boiling and left to cool slowly to room temperature. After
standing at room temperature for 72 hours, the co-crystals that formed were isolated by

vacuum filtration, washed with a small amount of ethanol and air-dried.

4.8.4 Silver Coordination Complex Formation
Silver complexes comprising 3¢ were prepared by dissolving 50 mg of 3c in 10
mL aqueous ethanol with heating and adding 0.5 mol equivalents of Ag(I)X. Individual
vials were wrapped in Aluminum foil to prevent silver oxidation. Within a period of 7-10
days, crystals formed in most attempts. Single crystals were filtered, dried, and analyzed

using 'H NMR spectroscopy.

4.8.5 Photoproduct Hydrolyses

The photoproducts 3d and 4d were stirred in 2M NaOH for 2 h. 10% HCI was
added until neutral by pH paper and the solutions were allowed to stir overnight.
Evaporation yielded the product and sodium chloride. Trituration of the solid with 2:1
CH;OH:CHClI; solution, followed by evaporation of the solvent, afforded diacids 3a and
4a. '"H NMR (3a, 400 MHz, DMSO-d): 8/ppm =8.26 (s, 2H), 8.19 (d, 2H), 7.38 (d, 2H),
7.05 (dt, 2H), 4.41 (d, 2H), 3.63 (d, 2H). 'H NMR (4a, AVA 400, DMSO-ds): /ppm =
8.46 (s, 2H), 8.32 (d, 2H), 7.68 (d, 4H), 7.25 (d, 4H), 7.08 (dt, 2H), 7.00 (d, 2H), 4.80
(d, 4H).

4.9 Results
In our attempts to screen for a reactive res-based co-crystal of 3c, we encountered
difficulties in that no co-crystal formed directed reactivity. In addition, we were only
able to characterize one co-crystal of 3c. However, we turned to coordination-drive self-
assembly mediated by Ag(I) salts to promote reactivity within 3c. We have isolated and
characterized three silver complexes and one co-crystal comprising 3c, as well as a silver

complex containing the ester photoproduct 3d. For the longer olefin 4c, we also used



157

both res templates and Ag(I) salts to direct reactivity. We have isolated and characterized
one co-crystal and one silver complex consisting of 4c, both of which lead to 100%
conversion to the desired diester cyclobutane 4d. The two co-crystals and six silver
complexes are described below.

(1) 2(3¢)'(4,6-diBr res). 2(3c):(4,6-diBr res) crystallizes from EtOH in the
monoclinic space group PT. The molecules assemble to form discrete three-component
hydrogen bonding assemblies sustained through the formation of two O—H-"N forces
[O-N separations (A): O1--N1 2.717, 02-+N2 2.748]. The C=C bonds within each
assembly are parallel, aligned, and separated by 4.049 A (Figure 125). Neighboring
assemblies are stacked in an orthogonal manner, such that the C=C bonds between
assemblies do not overlap effectively. Additional interactions in the form of (pyridine)
C—H:---O (carboxy) and (pyridne) C—H:---O (phenol) forces are present between
adjacent assemblies (dc...o =3.357 A, 3.371 A; dc..0 = 3.189 A, 3.244 A).

(a) (b)

Figure 125: X-ray structure of 2(3¢)-(4,6-diBr res): (a) assembly with parallel C=C
bonds and (b) orthogonal packing.

(2) [Ag22(3¢)4][OSO,CF3],.  Reaction of 3¢ with AgOSO,CF; in aqueous EtOH

afforded a dinuclear Ag(I) coordination complex that crystallizes in the triclinic space
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group PT. The dinuclear complex is sustained by argentophilic interactions (dag-ae =
3.178 A), with each Ag(I) being coordinated by two 3c ligands in a linear fashion (Figure
126). The C=C bonds within each dinuclear assembly are situated in a parallel and
aligned fashion, with a C---C separation of 3.769 A. The -OSO,CF; anion lies in close
proximity to the Ag(I) ion, yet is non-coordinating, and interacting with the silver via
Ag---O interactions (dag-0=2.728 A, 2.912 A). The anion also participates in additional
interactions in the form of (pyridine) C—H:---O (triflate) and (alkenyl) C—H---O
(triflate) forces (dc...o = 3.332 A, 3.495 A, 3.449 A; dc..o = 3.426 A). Neighboring
assemblies also interact via (pyridine) C—H---O (carboxy) dimers and Ag:- - (alkene)

interactions that give rise to a 2D sheet (Figure 126b).

Figure 126: X-ray structure of [Agx(3¢)4][OSO,CF;],: (a) assembly with parallel C=C
bonds and (b) offset extended packing.

(3) [Ag2(3¢)4][C10y],. Crystallization of 3¢ in the presence of AgClO4-xH,0 in
aqueous EtOH afforded a dinuclear Ag(I) coordination complex sustained by
argentophilic interactions (dagag = 3.209 A). The dinuclear complex crystallizes in the
triclinic space group P1 with each Ag(I) being coordinated by two 3¢ ligands in a linear
fashion (Figure 127a,b). The olefins within each dinuclear assembly are aligned parallel
with a C---C separation of 3.640 A. The -ClO, anion lies in close proximity to the Ag(I)
centers and is non-coordinating, yet interacting with the silver via Ag:--O interactions

(dag-0 = 2.746 A, 3.246 A). The perchlorate anion also participates in additional
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interactions in the form of (pyridine) C—H---O forces (dc..0o = 3.527 A, 3.576 A).
Similar to [Ag»(3¢)4][OSO,CFs],, neighboring assemblies are offset, owing to (pyridine)
C—H---O (carboxy) dimers and Ag---w (alkene) interactions that give rise to a 2D sheet

(Figure 127¢c).

Figure 127: X-ray structure of [Agx(3¢)4][ClO4]2: (a) assembly with parallel C=C bonds
and (b) offset extended packing.

(4) [Ag(3¢):][OTs]. Reaction of 3c with AgOTs in aqueous EtOH afforded an
Ag(I) coordination complex that crystallizes in the monoclinic space group P2,/n. The
complex interacts with another complex below it via argentophilic interactions (dag---ag =
3.372 A). Each Ag(I) center is coordinated by two 3c ligands in a linear fashion (Figure
128), as well as one tosylate anion. The C=C bonds within each interacting pair are
situated in a parallel and aligned fashion, with a C---C separation of 3.723A, while
neighboring C=Cs are also parallel and aligned (dc...c = 3.842 A). The tosylate anion
also participates in Ag---O and (pyridine) C—H---O (tosylate) forces (dag-0 = 3.224 A,
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3.340 A, 3.469 A, 3.413 A; dc..o = 3.217 A, 2.557 A). Neighboring assemblies also
interact via (pyridine) C—H:--O (carboxy) forces (dc..o = 3.747 A, 3.842 A).

(a)

Figure 128: X-ray structure of [Ag(3¢),][OTs]: (a) assembly with parallel C=C bonds
and (b) extended packing with anions omitted for clarity.

(5) 2(4¢):(4,6-diCl res). 2(4c)-(4,6-diCl res) crystallizes from EtOH in the
monoclinic space group P2;/c. The molecules form discrete three-component assemblies
sustained through the formation of two O—H--N hydrogen bonds [O--'N separations (A):
O1--N1 2.774, O2--N2 2.748]. The C=C bonds within each assembly are parallel,
aligned, and separated by 3.924 A (Figure 129). Similar to 2(3c)'(4,6-diBr res),
neighboring assemblies are stacked in an orthogonal manner, such that the C=C bonds
between assemblies do not overlap effectively (dc...c = 5.797 A). Additional interactions
in the form of (pyridne) C—H:--Cl (res), (pyridine) C—H:--O (carboxy), and (pyridne)
C—H---O (phenol) forces are present between adjacent assemblies (dc...ci = 3.649 A,
dc..0=3.508 A,3.652 A,3.196 A, 3.197 A; dc...0o = 3.338 A).
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Figure 129: X-ray structure of 2(4¢)-(4,6-diCl res): (a) assembly with parallel C=C bonds
and (b) orthogonal packing.

(6) [Ag(4c)2]|OSO,CF;].  Reaction of 4c with AgOSO,CF; in aqueous EtOH
afforded an Ag(I) coordination complex that crystallizes in the triclinic space group PT .
The complex interacts with a complex under it through argentophilic interactions (dag.--ag
= 3.496 A), with each Ag(I) being coordinated by two 4c ligands in a linear fashion
(Figure 130). The C=C bonds within each interacting pair are situated in a parallel and
aligned fashion, with a C---C separation of 3.869A, with the next closest set of C=Cs
separated by 3.996 A. The OSO,CFj; anion lies in close proximity to the Ag(I) ion, yet is
non-coordinating, and interacting with the silver via Ag---O interactions (dag-0 = 2.894
A, 2.838 A). The triflate anion also participates in additional interactions in the form of
(pyridine) C—H---O (carboxy) and (alkyl) C—H---O (triflate) forces (dc...o = 3.282 A;
dc..o=3.286 A).
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Figure 130: X-ray structure of [Ag(4¢),][OSO,CF;s]: (a) assembly with parallel C=C
bonds and (b) extended parallel packing with anions omitted for clarity.

UV irradiation of powdered crystalline samples of [Agx(3¢)4][OSO,CF;]s,
[Ag2(3¢)4][ClO4]2, and [Ag(3c),][OTs], as well as [Agx(3¢)4][OSO,CH;s], afforded the
desired photoproduct 3d in stereospecific and quantitative fashion. The generation of
cyclobutane 3d was reflected in the resulting 'H NMR, as the olefin peaks centered at
7.77 and 6.87 ppm had disappeared, and cyclobutyl protons at 4.18 and 4.60 ppm
emerged.  The structure of the photoproduct was confirmed in the case of

[Agx(3¢)s][0SO,CHs], (Figure 131).

(a) (b)

Figure 131: X-ray crystal structure of [Ag(3d),][OSO,CH;3] demonstrating 1D polymer
network.
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In the case of the extended olefin 4c, UV-irradiation of crystalline 2(4c)-(4,6-diCl
res) and [Ag(4c),][OSO,CF;] afforded the diester photoproduct 4d in stereospecific and
quantitative yield. The quantitative photoconversion was evidenced in the 'H NMR
spectrum by the disappearance of the olefinic signals between 7.4 and 7.5 ppm and

concomitant appearance of the cyclobutane doublets centered at 4.75 ppm (Figure 132).

M ﬁtqdwU L e

10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

Figure 132: Comparison of the 'H NMR spectrum of (top) 2(4c)-(4,6-diCl res)
superimposed with (4d)-(4,6-diCl res) (bottom).

Other co-crystals and coordination complexes were tested in regards to
photoreactivity of 3c and 4c. In the context of directing reactivity with resorcinol
templates and 3¢, none had produced photoreactions (evidenced through "H NMR), while
other Ag(I) salts underwent conversion to 3d. In particular, AgOSO,CH; also

demonstrated full conversion to 3d. Interestingly, the reactivity of 4c is somewhat
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similar to the 4-pyridyl analogue 2c. We observed anywhere from 20-100% conversion
with both organic and Ag(I) templates tested (Table 7). Without further structural
analyses, however, it cannot be ascertained why the reactivity is not as high in some
cases. The enhanced reactivity of 4c in comparison to 3c, is likely due to a degree of
pedal motion, although we did not examine this effect in as much detail as accomplished

for the 4-pyridyl analogues.

Table 7: Summary of additional photoreactivity data obtained for 3¢ and 4c.

olefin template conv./% time/h yield of 3d/4d

3¢ AgOSO0,CHj 100 150 100
3c 4,6-di' Bu res 0 150 0

3¢ 4,6-dil res 0 150 0

4¢ AgOTs 100 100 100
4¢ AgClOy 0 150 0

4¢ 5-F res 65 150 65°
4¢ res 90 150 90°
4¢ AgNO; 90 150 90
4¢ AgOMs 100 100 100

* photoreactions were concluded after 150 hrs since other samples exhibited full conversion in less time

° "H NMR shows an overlapping peak in the cyclobutane region that could affect the overall yield
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Basic extraction and a subsequent hydrolysis of [Ag(3d)][OTs] and (4d)-(4,6-diCl
res) afforded the unmasked diacids 3a and 4a, respectively, as confirmed by 'H NMR

spectroscopy.

Figure 133: Representative 'H NMR after hydrolysis, affording diacid 3a (large peak at
~3.3 ppm indicative of water).

4.10 Conclusion

In conclusion, we have introduced a protecting group strategy to the organic solid
state that is used to direct the formation of C—C bonds mediated by principles of
supramolecular chemistry. We have demonstrated that four carboxylic acid-based olefins
whose photoproducts are of interest to generate novel MOFs, can be used in solid-state
reactivity when the carboxylic acid proton is masked as an ester. Such a protecting group
strategy essentially installs a supramolecular regiochemistry, so as to afford head-to-head
photodimers that can be easily deprotected to restore the desired acid groups. We have

also shown how the solid-state reactivity is enhanced using stilbenes as protected
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functionalities. We have also observed that the flexible nature of an organic co-crystal
appears to promote the pedal motion since the minor population is largely unaffected by
rapid cooling, as is witnessed in organic stilbene crystals (i.e. frans-stilbene,

270-271
azobenzene).”’"?’

We anticipate the protecting strategy to be amenable to other
protecting group strategies developed in the liquid phase and applicable to other reactions

mediated by templates (e.g. hydrogen bond acceptor) in both the solid state and solution.
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CHAPTER 5: TOLERANCE OF SELF-ASSEMBLY AND SOLID-
STATE REACTIVITY TO THE INTRODUCTION OF
CONFORMATIONALLY-FRUSTRATED OLEFINS

5.1 Introduction

Supramolecular chemistry focuses on the design of molecular architectures by
relying on the complementary recognition and assembly of well-defined subunits.””* The
idea of molecular recognition stems from biology. Utilising noncovalent forces to dictate
structural and morphological properties, biological systems must balance a panoply of
intermolecular interactions to achieve targeted properties. In an analogous effort to
mimic Nature, chemists employ noncovalent interactions to direct supramolecular self-
assembly.”’

Within the field of supramolecular chemistry, two main areas have emerged to
facilitate self-assembly processes. One relies on the exploitation of hydrogen bonds'®
while the other relies on stronger metal-ligand interactions to achieve targeted
frameworks.””> In principle, both forces can be used to accomplish the same goal (Figure
134). This is particularly relevant for chemical reactivity, where reactants must follow
specific geometries for a reaction to proceed when subjected to supramolecular control.*
We have described how either small molecules (e.g. resorcinol) or metal complexes (e.g.
Ag") can be utilized to direct reactivity within the organic solid state for [2+2]
photodimerizations of olefins via hydrogen bonds and coordination bonds, respectively.®'
Both interactions have been shown to circumvent problems associated with crystal
packing. In this context, organic templates have, thus far, been particularly successful,

yielding complex products such as cyclophanes’® and ladderanes.”
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(b)

Figure 134: Supramolecular self-assembly methods employed to synthesize capsules via
(a) hydrogen bonding and (b) metal coordination by Rebek®’® and
Raymond,”” respectively (K = dark green; Ga = lime).

To expand the applicability of the template method, we have pursued the
photoreaction of trisubstituted olefins. Trisubstituted olefins are a large focus of

278 The inherent

solution-phase organic synthesis (e.g. carotenoids, terpenoids).
bioactivity of drugs (e.g. Mithramycin®”’) can also, for example, be rendered active via
installation of additional substituents to C=C bonds (i.e. methyl — hydrogen substitution).
Moreover, whereas trisubstituted olefins are widely studied in solution, such olefins
remain relatively unexplored in solid-state reactivity. To date, reactions of trisubstituted
olefins have been limited to retinoids, coumarins, quinones, and substituted
cyclohexenes.”® Importantly, trisubstitution, de facto, results in a steric environment that
can enforce non-planarity and, thereby, pose a significant challenge to achieve face-to-
face stacking in a solid.

In this chapter, we demonstrate the advantage of having templates based on
hydrogen bonding and metal coordination at our disposal to direct reactivity of three

trisubstituted olefins (Figure 135). We show that whereas co-crystallization of the olefins

with a series of res templates invariably affords photostable solids, UV-irradiation of
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crystalline Ag complexes of 3-Me-4-pyes, 3-Me-3-pyes, and 2-Me-4-pyes results in the

generation of the corresponding hexa-substituted cyclobutane in quantitative yields.

0 0 0
N7 o—" N 40— H®_>/_"G_f

3-Me-4-pyes 3-Me-3-pyes 2-Me-4-pyes

3-Me-4-pycb 3-Me-3-pycb 2-Me-4-pycb

Figure 135: Trisubstituted olefins of interest and resulting cyclobutane products.

The olefins under investigation (3-Me-4-pyes, 3-Me-3-pyes, and 2-Me-4-pyes)
are all liquids prepared via Horner Wadsworth Emmons reaction. According to
molecular modelling, all three prefer a twisted geometry in the gas phase, wherein the
pyridyl group is rotated on the order of 55-63° to presumably relieve steric interactions

with the methyl group (Figure 136).
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3-Me-4-pyes 3-Me-3-pyes 2-Me-4-pyes
62.32° 55.70° 63.05°

Figure 136: Spartan rendering of olefins in this study and their relative geometries and
twist after energy minimization

5.2 Experimental

All reagents and solvents used were reagent grade and commercially available.
N, N-dimethylformamide (99.9%) and tetrahydrofuran (99.9%), were purchased from
Fisher Scientific Company (Pittsburgh, PA, USA). Ethanol (99.98%, absolute grade) was
purchased from Pharmco-AAPER (Brookfield, CT, USA). 4-Pyridinecarboxaldehyde
(97%), 3-pyridinecarboxaldehyde (97%), 4-acetylpyridine (97%), triethyl-2-
phosphonopropionate (98%), sodium hydride (dry, 95%) and dichloromethane (>99.8%)
were purchased from Sigma Aldrich Chemical (St. Louis, MO, USA). 3-Acetylpyridine
(97%) was  purchased from TCI  America (Portland, OR, USA).
Triethylphosphonoacetate (98%) and potassium tert-butoxide (98+%) were purchased
from ACROS. All reagents were used without further purification. Substituted
resorcinols were purchased commercially or synthesized via standard literature

preparations. Silver paratoluene sulfonate (99.9+%), silver heptafluorobutyrate (98%),
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silver methanesulfonate (98%), silver trifluoromethanesulfonate (>99.9%), silver nitrate
(99.9+%), silver chlorate (>99.9%), and silver perchlorate hydrate (99%) were purchased
from Sigma Aldrich Chemical (St. Louis, MO, USA).

Purification of the products was accomplished using column chromatography
using a gradient solvent elutant system. The column (two inches in diameter) was wet
packed with ca. 10-12 inches of silica gel in hexanes (hex). Details on the elutants used
and results are listed for each compound below:

(E)-ethyl-3-(pyridine-4-yl)but-2-enoate (3-Me-4-pyes): The oil was used in
crude form and deposited on top of the column without further dilution. Initially, straight
hexanes was used as the elutant, followed by gradual increases in polarity to hex/5%
EtOAc, 6:1 hex/EtOAc, 1:1 hex/EtOAc. The hexane fractions contained the highest E:Z
ratio (10:1) with the hex/5% EtOAc exhibiting ~2:1 ratio.

(E)-ethyl-3-(pyridine-3-yl)but-2-enoate (3-Me-3-pyes): The oil was used in
crude form and deposited on top of the column without further dilution. Initially,
hexanes was used as the elutant, followed by gradual increases in polarity to hex/5%
EtOAc, 6:1 hex/EtOAc, 1:1 hex/EtOAc. The hexane fractions contained the highest E:Z
ratio (10:1) with the hex/5% EtOAc exhibiting ~1:1 ratio.

(E)-ethyl-2-methyl-3-(pyridine-4-yl)prop-2-enoate (2-Me-4-pyes): The oil was
dissolved in minimal 1:1 hex/EtOH and deposited on top of the column. Initially, a
mixture of 7:1 hex:EtOH was used as the elutant, followed by gradual increases in
polarity to 3:1 hex/EtOH, and 1:1 hex/EtOH. The initial fractions using 7:1 hex/EtOH
contained the most product.

'H NMR spectra were collected using a Bruker Avance 300 MHz or 400 MHz
spectrometer using DMSO-ds as a solvent. Photoreactions were conducted using
ultraviolet radiation from a 500 W medium-pressure mercury lamp in an ACE Glass
photochemistry cabinet. Co-crystals were finely ground using a mortar and pestle, and

then placed between a pair of pyrex glass plates. The samples were irradiated in 10-hour
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periods and mixed between consecutive irradiations. The product formation was
monitored using "H NMR spectroscopy.

Single crystal diffraction data were collected on a Nonius Kappa CCD single-
crystal X-ray diffractometer at both room and low temperatures using MoK, radiation (4
=0.71073 A). Data collection, cell refinement and data reduction were performed using
Collect”” and HKL Scalepack/Denzo,"® respectively. Structure solution and refinement
were accomplished using SHELXS-97*°' and SHELXL-97,""° respectively. The
resorcinol structures were solved via direct methods, while silver coordination complexes
were solved using Patterson method. All non-hydrogen atoms were indentified from the
difference Fourier map within several refinement steps. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms associated with carbon atoms were refined in
geometrically constrained positions with isotropic thermal parameters Uio(H) =
1.5Ucq(Ccnz) and Uiso(H) = 1.2Uo(Ccn). Hydrogen atoms belonging to phenolic OH
groups were and refined using a riding model with isotropic thermal parameters Ujso(H) =
1.5Ucq(Onydroxy)- Hydrogen atoms belonging to water molecules were identified from the
difference Fourier and refined with isotropic thermal parameters Usjso(H) = 1.5Ucq(Owater)-
The details of the structural analysis of all solids are summarized in Tables A-17 through

A-21.

5.2.1 Synthesis of (E)-ethyl-3-(pyridine-4-yl)but-2-enoate
Potassium tert-butoxide (7.7 g, 1.0 mol. eq.) was added to a solution of
triethylphosphonoacetate (15.2 g, 0.068 mol.) in DMF (100 mL). A solution of 4-
acetylpyridine (8.5 g, 0.070 mol.) in 15 mL of DMF was then added slowly. The solution
was heated to reflux for 1 day. After 1 day, the hot solution was poured onto 1 L of ice
water and stirred for 3 hours. The product was then extracted using CHCIl; (5x, 200 mL)
and concentrated to a brown oil (10.3 g). The oil was purified using column

chromatography (conditions described above), affording 8.5 g of a yellow oil (67%, E:Z
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10:1). Subsequent fractions (2.5 g) contained a lower E:Z ratio. 'H NMR, E-isomer
signals (400 MHz, DMSO-ds): d/ppm = 8.64 (dd, 2H), 7.60 (dd, 2H), 6.34 (s, IH), 4.21
(quartet, 2H), 2.53 (s - overlap in DMSO, 1H), 1.288 (t, 3H).

0 0
1) tBuOK, DMF N
N, .= 2) N =

0] 0]
1,0
f’"“oJ'LVP“ﬂu 3-Me-4-pyes

Figure 137: Synthesis of 3-Me-4-pyes via Horner-Wasdworth-Emmons reaction

5.2.2 Synthesis of (E)-ethyl-3-(pyridine-3-yl)but-2-enoate

Potassium tert-butoxide (7.7 g, 1.0 mol. eq.) was added to a solution of
triethylphosphonoacetate (15.2 g, 0.068 mol.) in DMF (100 mL). A solution of 3-
acetylpyridine (8.5 g, 0.070 mols) in 15 mL of DMF was then added slowly. The
solution was heated to reflux for 1 day. After 1 day, the hot solution was poured onto 1 L
of ice water and stirred for 3 hours. The product was then extracted using CHCl; (5x,
200 mL) and concentrated to a brown oil contaminated with some DMF (12.5 g). The oil
was purified using column chromatography (conditions described above), affording 9.0 g
of a yellow oil (70%, E:Z 10:1). Subsequent fractions (2.2 g) contained a lower E:Z
ratio. 'H NMR, E-isomer signals (400 MHz, DMSO-ds): &/ppm = 8.77 (s, IH), 8.60 (d,
1H), 7.95 (dd, 1H), 7.41 (dt, 1H), 6.20 (s, 1H), 4.16 (quartet, 2H), 2.53 (s - overlap in
DMSO, 3H), 1.25 (t, 3H).
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Figure 138: Synthesis of (£)-ethyl-3-(pyridine-3-yl)but-2-enoate via Horner-Wasdworth-
Emmons reaction.

5.2.3 Synthesis of ((E)-ethyl-2-methyl-3-(pyridine-4-
yl)prop-2-enoate

A solution of triethyl-2-phosphonopropionate (10.0 g, 0.0420 mol) in 200 mL of
THF was cooled to -10° C. Sodium hydride (1.1 g, 1.1 mol. eq.) was added slowly to the
solution. After 5 minutes, a solution of 4-pyridinecarrboxaldehyde (4.5 g, 1.0 mol. eq.)
in 15 mL of THF was added slowly to cooled solution. The reaction was monitored via
'H NMR, and was determined to be complete after 16 hours. The crude product was
obtained via evaporation of the reaction mixture (9.6 g). Column chromatography using
a hex/EtOH-based system (described above) afforded the pure product as a clear oil (6.8
g, 85%). 'H NMR, E-isomer signals (400 MHz, DMSO-ds): &/ppm = 8.63 (dd, 2H), 7.52
(s, 1H), 7.36 (dd, 2H), 4.20 (quartet, 2H), 2.03 (s, 3H), 1.26 (t, 3H).

0 0
I 1) NaH, THF A~
~ - O
N~ 2) N &
o o0
B~
.-f‘-g)'l\r ~0 2-Me-4-pyes

Figure 139: Synthesis of ((E)-ethyl-2-methyl-3-(pyridine-4-yl)prop-2-enoate via Horner-
Wadsworth-Emmons reaction.
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5.2.3 Co-crystallization Procedures

Co-crystallization of 3-Me-4-pyes, 3-Me-3-pyes, and 2-Me-4-pyes were
performed by dissolving 100 mg (0.52 mmol) of the olefin and 0.26 mmol of a resorcinol
in 10 mL EtOH. The solutions were heated slightly to facilitate dissolution, and then left
to cool to room temperature. Upon further solvent evaporation, and within 4-7 days, each
sample comprising 3-Me-4-pyes or 2-Me-4-pyes contained either single crystals or a
crystalline powder that was filtered, dried, and characterized using 'H NMR
spectroscopy. After 4-7 days, the co-crystallization attempts of 3-Me-3-pyes invariably
afforded oils that couldn’t be quantified in the context of co-crystallization and/or

photoreactivity.

5.2.4 Silver Coordination Complex Formation
Silver complexes comprising 3-Me-4-pyes, 3-Me-3-pyes, or 2-Me-4-pyes were
prepared by dissolving 0.26 mmol of a silver salt in 10 mL aqueous ethanol with heating.
100 mg (0.52 mmol) of the desired olefin was diluted in 5 mL of ethanol and added to the
silver solution. Individual vials were wrapped in Aluminum foil to prevent silver
oxidation. Within a period of 7-10 days, crystals formed in most attempts. Single

crystals were filtered, dried, and analyzed using '"H NMR spectroscopy.

5.3 Results

In our investigations with nonplanar trisubstituted olefins, we have determined
that Ag(I) templates appear better suited to direct reactivity in conformationally-complex
olefins, as no resorcinol co-crystals yielded photoactive assemblies. From these studies,
we have characterized six resorcinol co-crystals and eight Ag complexes with three
isomeric olefins, as well as three Ag complexes with the resulting photodimers. In all of
the structures, the ester unit combined with the additional -CH3 around the reactive center
adopt differing geometries, presumably to accommodate the additional sterics. The

details of each of these structures will be discussed below.
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5.3.1 (E)-ethyl-3-(pyridine-4-yl)but-2-enoate

We isolated and characterized two co-crystals and three Ag(I) coordination
complexes involving 3-Me-4-pyes as a result of template switching with both resorcinols
and Ag(I) salts. Although several other templates were screened (Table 8), we did not
structurally characterize every attempt. To somewhat of our surprise, all of the resulting
co-crystals involving a res were photostable. To gain insights into the photstability of the
solids, we analysed some single crystals involving 3-Me-4-pyes. One of the three Ag(I)
systems exhibited compete conversion to the desired cyclobutane product. The
descriptions of the crystals mentioned above, as well as a structure of the cyclobutane

complex as an Ag coordination polymer, are described below.

Table 8: Summary of additional photoreactivity data obtained using 3-Me-4-pyes.

template conv./% time/h yield of 3-Me-4--pycb
res 0 150 0
4,6-diCl 0 150 0
4-Cl 0 150 0
5-OCHj res 0 100 0
AgClO4 0 150 0
AgNO; 0 150 0
AgOMs 0 150 0

(1) 2(3-Me-4-pyes):(4,6-dil res). 3-Me-4-pyes and 4,6-dil res co-crystallize

from EtOH in the orthorhombic space group P2,2,2; with two molecules of 3-Me-4-pyes
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and 4,6-dil res in the asymmetric unit. The components assemble to form discrete three-
component assemblies, sustained by two O—H:--N hydrogen bonds [O-N separations
(A): O1-+N1 2.720(7), 02-N2 2.741(6)]. Within each three-component assembly, the
C=C are arranged in a crisscross manner (dc...c = 3.827 A), and the -CHj substituents are
in a relative anti displacement, likely causing the unaligned olefins. Additionally, the
pyridyl rings are twisted 35.11° and 30.16° away from the olefin. Olefins between
nearest neighbour assemblies are twisted orthogonal to each other and separated greater
than 7.8 A. Additional interactions in the form of (res) I---O (carboxy), (pyridine) C—
H---O (carboxy) and (alkyl) C—H---O (carboxy) interactions (d;...o = 3.347 A, dc...o =
3.211 A and 3.575 A, respectively). Owing to the crisscross nature of the olefins, the co-

crystal is photostable.

Figure 140: X-ray structure of 2(3-Me-4-pyes)-(4,6-dil res): (a) assembly with
crisscrossed C=C bonds and (b) antiparallel offset packing.

(2) (3-Me-4-pyes):(5-CHj; res)... Co-crystallization of a 1:2 ratio of 5-CHj res
and 3-Me-4-pyes in EtOH results in the formation of a 1:1 co-crystal in the monoclinic
space group P2;/c. Similar to the (4,6-diBr res)-2(3-Me-4-pyes) co-crystal, the primary
interaction with 5-CHj3 res is an (phenol) O—H:--N (pyridine) hydrogen bond [O--N
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separation (A): O1--N1 2.777(8)], however, in this co-crystal assembly, there is only one
O—H: ‘N interaction. The other phenolic OH participates in an O—H:---O (carboxy)
hydrogen bond [O---O separation (A): 02---03 2.871(3)]. Thus, the self-assembly process
results in the formation of alternating O—H:--N and O—H---O hydrogen bonds in an
infinite ladder. The pyridyl rings are also twisted 29.63° from the plane of the olefin.
The C=C bonds within the 1D ladder adopt a stacked orientation, yet are offset and

separated by 5.24 A, thus, the co-crystal is photostable.

Figure 141: X-ray structure of (3-Me-4-pyes)-(5-CHj3 res).: (a) asymmetric unit and (b)
1D ladder with offset C=C bonds.

(3) [Ag(3-Me-4-pyes),][ClO4]. Reaction of 3-Me-4-pyes with AgClO4-xH,0
afforded a coordination complex that crystallizes from aqueous EtOH in the monoclinic
space group P2;/n. Each Ag (I) ion is coordinated in a linear fashion to two molecules of
3-Me-4-pyes via Ag—N bonds and one ClO4 ion in a monodentate fashion. Each Ag (I)
ion also interacts with the complex below it via Ag---Ag interactions (dag.-.ag= 3.361 A),
such that the overlapping C=C bonds are parallel and aligned, however, do not satisfy
Schmidt’s criteria for a [2+2] photodimerization (dc...c = 4.375 A). The pyridyl ring is

also twisted out of the plane of the olefin (6 = 13.03°, 25.32°). The -CH; substituents are
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anti to each other within each [Ag(3-Me-4-pyes),][ClO4] unit, and eclipsed with the -CH3
groups of the stacked complex below. Additional (alkyl) C—H:--O (perchlorate) and
(pyridine) C—H---O (carboxy) interactions link adjacent orthogonal complexes (dc...0 =

3.591A; dc..0o =3.506 A and 3.587 A).

a)

Figure 142: X-ray structure of [Ag(3-Me-4-pyes),][ClO4]: (a) overlapped C=Cs and (b)
extended packing.

(4) [Ag(3-Me-4-pyes);]|OSO,CF;]. 3-Me-4-pyes and AgOSO,CF; react in
ethanol, affording a coordination complex that crystallizes in the monoclinic space group
P2,/c. Two 3-Me-4-pyes molecules coordinate to each Ag(I) ion in a linear fashion, with
the -CHj3 substituents arranged in a relative anti conformation. In addition, the -OSO,CF3
anion coordinates with the Ag(I) ion. Each complex is stacked and interacts with another
Ag complex via Ag---Ag forces (dag-.ag = 3.867 A). Within each stacked pair, the CH;
units are eclipsed and the C=C units are aligned parallel and within Schmidt’s
topochemical distance criterion (dc..c = 4.170 A). Additionally, the pyridyl units and
C=C moieties are tilted 26.80° and 17.62° from planarity. The -OSO,CF; anion also
interacts with adjacent orthogonal complexes via (pyridine) C—H:--F (triflate) and

(alkyl) C—H:--O (triflate) forces (dc..r = 3.475 A; dc..o = 3.548 A, 3.196 A). Despite
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meeting the topochemical criteria, UV-irradiation of crystalline [Ag(3-Me-4-

pyes)2][OSO,CF;] does not afford the cyclobutane product.

Figure 143: X-ray structure of [Ag(3-Me-4-pyes),][OSO,CFs]: (a) overlapped C=Cs
forming a reactive assembly and (b) extended packing.

(5) [Ag(3-Me-4-pyes):][OTs]-2H,O. Reaction of 2-Me-4-pyes with AgOTs in
aqueous EtOH afforded a coordination complex that crystallizes in the triclinic space
group PT. Each Ag(I) ion is coordinated by two 3-Me-4-pyes olefins in a linear fashion,
with stacked units interacting via argentophilic interactions (dag--ag = 3.895 A, 3.607 A).
Two distinct pairs of interacting complexes are arranged orthogonal to each other, and
with the stacked C=C units in each pair aligned and parallel for photoreaction to occur
(dc..c =3.733 A, 3.732 A). The -CH; units are arranged in an anti orientation within
[Ag(3-Me-4-pyes),][OTs], and eclipsed with the CHs substituents in the stacked unit,

leading to the parallel orientation of the C=C bonds. The pyridine moieties are also
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twisted 21.66° and 25.37° in relation to the olefin in one discrete unit, and 25.05° and
25.87° in the other. The OTs anion lies in close proximity to the Ag(I) ion, yet is non-
coordinating, and interacting with the silver via Ag:--O interactions (dag...o = 2.723 A,
2.818 A). The Ag also interacts with an adjacent H,O molecule (dag...o = 2.997 A, 2.964
A). The pyridyl moiety also interacts via C—H:--O forces with water (dc...o = 3.302 A,
3.328 A) and the -OTs anion (dc...o = 3.269 A, 3.276 A). UV-irradiation of crystalline
powder of [Ag(3-Me-4-pyes),][OTs]-2H,O afforded the cyclobutane product

stereospecifically, and in quantitative yield.

Figure 144: X-ray structure of [Ag(3-Me-4-pyes),][OTs]-2H,O: (a) overlapped C=Cs
within a reactive assembly and (b) extended packing with tosylate anions
omitted for clarity.

To confirm the stereochemistry around the cyclobutane, the product was isolated
via extraction using CHCI; and NaOH. Upon subsequent filtration of the organic layer
through celite and solvent evaporation, the cyclobutane product was present as a colorless
oil. Given the product is an oil, we allowed the cyclobutane product to react with a fresh
equivalent of AgOTs in aqueous EtOH. The resulting crystalline product of the
composition [Ag(3-Me-4-pycb)][OTS]. was analyzed using single crystal X-ray

diffraction.
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(6) [Ag(3-Me-4-pycb)][OTs].. 3-Me-4-pycb and AgOTs react to form a zig-zag
1D coordination polymer that crystallizes in the monoclinic space group P2,/c. X-ray
analysis confirmed that the cyclobutane adopted a head-to-head stereochemistry. The
polymeric assembly is sustained, similar to the complex prior to photoreaction, by Ag—
N forces, with the closest Ag atoms being between adjacent polymeric strands (dag.--ag =
5.314 A) as opposed to within one polymeric sheet (dag-ag = 6.645 A). Similar to
[Ag(3-Me-4-pyes),][OTs], the -OTs anions are not coordinated to the Ag(I) centers. The
ID polymer strands interact via (alkyl) C—H:--O (carboxy) interactions along the
periphery (dc...o = 3.336 A), while the -OTs anions also engage in C—H---O interactions
with the pyridines (dc..o = 3.533 A) and the ethoxy groups (dc...o = 3.410 A).

b)

Figure 145: X-ray structure of [Ag(3-Me-4-pycb)][OTs].: (a) 1D zig-zag polymer
strand and (b) extended packing.
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5.3.2 (E)-ethyl-3-(pyridine-3-yl)but-2-enoate

Attempts to screen 3-Me-3-pyes using resorcinol templates in ethanol invariably
afforded oils. Since the resorcinol templates and silver salts were screened
simultaneously, and the silver salts afforded crystals in the solvent system with relative
ease, other solvent systems were not used to probe for resorcinol co-crystals. We isolated
and characterized two Ag(I) coordination complexes involving 3-Me-3-pyes. Although
several other Ag(I) salts were screened and checked for photoactivity, we did not
structurally characterize every attempt (Table 9). One of the two Ag(I) systems exhibited
compete conversion to a cyclobutane product. The descriptions of the crystals mentioned
above, as well as a structure of the cyclobutane complex as an Ag coordination polymer,

are described below.

Table 9: Summary of photoreactivity data obtained using 3-Me-3-pyes.

template conv./% time/h yield of 3-Me-3--pycb
AgCO,C,Fs 100 100 100*
AgClO; 50° 150 0
AgNO; 0 100 0
AgOSO,CH; 0 150 0
AgOSO,CF; 0 150 0

# product formed matched the 'H NMR produced via irradiation of [Ag(3-Me-3-pyes),|[ClO4]

® the reaction was concluded after 150 hours since the other Ag systems reacted faster

(1) [Ag(3-Me-3-pyes);][OTs].. Reaction of 3-Me-3-pyes and AgOTs afforded a

zig-zag 1D coordination polymer that crystallizes from aqueous EtOH in the monoclinic
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space group Cc. Each Ag(I) ion is coordinated to two 3-pyridyl groups of 3-Me-3-pyes
via Ag—N bonds, while the -OTs anion bridges two adjacent Ag(I) centers. The C=C
units within two stacked molecules of 3-Me-3-pyes are arranged in a crisscross manner
(dc..c = 3.170 A), while adjacent -CH; groups are arranged in a staggered conformation.
The pyridine units are twisted out of the plane of the olefin (8 = 13.14°, 21.87°). The -
OTs anion also interacts with neighboring pyridyl moieties via C—H:---O forces (dc...0 =
3207 A). The extended structure contains additional (alkyl) C—H---O (carboxy)

interactions along the periphery of multiple 1D strands (dc...o = 3.195 A).
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Figure 146: X-ray structure of [Ag(3-Me-3-pyes)2][OTs]. highlighting 1D polymer
strand.

(2) [Ag(3-Me-3-pyes):][C104]. Reaction of 3-Me-3-pyes and AgClO4-xH,0 in
aqueous EtOH afforded a mononuclear complex of composition [Ag(3-Me-3-
pyes)2][ClO4] that crystallizes from the monoclinic space group C2/c. Each Ag(I) center
coordinates to two 3-Me-3-pyes molecules, while the ClO4 anion is in close proximity

and interacting with the Ag (1), but not coordinated (dag.-.0 = 3.075 A, 3.036 A). Within
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each discrete [Ag(3-Me-3-pyes),]' " unit, the -CH3 substituents are arranged in a relative
anti conformation. The pyridyl units are tilted 28.85° from the plane of the C=C moiety.
The C=C units of partially stacked complexes are overlapped and aligned in an
antiparallel manner (dc...c = 3.424 A), and would be expected to produce the head-to-tail
product upon photoirradiation. The -ClO4 anion also participates in (pyridine) C—H---O
and (alkyl) C—H---O interactions (dc...o = 3.392 A; dc...o = 3.375 A). UV-irradiation of

a crystalline powder of [Ag(3-Me-3-pyes),][ClO4] afforded a cyclobutane product

stereospecifically, and in quantitative yield.

a) P

b)

Figure 147: X-ray structure of [Agx(3-Me-3-pyes)s4|[ClOq4]2: (a) offset units with
antiparallel C=C overlap, and (b) extended packing with pairs of reactive
olefins marked in green.
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To confirm the stereochemistry around the cyclobutane, the product was isolated
via extraction using CHClz and NaOH. Upon subsequent filtration of the organic layer
through celite and solvent evaporation, the cyclobutane product was present as a colorless
oil. Given the product is an oil, we allowed the cyclobutane product to react with a fresh
equivalent of AgClO4 in aqueous EtOH. The resulting crystalline product of the
composition [Ag(3-Me-3-pycb)][ClO4]. was analyzed using single crystal X-ray
diffraction.

3) [Ag (3-Me-3-pycb)][ClOy4].. 3-Me-3-pycb and AgClO4 react to form a 1D
coordination polymer that crystallizes in the triclinic space group P1. X-ray analysis
confirmed that the cyclobutane adopted a head-to-tail stereochemistry. The polymeric
assembly is sustained, similar to the complex prior to photoreaction, by Ag—N forces,
with the closest Ag atoms being offset and separated by 3.728 A. Similar to [Ag(3-Me-3-
pyes)2][ClOy4], the -ClO4 anions are not coordinated to the Ag(I) centers, however, they
interact with adjacent Ag(I) centers (dag...o = 3.094 A) and participate in weak (pyridine)
C—H:---O bonds (dc...o = 3.354 A, 3.272 A, 3.428 A). The 1D polymer strands interact

via (alkyl) C—H:--O (carboxy) interactions along the periphery (dc...o = 3.353 A).

Figure 148: X-ray structure of [Ag(3-Me-3-pycb)][ClO4]
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5.3.3 ((E)-ethyl-2-methyl-3-(pyridine-4-yl)prop-2-enoate
We isolated and characterized four co-crystals and three Ag(I) coordination
complexes involving 2-Me-4-pyes as a result of template switching with both resorcinols
and Ag(I) salts. Although several other organic and Ag(I)-based templates were
screened, we did not structurally characterize every result (Table 10). Two of the three
Ag(I) systems exhibited compete conversion to the desired cyclobutane product. The
descriptions of the crystals mentioned above, as well as a structure of the cyclobutane

complex as an Ag coordination polymer, are described below.

Table 10: Summary of additional photoreactivity data obtained using 2-Me-4-pyes.

template conv./% time/h yield of 3-Me-4--pycb
res 0 150 0
5-OCHjres 0 150 0
5-CHjres 0 150 0
4,6-dil res 0 100 0
AgClOy4 0 150 0
AgNO; 0 150 0
AgOMs 0 150 0

(1) 2(2-Me-4-pyes):(4-Cl res). 4-Cl res and 2-Me-4-pyes co-crystallize from
EtOH in the triclinic space group P1 resulting in the formation of a 1:2 co-crystal. The
components are arranged in a discrete three component assembly, sustained by two O—

H---N hydrogen bonds [O-N separations (A): O1--N1 2.782(3), 02---N2 2.700(4)].
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Within each assembly, overlapping C=Cs are arranged in a parallel orientation (dc...c =
3.715 A), with the -CH; substituents engaged in eclipsing interactions. Furthermore, the
ethoxy units are arranged in a relative staggered conformation. Additional (alkyl) C—
H---ClI (res) and (pyridine) C—H---O (phenol) interactions (dc...c; = 3.817 A, dc..o =
3.497 A) contribute to adjacent assemblies being stacked in an offset manner. Despite
the favorable arrangement of the olefinic carbons, this co-crystal is photostable. The
photostability is attributed to the significant twisting between the pyridine and double
bond moieties (6 = 34.31°, 38.51°), likely causing the reactive pair of C=C orbitals to not

be aligned.

a)

Cl
o1

Figure 149: X-ray structure of 2(2-Me-4-pyes)-(4-Cl res): (a) twisted assembly, and (b)
parallel packing of neighboring assemblies.

(2) 2(2-Me-4-pyes)-(4,6-diCl res). 4,6-diCl res and 2-Me-4-pyes form a 1:2 co-
crystal that crystallizes from EtOH in the triclinic space group PT . The components form
a discrete three component assembly, sustained two O—H---N hydrogen bonds [O--N
separations (A): O1--N1 2.706(5), 02--N2 2.736(5)]. Within each three component
assembly, overlapping C=Cs are crisscrossed (dc...c = 3.673 A), resulting in both the -
CH; substituents, and the ethoxy units arranged relatively staggered to each other.

Additionally, the pyridyl units and C=C moieties are tilted 24.03° and 26.41° from



189

planarity. Neighboring assemblies are arranged in an antiparallel and offset manner,
owing to -+ -7 stacking between overlapping pyridine units (d ... = 3.688 A). Similar to
the co-crystal attained with 4-Cl res, the extended structure is sustained by weaker (alkyl)
C—H---Cl (res) and (pyridine) C—H---O (phenol) interactions (dc...ci = 3.758 A, dc..o =
2.566 A). This co-crystal is also photostable, owing to the crisscross relative orientation

of the C=C units.

a) b) W

Cl 01

02

Figure 150: X-ray structure of 2(2-Me-4-pyes)-(4,6-diCl res): (a) twisted crisscross
assembly, and (b) offset packing of neighboring assemblies.

(3) 2(2-Me-4-pyes)-(4-Br res). 4-Br res and 2-Me-4-pyes co-crystallize from
EtOH in the triclinic space group P1 with two molecules of 4-Br res and four molecules
of 2-Me-4-pyes present in the asymmetric unit. Within the asymmetric unit, there are
two distinct three component assemblies, one of which contains crisscrossed C=Cs, and
the other with parallel aligned C=Cs (d¢...c = 3.687 A, dc..c=3.719 A for crisscross and
parallel assemblies, respectively referred to as assemblies Al and A2). Each three
component assembly is sustained by two O—H:--N hydrogen bonds [O-*N separations,
Al (A): O1-N1 2.744(6), 02:+N2 2.731(7); O--N separations, A2 (A): O1-NI
2.831(6), O2:-N2 2.706(7)]. In Al, both the -CHj3 units and ethoxy units are relatively
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arranged staggered to each other, and the pyridyl moieties are tilted away from the plane
of the olefin (64; = 29.22°, 34.57°). In contrast to Al, the -CH3 units of A2 are eclipsed
in the three-component assembly, and the ethoxy units are still in a relative staggered
conformation. Additional (alkyl) C—H:--Br (res), (pyridine) C—H---O (phenol), and
(alkyl) C—H---O (carboxy) interactions (dc...s; = 3.958 A, d¢..o = 3.326 A, 3.372 A) are
present in adjacent assemblies. Despite the favorable arrangement of the olefinic carbons
in A2, this co-crystal is also photostable, likely owing to the pyridine and double bond
moieties being twisted (042 = 21.71°, 37.10°) thus causing the reactive pair of C=C

orbitals to not be aligned.

Figure 151: X-ray structure of 2(2-Me-4-pyes)-(4-Br res): (a) twisted crisscross
assembly A1, and (b) parallel packing of assembly A2.

(4) 2(2-Me-4-pyes):(4,6-diBr res). Co-crystal (4,6-diBr res)-2(2-Me-4-pyes)
crystallizes from EtOH in the triclinic space group P1. The components form a discrete
three component assembly, sustained two O—H---N hydrogen bonds [O-*N separations
(A): O1-N1 2.728(4), 02:N2 2.686(4)]. Similar to the co-crystal obtained with 4,6-
diCl res, overlapping C=Cs are crisscrossed (dc...c = 3.636 A), resulting in both the -CHj

substituents, and the ethoxy units arranged relatively staggered to each other in each three
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component assembly. Additionally, the pyridyl units and C=C moieties are tilted 27.93°
and 28.15° from planarity. Adjacent assemblies are offset and interact with each other
via weaker (pyridine) C—H:--Br (res), (pyridine) C—H---O (phenol), and (alkyl) C—
H---O (carboxy) interactions (dc..z; = 3.918 A, dc..o = 3.367 A, 3.491 A). The co-

crystal is also photostable, owing to the crisscross relative orientation of the C=C units.

a) b)

- -

Figure 152: X-ray structure of 2(2-Me-4-pyes)-(4,6-diBr res): (a) twisted crisscross
assembly, and (b) offset antiparallel packing of neighboring assemblies.

(5) [Ag(2-Me-4-pyes);][ClO3]. Reaction of 2-Me-4-pyes with AgClO; in
aqueous EtOH afforded a coordination complex that crystallizes in the monoclinic space
group C2/c. Each Ag(I) ion is coordinated by two 2-Me-4-pyes olefins in a linear
fashion. The mononuclear complex interacts with the unit below it via argentophilic
interactions (dag--ag = 3.433 A). The two interacting complexes are arranged with the
C=C units crisscrossed (dc...c = 3.831 A, 3.682 A). The -CHj; units are arranged in a syn
orientation within [Ag(2-Me-4-pyes),][ClOs], but relative to the adjacent complex, they
are anti and staggered, causing the crisscross orientation of the C=C bonds. The pyridine
moieties are twisted 29.24° and 29.25° in relation to the olefin. The ClO3 anion lies in
close proximity to the Ag(I) ion, yet is non-coordinating, and interacting with the silver

via Ag---O interactions (dag..0 = 3.151 A, 3.229 A) and the -CH; groups via C—H:--O
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forces (dc..o = 3.101 A, 3.113 A). The latter of those two interactions effectively causes

the next Ag complex to pack in an offset manner. The Ag complex is, thus, photostable.

Figure 153: X-ray structure of [Ag(2-Me-4-pyes),][ClOs] highlighting crisscross C=Cs
and offset neighboring C=Cs.

(6) [Ag2(2-Me-4-pyes)4][CO,C3F4];. Reaction of 2-Me-4-pyes with AgCO,C;F
in aqueous EtOH afforded a dinuclear Ag(I)-coordination complex that crystallizes in the
triclinic space group P1. The dinuclear complex is sustained by argentophilic
interactions (dag ag = 3.052 A), with each Ag(I) ion being coordinated by two 2-Me-4-
pyes molecules in a linear fashion. Two -CO,C;F; anions are coordinated in a bridging
manner between two Ag(I) centers. Within each dinuclear assembly, the C=Cs are
aligned parallel and within Schmidt’s criteria for [2+2] photodimerization (dc...c = 3.914
A). The -CHj; units are arranged in a syn orientation and eclipsed with the CHj units
below in the dinuclear assembly. In [Ag,(2-Me-4-pyes)s4][CO,C;F7],, the pyridine and
olefin units are twisted 23.85° and 27.48° apart. Additional (pyridine) C—H:---O
(carboxy) forces (dc..o = 3.383 A, 3.433 A), as well as Ag---C interactions with the -CHj

groups (d ag-.c = 3.664 A) are present between adjacent dinuclear assemblies, the latter of
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which forces adjacent assemblies to pack in an offset manner. When irradiated with UV
light, the Ag(I) complex photoreacts, affording the cyclobutane product in quantitative

yield.

a)

b)

Figure 154: X-ray structure of [Ag,(2-Me-4-pyes)4][CO,C;F7]»: (a) dinuclear Ag()
complex with reactive C=C units, and (b) extended offset packing.

(7) [Ag(2-Me-4-pyes):][OSO,CF3;]. Reaction of 2-Me-4-pyes with AgOSO,CF;
from an aqueous ethanolic solution afforded an Ag(I)-coordination complex that
crystallizes in the triclinic space group P1. The resulting mononuclear complex is
sustained by argentophilic interactions (dag--ag = 3.365 A), with each Ag(I) ion being
coordinated by two 2-Me-4-pyes molecules in a linear fashion. The pyridine moieties are

twisted 40.45° and 41.69° in relation to the olefin. Within each pair of interacting
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complexes, the C=Cs are aligned parallel and in position to undergo a [2+2]
photodimerization (dc...c = 3.783 A). Unlike the complex produced with AgCO,C;sF5,
the -CH; units are arranged in an anti orientation within each [Ag(2-Me-4-
pyes)2][OSO,CF;] unit, yet are eclipsed with the CH3 units below. The -OSO,CF; anions
are in close proximity to the Ag(I) centers, interacting via Ag:--O forces (d g0 = 2.894
A, 2.934 A). Additional (pyridine) C—H---O (triflate) forces (dc...o = 3.388 A), as well
as Ag---O interactions with the carboxy groups (d ag-.0 = 3.037 A) which give rise to an
offset stacking of adjacent pairs. The Ag(I) complex photoreacts upon treatment with
UV-irradiation, affording the cyclobutane product stereospecifically, and in quantitative

yield.

Figure 155: X-ray structure of [Ag(2-Me-4-pyes),][OSO,CFs]: (a) overlapping reactive
C=C units and (b) extended packing highlighting twisting of pyridyl units.
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To determine the stereochemistry of the resulting cyclobutane product, the
cyclobutane was isolated via extraction using CHCI; and NaOH. Upon filtration of the
organic layer through celite, the cyclobutane product was concentrated to afford a
colorless oil. We allowed the cyclobutane product to react with a fresh equivalent of
AgOSO,CF3 in aqueous EtOH. The resulting crystalline product of the composition
[Ag(2-Me-4-pycb)][OSO,CF3]. was analyzed using single crystal X-ray diffraction.

(8) [Ag(2-Me-4-pycb)][OSO,CF3].. 2-Me-4-pycb and AgOSO,CF; react to
form a zig-zag 1D coordination polymer that crystallizes in the monoclinic space group
P2)/c.  X-ray analysis confirmed that the cyclobutane adopted a head-to-head
stereochemistry. The polymeric assembly is sustained, similar to the complex prior to
photoreaction, by Ag—N forces, with the closest Ag atoms separated by 4.072 A. In
contrast to [Ag(2-Me-4-pyes),][OSO,CFs], the -OSO,CF; ions are coordinated to the
Ag(l) centers. The 1D polymer strands interact via (alkyl) C—H:--O (carboxy)

interactions along the periphery (dc...0o = 3.211).
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b)

Figure 156: X-ray structure of [Ag(2-Me-4-pycb)][OSO,CF;]: (a) 1D polymer strand
and (b) extended packing.

5.4 Hvydrogen Bond-Driven vs. Coordination-Driven Self-

Assembly

In the case of the resorcinol-based templates, co-crystallization with 4-pyridyl
analogues was generally a successful process, as 18/20 attempts with 3-Me-4-pyes and
17/20 attempts with 2-Me-4-pyes resulted in co-crystals with the desired stoichiometry,
as evidenced by 'H NMR spectroscopy, and in some cases, single crystal X-ray
diffraction (XRD). Despite the success rate, none of the co-crystals undergo [2+2]

photodimerizations. Furthermore, in two out of six of the co-crystals whose packing was
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analyzed via XRD, Schmidt’s distance criterion for a [2+2] cycloadditions is satisfied,
with olefins either within or between assemblies aligned. The twisting of the pyridyl
rings and olefins is generally on the order of 20-40° in the co-crystals that satisfy all other
topochemical criteria (i.e. C=C bonds overlapped, aligned, and separated by < 4.2 A).
Within stacked assemblies, the planes of (potentially) reactive C=C pairs are twisted on
the order of 7-8° (Table 11). The combination of such twists to alleviate steric frustration

could lead to insufficient orbital overlap, and thus, no photoreaction is observed.

Table 11: Summary of relevant angles and twisting for co-crystals that satisfy the
topochemical postulate

co-crystal C---C/A pyridine twist/°  C=C pair twist/°
2(2-Me-4-pyes)-(4-Cl res) 3.72 34.31, 38.51 7.20
2(2-Me-4-pyes)-(4-Br res) 3.72 21.71, 37.10 7.56

In the Ag(I)-based complexes, quantitative reactivity is achieved in all three
systems, despite the presence of similar twisting behavior. In particular, for the five Ag
systems  crystallographically-analyzed that met the criteria for a [2+2]
photodimerizations, the pyridine rings and olefinic carbons are twisted on the order of 17-
40°, similar to the resorcinol co-crystals. In these complexes, the overlapping C=Cs are
twisted up to 27.5° from a perfect overlap (Table 12). The Ag(I) complex [Ag(3-Me-4-
pyes):2][OSO,CF;], which does not photoreact has the largest degree of C=C twisting
(27.50°), which likely accounts for insufficient orbital overlap for a [2+2]
photodimerization to occur. In all other photoreactive complexes, the reactive pair of

C=C bonds more closely overlaps.
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Table 12: Summary of relevant angles and twisting for Ag(I) coordination complexes
that satisfy topochemical postulate.

coordination complex C:--C/A  pyridine twist/°  C=C pair twist/°
[Ag(3-Me-4-pyes),][0SO,CF;]* 4.17 17.62, 26.80 27.50
[Ag(3-Me-4-pyes),][OTs]-2H,0 3.73 21.66, 25.37 10.04
[Ag(3-Me-3-pyes),][C104] 3.73 28.85 0
[Agy(2-Me-4-pyes),][OCO,C5F;] 3.91 23.85,27.48 8.73
[Ag(2-Me-4-pyes),][OSO,CF;] 3.78 40.45, 41.69 8.43

a

complex was photostable after UV-irradiation

5.5 Conformational Challenges in Self-Assembly

When attempting to direct reactivity in the nonplanar systems mentioned above,
there are several other variables that arise within the self-assembly process, extending
beyond the normal inquiries of whether or not the targeted supramolecular synthons will
form, and if so, will the olefins be parallel, aligned, and separated by no more than 4.2 A.
In the case of the three target olefins, the more complex substitution around the reaction
center, in essence, adds an element of challenge to the self-assembly process in that, not
only does the system need to achieve Schmidt’s criteria, but it also has to do so in an
energetically-favorable (i.e. minimal steric factors) and efficient manner.  The
introduction of an additional substituent around the olefinic center, de facto, introduces a
site wherein eclipsing interactions have to occur to achieve the targeted self-assembly and
final architecture.

In the studies involving the trisubstituted olefins, the resorcinol co-crystals adopt
different packing motifs to alleviate steric interactions within the assemblies. In less

hindered olefin systems, the resorcinols act to juxtapose molecules in either an aligned or
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crisscross manner (Figure 157a). With 3-Me-4-pyes and 2-Me-4-pyes, the conformations
of both olefins in an assembly are more variable (Figure 157b), since the ester can also
adopt a more staggered position that could lead to a photoactive assembly. The two co-
crystals that adopt this motif also involve the most twisting about the pyridine moieties.
In addition, the carboxyl moiety could participate in a more prominent hydrogen bond, as
seen in the 2(3-Me-4-pyes)-(5-CH; res) co-crystal.  Furthermore, the crisscross
conformation is likely to be energetically more favorable since it positions the methyl
groups and the ethoxy units anti to each other. Overall, the flexible environment

provided by a co-crystal makes directing reactivity in nonplanar systems more difficult.
(a) [ T - __.//_
Aligned Crisscross

b) {
[--_Q_g;_/ [—&40 — :0 [--_w_/
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Figure 157: Resorcinol-based assembly motifs for (a) disubstituted systems and (b)
trisubstituted olefins.

5.6 Conclusions

The reactivity of the nonplanar olefins within silver coordination complexes is
readily achieved, likely owing to more rigid and predictable coordination forces that can
force nonplanar olefins into reactive environments. Whereas resorcinol templates have

successfully directed olefin reactivity in solids, more complex nonplanar olefins pose a
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challenge in hydrogen bond-directed self-assembly. The observations are important since
trisubstituted olefins are not as well-studied in the context of solid-state reactivity, and
could be of interest for postsynthetic modification to incorporate additional
functionalities around the cyclobutane core. The results suggest that metal coordination-
based self-assembly can provide a more reliable method to achieve reactive assemblies of
more complex, conformationally-rigid olefins. To our knowledge, this is the first example
of a trisubstituted multifunctional olefin that has been photodimerized by design.

In this chapter, we have demonstrated the reactivity of a trisubstituted olefin in the
solid state using coordination-driven self-assembly. We have shown that having both
resorcinols and Ag' salts is advantageous when constructing target frameworks based on
self-assembly. ~ While studying the reactivity of trisubstituted olefins, we have
demonstrated that is difficult to direct solid-state reactivity in conformationally-

challenged systems.



201

CHAPTER 6. OPTICAL PROPERTIES OF [2.2] CYCLOPHANES
OBTAINED IN THE SOLID STATE

A portion of this chapter was published in Organic Letters and is adapted with
permission from [E. Elacqua, D.-K. Bucar, Y. Skvortsova, J. Baltrusaitis, M. L. Geng, L.
R. MacGillivray, Org. Lett. 2009, 11, 5106.]. Copyright 2009, American Chemical
Society. The work in Organic Letters was reviewed as part of paper focusing on
optoelectronic properties of [2.2]paracyclophanes in the European Journal of Organic
Chemistry and is adapted with permission from John Wiley and Sons, Copyright 2010
[E. Elacqua, L. R. MacGillivray, Eur. J. Org. Chem. 2010, 6883.]. A followup article
focused wupon the impact of nanotechnology on the optical properties of
[2.2]paracyclophanes was published in CrystEngComm and is adapted following the
rights retained by journal authors, as established by the Royal Society of Chemistry [E.
Elacqua, P. T. Jurgens, J. Baltrusaitis, L. R. MacGillivray, CrystEngComm 2012, 14,
7567.].

6.1 Introduction

Much interest has been focused on the designed synthesis of molecular
architectures  that  place  chromophores into  well-defined  geometries.*®’
[2.2]Paracyclophane (pCp) is a key building block in this regard, as the molecule
provides an aromatic scaffold that can impart both unique structural and physical
properties on a variety of functional groups. Indeed, the phane supports a 3D structure
combined with transannular properties that organic and materials chemists have sought to
develop as an organic building block in the engineering of complex molecules and
materials.

From a fundamental standpoint, pCp is composed of two benzene rings covalently
fixed in a face-to-face geometry by ethano bridges, wherein the two rings are stacked and
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distorted into a boat orientation (Figure 158).” The structural aberration, coupled with
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intrinsic transannular effects, has resulted in pCps with a unique reactivity and intriguing
spectroscopic properties.”®  Initially, pCp was coined an aromatic molecule par
excellence, with studies focused on the comprehension of how changes in molecular
structure upon simple aromatic substitution affect reactivity, physical, and spectroscopic
properties. More recently, pCp has been engineered as a core for functionalization with
several applications in organometallic and asymmetric synthesis** as chiral ligands, as

well as organic scaffolds.”®

The scaffolds have invariably involved heavy substitution of
the aromatic decks, leaving the aliphatic bridges largely empty. This is presumably due
to the lack of reliable and diverse synthetic methods that are capable of targeting the

aliphatic bridges. Additional studies have focused on the synthesis of pCp derivatives®*®

and frameworks utilized for cycloadditions.*®’

Figure 158: [2.2]Paracyclophane: (a, b) crystal structure portraying stacked aromatic
framework and boat-like conformation.

pCp, and derivatives, have defined a rich area of inquiry for over 60 years.”® The
foundation lies in the unusual structure of pCp, and hence, unique and novel properties
that can result from interactions within the strained architecture. In recent years, pCp has
been utilized as a model to study electron delocalization, owing to the two co-facially

stacked benzene rings being held in place via aliphatic bridges.”® Unique optical
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properties are observed when two or more m-systems are geometrically fixed in close
proximity in a molecule such as pCp. In particular, transannular through-space and
through-bond donation perturb the molecular m orbitals such that o(bridge)-n(deck)
interactions can lead to modulated donor-acceptor interactions.

It is well known that pCp alone exhibits an abnormal absorbance spectrum
compared to simple benzene derivatives and related hydrocarbons, exhibiting bands at
225 nm, 244 nm, 286 nm, and 302 nm. The long-wavelength band has been coined the
“cyclophane band,” as the band is well past the absorption of simple alkyl aromatics.**
The emission spectrum of pCp is also unexpected when compared to alkyl aromatics, as a
broad band is observed at 356 nm. The spectroscopic properties are attributed to strong
o-m interactions,”” as well as a 7-m through-space delocalization that result in a smaller
HOMO-LUMO gap and enhanced energy transfer throughout the entire cyclophane
core.””!

Owing to the unique optical properties conferred by the covalently-stacked
aromatic rings, pCp has emerged as a prominent organic building block for the

development of novel device-based applications.”"

There is an expectation that
perturbations in the molecular structure of pCp can lead to an internal charge transfer
(ICT) that affects device performance through -electronic communication.””®>  In
particular, extension of the end-to-end conjugation length generates pCps with excitations
and emissions up to 430 and 530 nm, respectively.””> Termination of the chromophore
with acyclic donor and acceptor groups also enhances the ICT, with absorbances and
emissions near 500 and 600 nm, respectively.”***” Enhancement of ICT is also seen in
pCp-based polymers. Polymeric systems display ICT with absorbances up to 470 nm and

emissions up to 600 nm.**>"7

The changes to molecular structure, coupled with the
unique structure of pCp, have produced architectures that show tunable optoelectronic

properties that can lead to device-based applications.
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In more general terms, understanding how molecular structure correlates to bulk
properties is important when designing electronic devices. Organic semiconductors and
conjugated polymers rely on the specific orientation and organization of m-networks for
optimal performance. In these systems, molecular subunits are subjected to different
environments that often result in poorly-defined morphologies with difficult to quantify

photophysical properties.**

In this context, the design and synthesis of well-defined
pCp-based chromophoric materials has been targeted as a means to probe the effect of
electronic communication on optoelectronic properties, and ultimately, incorporate

tailored properties to improve device performance.

6.2 Orthogonally-Functionalized [2.2]Paracyclophanes as

Model Architectures to Study Optical Properties

It is well known that electronic communication between chromophoric subunits
depends on relative orientations and through-space distance. By exploiting the strained
structure of pCp, and coupling chromophores orthogonally to the decks, conjugated
frameworks have been developed that enhance ICT and lead to varied photophysical
properties.””*  Compounds that demonstrate ICT have possessed distinct donor and
acceptor groups typically connected by a m-electron conjugated path. Pioneering work
involving pCp has been accomplished by Guillermo Bazan and co-workers through the
synthesis of several pCps wherein stilbene-based donor and/or acceptor units (Figure
159) have studded the pCp decks.™ > By coupling stilbenes to pCp, a family of
molecules has been generated that provide a foundation to study the perturbations of
optical properties as a function of molecular structure. By using well-known organic
chromophores such as stilbenoids, comparisons have been made between a ‘monomer’
and pCp-based ‘dimer.” Specifically, the molecular orbitals of the pCp dimer are
generally known to split into symmetric and antisymmetric contributions of the monomer

that result in a smaller HOMO-LUMO gap and, thus, lower energy fluorescence
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compared to monomer systems. Initial studies by Bazan drew comparisons between pCp
bound styryl-based chromophores of differing conjugation lengths and chromophore
orientations (Figure 159). More recent investigations have led to pCps that serve as

prototypes for fluorescent sensor-based applications (i.e. biological, chemical).

Figure 159: Stilbene-based pCps 1e-1f studied by Bazan.

6.2.1 Influence of End-to-End Conjugation Length on
Electronic Communication

pCps 1a-j (Figure 160) have probed how conjugation length and molecular
structure can be used to understand the effects of through-space delocalization on the
optical properties of the pCp framework.”” Vinyl-substituted 1a was initially employed
as the simplest chromophore, having the shortest conjugation length. The maximum
excitation for the extended derivative 1la was determined to be 281 nm, which is
surprising since pCp itself exhibits a maximum absorbance at 310 nm. Additionally, 1a
showed an emission maximum at 374 nm, which is red-shifted with respect to pCp (Amax
=356 nm). Bazan and co-workers also examined the properties of divinyl pCps 1b and
le. The pseudo-para derivative demonstrated a further blue shift in absorbance (Amax =
254 nm), as well as a red shift in fluorescence (Amax = 394) relative to both pCp and 1a.
Conversely, the pseudo-ortho derivative displayed a bathochromic shift in absorbance

relative to 1a at 288 nm that corresponded to a similar bathochromic shift in fluorescence
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up to 386 nm. In related studies utilizing monostyryl- and distyryl-substituted pCps (1d-

g), absorbances and emissions up to 338 and 412 nm, respectively, were observed.

q LS
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1a ib 1c 1d
Amax (6X) =281 nm Amax (€X) =254 nm Amax (€X) =288 nm Amax (€X) =318 nm
Amax (em) =374 nm Amax (€M) =394 nm Amax (€M) =386 nm Amax (€m) =386 nm

if 1h
Amax (€X) = 307 nm Ao (€X) =325 nm Jonax (€X) =338 nm Amex (€X) =366 nm
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tBu=¢ /\\\IBU
- L

1i 1j
Amax (6X) =355 nm Amax (€X) = 369 nm
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Figure 160: Substituted pCps 1a-1j studied by Bazan.

The shifts in emissions in involving 1a-j were consistent with increasing the end-

to-end chromophore length, which increased the ability of electronic charge to be shuttled

289, 295

across a longer distance. In addition to conjugation length, substitution pattern

impacted emission, as lower energy fluorescence was exhibited when the chromophores
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were arranged in the pseudo-para orientation, effectively increasing electronic

communication between chromophores, while influencing through-space delocalization.

Vs /
®
\_/ 5
2a 2b

Amax (€X) =319 nm
/max (€M) =377 nm

Amax (€X) =299 nm
Amax (eém) =334 nm

Amax (6X) =362 nm
Amax (em) =422 nm

2e
Amax (€X) =330 nm
Amay (em) =381 nm

Amax (€X) =340 nm
Amax (€M) =395 nm

Jmax (€X) =336 nm
Amax (em) =389 nm

Figure 161: Substituted 4-ethynyl pCps 2a-2f studied by Taticchi.

Further studies on the impact of conjugation length on electronic communication
were accomplished by Taticchi and co-workers (Figure 161). Specifically, thiophene
and/or benzene rings were wused to extend the conjugation of 4-
ethynyl[2.2]paracyclophane, affording pCps 2a-2f.**° Thiophene-substituted 2a and 2b
were the simplest pCps investigated, differing only in connectivity to the thiophene. 2b

displayed excitation and emission maxima at 299 nm and 334 nm, respectively. In
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contrast, 2a demonstrated red-shifted absorbance and fluorescence to 319 nm and 377
nm, respectively. These observations are consistent with improved conjugation of the -
thienyl system. The more complex 2¢ was investigated to study the effect of a p-methoxy
ethynylbenzene chromophore attached at the periphery of the thiophene. Lengthening of
the conjugation effectively resulted in red shifts in both absorbance and fluorescence of
50 nm, compared to 2a. The benzene-based counterpart of 2¢ was studied. Compound 2f
displayed a strong excitation of 336 nm, along with an emission at 389 nm. The results
were considerably blue-shifted compared to thiophene-based 2¢. This can be attributed
to increased electron delocalization facilitated by the thiophene rings. In related studies
involving additional ethynylbenzene moieties within the pCp side chain (2d-2e),

absorbances and emissions up to 340 nm and 395 nm, respectively, were observed.

6.2.2 Influence of Acyclic Substituents on Electronic
Communication

Further perturbations to the optical properties of pCp have been achieved when a
chromophore terminated in a strong acyclic donor and/or acceptor was coupled to the
stacked framework. In particular, the introduction of tert-butyl, amine, and/or nitro
functionalities resulted in architectures with more efficient (i.e. high wavelength
emission) ICT owing to the placement of electron-donating or -withdrawing groups
within the framework. Termination of the stilbenoid chromophores with tert-butyl
groups, as in the cases of 1h-j, resulted in absorbance maxima up to 370 nm and an
emission maximum of 430 nm. Additional coupling of the tert-butyl styryl and stilbene-
based chromophores led to tetrasubstituted donor scaffolds 3a and 3b. The excitation
spectra displayed maxima at 380 nm and 420 nm for 3a and 3b, respectively, while the

emission spectra revealed maxima at 450 nm and 510 nm.*’

Donor-acceptor-donor
systems, such as those in 1h-3b, are examples wherein electronic communication is more

efficient from the donor chromophoric arms to the acceptor cyclophane core owing to the
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presence of strong donor groups that give rise to lower energy excitation and emission
behavior.

Unlike the ITC observed with terminal donor groups, the introduction of a
combination of donor and acceptor groups promoted a more efficient charge transfer,
with electronic charge being favorably shuttled throughout the entire scaffold. The
coupling of a p-dihexylaminostyrene to one end of a substituted pCp, followed by a p-
nitrostryryl chromophore at the other terminus (Figure 162), resulted in a donor-acceptor
system with end-to-end conjugation (4). An excitation maximum of 383 nm and

.. . 294
emission maximum of 570 nm were observed for 4.



3a
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Figure 162: Tetrasubstituted pCp architectures 3a-6b studied by Bazan.
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An analogous class of tetrasubstituted pCps decorated with dihexylamino and/or

3% The tetraamine 5a, which

nitro groups (5a-f) has also been reported (Figure 162-163).
consisted of p-dihexylaminostyrene branches as donor groups, exhibited an absorbance at
440 nm and an excitation at 560 nm. Comparable results were observed with either three
donor or three acceptor termini (Sb and 5d, respectively). Compounds 5S¢, Se, and 5f
each possessed two donor and two acceptor arms. pCps 5e and 5f, wherein both donor
groups were placed in the pseudo-ortho and pseudo-meta positions were determined to
exhibit similar absorbances up to 470 nm and emission maxima near 550 nm.
Conversely, 5c¢ demonstrated a more unique behavior, displaying a blue-shifted
absorbance at 417 nm that corresponded to two separate emission peaks at 500 nm and
690 nm. The dual emission resulted from two equally-accessible excited states, owing to
coupling of the stilbenoid “parent” donor and acceptor chromophores across the
transannular gap. Structurally analogous 5- and 7-ring pCp dimers 6a and 6b were also
examined, both of which displayed an absorbance up to 457 nm with emissions at 510
and 520 nm, respectively.’” Indeed, the introduction of donor and/or acceptor groups

resulted in lower energy absorbance and fluorescence owing to the strong ICT seen

associated with donor-acceptor systems.
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(a) (b)

Figure 163: X-ray structures of tetrasubstituted Sa and 5c¢ studied by Bazan in the
context of donor-acceptor studded pCps.

6.2.3 Influence of Charged Groups on Electronic
Communication
Applying pCp-based architectures for biological applications will likely require
charged groups for water solubility. The molecules should contain strong
interchromophore delocalization to be less susceptible to environmental factors (e.g.

aggregation) that could affect electronic properties.”*

Efforts by Bazan to achieve water
solubility led to incorporation of charged functionalities within the pCp framework.
pCps 7a-c contain disubstituted and tetrasubstituted pCp decorated with alkyl

ammonium groups (Figure 164).2%%31°

The related neutral pCps were also studied. The
disubstituted pair was studied to investigate the effect of charge with direct comparison to
pCp. In general, the charged compounds displayed red-shifted absorbances and
emissions relative to the neutral forms. The charged compounds were also found to

exhibit solvatochromism, wherein more polar solvents (e.g. DMSO, water) provided

further red shifts when compared to weakly polar solvents (e.g. THF, toluene, hexanes).
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Figure 164: Charged pCp architectures studied by Bazan.

Disubstituted 7a exhibited a maximum absorbance at 200 nm along with weaker
absorbances at 227, 255, and 306 nm, which was analogous to the neutral counterpart.
Excitation at 200 nm resulted in an emission at 352 nm, a slight red shift compared to the
parent pCp. The optical properties of 7a are comparable to that of pCp owing to a lack of
additional chromophores and/or strong donors to increase the ICT properties. However,
tetrasubstituted pCps 7b-c¢ (Figure 164), differing only by terminal groups, displayed a
red-shifted shifted emission compared to neutral counterparts on the order of 20-25 nm.
When N-substituted carbazoles were incorporated into structurally-analogous 8a and 8b,

a red-shifted fluorescence of up to 45 nm was observed. The shifts are consistent with
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increasing the electron accepting properties of the pendant amines via quaternization of
the N-atoms. In the charged frameworks, ICT is optimized owing to increased electron
donation from the pCp core outward to the electron-accepting arms of the frameworks.
The positively charged N-atoms act as more efficient electron acceptors owing to overall
electron deficiency. Bazan has also studied related O-based donors with charged groups
(Figure 164). pCp 9, which contains an ammonium sulfate moiety, displayed an
absorbance of 399 nm, as well as a sharp emission at 511 nm.**

The studies of Bazan and Taticchi on effects of conjugation length, as well as
incorporation of acyclic substituents and charged functionalities, have provided a
foundation for the development of pCps with well-defined optoelectronic properties and
optimized electron delocalization. Relative effects of chromophore orientation, contact
site, and end-to-end conjugation length have provided an understanding of how to
favorably perturb through-space delocalization and ICT to design pCp-based frameworks
that provide insights into related conjugated polymers. Owing to the use of pCp as the
core chromophore, and though the coupling of secondary chromophores to the core, pCp
architectures were achieved that display prominent emissions. The results bode well for
future incorporation of molecular pCp derivatives in materials science as electronic

. . . 289
devices (e. g. biosensors, OLEDs, seminconductors).

6.3 m-Stacked Polymers Based on [2.2]Paracyclophanes as

Models to Study Optical Properties

In addition to molecules, optical properties of polymers based on pCp have been
studied. Chujo and co-workers have laid a foundation by focusing on layered pCp
polymers with either a 4,16-divinyl or 4,16-diethynyl[2.2]paracyclophane core. Initial
studies focused on integrating pCp within a poly (p-phenylene-ethynylene) (PPE) or poly
(p-phenylene-vinylene) (PPV) framework. More recently, the focus has moved to the

installation of donor and/or acceptor functionalities, similar to the molecules, within the
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PPE polymer backbone. To tailor properties of the polymers, donor and/or acceptor
groups studied in the context of related conjugated polymers were installed along the
polymeric backbone via covalent linkages to the decks of pCp. Integration of the groups
has allowed for efficient electronic communication throughout the polymer, resulting in
sharp emissions throughout the visible region on the order of 400 to 600 nm and
promising charge-transfer properties compared to the “monomeric” conjugated polymers

(Figure 165).

[ Emission from the chromophore state ]

[ Emission from the phane state ]

Figure 165: Chujo’s proposed emission mechanism in PPE-based systems involving 7-
stacked pCp cores integrated in conjugated polymers.
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6.3.1 [2.2]Paracyclophanes as Functional Units in PPE and
PPV-Based Frameworks
The first reported pCp polymers were based on a PPV polymer backbone with a

phenylene unit (10a-c) in the main chain (Figure 166)."

Two intense absorbances at
340 and 398 nm, as well as a blue emission maximum at 462 nm for both 10a and 10b,
were observed. The polymer 10c, which contained an additional styryl unit at each

terminus, exhibited an enhanced n-delocalization as evidenced by red shifts in both

absorbance (A = 362 and 423 nm) and fluorescence (A = 487 nm).

OR

10b  R=CiHa

Amax (€X) =398 nm
Amax (€M) = 462 nm

11a RZCBHﬂ
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Amax (€M) =462 nm

11b R = CyoHas
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Amax (M) =517 nm

Amz (€X) =423 nm
Aax (€M) = 487 nm

11 R=CygHa

Ama (€X) = 380 nm
A (€M) = 505 nm

Figure 166: PPE-based (10a-10c) and PPV-based (11a-11¢) pCp polymers studied by
Chujo.

Analogous PPE-based frameworks 11a-c¢ exhibited absorbance maxima at 370-
385 nm (Figure 166).>'" The emissions were red-shifted relative to the PPV frameworks,
as a strong green fluorescence at 510 nm was observed in 11a-c. Installation of a
diacetylene unit as a spacer between two phenylene units in structurally related 12

resulted in a red-shifted absorbance to 406 nm and a blue emission maximum at 442 nm
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(Figure 167).>'? The differences in absorbances were attributed to the effect of end-to-
end chromophore length. In the PPE-based polymers, the conjugation length is larger
owing to the longer alkene bonds, thus, resulting in a lower energy absorbance. In
contrast, alkyne bonds are shorter with overall through-bond electron delocalization
occurring over a shorter path. Owing to the shorter interchromophore distance within the
PPE polymers, through space interactions are maximized with lower energy emission

bands observed.
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Figure 167: PPE-based pCp polymers 12-17d studied by Chujo.



219

6.3.2 Installation of Donor or Acceptor Functionalities into
a Polymer Backbone

Investigations of electron acceptor groups incorporated into a PPE-backbone led
to benzodithiazole as a unit to facilitate electron delocalization within a pCp polymer.*”!
Benzodithiazole has been used in conjugated polymers as an electron-accepting
component and has successfully resulted in band gap reductions.’’> Polymer 13
displayed an absorbance maximum of 470 nm, which was attributed to a more efficient
through-space delocalization and ICT between electron-accepting benzodithiazole and
the electron-donating pCp. Additionally, 13 exhibited a strong orange emission at 565
nm (Figure 167).

Novel pCp-centered co-polymers containing fluorene units have also been
studied.’” Fluorene-based compounds are well known to exhibit efficient photo- and
electroluminescent properties in the blue region.’®® The resulting PPE-based 14a-b
(Figure 167) displayed absorbances centered at 370 nm, along with strong blue
fluorescence at 415 nm. The alkyl-substituted fluorene unit acts as a donor and
participates in ICT with the adjacent pCp core, resulting in the blue fluorescence.

After investigating the impact of fluorene units within the polymeric main chain,
Chujo expanded to organosilicon moieties. Organosilicon groups are of interest for
semiconductor applications, as well as for photoresistors and non-linear optical (NLO)

materials.>*

The resulting PPE polymers (15a-¢, Figure 167) displayed a broad
absorbance around 275 nm. A fluorescence maximum of 385 nm was observed for 15a
and 15b, while 15¢ showed a bathochromic emission at 403 nm. When phenylamine
functionalities were integrated into a PPE-type structure,”® the polymers 16a-c exhibited
a strong absorbance of 360 nm for the secondary amine, 16a and up to 385 nm as the
substitution on the amine increased in size. All the polymers exhibited a blue emission

maximum around 410 nm, which resulted from ICT from the electron-donating amine

unit towards the cyclophane core.
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Xanthene has been recently incorporated into PPE-based scaffolds. The polymers
(17a-d, Figure 167) exhibited strong absorbances and emissions, and in some cases,
fluorescence resonance energy transfer (FRET) from the cyclophane moieties to the end-

% In particular, 17a-b displayed an absorbance band at 330 nm, along

capping groups.3
with an emission up to 410 nm. 17a and 17b differ in structure, wherein an additional
pCp or naphthalene was used as an end cap, respectively. When an anthracene unit was
used as a capping agent in 17¢, a strong absorbance was observed at 340 nm, along with
an emission at 460 nm. For 17¢ there was a prominent overlap between the emission
peak at 400 nm and the absorbance peak of 9-ethynylanthracene, which accounted for the
FRET from the pCp core to the anthracene caps. When a larger pyrene system was used
as an end-capping group in 17d, an analogous absorbance was seen that also displayed a
blue shift in emission at 430 nm. An additional xanthene co-polymer was prepared,
wherein nitrobenzene was employed as an end-cap in 18 (Figure 168).%" Polymer 18
exhibited an absorbance at 330 nm, as well as an additional, yet less intense, broad band
at 370 nm. Nitro groups are electron-acceptors, which allows for more efficient electron

transfer, and thus, lower energy absorbance. When copolymer 18 was excited at 333 nm,

the molecule displayed an emission maximum at 410 nm.

Amax (€X) =330 nm Amax (€X) =470 nm Amax (€X) =470 nm
Amax (€M) =410 nm Amax (€M) =610 nm Ay (€M) = 610 M

Figure 168: Additional pCp polymers 18-19b investigated by Chujo.
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To further investigate the impact of functional groups within the main chain of the
pCp co-polymers, Chujo explored the influence of thieno[3,4-b]pyrazine. When pyrazine
was used as a co-monomer in 19a-b, an absorbance maximum at 470 nm was observed,

along with an emission at 610 nm (Figure 168).315

Thieno-[3,4-b]pyrazine units possess
a high degree of electron withdrawing character. The co-polymers 19a-b displayed a
resulting highly efficient ICT with the polymeric main chain consisting of a donor-
acceptor-donor framework.

The studies by the Chujo group have resulted in the well-defined and
characterized through-space conjugated and aromatic ring-layered polymers that contain
pCp units in the main chain. The PPV- and PPE-based polymers display well-defined
optical properties while also demonstrating that simple structural modification can result
in tailored properties with sharp emissions that span from the blue region into the orange.
Collectively, the studies have demonstrated the potential incorporation of pCp-based
polymers in optoelectronic device, as well as single molecular wires and NLO

materials.>'®

6.4 Laterally-Substituted [2.2]Cyclophanes as Upcoming

Models to Study Nonconventional Optical Properties

Despite not being well-known in the context of cyclophane chemistry, bridge-
substituted [2.2]cyclophanes are emerging as viable architectures to study novel synthetic
and optoelectronic properties.'® Owing to the lack of synthetic methodologies that
would target the aliphatic bridges, the solid state has surfaced as a medium to design and
construct cyclophanes™ via application of principles of crystal engineering and

supramolecular synthesis.
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6.5 Solid-State Cyclophane Synthesis via a Combinatorial

Template Approach

Thus far, the solid state has emerged as a more reliable way to construct
[2.2]cyclophanes. Solution-phase methodology generally suffers from the inability to
cyclize the product, owing to the strain associated with the desired products. The solid-
state essentially fixes this problem, as the reactant molecules are essentially locked with
minimal movement in the crystalline state. Despite this advantage, the [2.2]cyclophanes
synthesized in the solid state often times produce several different products and/or
stereochemistries or suffers from modest yields. The introduction of a supramolecular
template to juxtapose molecules in a reactive geometry would provide a method to exert
control over product formation and stereochemistry.

Recently, we have shown that a series of [2.2]cyclophanes can be synthesized
stereospecifically, and in quantitative yield, using a library of hydrogen bonding
templates based upon resorcinol. In essence, the strategy is reminiscent of dynamic
combinatorial chemistry,”® wherein a series of templates are used to (reversibly)-
construct co-crystals that are then tested for reactivity.

The [2.2]paracyclophane, tpcp, was generated using 4-Bn res. The success of the
method suggested that the corresponding ‘bent’ meta and ortho analogues could be
synthesized utilizing our combinatorial template-directed approach. Specifically, the
[2.2]metacyclophane tpcm, and the [2.2]orthocyclophane tpco could be constructed by
self-assembly of two res templates and two ‘bent’ diolefins m-bpeb and o-bpeb,
respectively, with the res template preorganizing the diolefins for a double [2+2]
photocycloaddition.  Exploitation of template-switching method allowed for the
generation of both of the exo, exo and exo, endo isomers of tpcm, as well as the expected

exo, exo conformation of tpco (Figure 169).
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Figure 169: Supramolecular synthesis of target [2.2] cyclophanes utilizing template
switching.

From these studies, 4-Cl res was determined to afford both the exo, exo and endo,
exo 1somers of tpcm in crystalline 2(4-Cl res)-2(m-bpeb) (Figure 170a-d). Additionally,
we also determined that 4-Cy res generates the less-favored®’'’ endo, exo-tpcm
stereospecifically and in 100% yield (Figure 170e-f). Given that the organization of
molecules with templates is sensitive to subtle changes in molecular geometry, we
applied our combinatorial template approach to generate co-crystals with the further bent

o-bpeb. Co-crystals with o-bpeb were generated by dissolving equimolar amounts of res
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and o-bpeb in CH3NO; and allowing the solution to cool to ambient temperature. The
resulting solids were dried and exposed to broadband UV radiation. 4-Cl res was found
to afford tpco stereospecifically, and in quantitative yield from crystalline 2(4-Cl

res)-2(o-bpeb) (Figure 170g-j).



225

(a) (b)
® o N\

(c) (d)

(9) (h)

(i) ()

Figure 170: X-ray structures relating to the solid-state synthesis of tpcm and tpco: (a, b)
exo, exo and endo, exo conformations of m-bpeb, (c) 2(4-Cl res)-(endo, exo-
tpcm), (d) exo, exo-tpcm, (e) 2(4-Cy res)-(m-bpeb), (f) endo, exo-tpco, (g, h)
exo, exo and exo, endo conformations of o-bpeb, (i) 2(4-Cl res)-(o-bpeb) and
() tpco.
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During our pursuits to study optoelectronic properties of our reactive solids, we
developed an interest to study the optical behavior of the cyclophane products, owing to
their precedence for exhibiting unique intrinsic properties. We envisioned that the distal
4-pyridyl groups could act as a chromophore to probe optical properties of the
stacked cyclophane core. Owing to the high degree of sensitivity of fluorescence to
molecular structure, we sought to evaluate the effect of ortho- meta- and para substitution
in [2.2]cyclophane derivatives, as well as determine if the lateral 4-pyridyl groups could
affect the fluorescence of the cyclophane in the wake of being attached via the saturated
cyclobutyl bridges.'®

In this chapter, we report the first studies of optical properties upon a series of
bridge-substituted [2.2]cyclophanes derived from the organic solid state. We
demonstrate that, despite the lack of continuous conjugation, the cyclophanes exhibit a
nonconventional ICT, owing to the strained cyclobutanes acting as efficient through-bond
donors that effectively permit withdrawl of electron density from the aromatic
cyclophane core to the distal electron-poor pyridine moieties. In addition, we
demonstrate that post-synthetic modification can lead to enhanced and red-shifted
absorbances and emissions that are akin to fully-conjugated molecular and polymeric

pCp systems.

6.6 Experimental

Iodomethane (99%) was purchased from Aldrich Chemical (St. Louis, MO, USA)
and iodoethane (98%) was purchased from ACROS (Morris Plains, NJ USA) and were
used as received. Tetrahydrofuran (99.9%) and N,N-dimethylformamide (99.9%) were
obtained from Fisher Scientific and dried over molecular sieves before use. The
cyclophanes tpcp, tpcm, and tpco were synthesized in the solid state according to

96, 167

literature procedures. All alkylations were conducted at room temperature to

minimize the possibility of cyclobutane isomerizations. Single crystals of tetrakis-[(N-
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methyl)-4-pyridylcyclobutyl][2.2]paracyclophane were prepared via dissolution of
tetrakis-(4-pyridylcyclobutyl)[2.2]paracyclophane in the presence of excess iodomethane
and tetrahydrofuran.

'H and “C NMR specta were collected on a Bruker Avance 400 MHz
spectrometer using DMSO-ds as a solvent. HRMS data was collected by the High
Resolution Mass Spectrometry Facility at the University of Iowa. Observed HMRS
values are based upon an average of three individual runs. The HRMS results are
portrayed in Figures B-1 through B-4. Steady state fluorescence spectra were obtained
using either a single channel AMINCO-Bowman Luminescence Spectrometer, Model
FA-354 (Thermo Electron, Waltham, MA) or a HORIBA Jobin Yvon FluoroMax-4
(Edison, NJ, USA). Fluorescence Spectra were recorded in N,N-dimethylformamide at a
scan rate 5 nm/s with both monochromators set to a 2 nm slit width. All optical
measurements were performed using 1.0 uM solutions of the desired compound in DMF.

Single crystal diffraction data was collected on a Nonius Kappa CCD single-
crystal X-ray diffractometer at both room and low temperatures using MoK, radiation (4
=0.71073 A). Data collection, cell refinement and data reduction were performed using
Collect”” and HKL Scalepack/Denzo,"® respectively. Structure solution and refinement
were accomplished using SHELXS-97*°' and SHELXL-97,"° respectively. The
resorcinol structures were solved via direct methods, while silver coordination complexes
were solved using Patterson method. All non-hydrogen atoms were indentified from the
difference Fourier map within several refinement steps. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms associated with carbon atoms were refined in
geometrically constrained positions with isotropic thermal parameters Uio(H) =
1.5Ueq(Ccnz) and Uiso(H) = 1.2Uco(Ccn). The details of the structural analysis of tetrakis-
[(N-methyl)-4-pyridylcyclobutyl][2.2]paracyclophane is summarized in Table A-22.

All calculations have been performed using Gaussian’09 program suite.”'® The

long range corrected CAM-B3LYP density functional®"’ combined with the 6-31G(d)
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basis set was used for all ground state optimizations and frequency calculations. Minima
were confirmed by zero imaginary vibrational frequency. No symmetry constraints were
used during the optimization. Time-dependent density functional calculations (TDDFT)
were performed at CAM-B3LYP/6-31G(d) optimized geometries using the same
functional and basis set. A total of 40 excited states were calculated and only singlet
excited states were considered. All calculations were performed with simulated solvation

using the polarizable continuum model (PCM)**

and N, N-dimethylformamide as a
solvent. Absorption spectra were obtained using SpecDis version 1.53 software.’”' A
peak broadening factor of 0.32 was used to construct the spectra. Orbitals were

visualized using Chemcraft program.**

6.6.1 Synthesis of tetrakis-[(N-methyl)-4-
pyridylcyclobutyl][2.2]paracyclophane

0.2500 g (0.44 mmol) of tetrakis-(4-pyridylcyclobutyl)[2.2]paracyclophane (tpcp)
was suspended in 10 mL THF. 10 mL (22.8 g, 160 mmol) of iodomethane was added.
The suspension was stirred at room temperature for 2 weeks, while reaction was
monitored by 'H NMR. The resultant solid was filtered, washed with acetone and
chloroform, and dried to a yellow solid (0.49 g, 98%): 'H NMR (400 MHz, DMSO-dj)
d/ppm = 8.82 (dd, 8H), 8.09 (dd, 8H), 7.08 (d, 4H), 6.81 (d, 4H), 5.25 (d, 4H), 4.84 (d,
4H), 4.28 (s, 12H). HRMS (TOF-ES): Calcd for C44H44Nulz (M-I): 1009.070 m/z; found:
1009.071 m/z.

6.6.2 Synthesis of tetrakis-[(N-ethyl)-4-
pyridylcyclobutyl][2.2]paracyclophane
0.2500 g (0.44 mmol) of tpcp was suspended in 10 mL THF. 13 mL of
iodoethane (25.35 g, 163 mmol) was added. The suspension was stirred at room
temperature for 2 weeks, while reaction was monitored by '"H NMR. The resultant solid

was filtered, washed with acetone and chloroform, and dried to a brown solid (0.51 g,
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97%): 'H NMR (400 MHz, DMSO-dy) 5/ppm = 8.82 (dd, 8H), 8.09 (dd, 8H), 7.08 (d,
4H), 6.81 (d, 4H), 5.25 (d, 4H), 4.84 (d, 4H), 4.45 (quintet, 8H), 1.43 (s, 12H). °C NMR
(100 MHz, DMSO-ds) 6 = 16.72, 43.50, 49.88, 56.20, 127.70, 128.94, 132.66, 139.49,
144.45, 159.54. HRMS (TOF-ES): Calcd for CssHsyNyI3(M-I): 1065.133 m/z; found:
1065.134 m/z.

6.6.3 Synthesis of tetrakis-[(N-methyl)-4-
pyridylcyclobutyl][2.2]metacyclophane

0.2500 g (0.44 mmol) of tetrakis-(4-pyridylcyclobutyl)[2.2]metacyclophane
(tpcm) was suspended in 10 mL THF. 10 mL (22.8 g, 160 mmol) of iodomethane was
added. The suspension was stirred at room temperature for 3 weeks, while reaction was
monitored by '"H NMR. The resultant solid was filtered, washed with acetone and
chloroform, and dried to a yellow solid (0.48 g, 98%): 'H NMR (400 MHz, DMSO-d)
d/ppm = 8.90 (dd, 8H), 8.14 (dd, 8H), 6.98-6.63 (overlapping signals, 8H), 5.00 (d, 8H),
4.28 (s, 12H). (TOF-ES): Calcd for CssHysNulz (M-I): 1009.070 m/z; found: 1009.071
m/z.

6.6.4 Synthesis of tetrakis-[(N-methyl)-4-
pyridylcyclobutyl][2.2]orthocyclophane

0.2500 g (0.44 mmol) of tetrakis-(4-pyridylcyclobutyl)[2.2]orthocyclophane
(tpco) was suspended in 10 mL THF. 10 mL (22.8 g, 160 mmol) of iodomethane was
added. The suspension was stirred at room temperature for 3 weeks, while reaction was
monitored by 'H NMR. The resultant solid was filtered, washed with acetone and
chloroform, and dried to a yellow solid (0.49 g, 98%): 'H NMR (400 MHz, DMSO-d)
d/ppm = 8.89 (dd, 8H), 8.19 (dd, 8H), 7.29 (m, 4H), 7.18 (m, 4H), 5.20 (d, 8H), 4.30 (s,
12H). (TOF-ES): Calcd for C44H44Nul3 (M-I): 1009.070 m/z; found: 1009.072 m/z.



230

6.7 Results
The starting point of our investigation is tpcp, which is prepared from a template-
directed solid-state reaction.”® Comparisons of the emission spectrum of tpcp with
commercially available pCp and the parent diene p-bpeb revealed that tpcp exhibits a
large red shift in fluorescence (Amax em) 0f 414 nm as opposed to 356 nm) relative to pCp,

323 .
The observations were

yet at a position more comparable to p-bpeb (Amax em) 401 nm).
surprising, given that the pyridine rings are attached to the cyclophane core through
saturated, as opposed to delocalized, linkages while the cyclobutyl rings effectively
disrupt the extended conjugation of the parent diene. The red shift in fluroresence also
corresponds to a longer excitation maximum in comparison to pCp (380 nm versus 313

nm) (Figure 171). Collectively, these observations suggest that the cyclobutanes of tpcp

act as efficient through-bond donors.'®’

EXpCp
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Figure 171: Normalized excitation (EX) and emission (EM) spectra of pCp compared to
tpcp. The spectra were obtained in DMF using micromolar concentrations.
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We next extended our studies to the related cyclophanes, tpcm and tpco. Owing
to the larger twist from co-planarity of the cyclophane core exhibited by tpcm and tpco,
compared to tpcp (Figure 172), it would be expected that the optical properties would,
thus, be affected. In particular, it was envisioned that the further the benzene rings
deviated from co-planarity, the lesser the degree of ITC that would be exhibited by the
core, owing to the lack of @7 stacking achieved in the bent ortho- and metacyclophane

systems.

(a)

38.3°

36.2°

Figure 172: Space filling models of (a) tpcp, (b) (exo, exo)-tpcm, (¢) (endo, exo)-tpcm
and (d) tpco highlighting the degree of twisting of the core benzene rings.

As expected, the cyclophanes tpcm and tpco exhibit a hyposchromic shift in
excitation relative to tpcp, reflective of the lesser degree of m---m stacking of the core
(Figure 173). Specifically, tpcm exhibits an excitation at 350 nm, while tpco displays a
broader excitation with two peaks of equal intensity at 347 and 365, as well as a lower

intensity shoulder at 394 nm. In the context of emission properties of the two
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cyclophanes, tpcm demonstrates a Amax em) = 412 nm, while tpco unexpectedly displays a
more complex fluorescence profile (Figure 173). Excitation of tpco at 340 nm results in a
broad emission that corresponds to two peaks at 387 and 419 nm. In contrast, excitation
of tpco around the lower intensity absorbance of 390 nm results in a red-shifted emission

of 473 nm, which is also of lower intensity.
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Figure 173: Excitation (EX) and emission (EM) spectra of (a) tpcm and (b) tpco obtained
in DMF at micromolar concentrations.
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To further evaluate the photophysical properties of the series of bridge-substituted
[2.2]cyclophanes, density functional theory (DFT) calculations at the B3LYP/6-31G(d)
level were conducted. In particular, we thought that assessing the optimized structures of
tpcp, tpem, and tpco in the context of HOMO and LUMO levels shoud provide insight

into the effects of excitation upon the possible ICT effects (Figure 174).

Figure 174: B3LYP/6-31G(d) calculated (left) HOMO and (right) LUMO levels for (a,
b) tpco, (c, d) endo, exo-tpcm, (e, ) exo, exo-tpcm, and (g, h) tpcp.
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In the optimized structure of tpco, the electron clouds remain localized mainly on
the cyclophane core in the HOMO level, and spread outward to half of the pyridine
moieties in the LUMO, suggesting that there is an efficient electron transfer from the core
outward to the distal pyridines, however, it appears to only shuttle electron density to half
of the molecule (Figure 174a-b). This could explain the dual excitation and emission
behavior for tpco. If there isn’t sufficient electron communication throughout the
moelcule, then it is possible that each chromophore can behave as two separate species,
exhibiting an individual excitation and emission reflective of two different chromophores
depending on the enrgy used to excite the molecule.

In the case of tpcm, only one distinct excitation and emission peak are observed,
despite the measurements being conducted with a mixture of the two isomers (Figure
173). Judging from the calculated molecular orbitals, the excitation and emission profile
of the two conformational isomers shouldn’t be all that different, as both isomers contain
roughly the same degree of m-- 7 stacking in the cyclophane core (Figure 172). In the
HOMO levels of both isomers, the electron clouds are localized upon the cyclophane
core, relative to the electron poor pyridine rings (Figure 174c, e), whereas the LUMO
levels contain a significant (although less than half) amount of electron density upon half
of the pyridine rings (Figure 174d, f), suggestive of a more efficient ICT process.

In contrast to tpco and tpem, the molecular orbitals of tpcp imply a very efficient
electron transfer process throughout the entirety of the molecule (Figure 174g-h). In
particular, the HOMO level exhibits the electron density localized on the
dicyclobutyl[2.2]paracyclophane core, whereas the LUMO displays electron density over
the entire molecule, with the largest clouds on the pyridine rings. This observation is

consistent with the cyclophane core acting as an efficient donor.'®
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Figure 175: Rationale for observed optical properties in bridge-substituted cyclophanes.

6.8 Post-Synthethic Modification of [2.2]Cyclophanes

Given the fact that large quantities of the cyclophanes are synthetically available,
and that pyridine rings can be easily derivatized, we sought to determine whether
modifying the pyridines can affect donation from the dicyclobutyl cyclophane core and,

thus, provide improved conditions for ICT that impact the fluorescence (Figure 176).

Figure 176: Post-synthetic modification strategy and theory related to donor-acceptor
framework.
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The starting point for our investigation is tpcp. From our previous studies, tpcp
appeared to exhibit a more efficient ITC process. To determine optical effects of
peripheral derivatization, tpcp was alkylated using both iodomethane and iodoethane. In
a typical experiment, reaction of tpcp with the corresponding iodoalkane in
tetrahydrofuran afforded the tetraiodo salt in quantitative yields. 'H NMR spectroscopy
confirmed that tetraalkylation occurred for both the tetra N-methylated and N-ethylated
tpcp. In the resulting spectra, the a-pyridyl and B-pyridyl protons shifted to 8.82 ppm and
8.09 ppm, respectively. Additional shifts were seen for the cyclobutyl protons, which

appear as sharp doublets at 5.25 ppm and 4.84 ppm (Figure 177).

—«JLMM-#“

9 8 7 6 5 4 PPM

Figure 177: 'H NMR of tetrakis-[(N-methyl)-4-pyridylcycobutyl][2.2]paracyclophane.

Owing to the propensity of the cyclobutane to undergo acid-induced
isomerization,”** we were interested in confirming the stereochemistry of the resulting

cyclophane product, N-methyl tpcp. Initially, we were unable to form diffraction quality
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crystals of the product, and turned to generating crystals of tpcp in the presence of acids
to see if isomerization had occurred. To our surprise, crystals generated in the presence
of the organic acids p-toluenesulfonic acid and camphorsulfonic acid (CSA) preserved
the rctt stereochemistry (Figure 178). After invariably poor results in procuring single
crystals of N-methyl tpcp, we turned to generate the crystals during reaction.
Specifically, tpcp was dissolved in THF in the presence of copious amounts of
iodomethane. In a period of three weeks, crystals more suitable for X-ray diffraction
were obtained and analyzed.  The stereochemistry again remained unchanged,

corroborating the results obtained in the presence of the organic acids (Figure 178)

Figure 178: X—an structures of (a) (tpcp-H)('CSA)s, (b) (tpep-H)('OTs), and (c) (Me-
tpep (.

Fluorescence spectroscopy of the derivatized paracyclophanes revealed a large
bathochromic shift upon alkylation. With an excitation wavelength of 380 nm,** broad

emission peaks for both N-methyl and N-ethyl tpcp appeared at 495 nm (Figure 179).
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These observations are comparable to pCp architectures with stilbenoid chromophores
conjugated to the stacked cyclophane decks that exhibit maximum emissions of
approximately 430 nm, yet less than those involving strong acylic donor and acceptor

groups (e.g. NO, and NR;) attached at the termini of the stilbenoid arms.**
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Figure 179: Normalized emission spectra of tpcp and N-alkyl tpcp derivatives in DMF at
micromolar concntrations.

The emission properties of tpcp are attributed to electron donation by the
dicyclobutyl-pCp core outward to the electron accepting peripheral pyridines. Indeed,
the fused nature of the dicyclobutyl-pCp network is considerably strained and as a result,
can be considered an electron donor scaffold. The larger red shifts in the cases of the
alkylated derivatives can be attributed to the quaternization of the pyridyl N-atoms. The

derivatization allows for strong polarization over the entire cyclophane molecule by
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increasing the electron accepting properties of the distal 4-pyridyl groups. The alkylation
of tpcp, thus, enhances ICT wherein electrostatic interactions account for the relatively
large red shifts in absorption and emission. For N-alkylated tpcp, the pyridinium
substituents likely withdraw electron density from the pCp fluorophore through the
strained cyclobutane bridges, resulting in a nonconventional ICT. These observations
involving the pyridinium ring system are consistent with optical properties of 1,8-
naphthalimide-based organic dyes, wherein alkylation also resulted in bathochromic
shifts of fluorescence involving a fully conjugated system.**®

To gain further insight into the photophysical properties of the substituted
cyclophanes, DFT calculations were conducted (Figure 180). The electron clouds of the
HOMO and LUMO are localized on the pCp core, while the LUMO (+1) is localized
almost exclusively over the pendant pyridine rings.**’ For cationic tpcp, the electron
clouds of the LUMO are, in constrast to tpcp, localized on the pyridines, with the HOMO
being located, similar to tpcp, on the pCp core. Collectively, these observations are
consistent with the pCp core acting as an electron donor whereby electronic excitation
leads to an increase in electron density toward the electron poor pyridine groups, with the
relative positions of the LUMOs reflecting the gradual red shifts in fluorescence.
Electron density, albeit to a less extent, is also observed on the two cyclobutane rings at
both HOMO and LUMO levels, which lends a measure of support for the cyclobutanes

acting as through-bond donors.
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Figure 180: HOMO, LUMO, and LUMO +1 for (left) tpcp and (right) N-methyl tpcp
obtained using DFT calculations at the B3LYP/6-31(d) level.

We next extended our study to investigate the effects of alkylation upon the
optical properties of tpco and tpcm. In a fashion similar to tpcp and N-alkyl tpcp, we
expected that the quaternization of the four pyridine rings would provide a mush stronger
polarization throughout the molecule, leading to red-shifted and lower energy excitations
and emissions for both cationic cyclophanes. In the case of N-methyl tpcm, a
bathochromic shift of 47 nm was observed for the excitation. The red-shift also
corresponded to a 78 nm shift in the emission peak (Figure 181a). Although tpco
contains the least amount of - -7 stacking within the cyclophane core, and is situated in
a more edge-to-face manner, red shifts on the order of 45 and 50 nm were observed for

excitation and emission, respectively (Figure 181b).
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Figure 181: Excitation (EX) and emission (EM) spectra of (a) N-methyl tpcm and (b) N-
methyl tpco obtained in DMF at micromolar concentrations.
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6.8 Discussion

The bridge-substituted [2.2]cyclophanes described exhibit remarkable optical
properties despite the chromophores being linked by saturated cyclobutane rings. In
effect, the cyclobutane rings act as sufficient strained donors that aid in the shuttling of
electron density across the molecule, leading to communication between the two sets of
chromophores. It is interesting to note that the series of laterally-substituted cyclophanes
all demonstrate lower energy excitations and emissions, in comparison to pCp itself
(Table 13). Molecular orbital diagrams calculated for the HOMO and LUMO levels of
tpcp, tpem, and tpco all support the notion that the strained cyclobutanes act as efficient

through bond donors.

Table 13: Summary of optical properties measured for laterally-substituted
[2.2]cyclophanes relative to pCp.

cyclophane Amax (exy/NM Amax (em)/NIM
pCp 313 356
tpep 380 414
tpcm 350 412
tpco 347,365 387,419
N-methyl tpcp 420 495
N-methyl tpcm 397 490
N-methyl tpco 393 470
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Upon alkylation, all three cyclophanes exhibit a strong bathochromically-shifted
excitation and emission maxima. In all three of these systems, it is likely that the
quaternization of the pyridine rings leads to a nonconventional ICT, as the pyridinium
substitutents act to withdraw electron density from the cyclophane core through the
cyclobutane rings. As a result, the maximum excitations are red-shifted on the order of
40-50 nm, while the corresponding emission peaks are also red-shifted 50-80 nm. DFT
calculations performed (using tpcp as a model system) lend support to the possible
nonconventional ICT. The electron clouds for both tpcp and N-methyl tpcp are localized
exclusively upon the cyclophane core in the HOMO level, yet are delocalized throughout

the molecule in the LUMO (+1) and LUMO levels (Figure 180).

6.9 Organic Nanocrystals of [2.2]Paracyclophanes

Over the past decade, extensive research has been conducted on the controllable

? and

synthesis of nanocrystals®®® owing to correlations between size, morphology,*
optoelectronic properties.”> Inorganic and polymer-based nanocrystals have garnered
much interest, owing to emerging widespread applications in fields ranging from
diagnostic medicine™ to materials science.>’ Organic nanocrystals of small molecules
remain relatively less studied despite a potential to modify the structures and tune optical
properties of such solids'® using methods of organic synthesis.

Early studies on the fluorescence of organic nanomaterials based on small
molecules were conducted by Nakanishi*** and Yao>*® which involved aromatics such as

3% and

perylene, phthalocyanine, and pyrazoline. More recent studies by Park,'> Diau,’
Yang™ have focused on conjugated stilbenoids that exhibit strong emission, yet are
weakly fluorescent in solution. Enhancements of solid-state fluorescence are quite
unusual with organic materials owing to facile quenching of chromophores'™* in the

condensed phase, with conjugated systems such as poly(p-phenyleneethynylenes),'>> ">
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pseudoisocyanines,"’ and pentaphenylsilols'>® being exceptions that have been shown to

exhibit enhanced emission in the solid state.

Figure 182: pCp and tpcp: (a) schematics and (b) X-ray crystal structures.

With this in mind, we report here the sonochemical preparation'>” **¢ of

nanocrystals of [2.2]paracyclophane (pCp) and the laterally-substituted derivative

96, 168

tetrakis(4-pyridylcyclobutyl)[2.2] paracyclophane (tpcp) (Figure 182). Originally

82 283-287

studied by Cram,” and extensively developed by Hopf™*® and others, pCp has

. . . . 291-31
garnered much interest owing to those unique properties® '

(e.g. optical, reactivity,
chirality) conferred by the two co-facially stacked benzene rings by aliphatic bridges.
Moreover, while both synthesis and materials aspects of pCp are of much continued
interest, the generation of nanostructured pCp is underdeveloped. In this portion of the
chapter, we demonstrate that while exclusive reprecipitation does not afford
nanostructured pCp, the use of sonochemistry produces nanocrystals of sizes < 500 nm.

Nanodispersions of the pCps are also shown to exhibit enhanced emission compared to

solution. The emission is attributed to edge-to-face packing in the solid state that
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promotes intermolecular interactions capable of maximizing interchromophore

communication (Figure 183).%’
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Figure 183: Solid-state packing motifs that influence the fluorescence efficiency of
organic molecules.

6.10 Experimental

[2.2]Paracyclophane (pCp) was purchased from Carbosynth (Compton, Berkshire,
UK). SDS was purchased from Sigma Aldrich Chemical Company (St. Louis, MO,
USA). N,N-dimethylformamide, toluene, and ethanol were purchased from Fisher
Scientific Company (Pittsburgh, PA, USA). tpcp was prepared as reported.”® All
chemicals were used without further purification.

PXRD data was collected using a Bruker D-5000 diffractometer equipped with a
Bruker SOL-X energy-sensitive detector using Cuk, radiation (A = 1.54056 A). Particle
size measurements were determined by a Zetasizer Nano ZS (Malvern, Southborough,
MA) instrument at 25°C. The reported particle size and PDI values are averages of three
measurements. SEM images were obtained using a Hitachi S-4800 with an accelerating

voltage range of 2-5 kV. SEM samples were prepared by depositing each sample on a Si
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wafer. Absorption and emission measurements were obtained using a HORIBA Jobin
Yvon FluoroMax-4 (Edison, NJ, USA). All measurements were made on the as-prepared
suspensions with a scan rate of 5 mm sec™' and both slit widths set to 2 nm.

pCp Nanocrystal Synthesis: Nanocrystals of pCp were prepared by dissolving
150 mg of pCp in 5 mL of DMF. The solution was rapidly injected into 100 mL of
distilled water at ambient temperature and sonicated for 5 mins in a cleaning bath
(Branson 2510R-DTM). After sonication, the sample was filtered through an 8§ pm
membrane filter (Whatman Grade 2) and dried. The surfactant crystallization was
performed with 0.021 M SDS as antisolvent.

tpcp Nanocrystal Synthesis: Nanocrystals of tpcp were prepared by dissolving
50 mg of pcp in 0.7 mL of DMF. The solution was rapidly injected into 100 mL of
distilled water at ambient temperature and sonicated for 5 mins in a cleaning bath
(Branson 2510R-DTM). After sonication, the sample was filtered through an 8§ pm
membrane filter (Whatman Grade 2) and dried. The surfactant crystallization was

performed with 0.021 M SDS as the antisolvent.

6.11 Results

Our initial attempts to generate nanocrystals of pCp involved the reprecipitation
method wherein pCp is dissolved in a hot polar solvent, which is followed by rapid
injection into an antisolvent. pCp (0.15 g) was, thus, dissolved in toluene (7.0 mL) and
rapidly injected into ethanol (100 mL). The resulting solid was analyzed using powder
X-ray diffraction (PXRD) and scanning electron microscopy (SEM). SEM micrographs
revealed large well-defined crystals of micrometer-sized dimensions, wherein the
smallest crystals were on the order of 5 um in both length and width (Figure 184a, b).
The resulting microcrystals displayed a tetragonal morphology and were agglomerated as

stacked crystals. An inspection of a PXRD pattern confirmed the solid to match the



reported structure of pCp,
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which was evidenced by prominent peaks at 20 = 15.0°,

16.1°,25.9° and 27.7° (Figure 184c).
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Figure 184: Analysis of pCp microcrystals: (a,b) SEM micrographs of microcrystals
from reprecipitation and (c) PXRD diffractogram compared to calculated
powder pattern of pCp.

To form nanocrystals of pCp, we next turned to a sonochemical approach. The

method has been shown to generate crystals of nanoscale dimensions wherein more

standard reprecipitation®™ experiments fail.** In our approach, low-intensity ultrasonic

radiation using a sonication cleaning bath was applied in the crystal growth of pCp. Ina
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typical experiment, pCp (0.15 g) was dissolved in DMF (3.0 mL) and rapidly injected
into water (100 mL) subjected to ultrasonic radiation. After 5 min of sonication, the
suspension was vacuum filtered through an 8§ um membrane filter and analyzed using
PXRD. The resulting diffractogram revealed the structure of the solid generated using

sonochemistry to match that of pure pCp (Figure 185).
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Figure 185: PXRD diffractogram of pCp treated with sonochemistry compared to
calculated powder pattern of pure pCp.

SEM analysis of the solid obtained via sonochemistry confirmed the generation of
nanometer-sized crystals of pCp. The crystals exhibited a spherical cube morphology,**!
with the smallest crystals displaying lengths and widths that range from 200 to 500 nm
(Figure 186a,b). An aliquot of the original suspension generated using the sonochemistry
was analyzed using dynamic light scattering (DLS). DLS measurements revealed

average particle sizes of ca. 477 nm with a polydispersity index (PDI) of 0.146 (Figure
186¢).
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Figure 186: Analysis of pCp nanocrystals: (a, b) SEM micrographs of nanocrystals
generated using sonochemistry and (c) particle size distribution.
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We next turned to study possible influences of surfactant on nanocrystal

formation. The introduction of a surfactant to generate nanomaterials can promote a

decrease in particle size via the formation of micelles, where increases in nucleation rate

. 4
are also realized.’

surfactant.

Smaller particles could, thus, be expected in the presence of a

Anionic sodium dodecyl sulfate (SDS) was employed as the surfactant, with water

as antisolvent. In the experiment, pCp (0.15 g) was dissolved in DMF (3.0 mL) and

rapidly injected into 0.021M aqueous SDS (100 mL) subjected to ultrasonic radiation for
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5 minutes. Following vacuum filtration through an 8 pm filter, the solid was analyzed
using PXRD and SEM, while an aliquot of the suspension was analyzed using DLS.
SEM micrographs demonstrated the formation of spherical particles that range from 100
to 400 nm in diameter (Figure 187a-5). DLS measurements revealed particles with sizes
of ca. 340 and a PDI of 0.270. The incorporation of the SDS, thus, resulted in an

appreciable decrease in particle size of nanocrystalline pCp (Figure 187c¢).
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Figure 187: Analysis of pCp nanocrystals: (a,b) SEM micrographs of nanocrystals
prepared using sonochemistry with the addition of SDS and (c) particle size
distribution.
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With the successful formation of nanocrystals of pCp achieved, we extended our
efforts to nanocrystals of the laterally-substituted derivative tpcp. The pCp is achieved
via a double [2+2] photodimerization conducted in the solid state.”® Tpcp was, thus,
dissolved in hot DMF and rapidly injected into water. Similar to our initial experiments
involving pCp, SEM micrographs revealed large crystals of tpcp of rectangular
morphology with lengths and widths of 15 pum and 4 um, respectively (Figure 188a,b).

PXRD (Figure 188¢) confirmed the solid precipitate as pure crystalline tpep.**
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Figure 188: Analysis of tpcp microcrystals: (a, b) SEM micrographs of tpcp collected
from reprecipitation and (c) PXRD diffractogram compared to the calculated

powder pattern.
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Sonochemistry was applied to generate nanocrystals of tpcp. The pCp (0.05 g)
was dissolved in hot DMF (0.7 mL) and rapidly injected into water (100 mL) subjected to
ultrasonic radiation. After 5 min of sonication, the suspension was filtered through an 8
um membrane filter (Whatman) and analyzed using PXRD and SEM. An analysis of the
PXRD pattern confirmed the solid generated using sonochemistry to match tpcp (Figure
189).
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Figure 189: PXRD diffractogram of tpcp nanocrystals compared to the calculated
powder pattern.

SEM analysis revealed the formation of tpcp nanocrystals. The smallest particles
were spherical in shape, displaying sizes of ca. 250 nm (Figure 190a,b). When SDS was
used as surfactant, particles on the order of 50 nm easily formed (Figure 190c,d). Thus,

the incorporation of SDS resulted in an effective five-fold decrease in particle size. DLS
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measurements, however, were inconclusive owing to rapid settling of the

4

nanoparticles.***  Indeed, the (-potential was determined to be -2.5 mV, which is

consistent with aggregation of the small particles within the dispersion.***

Figure 190: Nanocrystals of tpcp nanocrystals using (a,b) sonochemistry and (c,d)
sonochemistry in the presence of the surfactant SDS.

Optical properties of nanosized pCp and tpcp were investigated next. Samples of
pCp and tpcp obtained from the sonochemistry experiments were each examined as
nanocrystalline suspensions in either water or an aqueous solution of SDS** and
compared to dilute solutions of the same concentration. As reported, tpcp displays red-
shifted excitation and emission in solution compared to pCp. The red-shift occurs despite
a lack of continuous p-orbital conjugation. The fluorescence was attributed to the
cyclobutane rings acting as efficient electron donors that promote internal charge transfer

within the molecule.'®
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From our experiments, both pCp and tpcp were determined to exhibit more
intense fluorescence as nanocrystal suspensions compared to dilute solution. While
nanocrystalline pCp exhibited the same emission (356 nm) as pCp in solution, the
nanoparticles without and in the presence of SDS displayed fluorescence ca. 40 times
more intense. For tpcp, the nanocrystals were ca. 17 times more intense than dilute
solution. The nanoparticles of tpcp also exhibited bathochromic emission to 490 nm in
the presence of the SDS (Figure 191). The red shift can likely be attributed to hydrogen
bonding of water molecules associated with SDS at the N-atoms of the pyridyl groups.>*°
The presence of hydrogen bonds may also account for the significant decrease in particle
size when both sonochemistry and SDS are used in tandem to facilitate the production of

nanocrystals. A similar red shift has been observed for N-alkylated tpcp.'®’
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Figure 191: Emission spectra of tpcp nanocrystals compared to dilute solution
(nanoparticles on primary axis and solution on secondary axis).
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We also note that microsized crystals of pCp and tpcp also exhibited fluorescence
more intense than solution yet significantly less (i.e. ca. 10 times less) than the
nanocrystal suspension. The microcrystals of tpcp in the presence of SDS, in contrast to
the nanocrystals, did not exhibit an appreciable red shift in fluorescence (Figure 192).
Recent studies of pyrene micro- and nanostructures observed size and morphology-
dependent fluorescence, suggesting that the relative blue shift obtained in larger rod-
shaped crystals in comparison to nanoparticles can be attributed to different aggregation

347
S.

modes in the presence of SD The lack of a red shift is also supportive of the

influences of hydrogen bonding being appreciable along the surface of the nanocrystals.
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Figure 192: Emission spectra of tpcp microcrystals compared to dilute solution
(nanoparticles on primary axis and solution on secondary axis).
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6.12 Discussion

The enhanced fluorescence intensity of nanocrystalline pCp and tpcp, as well as
the longer microcrystals, compared to solution can be attributed to aggregation behavior
arising from minimal intermolecular m-overlap in the solid.**’ Fluorescence of organic

chromophores is typically quenched by either by co-planarization at the molecular

1160

level'® or intermolecular aggregation.’*® Given that pCp and tpcp possess two benzene

rings covalently enforced in a face-to-face geometry, intermolecular forces in the solid

can be expected to significantly impact fluorescence. Indeed, the solid-state packing of

338

pCp™*® and tpcp™ demonstrate that both molecules assemble in an edge-to-face, or

herringbone, fashion (Figure 193).**
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Figure 193: Edge-to-face packing of crystalline: (a) pCp and (b) tpcp.
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Solid pCp and tpcp are composed of layers with molecules that lie offset and
twisted by 90° and 76°, respectively. The edge-to-face interactions in the pCps are
supported by (alkyl) C—H:-- -z, (pyridine) C—H:---N (pyridine), and (pyridine/benzene)
C—H-'m interactions. The combination of multiple hydrogen-bonding interactions
increases the rigidity of the structures and can impact optical properties. This is
particularly true for tpcp, wherein interactions involving the distal pyridines, effectively
restrict the rotations of the pyridyl moieties and lead to an enhanced emission.'”’ The
resulting aggregates display a long-range ordered arrangement that is, thus, reflected in
the emission behavior of the nanosuspensions. Indeed, herringbone arrangements are
principal motifs in rigid pCp-based systems. In particular, edge-to-face packing is a
prominent packing motif, suggesting that pCps can present a rare opportunity to enhance
optoelectronic properties in lieu of covalent modification through the formation of

organic nanocrystals.

6.13 Conclusion

In this chapter, we have demonstrated that laterally-substituted [2.2]cyclophanes
exhibit unique optical properties, despite not being fully conjugated. Specifically, we
show that the cyclobutanes act as strained donors that aid in shuttling electron density
through the molecule, resulting in a nonconventional internal charge transfer (ITC)
process. We also show that post-synthethic modification the covalent architecture results
in red-shifted optical properties. In particular, quaternization of the distal pyridines
facilitates the ICT, leading to large red-shifts in both excitation and emission for the
entire series of cyclophanes. The resulting excitation and emission maxima are also
approximately the same as exhibited by tetrasubstituted pCps that contain fully
conjugated chromophores.

We have also investigated the impact of post-synthetic modification in the form of

altering crystal size so as to attain pCps with different optical properties. We developed a
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sonochemical method to prepare nanostructured pCps. The nanocrystals are on the order
of 100-500 nm, and exhibit optical properties that differ compared to solution. Both
nanostructured pCp and tpcp display more intense fluorescence, which is ascribed to an
edge-to-face packing that effectively restricts intermolecular rotation being maintained in
the nanocrystalline solid. In addition, we observed that tpcp nanocrystals exhibit a red-
shifted emission as nanosuspensions, owing to the rapid formation of hydrogen-bonded

aggregates in the presence of SDS.
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CHAPTER 7: TOWARDS THE SOLID-STATE SYNTHESIS OF
UNSYMMETRICAL CYCLOPHANES

A portion of this chapter has been published as part of a themed issue on
[2.2]cyclophanes in the Israel Journal of Chemistry, and is adapted with permission from
John Wiley and Sons, Copyright 2012 [E. Elacqua, T. Fris¢i¢, L. R. MacGillivray, Isr. J.
Chem. 2012, 52, 53.].

7.1 Introduction

There has been much work by chemists to design olefins that crystallize, with
certainty, in geometries that are suitable for intermolecular [2+2] photodimerization

reactions.’® ¥

The reaction results in the formation of two carbon-carbon single (C-C)
bonds in a rigid, yet flexible, environment that can afford molecules that are otherwise
unattainable in solution. That the reaction occurs in an environment that is solvent-free
also means that the approach to synthesize molecules has relation to the field of green
chemistry.**

That chemists aim to design olefins that crystallize to undergo photodimerizations
in solids stems from pioneering work of Schmidt.” From numerous crystallographic
studies of cinnamic acids, Schmidt delineated geometry criteria for the cycloaddition to
occur in solids. In particular, it was determined that the reaction is topochemically
controlled, being dictated by parallel alignment and overlap of C=C bonds with a
separation distance < 4.2 A (Figure 194). In addition to providing geometry criteria,
Schmidt showed that the organization of olefins in solids is highly sensitive to subtle
changes to molecular structure. More specifically, the organization of olefins, and more
generally molecules, is ‘unpredictably’ influenced by the presence of functional groups or
substituents. Homologous cinnamic acids were, thus, shown not to exhibit homologous

reactivities. Effects of polymorphism were also shown to have a pronounced effect on

packing and the resulting regiochemistry (e.g. head-to-head versus head-to-tail
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photodimers) of the photodimerization. Such lack of reaction homology, and related
effects of polymorphism, have meant that it is inherently difficult for chemists to perform
covalent-bond-forming reactions in the solid state so as to synthesize molecules with
similar synthetic ‘freedoms’ realized in solution. The challenge to control the
organization of molecules in solids to control bulk physical properties such as reactivity

has spurred on the field of crystal engineering.'®
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Figure 194: Solid-state [2+2] photocycloaddition of a-cinnamic acid, generating the
head-to-tail truxillic acid product.

Although it is difficult to control reactivity in the solid state, cyclophanes have
emerged as viable synthetic targets. Originally studied by Cram in the 1950's,** pCp

. . . . . 2 2 2
remains of great interest to materials scientists,”*" ** 3°

owing to unique optical and
electronic properties conferred by the two face-to-face benzene rings within the rigid
covalent scaffold. X-ray crystal structure analyses of the parent pCp demonstrates the
two stacked aromatic rings to assume a boat conformation, with the closest inter-ring C-C

separations being shorter than the sum of van der Waals radii (2.78 A).*"

Indeed, from a
synthetic standpoint, it is the stacked geometry that makes pCp a ‘natural’ target for a
solid-state reaction since two dienes separated by a phenyl spacer unit can be expected to

undergo a double photoaddition to generate a pCp composed of peripheral cyclobutane

units (Figure 195).
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Figure 195: General method to produce a dicyclobutyl pCp from the [2+2]
photodimerization of p-divinylbenzene.

A method to construct cyclobutane-bridged cyclophanes can involve a double
[2+2] photodimerization of appropriate divinylbenzene derivatives. The result is a
conformationally-rigid and highly-strained tricyclic product. Although the use of
divinylbenzenes has been shown by Nishimura®? to provide entries to the meta- and
orthocyclophanes in solution (yields 0.5 to 40%), the method does not succeed in the case
of pCp. Instead, only monocyclobutane derivatives form (Figure 196). The inability to
form the pCp framework via double photodimerization in solution has been explained by
a difficulty to organize two C=C bonds into close enough proximity for the second
photodimerization that follows the formation of the first cyclobutane ring. The use of
tethers (e.g. polyether) and pendent aromatic groups has, however, been shown to be

fruitful in cases where reaction yields are particularly low.

Figure 196: Solution-phase [2+2] photodimerization of p-divinylbenzene, affording
exlusively the monocyclized product.
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7.2 [2.2]Paracyclophanes in the Organic Solid State

Whereas studies on double [2+2] photodimerizations of dienes in the solid

352
state,

although limited, had been previously reported, it was Hasegawa in 1987 that
reported the first example of the formation of a pCp in a solid (Figure 196).>** While
studying the topochemical behavior of crystals of unsymmetrical distyryl diolefins, a
mixed crystal of ethyl and propyl a-cyano-4-[2-(4-pyridyl)ethenyl]cinnamates (1:1 ratio)
reacted quantitatively to give the tricyclic pCp (Figure 197). The photoreaction of the
two diolefins occurred in a crystal-to-crystal transformation, as shown by X-ray powder
diffraction analysis. The double cycloaddition was also demonstrated to proceed in a
crystal phase different than each pure olefin, each of which formed a homopolymer.

HPLC analysis of the reacted crystal was consistent with a double photodimerization that

afforded three different pCps; specifically, two homodimers and one heterodimer.

NC COsR
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Figure 197: Solid-state [2+2] photodimerization of a-cyano-4-[2-(4-
pyridyl)ethenyl]cinnamates to afford mixed pCp products.

A second approach to synthesize a pCp in the solid state was later reported by

Moorthy in 2007.>*>  While investigating the reactivity of 2-pyranone-annulated
y gatng ty
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derivatives of coumarin, two crystalline polymorphs of 4-methyl-7-styrylcoumarin were
shown to undergo a double [2+2] photodimerization that afforded the tricyclic pCp
(Figure 198). Needle and plate-like morphologies were obtained via crystallizations from
mixtures of dichloromethane/chloroform with either xylene or petroleum ether,
respectively. UV irradiation generated the pCp in 45% and 75% yield in the needles and
plates, respectively. The lower yield in the needle morphologies was attributed to each

layer being either reactive or nonreactive.
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Figure 198: Solid-state [2+2] photodimerization of a coumarin derivative: (a) layers of
the needle polymorph, (b) pairs of plate polymorph, and (c) reaction scheme.

Although pCps appear to be ideal solid-state targets, their accessibility suffers
from the lack of control that is necessary to afford the strained structure. The approaches
mentioned above, although they are quite successful in obtaining the deisred cyclophane
products, suffer from a lack of design element and unpredictable crystal packing, causing
the products to invariably form in the head-to-tail orientation.

Our use of hydrogen-bond templates® to direct the assembly and reactivity of

76-77

olefins originated from a general goal to control reactivity in the wake of vexatious

effects of crystal packing.'® By directing the photoreaction within a discrete molecular
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assembly, the templates can organize olefins into positions that are both suitable to
achieve topochemical control of the cycloaddition and be largely independent of effects
of long-range packing.

In this chapter, we sought to synthesize unsymmetrical multifunctional
[2.2]paracyclophanes in the solid state. Our strategy involves exploitation of our
previously established strategy regarding a supramolecular protecting group, while
maintaining a stilbenoid framework that could lead to enhanced reactivity by enabling
pedal motion within our system. The resulting cyclophanes are expected to be of interest
to materials scientists from an optoelectronic standpoint, as well as for post-synthetic

modification and/or incorporation into metal-organic frameworks.

7.3 Experimental

All reagents and solvents used were reagent grade and commercially available.
Potassium carbonate (anhydrous, 99%) and pyridine (>99%) were purchased from Fisher
Scientific Company (Pittsburgh, PA, USA). 4-Vinylpyridine (95%), 4-
bromobenzaldehyde (99%), methyl (triphenylphosphoranylidene)acetate (98%), para-
toluenesulfonaic acid monohydrate (98.5%), and dichloromethane (>99.8%) were
purchased from Sigma Aldrich Chemical (St. Louis, MO, USA). Ethanol (99.98%,
absolute grade) and triethanolamine (>99%) wer obtained from Pharmco-AAPER
(Brookfield, CT, USA) and ACROS (Morris Plains, NJ), respectively. Dichloro
bis(triphenylphosphine) palladium (II) was purchased from Frontier Scientific. 4-
Vinylpyridine was distilled prior to use. All other reagents were used without further
purification. Substituted resorcinols were purchased commercially or synthesized via
standard literature preparations.

'H NMR spectra were collected using a Bruker Avance 300 MHz or 400 MHz
spectrometer using DMSO-ds as a solvent. Photoreactions were conducted using

ultraviolet radiation from a 500 W medium-pressure mercury lamp in an ACE Glass
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photochemistry cabinet. Co-crystals were finely ground using a mortar and pestle, and
then placed between a pair of pyrex glass plates. The samples were irradiated in 10-hour
periods and mixed between consecutive irradiations. The product formation was
monitored using 'H NMR spectroscopy. Upon completion of photoreaction, the products
were isolated using basic extraction with CHCl;.

Single crystal diffraction data was collected on a Nonius Kappa CCD single-
crystal X-ray diffractometer at both room and low temperatures using MoK, radiation (4
=0.71073 A). Data collection, cell refinement and data reduction were performed using
Collect”” and HKL Scalepack/Denzo,"® respectively. Structure solution and refinement
were accomplished using SHELXS-97*°' and SHELXL-97,'" respectively. The
structures were solved via direct methods. All non-hydrogen atoms were identified from
the difference Fourier map within several refinement steps. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms associated with carbon atoms were refined in
geometrically constrained positions with isotropic thermal parameters Uio(H) =
1.5Ucq(Ccnz) and Usiso(H) = 1.2Uo(Ccn). Hydrogen atoms belonging to phenolic OH
groups were and refined using a riding model with isotropic thermal parameters Ujso(H) =

1.5Ucq(Onydroxy)- Details of the structural analyses are summarized in Tables A23 - A24.

7.3.1 Synthesis of 4-[(E)-(pyridine-4-
yl)ethenyl]benzaldehyde
The synthesis of 4-[(E)-(pyridine-4-yl)ethenyl]benzaldehyde was accomplished
using a Heck reaction. 4-Bromobenzaldehyde (12.8 g, 0.0692 mol) was suspended in a
mixture of triethanolamine (3 mL) and K,CO; (solution, 114.5 g mol™, 250 mL).
Dichloro bis(triphenylphosphine) palladium (II) (1.22 g, 25 mol %) was added to the
solution. The solution was allowed to stir at 50° for 15 minutes, upon which 4-
vinylpyridine (7.5 g, 0.0713 mol) was added slowly via syringe. The reaction was heated

to reflux for an additional 40 hours. After cooling to room temperature, the solid was
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filtered and refluxed in a minimal amount of pyridine for 2 hours. After reflux, the
solution was cooled to room temperature, allowing for the product to crystallize out as
light brown prisms, which were filtered, washed with aqueous ethanol, dried and used in
the next step without further purification (10.5 g, 73 %): 'H NMR (400 MHz, DMSO-dj)
d/ppm = 10.0 (1H, s), 8.58 (dd, 2H), 7.96 (d, 2H), 7.86 (d, 2H), 7.65 (d, 1H), 7.62 (dd,
2H), 7.47 (d, 1H).

7.3.2 Synthesis of methyl-4-[(E)-(pyridine-4-
yl)ethenyl]|cinnamate (mpec)

Methyl-4-[(E)-(pyridine-4-yl)ethenyl|cinnamate (mpec) was synthesized utilizing
Wittig-type conditions. Methyl (triphenylphosphoranlyidene) acetate (5.0 g, 0.015 mol)
was dissolved in 100 mL dichloromethane. A solution of 4-[(E)-(Pyridine-4-
yl)ethenyl]benzaldehyde (3.1 g, 0.0148 mol) in 50 mL of dichloromethane was then
added slowly and subsequently heated to reflux for 16 hours. Upon cooling to ambient
temperature, pTsOH (0.030 mol) was added with stirring to the CH,Cl, solution. After
stirring for 30 minutes, the acidified product was extracted with water (2x, 50mL),
basified with K,CO;, and re-extracted with CH,Cl, (2x, 50 mL). The solution was
evaporated to yield an off-white solid free of the PhsP=0 byproduct (3.1 g, 70%). 'H
NMR (400 MHz, DMSO-dy): o&/ppm = 8.55 (dd, 2H), 7.72 (d, 2H), 7.68 (d, 2H), 7.64 (d,
1H), 7.57 (dd, d — overlapping, 3H), 7.34 (d, 1H), 6.67 (d, 1H), 3.73 (s, 3H).

‘4 \ / 0
Q_/ 1. PhaPPY >
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K,COj, Pd(PPh,),Cl, —_—
TEA ‘o 2. pTsOH =/ N \ O—
reflux, 2 days 3. KzC05

Figure 199: Synthesis of methyl-4-[(E)-(pyridine-4-yl)ethenyl]cinnamate (mpec) using
Wittig chemistry.
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Co-crystallization was performed by dissolving 100 mg of mpec and 0.17 mmol
of a resorcinol in 10 mL EtOH. The solutions were heated slightly to facilitate
dissolution, and then left to cool to room temperature. Upon further solvent evaporation,
and within 4-7 days, each sample comprising contained either single crystals or a
crystalline powder that was filtered, dried, and characterized using 'H NMR

spectroscopy.

7.4 Results

In preliminary studies with mpec, we have isolated and characterized four co-
crystals, as well as the structure of the olefin itself, from our template switching. We
have uncovered a template that produces a monocyclobutane product in quantitative
yield, as well as uncovered a co-crystal system that affords the desired dicyclobutane
product.

(1) mpec. The olefin methyl-4-[(E)-(pyridine-4-yl)ethenyl]cinnamate (mpec)
crystallizes from EtOH in the monoclinic space group P2,/c with only one molecule in
the asymmetric unit. The olefin self-assembles utilizing both C—H---N interactions
between nearly orthogonal pyridines, and (alkoxy) C—H:--O (carboxy) interactions. The
C—H:--N organize the olefins into an offset alignment (Figure 200), wherein both sets of
olefins conform to Schmidt’s criteria for a [2+2] photodimerization (dc...c = 4.066 A),

and would be expected to afford an offset, yet head-to-head polycyclobutane product.
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Figure 200: X-ray structure of mpec highlighting reactive olefins in green within
extended structure.

(2) 2(mpec):(4,6-diCl res). Co-crystals of the formulation 2(mpec)-(4,6-diCl
res) crystallized from EtOH in the monoclinic space group P2,/c with one 4,6-diCl res
and two molecules of mpec in the asymmetric unit. The components form a discrete
assembly sustained by two O—H:-"N hydrogen bonds [O--N separations (A): O1--N1
2.706(4), 02--*N2 2.635(3)]. The C=C bonds adjacent to the pyridine rings were aligned
and separated by 4.149 A yet, however, the second pair of C=Cs adopted a crisscross
conformation and was separated by 3.697 A (Figure 201). The olefins between the
assemblies were offset and antiparallel with a C---C separation of 4.980 A. Additional
interactions in the form of (alkenyl) C—H:--ClI (res) and (pyridine) C—H---O (carboxy)
contribute to the extended packing (dc...c; = 3.305 A;dc..o=3.452 A).
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Figure 201: X-ray structure of 2(mpec)-(4,6-diCl res) highlighting (a) three-component
assembly and (b) neighboring assemblies.

(3) 2(mpec)-(4,6-dil res). Co-crystals of the formulation 2(mpec)-(4,6-dil res)
crystallized from EtOH in the triclinic space group P1 . A structure analysis revealed the
formation of a discrete, three-component hydrogen-bonded assembly sustained by two
O—H:N forces [O-N separations (A): O1--N1 2.693(6), 02---N2 2.756(7)]. Both pairs
of C=C bonds within an assembly were aligned and parallel, however, the C:--C
separations were 4.391 A and 4.257 A. The olefins between assemblies were offset and
separated by 5.549 A and 5.660 A (Figure 202). The olefins within an assembly are
twisted 18.32° away from each other, likely contributing to the higher C---C separation.
Adjacent assemblies also interact through the formation of (res) I---O (carboxy) and (res)

I---O (phenol) interactions (d;...o = 3.186 A; di...o = 3.416 A).
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Figure 202: X-ray structure of 2(mpec)-(4,6-dil res) highlighting (a) three-component
assembly and (b) neighboring assemblies.

(4) 2(mpec):(4,6-diBr res). Co-crystals of the formulation 2(mpec)-(4,6-diBr
res) crystallize from EtOH in the monoclinic space group P2,/n with one 4,6-diBr res and
two molecules of mpec in the asymmetric unit. The molecules assemble to form a
discrete three-component assembly sustained by two O—H-*N hydrogen bonds [O-*N
separations (A): O1--N1 2.647(6), 02---N2 2.709(6)]. Within each assembly, the first
pair of C=C bonds are aligned with a C---C separation of 4.141 A (Figure 203). The
second pair of olefins is disordered over two sites (71/29), with the highest occupancy
being crossed in relation to the stacked olefin in the assembly (dc..c = 3.701 A). The
C=Cs between assemblies are arranged in an offset and antiparallel manner, being
separated by 4.884 A. The extended co-crystal packing contains (pyridine) C—H:--O
(carboxy) and (alkyl) C—H---Br (res) interactions between adjacent assemblies (dc...o =

3.420 A; de..gr=3.719 A).
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Figure 203: X-ray structure of 2(mpec)-(4,6-diBr res) highlighting (a) higher population
three-component assembly and (b) neighboring assemblies.

(5) 2(mpec)-(4-Br res). 2(mpec)-(4-Br res) co-crystallizes from EtOH in the
monoclinic space group P2;/c with one 4-Br res and two molecules of mpec in the
asymmetric unit. The resulting three-component assembly is sustained by the formation
of two O—H--N hydrogen bonds [O-N separations (A): O1--N1 2.714(7), 02--N2
2.730(7)]. Within each assembly, the first pair of C=C bonds are aligned with a C---C
separation of 3.745 A (Figure 204), while the second pair of olefins is disordered over
two sites (72/28), with the highest occupancy being crossed in relation to the stacked
olefin in the assembly (dc..c = 3.805 A). In between the assemblies, the C=Cs are
arranged in an offset and antiparallel manner, being separated by 4.864 A. The extended
packing contains additional (pyridine) C—H---O (carboxy) and (pyridine) C—H:---O
(alkoxy) interactions between adjacent assemblies (dc..o = 3.420 A, 3.778 A; dc..o =
3.394 A).
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Figure 204: X-ray structure of 2(mpec)-(4-Br res) highlighting (a) three-component
assemblies (higher occupancy and lower reactive occupancy) and (b)
neighboring assemblies.

UV irradiation of of a powdered crystalline sample of 2(mpec)-(4-Br res) resulted
in conversion to two products, one of which is the desired unsymmetrical cyclophane
product. The photoconversion to the unsymmetrical cyclophane is evidenced by the two
pairs of doublets centered at 4.7 and 4.3 ppm (Figure 205). Based on crystal structure
analysis, the other product should be the monocyclobutane, wherein only the pair of
olefins adjacent to the pyridines photoreact. The production of a monocyclobutane
product is also consistent with the '"H NMR signals of the remaining olefinic protons that

shift slightly upfield to ca. 6.6 ppm.
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Figure 205: 'H NMR spectra involving 2(mpec)-(4-Br res): (top, 300 MHz) overlay of
2(mpec)-(4-Br res) before and after UV-irradiation, and (bottom, 400 MHz)

2(mpec)-(4-Br res) after UV-irradiation with zoomed insets depicting
aromatic and cyclobutane regions.
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From our template switching, we also identified 4,6-diBr res as a template that
affords a positive photoreaction. From analysis of a 'H NMR spectrum before and after
photoreaction, it appears as though the co-crystal formed undergoes quantitative
conversion to a monocyclobutane product (Figure 206). The monocyclobutane formation
is evidenced by the shifting of the olefinic protons upfield (6.5 ppm) as well as a single

peak in the cyclobutane region ca. 4.7 ppm.

8!5 8!0 I ‘ I l ] ‘ [ I
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7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm
T
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Figure 206: Comparison of the "H NMR spectrum of 2(mpec)-(4,6-diBr res) before and
after UV-irradiation.

7.5 Conclusion

The production of unsymmetrical molecular targets in the solid state is of great
interest in the context of post-synthetic modification, as well as for optoelectronic

applications. Prior attempts to achieve the formation of unsymmetrical cyclophanes have
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been lacking design elements and are thus, difficult to predict product distribution. We
have demonstrated in this chapter how the application of our template switching approach
can achieve the formation of an unsymmetrical paracyclophane in the solid state, wherein
the utilization of a template provides control over the packing and affords a head-to-head

product.
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CHAPTER 8: CONCLUSIONS

The results presented in this thesis demonstrate the the use of highly-directional
supramolecular interactions to achieve the formation of target architectures. Specifically,
noncovalent interactions are utilized to form crystalline materials that differ in topologies,
dimensionalities, connectivities, and properties (e.g. reactivity, optical). The crystalline
materials are held together by either hydrogen bonding or metal coordination. In order to
effectively mimic Nature and produce complex architectures with controlled self-
assembly and precise molecular recognition elements, one must thoroughly understand
how complementary molecules interact in the presence of multiple functional groups.
Upon comprehending the complex interplay between supramolecular interactions and
emergent properties, one can begin to carve the foundation for the design of functional
architectures.

In chapter 2, the focus is placed on understanding molecular recognition and self-
assembly as it relates to the formation of organic co-crystals and salts of sulfonamide-
based pharmaceutical agents (PAs). To fully comprehend how different interactions can
dictate structural changes, one must meticulously examine the geometries and topologies
of the resultant solids. In doing so, we have recognized that not only do salts and co-
crystals involving sulfa drugs differ in geometry, but some of the co-crystals appear to
mimic salt-like geometries. Upon further analysis, we noted that the co-crystals
comprised two tautomers with distinct polarities and relative energies, such that the
higher energy form can be expected to exhibit salt-like characteristics. Specifically, all of
the S—N lengths of the imidine — or higher energy and more polar tautomer — sit in
between the S—N lengths of salts and the amidine tautomer. To our knowledge, this is the
first attempt to assess a structural relationship of tautomers as related to the salt — co-

crystal boundary. Our findings are significant in a field that strives to generate novel
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robust solid forms that can exhibit enhanced physiochemical properties in lieu of salt
formation.

In chapter 3, the focus is placed upon using co-crystallization to influence solid-
state behavior of a chiral PA. Ibuprofen, a well known chiral drug, crystallizes as a
racemate, wherein each crystal contains an equal amount of both enantiomers in a unit
cell. By introducing a secondary complementary unit in the form of a bipyridine into the
self-assembly process, we have been able to effectively alter the solid-state behavior, so
as to generate both solid solution and conglomerate co-crystals. Not much is known
about solid solutions, and thus, the formation of them should enable further analysis into
their properties. Our studies have also resulted in the production of a co-crystal
conglomerate. To our knowledge, this is the first co-crystal system with this behavior.
Conglomerates are extremely important from a pharmaceutical, as well as synthetic,
perspective since they ultimately result in chiral resolution without the need to form salts.

The exploitation of noncovalent forces has been utilized to confer reactivity upon
multifunctional olefinic systems in chapters 4 and 5. In particular, we demonstrate how
an unpredictable self-assembly process in the presence of multiple recognition elements
can be rendered regioselective through the application of a supramolecular protecting
group strategy. The strategy involves temporarily masking a hydrogen bond motif prior
to self-assembly to afford a reactive unit. Upon [2+2] photoreaction, the motif can be
unveiled to generate the desired architecture. Such a strategy is thought to be applicable
in order to expand the range of target molecules that are deemed accessible via the
organic solid state. In an effort to control self-assembly, and thus, reactivity, within more
sterically-congested systems, we pursued the photodimerization of trisubstituted olefins,
which are common molecular motifs in Nature. By having a broad range of
supramolecular elements to confer solid-state reactivity, we are able to demonstrate the

utility of stronger coordination bonds in achieving the desired self-assembly within
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conformationally-flexible systems. To our knowledge, this is the first example of a [2+2]
photodimerization in trisubstituted olefins by design.

In chapter 6, the foundation is placed upon the emergent properties of a series of
[2.2]cyclophanes. Although cyclophanes are well-known hydrocarbons that possess
unique properties, the number of ways to access and/or derivatize them synthetically
remains underdeveloped. In this chapter, we examine a series of cyclophanes that were
synthesized in the organic solid state in the context of optical properties. The molecules,
contrary to our expectations, exhibit properties reflective of systems that engage in
electronic communication despite the lack of continuous conjugation. We demonstrated
that the strained cyclobutane rings promote interchromophore conjugation that leads to an
unexpected internal charge transfer. Additionally, we have developed a method to
produce nanocrystals of [2.2]paracyclophanes, with the nanocrystals exhibiting unique
properties in comparison to their macromolecular counterparts.

In chapter 7, we aimed to extend our template strategy to unsymmetrical olefins
that would afford multifunctional [2.2]paracyclophanes. We have demonstrated through
preliminary results that co-crystallization and subsequent photodimerization affords the
desired [2.2]paracyclophane, as well as a monocyclized product. Although not obtained
in quantitative yields, this is the first example of a head-to-head unsymmetical
[2.2]paracyclophane afforded in the organic solid state. It is expected to be of great
interest in the development of functional porous networks and optical materials.

The entireity of this thesis represents the undeveloped interplay between
traditional synthetic organic chemistry and supramolecular solid-state chemistry. The
control and precision provided by the crystalline phase provides access to molecular
targets with high fidelity and generally, stereospecifically, and in quantitative yields. In
addition, the expansion to multifunctional targets, as well as molecules that are highly
desirable in the context of emergent properties, bodes well for the continued development

and exploitation of molecular recognition and solid-state self-assembly to generate novel
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functional materials. Consequently, reactions conducted in organic co-crystals are
promising modules to afford both simple and complex materials that exude desired

properties and frameworks.
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APPENDIX A: CRYSTALLOGRAPHIC TABLES

Table A-1: General and crystallographic data for co-crystals of sulfadiazine (SDZ).

Compound (SDZ)-(pico) 2(SDZ)-3(bipy) 2(SDZ)-(bpe) 2(SDZ)-(bpa)
Chemical formula C16H17N502S C50H44N14O4SZ C16H15N502S C16H14NSOQS
Formula mass 343.41 969.11 341.39 340.38
Crystal system triclinic triclinic triclinic triclinic
Space group P1 P1 PT PT

alA 7.834(5) 10.7093(13) 5.6717(12) 5.734(3)
b/A 9.005(5) 14.1126(17) 7.9548(17) 8.057(4)
c/A 12.310(7) 15.9739(19) 18.104(4) 18.0163(10)
o/® 79.922(7) 90.1960(10) 98.292(4) 78.438(7)
pl° 83.513(6) 105.5040(10) 98.831(3) 81.646(8)
/° 70.167(6) 91.4720(10) 102.779(3) 77.011(7)
v/A® 803.0(8) 2325.5 785.832 796.62
Prealedy g €M™ 1.420 1.384 1.443 1.419
T/K 100(2) 100(2) 100(2) 100(2)

VA 2 2 2 2
Radiation type MoK, MoK, MoK, MoK,
No. of reflections measured 7998 27441 9435 9490
No. of independent reflections 3225 10535 3726 3706
No. of reflections with /> 20(J) 2670 9224 3057 2671
R 0.0450 0.0205 0.0717 0.1351
R; (I>20(D)) 0.0436 0.0343 0.0472 0.0495
wR(F?) (I > 20(]) 0.1298 0.1098 0.1258 0.1315
R, (all data) 0.0536 0.0410 0.0587 0.0674
wR(F®) (all data) 0.1460 0.1249 0.1410 0.1545
Goodness of fit on F* 1.067 0.930 1.058 0.863

CCDC number 847419 847416 847418 847417




Table A-2: General and crystallographic data for salts of SDZ.
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Compound

(4-ap")-(SDZ)

(dmap*)-(SDZ)

(4-pypip)-(SDZ)

Chemical formula

Formula mass

Crystal system

Space group

alA

b/A

c/A

al®

pl°

y°

Plealeay/ g €M™

v/ A

T/K

VA

Radiation type

No. of reflections measured
No. of independent reflections
No. of reflections with /> 2a([)
Rint

R, (I> 20(])

WR(F?) (I>20(])

R; (all data)

wR(F?) (all data)

Goodness of fit on F*
CCDC number

Ci5H16N6O,S
344.40
monoclinic
P21/C
11.9647(13)
8.6341(10)
15.8757(17)
90.00
95.112(5)
90.00
1.400
1633.5(3)
293(2)

4
Mo K,
10799
2882
2397
0.0321
0.0371
0.0983
0.0475
0.1041
1.063
852593

C17H20N6O5S
372.45
monoclinic
P21/n
9.1978(10)
15.1948(16)
13.3595(14)
90.00
109.537(5)
90.00
1.406
1759.61
293(2)

4
Mo K,
11383
3081
2628
0.0241
0.0352
0.1017
0.0438
0.1125
1.079
852594

C1oH23N50,8
413.50
monoclinic
P21/n
9.3362(13)
15.684(2)
13.6864(18)
90.00
105.497(4)
90.00
1.422
1931.23
100(2)

4
Mo K,
22717
4714
4107
0.0286
0.0354
0.1088
0.0421
0.1208
0.867
847415
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APPENDIX B: ADDITIONAL CHARACTERIZATION DATA
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Figure B-1: Mass spectrum of N-methyl tpcp. The fragment at 1009.0709 m/z represents
CaaHaaNyl3 (M-I).
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Figure B-2: Mass spectrum of N-ethyl tpcp. The fragment at 1065.134 m/z represents
CagHsoNyl3 (M-I).
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Figure B-3: Mass spectrum of N-methyl tpcp. The average fragment from the three trials
was found to be 1009.071 m/z., representative of Cs4H4aNyl3 (M-I).
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Mass spectrum of N-methyl tpcm. The average fragment from the three
trials was found to be 1009.072 m/z., representative of C44H4aN4l3 (M-I).

Figure B-4
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Figure B-5: Overlay of 'H and "*C NMR data for the photoreaction of 2(mpec)-(4-Br
res). (Top = enlarged aromatic and cyclobutane regions).
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