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DISSERTATION ABSTRACT

Chrisgen Lee Vonnegut

Doctor of Philosophy

Department of Chemistry and Biochemistry

March 2016

Title: Design and Application of Fluorescent Sensing Scaffolds Based upon and Originating

from Conjugated Aryl-ethynyl Systems

The utility of fluorophores for sensing applications in the current state of the art of
biological imaging hardly needs to be stated. The use of fluorophores in exploring and
determining the internal structure and active dynamics of cellular processes has been pivotal,
allowing us to explore areas of study inaccessible through other means. A simple search of
fluorophores in Scifinder® demonstrates their popularity, as the number of hits increases
year after year, until the year of 2015 when there were 1400+ journal articles published with
the phrase. Fluorophore applications range far and wide, from sensing applications related to
environmental concerns, to public health, to clinical usage. Fluorophores have been
developed to detect explosive residues, to monitor environmental pollutants, and even to

detect illicit substances.
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In cellular applications, a fluorophore needs to be well suited to examining the
relevant processes, including participating in the cellular milieu, and actively signifying the
phenomena that are desired. Chapter I examines the usage of alkynes in fluorescent sensing
scaffolds and gives a survey of their applicability in the field. Chapter II demonstrates the
utility of disulfide-based macrocyclic scaffolds in the design of supramolecular hosts for
chloride anions and their use as solid-state sensors for these anions. Chapter III explores the
synthesis and application of an alkyne-based scaffold in the reversible detection of
dithiol/disulfide redox flux and a new mode of quantification of dithiol-disulfide redox
couples, a classically difficult area of study. Chapter IV focuses on methods utilized to
improve the disulfide-based redox sensing capabilities. Chapters V and VI explore the
properties of a new fluorophore scaffold discovered during research into another sensing
scaffold, demonstrating a new reaction which yields a heretofore underexplored heterocycle
with novel photophysical and supramolecular behaviors.

This dissertation contains both previously published and unpublished co-authored

matetial.
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CHAPTER 1

ION AND MOLECULAR RECOGNITION USING ARYL-

ETHYNYL SCAFFOLDING

This introductory chapter was published with Blakely W. Tresca, Darren W. Johnson
and Michael M. Haley in Chemistry, an Asian Journal as a review on pages 522—-535 of Volume
10, Issue 3 in March 2015. Both Blakely and I contributed significantly to the main text of
the review, while Profs. Johnson and Haley provided editorial support. This introduction
leads heavily into both anion host design and fluorophore mechanisms as a theme

throughout the dissertation.

INTRODUCTION

The use of defined, preorganized scaffolds for host-guest chemistry originates in the
discovery of cyclodextrins, and the recognition of their rich intermolecular interactions in the
earlier half of the 20th century.' Quickly thereafter, the field of inclusion chemistry exploded
with the advent of crown ethers, cryptands, and cavitands, which defined the discipline of
supramolecular chemistry.” Since their inception, synthetic molecular hosts have utilized a
variety of linkers to elaborate their binding cavities. Oftentimes, structural rigidity must be
considered as a design principle in host construction. For example, a large segment of
macrocyclic receptors use the rigidity inherent in aryl-aryl linkages to create the appropriate

geometries for suitable guest inclusion.” Alternatively, inclusion of an alkyne linkage between



aryl groups has been utilized within synthetic molecular hosts, both for its ability to directly
connect two units by an essentially inflexible spacer, and for the electronic conjugation it
enables between the two aryl units.* Alkynes are installed synthetically via a variety of well
proven techniques. Classically, the alkyne functionality can be formed through
dehydrohalogenation reactions or via nucleophilic attack of an acetylide anion. There are also
a number of routes to access the alkyne unit from carbonyls, via the Corey Fuchs reaction,
the Colvin rearrangement, or the Seyferth-Gilbert homologation.” These methods all suffer
from harsh reaction conditions, typically requiring a strong base and thus precluding the use
of more functionally diverse starting materials. Some work has been done to extend the
scope of these reactions to gentler conditions, such as the modified Bestmann-Ohira
homologation, though this route is still limited to the formation of terminal alkynes.® For the
preparation of arylethynyl linkages, however, few reactions can match the robustness and
versatility of the Sonogashira cross-coupling reaction.” A large variety of aryl-ethynyl
scaffolds are now easily accessible because of the gentle conditions, high yields, and wide
functional group tolerance of this reaction.

As the supramolecular chemistry field has grown and the need for new receptors has
increased, the alkyne linkage has emerged as a useful rigid unit for construction of receptors
with designed cavities. In addition, this motif allows spatial separation of the binding site and
a spectroscopic handle, yet still confers the electronic effects of the binding event. In this
way, the binding event and the spectroscopic changes can act independently, with the alkyne
acting as a wire to convey the electronic perturbations of the binding event to the
spectroscopic site.

In this Focus Review, we explore recent advances in the use of aryl-ethynyl receptors

in the host-guest chemistry of analyte sensing. The major families of analytes are covered,
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from cationic metal species to anionic or neutral species prevalent in biological systems. As
well, we cover usage of these hosts in development of sensor molecules for a variety of
applications, such as detection of chemical weapons. This is not intended to be a
comprehensive review, but rather a survey of recent literature exemplifying the utility and
versatility of the aryl-ethynyl unit as a structural and/or sensing motif in the construction of
molecular receptors. This review focuses mostly on the use of small-molecule synthetic
hosts. Except for a few specific examples, the vast, well-studied area of arylene-ethynylene
polymers in such sensing applications will not be covered as it has already garnered multiple

reviews.'"

SENSING STRATEGIES

Numerous strategies for the detection of analytes have been employed in recent
years. The classic observable changes utilized are either colorimetric or fluorometric,
although sensors based upon a gelation response or other physical state changes have also
been developed.'”" Chiroptical changes measured by circular dichroism (CD) enhancement
is emerging as a new method for analyte detection."*"” Fluorescence remains the most
commonly utilized spectroscopic change because of the enhanced sensitivity compared to
colorimetric changes. Fluorescence also lends itself well to sensing within biological
microenvironments, such as those inside cells, as native fluorescence of cells can be filtered
out by selecting a fluorophore possessing non-competitive emission or excitation.'*"" As
well, the variety of fluorescence mechanisms aids in the design of sensor molecules.

The more common and more widely understood mechanisms are photo-induced electron
transfer (PET), intramolecular charge transfer (ICT), metal-ligand charge transfer (MLCT),

twisted intramolecular charge transfer (TICT)," electronic energy transfer (EET),
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fluorescence resonance enetgy transfer (FRET), and excimer/exciplex formation. Some of
the more recently developed fluorescent mechanisms are aggregation-induced emission
(AIE)" and excited-state intramolecular proton transfer (ESIPT). All of these methods have
been utilized for detection of analytes, with particular attention paid to AIE and ESIPT in
recent years.”!
The aryl-ethynyl scaffold can readily participate in many of these mechanisms, as it
provides a rigid structural unit for the formation of an appropriate binding cavity, allows for
conjugative communication between aryl units for appropriate fluorescent responses, and
has fewer degrees of freedom than an alkyl chain, disfavoring non-radiative decay. While free
rotation around an alkyne-arene C-C single bond can lead to detrimental non-radiative decay,
this conformational flexibility provides a useful handle for sensing purposes utilizing AIE or
TICT (Figure 1.1), where inclusion of an appropriate guest can restrict rotation and yield a

spectroscopic response through either twisted relaxation of the excited state, or aggregation

of the now-hindered fluorophote to initiate an AIE process.”

Figure 1.1. Two common fluorescence mechanisms used in sensing: AIE, here hindrance of
internal rotation via aggregation reduces non-radiative relaxation, and TICT, where

interaction of a suitable guest causes the TICT state to no longer inhibit fluorescence.



Classically, sensor molecules were built utilizing principles outlined in de Silva's
seminal review of fluorescent recognition events. For a PET-based response (Figure 1.2),
the common method of sensor design utilizes an electron-rich donor site (D) as the
recognition element tethered to a fluorophore (F). Until the binding event occurs, PET from
the donor to the fluorophore quenches fluorescence; however, upon coordination of a
cationic or suitably electron-poor guest (G), electron donation ceases and fluorescence turns
on. This technique has been utilized since the eatly 1970s to build sensor molecules, and can

be related conceptually to the original complexone sensors first described in the 1950s.”

Figure 1.2. Illustration of PET mechanism for sensing. Coordination of a guest (G)
diminishes the electron-donation of the chelating group/electron donor (D), thus stopping

quenching and enabling the native fluorescence of fluorophore (F).

For many fluorescent sensing mechanisms, the aryl-ethynyl functionality confers the
three concepts of the so-called 'magic triangle' of sensor design: rigidification, to confer a

large photoluminescent quantum yield (PLQY); preorganization, to build a binding site
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already tailored to the intended guest; and electronic decoupling, where the binding subunit
and fluorophore are spatially separated enough to inhibit direct interaction of the guest.” To
control the signaling response of the host molecule, modification of electron-
withdrawing/donating groups attached to a fluorophore significantly affects the
spectroscopic changes of the binding event. For example, in our studies, changing the
appended groups alters the electron density within an anion sensor and thus the nature of
the fluorescent response from different anionic guests (see below).”*

Conformational changes upon a binding event can also play a large role in
spectroscopic sensing responses. Alkyne linkers provide an axle about which the host
molecule can rotate, affording differing conformations upon inclusion of diverse guests.
Within our group we have found that an aryl-ethynyl scaffold can adopt varying
conformations in the solid state or in solution when influenced by a guest (see below).”?

These conformational changes have a direct effect on the conjugation throughout the

system, giving rise to differences in the emission spectra.

CHARGED SPECIES

Cations

Sensing and quantification of metal cations in solution and complex media are
needed due to their environmental prevalence and human health relevance (both beneficial
and detrimental). In humans the three most common transition metal cations are Fe, Zn,
and Cu.” Since disruption of homeostasis by these metal ions is causative in many diseases, a
more complete understanding of their roles in the body would be beneficial to the medical

field””" In addition, the detection of heavy metal cations such as Cd, Hg, Cr, and Pb is an



integral research area due to their presence in waste streams and their detrimental effects on
living organisms. Molecules selective for these metal ions are thus essential for both
environmental and biological sciences. To this end, many sensors based upon aryl-ethynyl
scaffolding have been developed to detect metal ions in recent years, with some key
examples outlined below. While there are many mechanisms to sense metal cations based
upon the variety of interactions with the host molecule, that subject is not broached here as
a number of comprehensive reviews are available in the literature.””’

A tris-phenanthrolyl oligomer connected via ethynyl linkers was used to selectively

111

sense Cr'" over other metal cations.” Upon full occupation of the three phenanthroline

units, the emission spectrum was shifted by 100 nm, allowing quantification across a range
of concentrations. An OFF-ON assay to determine the concentration of Ct'"in solution was
realized through the Cu" complex with quenched fluorescence; in the presence of Ct'"" the

emission was restored. In addition, a ratiometric assay of Ct" and Ct"'was possible through

the use of monomeric 1 (Figure 1.3).

o)

Figure 1.3. Two examples of metal coordination by nitrogen lone pairs in conjugated
fluorophores: an alkyne substituted phenanthroline monomer (1) for fluorescent detection of

Cr" and a donot-acceptor (D-A) fluorophore with a 4-pyridyl receptor (2).

Similar utilization of an acetylene unit as a conjugative linker was realized by Tung,

who employed a D-A dyad connected via an alkyne bridge to detect Pb" in solution (2,
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Figure 1.3).” The 4-pyridyl unit coordinated to Pb"ions and changed the nature of the D-A
interaction to give a measurable UV/Vis spectral response, with a binding constant of
log(K.) -3.76 in acetonitrile. Interaction between Pb" and the donor tetrathiafulvalene (TTF)
led to no spectroscopic change, as demonstrated with a phenyl analogue.

TTFs are widely used as donors in sensing scaffolds. In one example, a crown-ether-
fused n-expanded tetrathiafulvalene (3, exTTF) attached to ethynyl anthracenes experienced
PET quenching of the anthracene fluorophores (Figure 1.4) similar to classical complexone-
type sensors. *' Upon binding a cation, the donor ability decreases and disables PET to yield
an OFF-ON fluorescent sensor for cations. Receptor 3 displayed a selective spectroscopic

response for large, soft cations such as Ba** .with a log(K,) of 4.11 in THF.
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Figure 1.4. Structure of a crown-ether functionalized n-expanded fluorophore for the
detection of large, soft metal cations. Inclusion of a cation within the crown-ether pincer
limits PET between the exT'TF donor and anthracene fluorophore, recovering the

anthracene fluorescence of 3.



Alkynes define the binding pocket with naphthalene walls in cation sensor 4 (Figure
1.5), allowing selective fluorometric detection of Fe'" ions over a variety of other metal
cations.” The alkyne linker provided facile synthetic access to the target sensor molecules

(through Sonogashira methodologies) and rigidified the binding site.

Figure 1.5. Pincer-like molecule 4 with conjugated aromatic walls selectively senses Fe'' via

an ON-OFF quenching response.

Cruciform-shaped molecules have been extensively employed as sensors for metal
cations as well as for neutral molecules. Bunz et al. found that a series of structures such as 5
and 6 (Figure 1.6), when utilized in a differential sensing array, could discriminate between a
variety of metal cations and amines via both colorimetric and fluorometric responses and
solvatochromic behaviors.*** Variants with non-conjugated amine substituents selectively
interacted with Zn*" cations over other metals, while those with conjugated coordinating
groups had differing responses.”’ These structurally simple systems provide superior
HOMO-LUMO separation along the X and Y axes, yielding distinctive solvatochromic and

analyte-sensitive spectroscopic changes.



Figure 1.6. Cruciform molecules 5 and 6 with donor and acceptor groups or differing

coordination groups.

Another class of cruciform sensors based on 1,2,4,5-tetrakis(arylethynyl)benzenes is

1. ¥ where the molecules were found to have selective

exemplified by the work of Haley et a
responses to a variety of metal ions. This class of aryl-ethynyl cruciforms has seen extensive
exploration in the literature from fundamental structure-property studies as substructures of

49-50

larger dehydrobenzannulene derivatives,” ™ as well as by the group of Baxter in their work

on strained- and oligo-cruciform aryl-alkynyl systems.”" >

Anions

Anion Sensing Mechanisms

In recent years, anion recognition has begun to compete with cation sensing in the
literature as a major research thrust. Cation sensor development was spurred in the mid-
1960s by the advent of crown ethers and continues to be quite thoroughly explored >
Anion recognition has been slower to progress because of the difficulties of sensing anions

over other analytes, with numerous books and reviews citing pootly-defined solvation
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geometries, low basicity, and high hydration energies among the limitations in coordinating
anionic species.”*™ A wide variety of mechanisms have been employed to produce a sensing
tresponse for an anion over competing analytes.”

Fluorophore collisional quenching (CQ)) is the most easily accessed mechanism for
anion sensing, with a variety of neutral and cationic fluorophores having been developed
based on this mechanism. Fluorescent polymers are able to maximize the resulting
fluorogenic response by providing multiple binding sites. Bringing the anion closer to the
fluorophore, as in guanidinium probe 7 a, can also increase the degree of emission
quenching (Figure 1.7) ® The enhanced proximity produced a four-fold improvement in

CQ response compared to a similar ammonium probe.

H:N - @ NMes
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Figure 1.7. Demonstration of CQ in anion receptor design. Guanidinium appended
fluorophore 7a provides hydrogen bonding and ion pairing in close proximity to the

fluorophore for a more robust quenching response compared to ammonium probe 7b.

Another method utilized in the design of fluorogenic anion sensors relied on PET
induction. Unlike the turn-on response commonly encountered with cations, anions produce
a turn-off fluorescence response when the mechanism is PET-based, as anion chelation
induces in increase in electron density, and thus a more efficient PET process. This
mechanism has been used extensively to produce sensors for the common anionic water

11



contaminant fluoride. °' In the BODIPY-based probe 8 (Figure 1.8), the terminal triaryl-
borane sites are able to selectively coordinate F~ in the presence of competing anions due to
the strength of the B-F bond. The additional electron density of the ArBMes2F" subunit then

quenches the appended BODIPY dye upon excitation via PET. *

Figure 1.8. Addition of fluoride to aryl-ethynyl BODIPY fluorophore 8 quenches the

BODIPY fluorescence via a PET mechanism.

PET anion sensors also utilize protons as messengers to detect anions, especially in
the case of more basic anions such as F". A solution of hemi-cruciform 9 (Figure 1.9)
exhibits a large bathochromic shift and quenched emission upon addition of excess
tetrabutylammonium fluoride (TBAF), likely due to deprotonation of the benzimidazole
core.”’ A similar response to acids, bases, and differing anions was also observed with
cruciform 10. ** Gratifyingly, through the analysis of a combination of PET effects on
emission and solvatochromism allowed the absolute identification of numerous amines,

boronic acids, and anions through differential analysis.  As with all cruciform structures,
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their interesting fluorescent behavior is attributed to the excellent orbital separation of the
HOMO and LUMO, enabled by alkyne structural units, which facilitates energy transfer

during fluorescence and is easily perturbed by analytes.
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Figure 1.9. Cruciform architectures 9 and 10 used for the identification of whole structural

families by differential analysis.

Altering the angle or freedom of rotation about the alkyne can also cause a change in
fluorescence upon anion binding, reminiscent of the aforementioned sensing strategy
utilizing TICT.” The first examples of such a system were bis-ureas 11 and 12 with a mono-
ot di-yne linker (Figure 1.10). © A low barrier to rotation provides easy access to the desired
syn binding conformation from the stable unbound anti conformer. In addition, anion
induced planarity increases the barrier for non-radiative internal conversion, and the result is
an OFF-ON fluorescent response to Cl. The effect of induced planarity is reinforced by
titrating in AcO", which binds 1:2 to a solution of 12¢CI', and observing a decreased PLQY
as the AcO" displaces Cl. Whereas both PET and collisional quenching mechanisms result in

ON-OFF fluorescent responses, the free-rotation around an alkyne enables an OFF-ON
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response, which is a boon for analytical purposes due to the dramatic enhancements in signal

to noise ratios.

Figure 1.10. The ability of aryl-ethynyl receptors to provide a desirable turn-on response to
anions was discovered using bis-ureas 11 and 12. CI binds 1:1 and turns on fluorescence,

while AcO™ binds 1:2 and turns off fluorescence.

Insight into the OFF-ON response can be found in the parallel field of molecular
switches. The lowest energy conformation of molecular rotors 13 and 14 is 'closed' in the
unbound state with two intramolecular hydrogen bonds (Figute 1.11)°" The alkyne can be
switched to a second 'closed' state by introducing CI', and the rotor now forms a stable
complex with two intermolecular and one intramolecular hydrogen bond. A new Na™
complex has been observed by cryogenic ion vibrational predissociation spectroscopy that is
analogous to the rotational transition state between the two 'closed' states.”® The 'open' state
can also be considered similar to the unbound state of an alkyne anion host that lacks

preorganization.
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Figure 1.11. Cryogenic ion vibrational predissociation experiments reveal three distinct

states of aryl-ethynyl molecular switches 13 and 14.

AIE is another promising mechanism in the design of OFF-ON fluorescent sensors.
The close packing of fluorophores into aggregates blocks non-radiative relaxation pathways
through intramolecular motion, similar to the alkyne rotors. The Allen group's synthesis of a
series of fluorescent lipid mimics incorporating both an anion coordination site and the
zwitterionic phosphocholine group (15, Figure 1.12) is one application of AIE in anion
sensing.” The urea and phosphate groups form emissive head-to-tail dimer aggregates in
non-coordinating solvents, and fluorescence studies revealed that while weakly basic anions
(CI' or NO») do not disrupt aggregation, more basic anions (H.PO4 or HCOj5) cause

dissociation and quenching.
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Figure 1.12. Phospholipid mimic 15 forms head-to-tail aggregates that are emissive through

an AIE mechanism.

Selectivity

Considerable effort has gone into the design of reporting mechanisms for anion
sensing, which is only one half of the necessary design principles. The other aspect of anion
detection is providing these sensors with anion selectivity as well. To accomplish this, a
variety of methods have been used to develop catalogs of discriminating hosts by altering
selectivity within a single structural family. The most direct method is to alter the size or
shape of a rigid binding pocket. For example, the constrictive binding pocket in bis-
indolocarbazole macrocycle 16 forces Nj™ to bind upright, or perpendicular to the plane of
the host (Figure 1.13) The N3 can rotate 90° to bind parallel to the plane of the host simply

by expanding the pocket to 1,3-diyne 17.
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Figure 1.13. Ethynyl-linked bis-indolyl host 16 binds N5~ in an upright fashion,
perpendicular to the host plane. Extended diethynyl-linked bisindolyl host 17 is able to

accommodate linear N5~ inside the binding pocket, parallel to the host plane.

Selectivity through bottom-up design can nonetheless be time-consuming. As a
result, several groups have developed methods for quickly modifying existing hosts to equip
a trusted scaffold with new selectivity, for instance, molecular self-assembly, post-synthetic
modification, and photoswitching. A particularly ambitious method for quickly building a
library of hosts is through the anion-templated assembly of coordination complexes. Two
[M21.4]*" monomers, with M = Pd" and L. = 18 (Figure 1.14), assemble around a single BFy
into an interlocked structure, [M2L4],*", with two additional binding pockets.”" The
interlocked structure encapsulates BF4 , as observed in '’F NMR and ESI-MS data. The
[M2L4],*" complex also exhibited allostery in Cl” binding, where the first Cl equivalent

caused a collapse of the outer cavities and facilitated the binding of a second CI".
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Figure 1.14. A variety of acetylene linked pyridine ligands employed for constructing

[M21.4]** and [M21.4],*" cages for anion recognition.

A single step modification of 18 led to more sterically demanding ligands 19-21
(Figure 1.14), which formed stable [M21.4]** complexes with BF, templates. Adding CI
drove formation of a [M21.4],*" interlocked cage with CI trapped inside the smaller central
cavity.”” The smaller central cavity leaves more space in the outer cavities, and the weakly
bound BF, undergoes ion exchange with ReOy , to give the final structure
[Pd21.4];[Cl][ReO4]>’*, Photoswitchable ligand 22 forms a stable [M21.4]*" cage upon
addition of Pd" ™ This structure reversibly switches between open and closed conformations
upon irradiation with UV (open—-closed) or visible light (closed—open). The open cage has
a 47-fold higher affinity for BioF12” than the closed cage, likely due to increased rigidity
preventing Pd" to Bi.F1,” close contacts. The ability to control anion binding or selectivity
through light stimulus is an exciting opportunity for controlling anion concentration or

removing harmful anions with a recyclable host.
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Not surprisingly, the complex host-guest interactions that are important for efficient
anion coordination can also be used to quickly change anion selectivity. In systems large
enough to bind multiple guests, such as ditopic receptors, the first guest can be used to tune
selectivity. The 1,3-diyne macrocyclic host 23 (Figure 1.15) is capable of exhibiting two

separate binding modes dependent on anion geometry.”
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Figure 1.15. A tricyclic calix[4]pyrrole macrocyclic host (top) and the x-ray crystal structure
of tricyclic host 23 (bottom) reveals the supramolecular assembly of a [1:2:2] ditopic receptor

with TBA'CI". Hydrogen atoms have been omitted for clarity.

First, two independent binding sites coordinate anions inside through hydrogen
bonds with one cation external and a second found between the anions. Enclosing a cation
inside the binding pocket leads CI to be favored over linear anions and a large cooperativity
factor for binding CI'. Interestingly, host 23 also assembles into a pseudorotaxane by
hydrogen bonding with 3,5-pyridinecarboxamide-N-oxide. ” The smaller binding pocket still

provides six hydrogen bond donors and is selective for the linear anions cyanate and azide.
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In this case, three distinct binding modes have been demonstrated with a single rigid host
molecule.

Rigid host molecules provide the greatest degree of control over the size and shape
of the anion binding pocket. While they can be tuned through synthetic modification and
secondary guest-guest interactions, sometimes the best method is to provide the host with a
certain degree of flexibility to choose its own best guest. Bis-indolocarbazole host 24
(Figure 1.16) binds SO, (K, = 25,000 M) with a 2500-fold selectivity over other anions in
10% (v/v) MeOH/acetone. Conformationally free hosts can exhibit weaker anion binding
than their rigid counterparts; however, this can be overcome by using noncovalent
interactions to favor a preorganized binding pocket. Internal hydrogen bonds organize 24
into a pocket too large for halides, but one that embraces SO4* comfortably through eight

hydrogen bonds. ™

Figure 1.16. Urea appended indolocarbazole 24 forms an internal hydrogen-bond supported

helix, which binds SO4* selectively over other common anions.
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Non-rigid hosts can also be tuned for a desired anion by changing the size and shape
of the binding pocket. We have developed a research program utilizing a modular approach
to synthesize highly conjugated arylethynyl receptors for anion recognition. Unlike many
fluorescent anion sensors, these sensors contain an inherently fluorescent arylethynyl
backbone as opposed to a pendant fluorophore unit. We have previously described a series
of both bis(sulfonamido)- and bis(urea)-ethynylpyridines that exhibit positive fluorescent
responses to anions with the right combination of electron-donating and/or electron-
withdrawing substituents on the pendant phenyl rings. The bis-ureas (e.g., 25-28, Figure
1.17) exhibit a rich solvent-based conformational dependence, showing in the solid state that
"S"-, "U" .aand "W"-type conformations are all possible depending on solvent guests (for

instance, "S" shown in 28, "U" shown in 25-27). 7

30,Y=CH

Figure 1.17. A family of aryl-ethynyl-urea receptors for selective anion recognition.

More recently we designed a NOjs selective probe, realized by modification of the
bis-urea scaffold to add an additional binding site to form an idealized pocket for trigonal
planar anions (e.g., 29-30). ™ The selectivity of 29 for NOs over halides was supported by '

H NMR titrations in 10% DMSO/CDCls. The X-ray crystal structure favors an uncommon
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explanation for selectivity, namely an anion-n type interaction between NOs3 and the alkyne
attached to the central arene, where the anion rests offset from the center of the tripodal
binding pocket. Whereas the anion-n interaction is engendered by electron-poor receptor 29,
it is not observed in the protic receptor 30, which also loses NOs5 selectivity over the
halogens. 'H NMR spectroscopy titrations reveal a large shift in the central arene protons of
30 upon complexation to CI, suggesting a hydrogen bonding interaction (as depicted in
Figure 1.17) not observed in the presence of NOj.

The formation of a C-He**X hydrogen bond is not unique to the tripodal ligand.
Two-armed host 27 (Figure 1.17) also forms strong C-He**X hydrogen bonds, both in
solution and in the solid state.” X-ray crystal structure determination of the 27¢Cl" complex
showed a short and neatly linear C-He**Cl" contact. The hydrogen bonding interaction was
also evident in solution by a large downfield shift of the core proton upon the addition of
anions. The additional hydrogen bond resulted in a 10-fold increase of the association
constant over the free-base form of the pyridine host 25.

Another example of binding in one of our bis-urea hosts surprisingly led to an anion
controlled, three-way molecular switch. Bipy-based ligand 28 (Figure 1.17) was designed as a
selective probe for the complexation of H,POy over halides and other oxoanions. *»®
Including hydrogen bond acceptors and donors in the binding pocket improved the
selectivity by matching the two-donor, two-acceptor architecture of H,PO4 and allowed the
host to bind this guest in a "U" conformation. Titrations and X-ray crystal structures
revealed an alternative "S" binding mode for the halides, wherein a urea arm rotates about
the alkyne linkage to form a C-He**X hydrogen bond at the 3-position of the bipy subunit.
The two distinct binding modes can be accessed sequentially, making the bipy ligand a three-

way switchable probe.
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An extreme case of a conformationally flexible anion host not only requires internal
organization but also relies on two or more host molecules to assemble around a guest. A
family of bis-diketodipyrrole receptors (Figure 1.18) was synthesized to study anion-
templated assemblies. * Diyne 31 formed a [2+2] double helix as the major species under
controlled conditions (I x 10 °*M, low [Cl-], -50°). Appending additional arenes stabilized the
dimeric complex and facilitated observation in solution at room temperature. A cis-Pt linked
ligand was also of a suitable geometry to form [2+2] complexes with Cl” under specific

conditions.

Figure 1.18. Dipyrrole-diketo anion receptor 31 designed to have two anion binding pockets
(top); x-ray crystal structure of 31 complexed with CI” (bottom). TBA™ counter ions and

hydrogen atoms have been omitted.

23



Despite the numerous hurdles set up by anions to hinder efforts in designing potent
and selective hosts, complex coordination events that were previously only possible with
metals have been achieved. The ability of aryl-ethynyl hosts to act as building blocks or
foldamers is not restricted to anions as templates. Methods for using the aryl-ethynyl

scaffold for chiral sensing and even more complex architectures have also been achieved.

EMERGING AREAS

Chirality

Chirality sensing is the basis of many biological processes and an emerging field for
synthetic receptor design. Novel arylethynyl sensors have been synthesized which report the
absolute chirality of analytes. Sensors have also been developed that use circular dichroism
spectroscopy as a mechanism for selective reporting of non-chiral analytes. Polymeric
receptors in the burgeoning field of chiral detection have intriguing prospects for the
assembly of supramolecular architectures to mimic natural structures such as proteins and
enzymes. Though a detailed discussion on the use of polymeric receptors is beyond this
review, a few notable examples will be highlighted in the context of chirality sensing.

Fluorescent aryl-ethynyl polymers have been modified for chiral detection by
incorporating chiral binding sites. The Zhu group used a binaphthalene derivative with axial
chirality, in conjunction with a Schiff base binding site, to give sensor 32, which has

selectivity for (D)-phenylalaninol (Figure 1.19). *
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R=n0Oct

Figure 1.19. Aryl-ethynyl polymer 32 with an integrated chiral receptor unit.

Another interesting area of research for aryl-ethynyl oligomers and polymers is
reproducing the double-stranded helix of DNA with synthetic precursors, which can then be
used as induced chiral reporters. In solution and in the solid state, m-terphenyl polymers and
oligomers such as 33 were found to form an achiral mixture of double helices through
carboxylate salt bridges (Figure 1.20) The addition of chiral secondary amines induced the
dimers to refold into chiral double helices, held together via a salt bridge. The handedness is
dependent on the chirality of the amine and could be measured both in solution by CD and
in the solid state by AFM. Further studies elucidated a large "sergeant and soldiers" effect, as
well as a "majority rules" effect on the chirality.

An oligomeric double-helix was prepared by ring-closing metathesis of salt-bridged
m-terphenyl monomeric derivatives of 33 appended with alkenes. * The dimeric helix
produced a large CD response with little solvent dependence, compared to a model dimer
that displayed a small CD signal. The addition of TFA or Zn*" caused a near complete loss
of the observed chirality in the helix due to disruption of the salt bridges. In addition, Zn**
produced a turn-on fluorescence response. The chirality could be returned by addition of
sequestering agents for the initial stimuli, addition of DIPEA for acid or [2.2.1] cryptand for

Zn2+
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Figure 1.20. Foldamer 33 acts as a chiral reporter in the presence of chiral amines,

generating helices of a single handedness due to the amine’s chirality.
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The design strategy of combining a fluorescent molecule with a probe group has also
been used for modular, fluorescent chirality sensors. A phenothiazine fluorophore linked
with both a chiral amine and boronic acid binding sites furnished 34 (Figure 1.21). The
resulting aryl-ethynyl sensor provided enantioselective determination of a variety of sugars

and organic acids.

35, R = NH,
36, R=CHO v

Figure 1.21. Examples of probes for determining chirality. 34, a fluorescent sensor with
chiral binding sites, shows chirally-selective recognition of chiral analytes. An achiral rotor

within 35 and 36 can be induced to chiral conformations via imine formation.

The Wolf group has developed a chirality sensing scaffold by appending aryl-amines
or aldehydes to a central aryl-ethynyl rod, giving sensors with the general scaffold of 35-36
(Figure 1.21). The functionalized aryl-ethynyl rotors form imines upon reaction with amine
or aldehyde analytes. Chiral diamines or dialdehydes lock the probe in a single chiral
conformer, which leads to a large Cotton effect, and quantitative determination of ee is
possible. Further studies with mono-substituted chiral analytes revealed similar large Cotton

effects and linear calibration curves for ee determination via CD analysis.
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The ethynyl-indolocarbazole anion sensors of Jeong have also been reengineered to
act as both a chiral reporter for achiral analytes and an enantiomer-selective sensor for chiral

89

analytes (Figure 1.22). * The addition of chiral methylene groups to a known
indolocarbazole anion probe produced foldamer 37 with a strong helicity preference
measured by CD in nonpolar solvents. The chiral response of this probe is affected by both
the solvent polarity and the presence of anions in solution. For instance, changing the
solvent from toluene to CH>Cl, or CH