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DISSERTATION ABSTRACT
Hazel AnneFargher
Doctor ofPhilosophy
Department of Chemistry and Biochemistry
August 2021

Title: Physical Organic Studies in the Design and Application of Supramolecular Anion
Hosts

Hosts forsupramoleculaanion bindingareused for a range of applications,
including realtime detection, anion transport, catalysis, extraction, and molecular
machines. These applicatioae the result of thousands of research artiglés
commonly studied anions such as the halatesoxoanionsFundamental workas
allowed researchers to understand how host binding pocket geometggvadent
motifs, and solvophobic effects work in concert to achieve properties required in each
application.

Often overlooked in anion bindingsearch are the hydrochalcogenide anions,
hydrosulfide (HS) and hydroselenide (HSeBoth anions play important roles in
biological systems. At physiological pH, HiS favored over hydrogen sulfide {8), an
endogenous gasotransmitter. HBethe internediate in the metabolic pathway of
selenium.The reactivity of these anionsoweverhas made studying their
supramolecular chemistry challenging. As a result, there are only three famiiest®of

for HS', and before 2019, no reported receptors for' HSe



In this thesis wdocus on fundamental research into anion binding of the
hydrochalcogenide anions. In Chapter Il we show therfiptordor HS€. In Chapter
lIl we investigatehe effect of changinthe polarity of a O H bond orbinding with the
hydrochalcogenide and halide aniombis studyrevealed a preference aharyl Ci H
hydrogen bond donor for HISTo investigate this finding further, in Chapter IV we study
the equilibrium isotope effect of deuteration of tHeHGydrogen bond donor onian
bindingandin Chapter V we use over 423,000HE S contacts found in the Cambridge
Structural Database to create a guide for identifying®CS contacts in the solid state. In
the final chapters of this thesis, we expapdnthe scope of applications of our hosts. In
Chapter VI we show that olmostscan modulate the reactivity of H&nd in Chapter VII
we use anion receptors to disrupt the Hofmeister bias in Hogudl extraction. Finally,
in Chapter VIII we conclude wita summary of host motifs compatible with
hydrochalcogenide anion binding and outline future work

This dissertation includes published and unpublisheautbored material.
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CHAPTER |

INTRODUCTION
This chapter includes an excerpt from previously published aaditt@red material
from Eytel, L.M.; Fargher, H.A.; Haley, M.M.; Johnson, D.W. The road to aryl
CHe anion binding was paved with good intentions: fundamental studies, host design,
and historical perspectives in CH hydrogen bond@tgem. Commur2019 55, 5195
5206. This review was earitten by Dr. Lisa M. Eytel and Hazel A. Fargher, with

editorial asstance from Professors Michael M. Haley and Darren W. Johnson.

Anionic species play diverse and complex roles in environmental, industrial, and
biological systems, which necessitates chemical methods for detecting, sensing,
sequestering, angklectively binding these negatively charged species to understand their
fate, transport, and modes of action. As examples in the environment, anions are often
found as natural and anthropogenic sources of pollution. Arsenate*(AsO
contamination in Barlgdeshi wells has caused one of the largestimais®nings in
history, affecting an estimated 85 million peopMitrate (NGQ') and dihydrogen
phosphate (BPQy') are essential for plant growth and are usdditilizers to increase
crop yield; however, oveapplication of these anions can be extremely detrimental to the
environment, reaching surrounding bodies of water through agriculturaffrand
promoting eutrophicatiofi® As an example in industrial processes, anions such as sulfate
(SQ? ) also serve as major contaminants, and can thereby inhibit the effective

vitrif ication of radioactive waste.



In organisms, anions are essential for numerous biological processes. Chloride
(CI") is used to regulate membrane transport and control nervous system function, and the
misregulation of Clis linked with serious diseases such asticyfibrosis® The
hydrosulfide anion (H9 is currently being studied for its therapeutic potential as a
signaling agent at low concentrations; at high concentrations, however, it is a deadly
toxin and requires detailed monitoring in applications where exposure to the anion or its
conjugate acid (hydrogen sulfide;$) exists’ Anions are even implicated in systems
beyond our own planet. While perchlorate (€)&erves as a rocket fuel additive and
can lead to water contamination problems near terrestilitary bases (such as the Joint
Base on Cape Cod, MA) and near flare manufacturing plants throughout California,
perchlorate was also unexpectedly detected in soil on {1&This finding perhaps
hints at past microbial life on the Red PlaHetnd may suggest a future environmental
cleanup challenge during terraforming by future humans seeking to populate other
locations within the solar systet#.

To understand, and potentially to monitor, the complicated roles that anions play
in these many systems, the complex modes ofach bet ween an anionic 0
mol ecul ar fAhosto have received increasing at
targets for molecular/ion recognition, including: (i) anions tend to be harder to bind by
traditional electrostatic interactiobgcause they are larger, more polarizable, and more
diffuse than comparable cations. (ii) Anions exist in a diversity of molecular geometries,
ranging from spherical (the halides) to planar (nitrate) to octahedraf {S&mong other
forms 23 (iii) Anions typically serve as weak to modég bases, so their speciation can be

pH dependent. As a result, proton transfer might occur ratheretftariyydrogen bond



formation during their interactions with a host. (iv) Anions tend to be highly solvated and
particularly mobile, especially in pa protic solvents. Despite these challenges,
supramolecular hosguest systems have emerged over the past few decades as a way to
continuously monitor anions through reversible, predominantlycoealent
interactions-31°

The first example of a supramolecular ti@s anion binding from our labs was
published in 2008° The receptor features a pyridine hydrogen bond acceptor and
sulfonamide NH hydrogen bond donorg (, Figure 1.1a). Single crystairay
diffraction and'H NMR titrations in CDC4 revealed that the receptor boungCHHCI,
CI', Br', and | depending on the protonation state of the pyridine motif. Since our first
introduction into anion binding, reseansfithin this collaboration has shifted towards a
generalized arylethynyl bisurea scaffoldZ Figure 1.1b). The rigid and conjugated
scaffold imparts UWis absorption and fluorescent properties to the hosts, providing a
useful handle to study anion bindithrough spectroscopic titrations, in addition to NMR
titrations. Our labs have developed a modular approach for the synthesis of these hosts,
providing a platform to design and study arylethynyl bisurea receptors with various
functional groups, bindingocket sizes, optoelectronic properties, and binding motifs.
Over the 10+ years of research, we have designed receptors which are selective for
H2PQOs' 1" NOs',*8 and Cl,'° elucidated host conformational change upon guest
binding!”2%22 and studied their optoelectronic properfig¥.We have also used these
hosts to study specific nesovalent interactions in heguest binding. For example, we
found that anioh” interactions can promote NGselectivity® and have studied the

solvent effect on Clbinding?® In addition, we highlighted a weak 8¢ CI' hydrogen



bond in receptor scaffoltl.2 (X = CH)?*® and subsequently used linear free energy
relationships (LFERY and deuterium equilibrium isotope effects (DEMED further

establish €H hydrogen bond donors as important supramolecular motifs.

1.1 1.2

R = Me, NO, X =N, NH, CH
R = NO,, CF3, CI, F, H, tBu, OMe, NMe,
R' = CF3, H, tBu
R" = NO,, H, OMe

Figure 1.1.a) The first examples of supramolecular hosts for anion binding from our
labs. b) The generalized arylethnyl bisurea scaffold that isstugdied as a
supramoelcular host for anidnnding in our labs.

From here, our research ventured into exploringauaplecular binding of
understudied and reactive anions. In 2016, we published the first example of reversible
supramolecular binding of H%° HS' has been classified as the third endogenously
produced gasotransmitter and plays a role as a signaling molecule in major biological
systems:*° As such, HShas been found to be essential for life, and recent interest in
studying HS as a potential therapeutic for diseases has gfdwmever, HSis also
nucleophilic, reducing, and basid{p= 7.0) at physiological pH (7.4and is sensitive to
both water and oxygen. This reactivity has made the supramolecular chemistry of HS
challenging to study. Since 2016, we are aware of only two other families of

supramolecular receptors which have displayed reversibleiH@ng332Moving down



the periodic table, hydroselenide (HB&nother biologically essential yet highly reactive
molecule®*3%has been entirely overlooked by the anion binding community. Before 2019
there were no recéms published which had been shown to reversibly bind HSe

Chapters Il through V of this thesis investigate fundamental anion binding
chemistry of the oftemeglected hydrochalcogenide anions ldéd HS& We
demonstrate how expanding the guest scdpeioreceptors to include these
understudied anions has unearthed the importance of a specific weaBvabent
interaction in these supramolecular systems. Implementing thalexatloped, modular
approach to synthesizing the arylethynyl bisurea recepitowed us to use systematic
physical organic methods to untangle the-nowalent binding contributions amongst a
mix of additive and competitive forces. Chapter Il describes the first published examples
of supramolecular receptors for HS&The participation of a depolarized aryil 1€
hydrogen bond in anion binding with HSnd HS inspired a subsequent LFER outlined
in Chapter Il probing the effecti® hydrogen bond donor polarity has on the strength
of anion binding® This study reveals an unexpected preference of thehgdrogen
bond donor for HSover HSé&, CI', and BF. To investiate this finding further, Chapter
IV follows work studying the DEIE of ai®/D hydrogen bond donor on HCI', and
Br' anion binding. This exploration culminates in ardepth analysis of GH¢ S
hydrogen bonds in the solid state, found in Chapter V.

Finally, with such a strong understanding of anion binding in these arylethynyl
bisurea scaffolds, we can now study the utility of these molecules in more application
driven research. We have previously published a receptor wigel@ktivity and turyon

fluorescence upon binding in watéjemonstrating the promise of these scaffolds as



fluorescent sensors in cells. Without wagetubilizing functional groups, haver, these

aryl ethynyl bisurea scaffolds display poor water solubility. This can be advantageous in
applications such as liguiequid extraction, however. We previously developed a
receptor with a high binding affinity and selectivity for HS@hich was able to extract
HSQ4 from concentrated sulfuric actdin this thesis, we begin to explore new
implementations for the hydrochalcogenide supramolecular receptors in organic solvents,
as well as dive deeper cmhostmediated liquidiquid extraction. Inspired by
supramolecular anion binding cataly8i&’ and the demonstrated success of
supramolecular hosts to isolate and stabilize reactive and fleeting moféddies,use

our anion receptors to modulate 'H8activity in Chapter VI. In doing so, we strive to

gain new understanding into the design strategies used in nature to control this highly
reactive molecule. In Chapter VIl wapmand upon earlier success in liciiiguid

extraction to initiate a collaboration at Oak Ridge National Laboratory to use our
receptors to disrupt the Hoffmeister bias in ligigiiid salt extraction.

Given the importance of anions in environmental{ietrestrial and
extraterrestrial), industrial, and biological systems, this thesis highlights the utility of
hostguest supramolecular chemistry to study both fundamental anion binding and
applicationdriven research. This work also represents the cardheffort of myself and
many other undergraduate, graduate,dostoral, professorial, and research scientists.
Chapters | through Il include previously publishedazghored material and Chapters 1V

through VIl include unpublished eauthored material.



CHAPTER Il

EXPANDING REVERSIBLE CHALCOGENIDE BINDING:
SUPRAMOLECULAR RECEPTORS FOR THE HYDROSELENIDE (HSe ')

ANION

This chapter includes previously published anéathored material frorrargher, H.A.;

Lau, N.; Zakharov, L.N.; Haley, M.M.; Johnson, D.W.; Pluth, M.D. Expanding

Reversible Chalcogenide Binding: Supramolecular Receptors for the Hydroselenide
(HS€) Anion. Chem. Sci2019 10(1), 67 72. This manuscript was aaritten by Hazel

A. Fargher and Nathanael Lau, with editorial assistance by Professors Michael M. Haley,
Darren W. Johnson, and Michael D. Pluth. The project in this chaptetevakopedy

Hazel A.Fargher, Nathanael Lau, and Professors Michael M. Haley, Darren W. Johnson,
and Michael D. Pluth. The experimental work in this chapter was performed by Hazel A.
Fargher and Nathanael Lau. The crystallographic data in this chapteoieased by Dr.

Lev N. Zakharov.

2.1 Introduction

Synthetic supramolecular receptors have been used with great success for
investigating the solution binding of biologicallgnd environmentallyelevant
anionst®>#34¢ By using reversible, ostly norcovalent interactions such as hydrogen
bonding, electrostatic interactions, and arion i nt er acti ons, a diverse
can be bound ranging from relatively inert anions such as halides and ox&aticms

highly reactive anion&31:32.5854 Although targeting the latter poses many challenges,



reversible binding in supramolecular hosts can be used to stabilizeriegly anions
through norcovalent interactions a manner reminiscent of certain active sites in
proteins>® Despite this potential, examples of receptors targeting higlalgtive anions
remain rare®31:325254 |n particular, the hgrochalcogenide anions hydroselenide (HSe
and hydrosulfide (HS have been largely overlooked despite their considerable
environmental and biological significance. These anions are weak bases that exist in
equilibrium with their gaseous conjugate aclugirogen selenide @$e,pKa= 3.74) and
hydrogen sulfide (£5, pKa= 7.00)3* The anionic species dominate at physiological pH,
as HSe exists almost entirely as H%ad HS is favored over bB by a 3:1 rati§:3356
Although HSé and HS/H:2S are highly toxic at elevated levéf¥;>8both are
essential to life at low concentrations and are produced endogefdti&iiyor example,
H2S has been classified as the third gasotransmaitiegside carbon monoxide (CO) and
nitric oxide (NO) and plays regulatory roles in the cardiovascular, immune, and
gastrointestinal systems, among otfe¥s275! Similarly, HSé is the common but
highly-reactive intermediate generated in the meiabobf dietary selenium (Figure
2.1),233*and it is required for the synthesis of the essentfdbfiino acid selenocysteine
(SeCys)®253SeCys is then incorporated into selenoproteins, such as thioredoxin
reductases and glutathione peroxid&s¥shat play important roles in redox
biochemistry?*® However, the high reactivity of HSeoward both electrophiles and
oxygen makes it difficult to observe directly in biological systems or to target through the

design of selective synthetic recept$t&
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Figure 2.1. Summary of selenium metabolism in the human b8dy.

Understading the reversible binding requirements for hydrochalcogenides could
provide valuable insights into possible receptor motifs in biological environments.
However, we are not aware of any reports showing ldSa viable target for molecular
recognition byanion receptors. Similarly, few examples of reversiblé bigding
exist?®>¥32the first of which were reported by our groups using two distinct families of
modular receptor scaffolds (Figuze?). The initial report was based on a rigid
arylethynyl bisurea recepto?.(™)?° and the second on a flexible tripodal arylamide unit
(2.21),*1 both of which bound HShrough N H---Sand aryl GH---S hydrogen bonds.
Building from these early insights into HEinding, we investigated whether these
receptors could also bind and stabilize the substantially more reactiVam&e. This

was not a trivial descent down the periodic tabl#jough sulfur and selenium share



similar chemical and physical properties, HBeover three orders of magnitude more
acidic and both a more potent nucleophile and reducing agent tha&hIHaddition,
selenium is larger and more diffuse than sulfuf($e84 A; $': 1.70 A)%” making non

covalent and reversible binding moréfidult. 2758

tBu 4 \\ tBu R,
® ) ;
R2
07 "NH HN” 0 NH HN™ O
o) HN
OMe OMe
2.1R 2.2R

R'=—H, -tBu R2=—H, -CF4

Figure 2.2. The two families of receptors used for binding' la8d HS&27:29:31

Herein we reporthe first examples of using supramolecular receptors to
reversibly bind the HSenion, as clearly demonstratedipy/nuclear magnetic
resonance (NMR) titration studies anea§ crystallography. The binding affinities of
our receptors to other relatedams (HS, CI', and BI) were also measured to determine
the importance of factors such as anion size and basicity in binding. Our analysis
revealed that our receptors favor smaller and more basic anions; thus, the greatest
affinities observed were for HSUItimately, these studies provide a starting point for
designing receptors capable of selective binding td H@&ch may provide future

insights into the role of hydrochalogenide anions in biology.
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2.2 Results and Discussion
2.2.1 Synthesis of tetrabutylammoniunhydroselenide (NBuSeH)

To investigate HSebinding to2.1®8Y and2.2°F3, which are both insoluble in
water, we prepared NB8eH by reducing elemental Se with NBti4 in anhydrous
CH3CN (Figure2.3a)%° The crude NBuSeH oil was repeatedly washed with
tetrahydrofuran (THF) to precipitate pure NBeH as a white powder. Single crystals of
NBusSeH suitable for Xay diffraction were obtained by layering a §CHN solution of

NBusSeH with diethyl ether (E®) (Figure2.3b).

()
Sef
NBU4BH4 —> NBU4S€H
CH5CN
rt, N,, 7d
16% yield

Figure 2.3. (a) Preparation of NBi$eH. (b) Thermal ellipsoid diagram (at 50%
probability) depicting thenolecular structure of NB&eH.

Much like the related structure of NB&H,° short contacts (3.9544.248 A)
between the Se atom and C1, C2, and C6 of theeNBunterion are indicative of weak
hydrogen bonding between the aliphatidHbonds of the counterion to the
chalcogenide. The HSproton was located in the solsdiate structure and found to be
pointed away from the NBticounterion. In addition, thtH NMR spectrum of NBiSeH
showed thé4S€ resonance &t6.61 ppm in CBCN. The greater upfield shift of HSe

compared to that of H$i 3.85 ppmj°is consistent with the greater electron density

11



around S& relative to §. We notethat the salt is extremely sensitive tg @nd

colorless solutions of NBiGeH turn dark green upon exposure to the atmosphere.

2.2.2 Bindingexperiments of 2.1 and 2.2 with HSe'

Equipped with an organic soluble source of H8& next usedH NMR
spectroscopy to investigate whet@ei®' and2.2°"3 could bind HSe(Figure2.4).
Solutions of each host (1..0 mM) were titrated with NBi$eH in either anhydrous
10% DMSQGds/CD3CN (for 2.1®Y) or anhydrous CECN (for 2.2¢3), dueto solubility
differences between the hosts. We observed significant downfield shift in thelldlea N
and aromatic CHa proton resonances h1®®Y and in the amide NHa and aromatic CHop
proton resonances h2°F3, Both of these results indicated thiz¢se protons are
involved in binding HSE and matched the recognition units that were previously
observed to be involved in the binding of H@th 2.1" and2.2H.2931 Association
constang (Ka) were determined by fitting the changes in the chemical shifts of these
hydrogen bond donating moieties to a

(Table2.1, vide infrg).”%72

Table 2.1. Binding parameters fdrosts2.1'8" and2.2°2 with the anions used in i
study?
HSe Br' HS' Cl
Host  Solvent Ka PG Ka PG Ka PG Ka PG
(M™)  (kcal mol?) (M™Y) (kcal molY) (M%) (kcal molY) (M'1) (kcal mol?)

2181 10% 460+ i3.63+ 110+ i2.79+0.09 3600 i4.85+ 1700 i4.41+

DMSO-d¢/ 50 0.06 20 + 0.09 + 200 0.06
CDsCN 500
22CF3 CDsCN 290+ 1335+ 67+ 7249+0.06 840 13.93+ 430+ 17359+
50 0.10 7 +80 0.06 50 0.07

aTheminimum error is assumed to be 10% in cases where the standard deviation is less than 10%.
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Figure 2.4. (a) Representation of the host guest equilibrium bet@eéty and HSEé. (b)
H NMR titration of 1.6 mM2.1®BY with NBusSeH in 10% DMS@ds in CDsCN. (c)
Representation of the host guest equilibrium betvi2it® and HSé. (d) *H NMR
titration of 2.0 mM2.27 with NBusSeH in CRCN.

To ensure that the observed binding was reversible and not due to reaction with
HS€ as a nucleophile, we next looked for evidence of covalent modification of our
receptors. In particula2.1®®" has several electrophilic sites, such as the urea carbonyl
and alkyne moieties that could potentially undergo nucleophilic attack by BAifugh
no evidence of receptor modification was observed in titratio@s16fwith HS',2°
treatment oR.1"®" with 20 equiv. HSeresulted in the appearance of new aromatic
signals after approximately 30in (AppendixA, FigureA.3).

To determine whethet.1®®" was covalently modified by HSever the course of
the titration, 6 equiv. HSavere added to a 2 mM solution 24 in 10% DMSO-
ds/CD3CN (AppendixA, FigureA.5). After 1 h there waliitle evidence of new aromatic

signals; however, after 3 h new peaks appear in the spectra. Addition of 20 equiv. of zinc

acetate (Zn(OAe) to the mixture removed HSas ZnSe. The resultirgl NMR
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spectrum showed that the receptor signals return to the same shifts as unradéfified
along with the presence of smaller decomposition signals, demonstrating that the binding
process of HSds reversible within 1 h and over the timescale of the tina¢ixperiment.

To further investigate the minor decomposition produc&1#" with HSe , we
used negative mode mass spectrometry (MS) to look faoB&ining species. We
observed peaks consistent with fragments containing a molecule ba#iBs amss
one alkyne bondAppendixA, FigureA.4), which corroborates the observed
desymmetrization of the aromatic peaks in the decomposition products‘ih KR
spectrum o2.1'8Y, Furthermore, the isotope patterns and mass accuracy of these peaks
unambigiously show that these species incorporate’ HBeese results underscore the
challenges in binding such a highly reactive species and confirm that careful receptor
choice and design (e.g., buliyBu group to protec2.1® from nucleophilic aromatic
subgitution) is needed to accomplish this task.

The simpler tripodal receptor proved to be more resistant to attack by dit®e
we have not observed any evidence of modificatioh25f3 by HSé, even though the
electrophilicity of the amide carbonyl moieties should be enhanced due to the presence of
themetaCFs groups. Coupled with the resistance2df®" to HSé, this result
demonstrates how the presence of relatively weakgcowalent inteactions can stabilize
a normally reactive species. As wili®®', HSé binding was also shown to be reversible
by conducting a similar Zn(OAggxtrusion experimen®ppendixA, FigureA.5). After
2 equiv. HSkwere added t@.2°F3, the addition of 12 edqu of Zn(OAc)y returned aH

NMR spectrum identical to that of pu2e2©3. The ability of these two distinct receptor
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classes to reversibly bind HS#gemonstrates the generality of binding of this previously

uninvestigated anion, despite the highly reactive and reducing nature'of HSe

2.2.3Binding experiments of 2.18 and 2.2 with other anions

To better understand the factors influencing Hseding, we also measured the
binding affinities of2.1®®" and2.2°3 towards the related anions HEI', and Bf (Table
2.1). Several notable trends emerged from these studies. For exartiptemaintains a
higher binding affinity for HSethan2.2€F3, even in a more competitive solvent system
(10% DMSQds in CDsCN vs. neat CBCN). This difference in binding affinity between
the two receptors holds true for all of the other anions investigated and is consistent with
our previous studie®;**and may reflect the increased number ©HNH-bond donors in
2.1'8Y compared t@.2°3. Furthermore, this result underscores the importance of
preorganization and directionality in hydrogen bonding in supramolecular systems, as the
rigid ethynyl backbonefd®.1®®" offers more directed hydrogen bonds than the more
flexible aliphatic backbone &.2°F3, Supporting this hypothesis, previous workB!
and derivatives have shown that the central aroméitit [tydrogen bond is unusually
strong, contributing mre than 1 kcal mdlin anion binding energ¥.In contrast,
although recepta2.2™ should donate three hydrogen bonds between titee
aromatic CH hydrogen atoms to a guest molecti NMR spectroscopy suggest that
these interactions are relatively weak, as they are not strong enough to prevent free

rotation of the aromatic rings since thieho protons are not resolved.

Interestingly, both receptors demonstrated a clear preferenbiméong the

hydrochalcogenide anions over the halide anions in the same row. By binding affinities,
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2.18u showed a twdold preference for HSover Cl and a fousfold preference for HSe
over Bf, despite the nearly identical ionic radii of anions witttie same periodic row
(Table2.1). The protonation state of each anion is unlikely to explain the preferential
binding towards hydrochalcogenide anion&iti®" because this receptor contains no
hydrogen bond accepting motifs in the binding pocket.disnguishing factor may
instead be basicity, as the chalcogenides are far better bases than the halid@2{Table
and should thus form stronger hydrogen bonds with the receptors. In contrast, the ionic
size of the different anions appears to be a dantifactor in determining binding

affinity in 2.1 and2.2°F3, In both cases, the smaller row 3 anions' (@l CI) exhibit

an order of magnitude stronger binding than those of the larger row 4 anionsa(tdSe
Br'), despite the higher basicity HiS€ over Cl. Alternatively, because all the anions
have the same charge, the row 3 anions have a higher surface charge density, which may
result in greater electrostatic interactions between the anion and receptor, thus

contributing to the stronger bindj.

Table 2.2. Physical properties of the anions used in this study.
HSE Br' HS CI
lonic Radius (A)®” 1.70 1.84 1.67 1.82

pKa (Conj. acid, H20)3*™ 7.0 3.7 18.0 19.0

gonic radius of §. lonic radius of S&.

We further investigated the impact of anion size on receptor geometry in the
solid-state. Single crystals of [NBJi2.1®®4(SeH)] suitable for Xay diffraction were
obtained by layering an equimolar THF mixture2df®" and NBuSeH under EO in a

glovebox (Figure.5). We compared the metrical parameter2df§"(SeH)] to those of

16



the previously reporte@®[1"(SH)] 2° and R.17(CI)]'? to determine the efféof guest

size on2.1R receptors. The HSguest is bound b2.1®" in the pocket created by one
aromatic proton and four urea protons. The C---Se and N---Se distances suggest that the
strongest hydrogen bonds are formed by the distal urea protons (N2 and N4, {N=-Se)
3.385 A), followed by the central aryl proton (€5e = 3.769 A) then the proximal urea
protons (N1 and N3, (N---Sey= 3.892 A). These results suggested that the Se atom did
not fit well inside the binding pocket @f1®®", since the more constrained proximal urea
protons had weaker interactions e tanion than the more flexible distal urea protons.
Additionally, none of the C---H---Se or N---H---Se angles formed were in the preferred
linear geometry (Tabl2.3). Although similar behavior was observed @A} (SH)] 2°
and[2.17(CI)]' ,?® the larger HSeguest distorted the binding pocket more than the

smaller HS or CI' guests. When distances between the distal urea nitrogen atoms to the
plane formed by the central aryl ring were investgd2.1®4(SeH)] (2.273A)

exhibited much longer average distance ti2ati*(SH)J' (2.109A) or [2.17(CI)]' (2.029

A). In tandem, these results suggest that the larger gist distorts the binding cavity
more than related row 3 anions, perhaps explaining the poorer binding affinity for HSe

in these system$.”®

Table 2.3. Bond lengths and angles in.J®'(SeH)].
Atomic Distance (A) Bond Angle (°)

C1(H)---Sel 3.769 168.38
N1(H)---Sel 4.073 144.15
N2(H)---Sel 3.373 170.23
N3(H)---Sel 3.710 151.50
N4(H)---Sel 3.397 172.68
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Figure 2.5. Thermalellipsoid diagram (at 50% probability) depicting the molecular
structure of 2.1®8(SeH)]. Hydrogen atoms not interacting with the bound 'H8e
omitted for clarity.

2.3 Conclusions

In this study we have presented the first examplewdrsible HSebinding with
two separate supramolecular receptors. Both receptors interact withhitSgh N H
and aryl GH hydrogen bonds and the ability of two structurally distinct receptors to bind
HSe demonstrates the generality of this type okrsible supramolecular interaction.
Additional studies with the related anions'HSI', and BF suggested basicity and anion
size impact the binding affinities of the receptors in polar, aprotic organic solvents. Both
receptors show the greatest bindaffinity for the smallest and most basic anion! HS
The dramatic decrease in binding affinity for larger anions suggests that smaller anions fit
better in these systems, giving our receptors a preference foveiSHSé. The size of

the anion appears tmpact binding more significantly than basicity, as the binding
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affinity of the relatively basic anion HSis surprisingly almost four times less than that

of the substantially less basic but smaller anion THe predictability of these trends
suggestglear enthalpic driving forces behind binding preference, but the role of entropy
cannot be discounted. The analysis of entropy versus enthalpy in our hosts will be
followed up in a future report.

These results, coupled with the development ofiteesynthesis for NBaSeH,
provide a solid platform for development of future supramoleculat HSeptors.
Reversible receptors for HSeertainly require scaffolds resistant to nucleophilic attack
and should be able to bind selenium through suitajaledgen bond donors such as urea
NT H, amide NH, or aromatic CH groups, likely among many others. Furthermore,
receptors more selective for HSeay require binding cavities larger than eitBdf®v or
2.2°F3possess. Such developments will ultimatelyvinte better tools toward
understanding the supramolecular chemistry of the biologicatlgt environmentally

relevant hydrochalcogenide anions.
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CHAPTER Il
TUNING SUPRAMOLECULAR SELECTIVITY FOR HYDROSULFIDE:
LINEAR FREE ENERGY RELATIONSHIPS REVEAL PREFER ENTIALCTH
HYDROGEN BOND INTERACTIONS

This chapter includes previously published andathored material from Fargher, H.A.;
Lau, N.;Richardson, H.CCheong, P.HY.; Haley, M.M.;Pluth, M.D.;Johnson, D.W.
Tuning Supramolecular Selectivity for Hydrosulfide: Linear Free Energy Relationships
Reveal Preferentiali®d Hydrogen Bond Interactiond. Am. Chem. So202Q 142 (18),
8243 8251. This manuscript was-eaitten by Hazel A. Fargher and Nathanael Lau,

with editorial assistance by Professors Michael M. Haley, Michael D. Pluth, and Darren
W. Johnson. The project in this chapter Waselopedy Hazel A. Fargher, Nathanael
Lau, and Professors Michael M. Haley, Michael D. Pluth, and Darren W. Johnson. The
expermental work in this chapter was performed by Hazel A. Fargher and Nathanael
Lau. The computational experiments were performed by H. Camille Richardson, with

assistance from Professor PaulYH.Cheong.

3.1 Introduction

The hydrochal cog®hmni=deGraonuponisé6 (eHCehment ) hy
(HB and hydr d)seareenihdiegh(lHySer eacti ve species t
bi ol ogic®@tsphyemsl ogical pH, these anions a
di protic counterpd@ytantydyodge9e),uswehideh &ir € F
i mportant as a biological gasotransmitter an
respett’t P&y hi gh nucleophilicity and redox @

has stymied man?? bentvteesrt iugmaderosntsandi ng of t he
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properftitdhese anions could abgdabentufhdecsebant
stabilize these reactive species in biology
for "BIChdi ng and detection.

The -kvedwWwn ability of s uperrasmoblleyc ublianrd raencieop
guests through nb3n thoi hailcesn ts tirnatteenga cettsioofnosu nd |
stabilize ®R%nrdiofef specamsattracti ve approac
supramol ecul ar’. cPemigtoypefr él€bntly reported
organic receptsorbd ytdomdn'dtgtebp r eyieng urea or arnm
NFH hydrogen bond (HBH dH&ndBh3I2pas&(guomatic C
3)4° 3Mc*Pe recently, an additionalbiremgpiomdg of |

was repeysé@emi hhat e miH dyBs dBadobFRE3g)itiiel C

§ : o R R o
R. R \N'\‘l NN/
H R 75\ '} /Lr R
H R ,NHN\NXN/N){N\
6}
HBHN 0 H"H"H o
N o R’NYN‘R
o
3.1 3.2 3.3
X =N, CH R =CHs, H, CF3 R = Me, Ph, COOH
R =H, tBu R' = CH3, H, CF;
R'=H, OMe R"=H, CF;
FigBte Recept @il-33mddf fblarlediseHSi bl y ahdHBal |l cont
donors. Only3aend@lpd we Ixtd ears selsown t.o Trheever si b

CiH HB donors that'arnet esrhaocvin win hr eedhef oHChc | ar i

One advantage of wusing synthetic supramol

engineer the receptor scaffold to i mprove sp
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anal ytes. Supramol ecul arulrd cperpdwe su swva ft thl hii g h
applications such as sensingmemkrnrameti on, co

trankyDadsigning seleclti hewsyerems sfodi fHClk ul t

similarity of size and shape to halides. Thi
yet beemndsoclanedoe observed i n 3Hi3Bf @mr evi ousl y
HCh all of wHaod wBttdho alpipmae cClabofe aafsfiimiiltayr t

Si229e3_2,35

CicH HB donors serve as 813Bni Wwliaolg hiheme th
such moieties cou'lbd nbder mignpeddritragntt Heosre HChpes
interacti oni$l®S nHeBtshihoanvienebe® n reported to be
specificity and catalytic 8&dteiswi tiyntefr amdti lina
not | imited to one pseteiked, i  hbuOrather Dpawvece
the Protein Data B&rhk s(ePDB)n ddrnigesr ptro mpd lea. u:
the i mpofiH aHBcedoonforC moti fs in dri'fiumdg heel ect
We have previously investigafl dHRB hkoredrf exnt o

various anioadmng ytpmmsaubdste im uendd owiat h-ngl eatdr on

withdrawi Bg2Amalupsi ofof the | inear free ener
including Hammett plots, revealed a signific
on pol ari zatiioBd aonfd tahnei ocanr ybli nGdi ng-ener gy, at

tradi tH othBaldohor s were perhaps st?’1By consi de
conducting a simillart e ERfifsle HtByadfwntothe pi@har i z

on HChnding could be compared directly to th
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Moreover, these studies can begin to unr a
bet ween selective recodni fiostofgyl malciedes hamsd
behave drastically differently Ks’'g 808"t he di
solvati o®A &édnenmrgiacs,i vities; yet they tend to
their mol eculawi ore caotg nfiitrisotn goleahn c e . Di fferen
could indHcmdedleantihaat iCon i nfluences the selec
anions, which is su@Bp®3atnaedd ilny bp roil orgircead ulstyss |
Additionally, the systematic investigation o
met hods is a rigorous way to uncover other |
mechani sms, binding depecfifeeddtigt i aatdtedt hgr a
these needs, here we demonstrate that LFERS
anidenpendent sol uti onngbdéEnodmlenags uerneedr,g ibeust (asG o
observi-gpamdemt substituent effects and est
CiH Ani o HAB strengtlhedbéawéedersHCHhese insigh
a first step to under st aonfditnhge steh ea nsi uopnrsa naocsl enc
provide design el ements for developing selec

bi ologically relevant anions.

3.Results and Discussion
3.2.1 Symhareasdtsermindati on

A series of sixkxeaeplifet BB@Y¥Ltedi §tieeang onl
the substitupatai hn htethepapdbBicHiPadi&magFiafgyd e C

32), was prepared f b(rH&rE RH Sa nudd i héasiniddietsh (HX h
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BN2Thist hsoysst em, which can bind a guest mol ec

‘N

CiH HB donor ahRdHBodonaorea Was chosen for it
tolerance of and'.cothopsattsi biinl itthyi swistehr iHGsh had
to resilslte imuelveashi | i'cg uaetsttasc ko nf rtohne tthiet rHaQhi c
by preferent'badl'fiBeondhngr Hear i2Py3Thé&ncoval en
series of receptors feat 81°efd, owhei cphr ewai so upsrleyp
by similar synthetic He@fHdpds&adlMRcharacteri z

spectrAprgpoByiifg BAdds) as wel | as by mass spect

3.1R
R = CF3, CI, F, H, tBu, NMe,

Fi gB2Ehe series of arylethynyl bi surea recep

To ensure that mwidtuh édrt &dwogmagthienm ge | cehcatrraocnt e r
iIRsubstituent only afHidBtednoheapddBaoi tiyhef NI
donors as wel I'H NMWMR copmat3rd®d rdefleet hhoes36s3i .x( Fi gur e
Th¥®" NMR spectra oflon&a8IVW® s Gwidtl hedcrt ewiapg or s
(31°Ff showed that the | ar goelotc cdirfrfear éanc & hien aa
protpan=(@pmM?2,7 foll owed by much small er shift

protoins= (@pmM)58and dipsrtoa pinusk e@p M)@.4 oW ser ved a
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general trend of «de@ewmmhiasmilced shitfht imgrefasCiHg e
withdrawi ngiRnaubséi ouenhe 3uG'anBilf hpeerekapptior

revealing the i mportance -wift hrdersabani tnggc eafbeif h e s &

t wo substituents.

O
fa
P
e
)

S (S S S

A

_]\ kol
g o
1 X5l
Jo ol
B umw

90 88 86 84 82 80 78 76 74 72 70 68 66
0 (ppm)

il

:

Fi gB3% NMR spectra3®Binsilf %rdBODEMLt oThe | ar ge st
changef imossi ble HB dapoosoocpeak. for the CH
Additionally, t¥e NMRERhekeeai whabiHs hh@&% (
DMS@/CDRCN and the Hafhpwatt ugs@adamet guantitati ve
influence -withide asaioencatte ondy hRa tsuurbes taibtfuehnet o n
t he -hforsdiegB7(eAppeB)ainck BdpAppeR)sahaxwthleapl ot f or

t he ®BHyrnotCon has a sl ope of 0. @4tREmi by, wit



from thaeomlagemngchmr awi ng natur® ®f9@he subst
Conversely, thea/pfriottsonfsorarteh@ Guride8h GNH B e Os Ro p-
of the plots for these protons are close to
significantly affected by the nature of the
el ectronic communicati on iR estuMestetnd itoheen iusrheeas pr
with increasing distance, which Ps°%Tonsisten
Further morigd, bbhd Bsymotaaaf f etcittewde bty mdcki f i c

which is consistent with previous work from

3. 2H 2NMB ect r distcrogptyi ons

Previous work from our | ab'doeuwltd di nther agytp
mo e favor abiHy HBi didsnuagrggd,stCi ng t hat substituen
pol ari zemayhiasf freoctti ft he bimodenghahfihetprefuh
harder halides. As a result, selectivity bet
achieved in this systemihyHR xddmadrt i magt isfusg .t aTb
t hi s ehsyipso,t we measur K&) bithiddMMR safedtnrids cesp Y
titration exper Biibosts BanixdEbahdledsti x as t he
tetrabutyl asmoshéiilfns DMBT/ C:ON at 25 AC, as sho
ho31Fand ' (HS @gd4)ye All experiments were perforn
anhydrous conditions since the presence of o
guest solutions, noisy NMR spectra, poor dat
reactivity bHAGhweTBint hatstesnsanwere peBXf or med in

anBl2AppemBd, Xasmadd energy of @@ inndingdg3didn esol ut i
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were obtained by ‘“thot € htolKalta i ssoBike afn@it hUo d .
were previously %%dphod tweedr eb yr eouusre dg rionu ptshi s st

under the exact conditions reported in this

CF3

(a)
i X tBu
@ HN O
HN’J*O
Me Me Me Me
LT s o L =
25 X A ;_qun 8 =
1.9 X s l_u_JlA L .
1.6 _r % ik L .
14 _X . oL =
15 & 4 s L -
& 1.0 x A S h L =
T 038 1‘ R UTH S -
2 05 * S TR B .
o 0.4 * s Sud .
0.3 % S TR .
0.2 x 3 A;I_LA L
0.1 X 2 % M L
0.0 (Y BT
LI B B I B L N B I B N L N | N B B L B B L
11.0 10.0 9.0 8.0 7.0 -2.0 -3.0
0 (ppm)

Fi gB4@a) Repr esentgateisan eaqfuitl B&6TH udt HhEb Ween
H NMR titr at3ildfvi 0 hsSEMBA nmM 0-8¢ @OMNE.0
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Tab3dleAs s o c coantsitoanbit rsdfiamesgh r g i eesc efp@ Marts3 1 mM
wi t H, HSSECIl anhidn B 0 %-dCME® at 225 AC.
HS' HSe cr Br'
Host Ka P Ginding Ka P Ginding Ka P Ginding Ka P Ginding
(M) (kcalmolt) (M"Y (kcalmolt) (M)  (kcal molt) (M™) (kcal mol?)
3.1°F 15000 + 15.69 +0.07 940+ 74.05+0.05 2420+ 174.61+0.03 173+ 73.05+ 0.03

1800 80 120 9
31¢ 8480+ 75.35+0.08 810+ 13.96+0.04 2300+ 74.58+0.05 133+ 12.89+0.03
1170 60 180 7
31F 8330+ 15.34+0.07 610+ 73.79+0.04 1890+ 74.47+0.03 134+ 72.90+0.03
940 40 90 7
317 5010+ i5.04+0.10 530+ 13.71+0.06 1780+ 74.43+0.04 120+ 72.84 +0.03
810 b 60 120° b 7
3.11Bub 3600+ 74.85+0.08 460+ 13.63+0.06 1700+ 74.40+0.07 110+ 12.78+0.11
500° b 50° b 200° b 20° b
31WMe2 1660+ 14.39+0.04 360+ 73.48+0.06 1120+ 74.15+0.08 85+8 12.63+0.06
100 40 150

2All values were obtained by fittintH NMR titration data to 1:1 binding isotherm model with the error as
the standard deviation of three titratiGAs4inimum error is assumed to be 5% of Walue."Values were
previously reported by our grps in reference29 (3.1") and35 (3.1®Y).

3. 2 FERsvenal aompend®@nitdrngnds

Wi tKis aBwd naiad ues determined for each host/
endeavored to use LFERs to visualize binding
with one anion and acrgbsis0fy pranhehobtaguess.
agailpwstiRhesub tuemt) ( Fegeméed a stronfg |inear
and halide anion bi nwi thigd readedr ngajteiem gt on atthuer ee | oe
TR substi B3Restummaabkes the parameters of the
det er mionuegdh tlhi near regression. For each anio
q@GbincGagh be attributediRteubbei elfeadr D) 94T IDéE R
LFER fidhrasHSehe’viadbwest wRich we attri'bute to s
withe receptors t AatNMRs snpoetc tdreotseccotpayb |oev ebry t h

ti mescale but has been obsS¥owmpetpngvirecspy oo
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reactivity has been shown $°3 noptohretramstyl syt, e msh et
values for the contribution of the sl opes an
statistically si gfpiahdSsiunat§, tnheea niinntge rtcheaptt baorteh
predictors of anionpbahdesgfon ouvueraybt emmdel

that all the LFERs are statistically signifi

3y —
e B HS
E @ HSe
8 | A Cl|I
N ey
"g, v Br
£ 5 -
O
<

6 —

Fi gB5EFER betowed mgg\weGl u S8Rwfi ¢ H, HBEEE and Br
Dashed |l ines represent the 95% confidence in

Tab3d2Fi t tianng st i csbeftowe@nh@ AfgF & Rfoaah| ons
Guest  Slope Intercept p-value R? RZg
Slope Intercept Model

HS' -0.97 £0.1(-5.14 £ 0.0¢< 0.01 <0.01 <0.010.96 0.95
HSE -0.43+0.07-3.78 £+0.0:<0.01 <0.01 <0.010.91 0.88

ClI'" -0.35+0.0:-4.45+0.01<0.01 <0.01 <0.010.97 0.96
Br' -0.30+0.0:-2.86 +0.01<0.01 <0.01 <0.010.96 0.96
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Several trends can i mmediately be extract
LFER has a negative sl oqwet hidmdmscaabgsitnigt utehnatts n
favor guest binding for all four anions as e
i ncsrienag pol arization, anitHaHBy deoxtoens iasn nadiedi

previous LFERs of HB ré¢&dpioisnaitlh, aweopriev

obser v¥elid®hti mats smaller, more ba¥Tlkes@i ons wit
trends were again observed in tkissagtiudy: f o
HS'evys.) Brt he more basic anion is more strongl

between the anions {ws.t'eé#Sdsvasmhe ,Bart diep s(ma.l d .e,r

anion is more strongly bound. rStHBengvert hba hes
host, and the more diffuse nature of the | ar

As a result of these trends, t'fe LFERs r e
smal | , basic guest) the strongescthemwiami angpr
investigated. Surprisingly, we aHsé®éBsaw that
donor increaseswviwihtdr amvd rneg esluebcsttridamuent s, t he

receptomyefrot hldSot her a®s5i)o.nsThien cnroesats eesl e(cRtirgot
donat i n@1Me3cheopwtsorl i t t | e ' opwreetige@le neci®y. Rdr NHS

0.09 kbal wimelreas the most &h¢basohhwi t hdgawt
difference in binding gdBerngil.Bdt We ®n 0t8h & ctawo

modY , which correspondfotd ancaepasexi masel gct
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32). This unexpected resHl HBidosogsai magaptob®b

route to future, more sefdctH8e supramol ecul

3. Hadnmelt ortey ean i @erp e n duebnstt ief bent s

To better understand and visualize differences in anion binding sensitivity, we
used Hammett relationships (I6G/Ks")  vpsgeneréted by fittingla data to Equation
3.1. Table3.3 summarizes the parameters of each linear fit, determined through linear
regression. These were fit to a modified Hammett equation that includes an origin offset
value €¢). Thereportegp-v al ues f or e achha psslalsigniicant ] , i ndi cat
predictor of anion sensitivity to the polarity of theHCHB donor in our systems, and the
p-values of the regression models show the Hammett plots for each anion are statistically
significant. Nonsignificantp-values forthecontrb ut i on of U to the over
indicates that factors beyond the electronicsoifte sub st i t uemnptondtescr i bed
have a meaningful effect on the change in binding energies for the individual anion
guests. Indeed, forcing the Hammett plot thitotlge origin of the graph does not result

in appreciably different slopedppendixB, TableB.20).

|OE§: Gyt UGB
The Hammett "'plCltasidF BB&@HEshow a smaller su
effect t handdipreotbemathimam kof bedWwoitth atiogeisn
ranging from 0.22 to 0.32. Thepertsé dpresc apteo

and other HB donof9mandumcsegptem shssemsal ues

' Exhaustive efforts to use computational experiments to explain the preference and increasing selectivity of
our receptors for H:ompared to the other anions unfortunately proved unfruitful. See Appendix C for
more details.
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description of how sensitive anion binding i
CiH HB donor. Us i nngc ea n(aA NGO VA )o ft oc ocvoamrpiaar e t he
regression "'moQlealhsd oBer H&end that the sl opes o
pl ots are not AppetiBditabB2el | yThle §d eareindng may
di fferent Dbindingemn(eBdh leS83g)nr ebwrt Hdet supstt |
effect on binding is independent of the i den
HS'e '"ClahnmaBe experi mental | id iHBe rtoinmal mofdfud catt

in this receptor <cl ass.

05 —

i | HS
=3 @ HSe
I ®© A CI_
X 00— ]
X v Br
i

-0.5
NMe, tBu HF Cl CF,
| § I 1 I 1 I
-0.6 0.0 0.6
o

Fi gB6ldammett pl3d%antde,tivBeéRgC| and TBre sliospe of H:

significantl y' diCfl &éidlelBustimatm HfEet he i ncrease
to substituent effects.
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Il ntriguingly, thellogpregdrormadrei 'tHadmemed ft tpH a
bindji ng Q. 7TlablB3&0 .0 ,statistically significan
ot her anions, coApfpeamBiEidbARgl . ANGO@WA (resul ts sl
HSi s more sensitivieeitHo HBha opoIrart ihaat it hre oft hte
i nvestthegsaet feue $ hletr s  weu putsoend pSamaammet er s t o 1 NV
relative inductive/field and resonance contr
each anion bindsnhngtevepbteandakl eESEPP surf ac

the streniHtAAIHBf each C

Tabl eFidt.#t3atg sti csplfoars '"HomsrettStan.d Br
Guest J 0 p-value R2 RZg;
J 0 Model
HS' 0.71 +0.070.07 £+ 0.02< 0.01 0.08 <0.01 0.96 0.95
HSe 0.32 +0.0£0.06 +0.02<0.01 0.06 <0.01 0.90 0.88
ClI" 0.25+0.020.02+0.01<0.01 0.16 <0.01 0.97 0.96
Br' 0.22+0.020.02+0.01<0.01 0.16 <0.01 0.96 0.96

3. Fimdndluct iresornvanbcset ief tenans donondi ng

We first hypothesized ' thechandBiemgetdhesensi
Ssubstituent could be attributed to differenc
t hhB substituellt HBoi hhbi adyhgCwi thhy peoa chhe sarsi on
we fit experi nkesnttao | yiihdeettSewamempeal82 on ( Equatii
which sjppitiersn it met he Hamme3tlt) eoquat icomt i Edwat i
field/inductiveFlefdrdtcsontdreintbgteiedd bggct sohhdeas
byRPAl though our systems should not exhibit
i nvol vi ngH tHB daarpyple 8F(ixB3 2) , resonance effec

been shown to play a significafTab3ddée in ani

33



summar i zreasmettheer spaof each | inear fit, deter mi
regression. The |l inear regressilomptodn each an
parameters F2Candd 9F )(.0 [(Foheel D e ofraaredt fre contr i b
andt o the regressions for all/l anions indicat
are both meaningful contributors storanhen bi
Swalwmpt on pl ots ar e stsatginsgphiiacddaalrdtdy efsargni fi can
contribution of the inB84&yciepdi ¢cate that rfegc te
field/inductive and resonance substituent ef
interactions, do not make meangnghefgicentrihb

Again, forcing the plot through the origin o
(Ap pemBdiaB2e2 ) .
Iogg:;flz IR+ (8.2

To better compare t h34,r ewger ecsaslicounl arteesdu |Itthse
resonance contribution (%RBPteviaoausn binding
computational studies have shown noiresonanc
H HB donor systémPhis ttbhesgamaetphake.into acc
solvent, however, which may be cruci al i n al
anion binding; in fact, our system shows a nh
ranging 47T%m W& were also able to directly ¢
the halidesd/CRCNO%s DIMSOnt dl e4°84&iat)rhi ¢ const an
previously published %R for tedCH&Ui des in a

4. 9YWe found that despite moompgtftomeasobmp
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syst eOndtCHCl t 0o a cohpetnitt iswe t-&/mCs@ N)0,% aDIMS Ot h e

%R contributions &fe identical within error.

%R =— pmm (3.3

We also found that the %R cont-ri butions f
d/CRCN are identical "wavhng mucbr| adgepi teeHB
a njd. Therefore, we cannot ascribe'soch a bi
change in the relative contributions from re
analysis of thesl|lwintlhralftiesnafi maefamment pa
which give more weight to field/in8Quctive ef
indicates that resonance contributions from

binding the 'Hafpea®dsiex B8O n HCh

Tabl eFi3t.stdiatg st i ousl tfir wlann didtkel teo 4 ln @ ePwati ino n
f or Kawehleues ', f drSeEBISah.d Br
Guest I br [ p-value R?  RZg %R
Jf Jr I Model
HS' 1.00+ 062+ -002+ <0.01 <0.01 050 <0.01 099 099 38z+3
0.08 0.04 0.03
HSé 048+ 027+ 0.00+ 0.01 001 094 001 096 093 36+8
0.09 0.05 0.03
Cl’ 028+ 025+ 001+ 0.02 <001 071 001 097 094 47+9
0.06 0.03 0.02
Br' 026+ 020+ 0.00+ 001 <001 096 0.01 097 095 43+8
0.05 0.03 0.02

3. Es@ i matriyoi*®@ & rength through LFERSs

Our next step was to mnabkyerachhanLBBERabdt
el ectrostatic potenti al (ESP) surface of the
bindi ngd70Fi gume | ar 2{ES Pp mapiso wad witdme&kn0i.cO 2 | i

surface for the six rec8ioG¢ds wenv&Pltomputhedr
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The ESP vaHuHBofonhbe Was used to ascertain t
TR substitueit HBadoonart han€ by extension the
four anions. The stati s3bi)c alglry esi gvnitfhi garetvi l
that anion binding in our systems and others
eltercost’at® s ac'antdls®te mrH3 o have a’Obetter fi
0.98) tarRH( B1S@30 ®.M5) could point to attract
than electrostatics, spPpchyasngi mdmotrieomsi gamd f d
bi ngdditnhe | arger anions in our systems. The C
that map!%fort tdiHESRBR,yddcnor di d Inoyt sriegvne afli csatne

l i near fits. Thi s showed tiHattomsi $haot at ke

meani ngf ul to explain the binding; i nstead,
explain the chemistry of binding in these re
MeO, OMe re . R=CF e o0 R=H G ~e R=NMe e e
/ﬂ R /C/ "er "' e — r"r r"' B’ "'
Pt \\VQ ,U\l 'V* ']‘
‘ B < i o A . G
:Bn tBu ? 'f’ k:’a?:r:l e o k# «n;\):n\ :":f » :,. k?a?‘n”\ v{f‘
R =CF3, CI F, H, tBu, NMe, ——
(a) (b) 2o I O %,
FigBTea) Freedlfrcmamepgtwirsg i nto t4hke) AWO conforn

Representat i3leB3ASP awdlips coafl cul ated at t he PB
theory. The values describe the iHnedrBgy at th
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Tabl eFi3t.¢thiartd st i c sheftowe esnheedad FERBP Sur f aces of
mo delmpounds fHSISIECH&SM.d Br

Guest Slope Intercept p-value R? RZyg;
Slope Intercept Model

HS' -105+9-3.17 +0.17<0.01 <0.01 <0.010.97 0.97

HSe -48+5 -2.89+0.1(<0.01 <0.01 <0.010.95 0.94

ClI" -37+3 -3.75+0.06<0.01 <0.01 <0.010.98 0.97

Bri -31+4 -227+0.06<0.01 <0.01 <0.010.930.92
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Fi gB83Esti matiHHdA'HBy$st Cengths for all six rece
anions. '"WHCleaensthSEBw si mi | ar 'l Bowsrangt hengtb
binding inWi HB dberoC mot i f

Tabl eEs3t.i6aayt lHd HBst r e nbgt w8 €d n d foaidnli on's
HS' HSe cl' Br'
Host ESP Aryl CiHé A" HB Strength (kcal mof?)
(kcal mol?)
317 0.0234 -2.52+0.1¢-1.17 £0.11-0.86 + 0.2¢-0.78 * 0.0¢
3.1¢ 0.0219 -2.18 £0.1¢-1.08 £ 0.11-0.83 + 0.24-0.63 = 0.0¢
3.1F 0.0200 -2.17 +0.1€-0.91 £0.11-0.72 + 0.2¢-0.63 £ 0.0¢
3.4 0.0176 -1.87 +0.1¢-0.82 £0.12-0.68 + 0.2¢-0.57 £ 0.0¢
3.1 0.0166 -1.68 +0.1€0.74 £0.12-0.65 + 0.2£-0.52 £ 0.1:
3.1NMe2 00114 -1.22+0.17-0.60 +0.1Z 0.40 + 0.25-0.36 + 0.1(

3.3 Conclusions
Efforts by man§° 3% éEr sveiln talse ofuirelsd udi es
i soed pExcnds LFERSHANHRBEydv e hel peiH EEBsahbti sh

an i mportant anion recognition motif in supr
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apply this, sdudyt o opHE€NiaoruysH  AQpIBsulcauil dn behat
i mportant to b3%®n?di®g these anions.

We therefore used our moidredi mmg ydy sttemsn ytl o
the first examplieeoéptolLFsERnwihihs H@Ganuscript
we al so expanded the family of receptors sho
hydradaclhgeni de ani ons. |l mportantly, we obser\
binding in ¢onpSaeainaoiBon®. CT ladi daF&pR h owvf
that our receptors prefer to bind smaller, n
HSover the other anioniH HBc deaoed awiitdh tiync Fe
Hammett plots illustrated aons ikHsindiincggnihen gr
compared to that of the other thklregé anionic
CiHFA'HB bond strength again 'rbdweldIngd wrhieqwe b
significaiiHt HB Bitglereegt@s were observed.

Taken together, the insights from our inv
needed for wheofiesttl genéwvat ihost s',anmatneri al s,

binding. These studies demonstirildAtieBt he i mpor

donors’, fwhi B may be wutilized to bind this a
a variety of applications in biomedical and
studies on a fairly simple model systems may

wherigeC@ HBs harnedcoHgnhi ti on are gaining attent.i
structur al bi ol ogy. | tiH’IDa $iBseamewélmpoesmalbl i
organocd®’tdahfdy siims defining the structure and f

DNA, RNA, ahdMe’vionhg@i deswn t heH pHBsi oadnidc ottahbelre ,
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noonovalent binding interactions winhk chal cog
CiH*S HBs have been found to be important in
specificity of me&%hurotnh edremarmé ,n o elpa d tdearsiea | c
HSwas found t-oowaslewomnh| moheaul ar recognition
aniléhnd'hHhSs been found in the turnover state
pl ace by HB?Piemthearpasc toiuans.tudi es on fairly si.
hypothesis t hartepQH: sHBnst eadr ei no vbeirol ogi c al exam

recognition.
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CHAPTER IV

DEUTERIUM EQUILIBRIUM ISOTOPE EFFECTS IN A SUPRAMOLECULAR

RECEPTOR FOR THE HYDROCHALCOGENIDE AND HALIDE ANIONS
This chapter includes previougtyblished and cauthored material frorkargher, H.A.;
Nickels, R.A.; de Faria, T.P.; Haley, M.M.; Pluth, D.W.; Johnson, IRGC Adv202],
11, 26581 26585 This manuscript was written by Hazel A. Fargher with editorial
support from Professors Michael M. Haley, Michael D. Pluth, and Darren W. Johnson.
The project in this chapter wdsvelopedy Hazel A. Fargher and Professors Michael
M. Haley, Michael D. Plth, and Darren W. Johnson. Synthesis in this chapter was
performed by Russell A. Nickels. Analytical work and data analysis was performed by

Hazel A. Fargher. Mass spectra were obtained by Fhalis Faria.

4.1 Introduction

Molecular recognition and htbguest binding in both biological and synthetic
systems are often driven by a mixture of competitive and additive primaritgoaient
interactions. Understanding the role of each of these forces in-guestsystem can
reveal insights into the dring forces behind binding and help inform in the molecular
design of future host€? 12> Equilibrium isotope effects (EIE), also referred to as binding
isotope effects (BIE) in structural molecular bioldgymeasure the effect of isotopic
substitution on suprametular interactions through changes in the vibrational energy of
the substituted bond. These studies can be used to elucidate the compiexaient

forces involved in host conformational changes and-gosst binding?" 13°
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Examples from structural molecular biology have demonstrated that EIEs can
reveal mechanistic information in enzysiigand binding event&§%13sotopic
substitution in synthetic supramolecular systems has been used both for labelling
purposes iad for studying individual nogovalent interactions. For example, Bergman,
Raymond, and coworkers used deuterium equilibrium isotope effects (DEIE) to study
benzylphosphonium cation guest binding in a-asembled supramolecular complex in
aqueous solidn.**2 From these DEIE studies, the authors found that attractive ation
interactions in the interior of the host were important for promoting guest binding, and
that QH® ~ and” ¢~ interactions were relatively small contributors. In another example,
Shimizu and coworkers studied the DEIE on the strengtfi Bif C interactions irtheir
molecular balance'$® Both computational and experimental results showed that the
strength of CH® ~ and G D¢ interactions were about equal, settling the debate on
which interaction is stronger and easing concerns about using deuteration for
spectroscopic and labellirapplications.

Previously, we used a DEIE to study @inding with the arylethynyl bisurea
anion recepto#.1"° (Figure4.1) in DMSOds.2® We found an experimental DEIE of
1.019 £ 0.010, which matched the computationptgdicted DEIE of 1.020. Further
computational analysis determined that the DEIE was due to a distaftdai
hydrogen bond geometry, which lead to changes in th&/[Zbond vibrational energy in
the hostguest complex. In addition, Paneth and coworkers performed a computational
study with4.1" and other hydrogen bonding supramolecular&eptors to determine
the EIE of*®3"Cl binding in these hosi$? Because isotope effects, both equilibrium and

kinetic, originate solg from changes in the vibrational energy of the isotopically
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labelled bond, the EIE arising from this study came from changes in the vibrational
energies of the bonds in the supramolecular hosts when participating in hydrogen
bonding with Cl isotopes. Ideed, a linear relationship was observed between the
hydrogen bond donor (D)X bond lengths in the heguest complex and the computed

35137C| EIE.

4.1H: R = NO,
4.24P : R = CF,

Figure 4.1. Arylethynyl bisurea receptoss1™ and4.1° used in our previous DEIE study
of CI' binding. Related receptofis2” and4.2° are used in the current study to avoid
reaction with H53¢

Previous EIE studies with recepthi™® have focused on Cbinding; however,
to the best of our knowledge, no work has yet investigated the EIE of hydrosulfige (HS
binding in this or other systems. HiS a highly reactive anion that plays crucial roles in
biology. At physiological pH, HSis favored in solutin by a 3:1 ratio over its conjugate
acid, hydrogen sulfide (#%). S has been identified as the third physiological
gasotransmitter alongside CO and NO and plays essential roles in physiological 8ystems.
Despite its high nucleophilicity and reducing potential' H& been observed to be

bound through nowgovalent interactions in the protein crystal structure of a bacterial ion

channe¥?!and in the turrover state of vanadiwmontaining nitrogenasié? The
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supramolecular chemistry of H8 understudied in synthetic supramolecular receptors,
likely due to the inherent high reactivity of Hdhdeed, we are aware of only three
families of receptors that have been shown to revgrbind HS 29313236

Recently, we used a series of arylethynyl bisurea anion receptors to investigate
and demonstrate a linear free energy relationship between the polarity efraditonal
Ci H hydrogen bond donor and the solution binding energy 6f HSe, CI', and BF.3¢
A major and unexpected finding of this study was thdt ¢&8nonstrated a significant
increase in sensitivity towards the polarity of tiidHthydrogen donor over HSeCl',
and Bt. Although increasing the polarity of thé Ig hydrogen bond donor did notle
to changes in selectivity between HS8l', and Bf, we observed a-fld increase in
selectivity for HS over Cl, suggesting a fresh approach to selectivere&agnition
using nonRcovalent interactions. In this current study, we label thd Bydrogen bond
donor in an arylethynyl bisurea receptor with a deuterium ad@i{%, Figure4.1) to
further investigate this apparent preference of poi&t Bydrogen bond donors for HS

over Cl and Bf through DEIE.

4.2 Methods

Receptod.2H is a previously reported anion receptor for HS', and Bl and
was prepared by established meth¥d3euterium labelling of the isotopolog4e?® was
achieved by selective monodeuteration of intermediates through methods similar to those
reported in thditerature (Schemd.1).*® The diazonium salt.3 was synthesized in a
71% yield from 2,&diiodo-4-trifluoromethylaniline®® Dediazonation in DMF7 is

catalyzed by FeS{and allows for selective synthesis of monodeuterated intermediate
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44P. The deuteration step proceeds through a radical pathway that used-Rbithe
deuterium source. This deuteration reaction provides efficient deuterium incorporation
even with up to 50% by volume28 in the reaction solution due to the differential bond
strengths in DMF and 4 .13° Sonogashira crossoupling reaction oft.4° and 4t-butyl-
2-ethynylaniliné®’ afforded4 5P in 45% yield. Subsequent addition with 4
methoxyphenyl isocyanate ga#&P in 34% yield. Compound.2® and intermediates

were characterized throudH, 2H, *C{*H}, and'°F NMR spectroscopy and high

resolution mass spectrometry (Fggpendix Q.

isoamyl nitrite
HBF4 FeSO4
gla<:|al AcOH DMF- d7 I I
71% @ 36%
D
4.4°
tBU\Q\/
NH,
—_—

Pd(PPhs),, Cul
iPryNH, THF
45%

toluene
50°C o NH HN o
OMe D OMe
4.2

Scheme4.1. Synthetic route for the selective deuteration of anion recdy@or
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Previous work on the DEIE of Gbinding with4.1%® in DMSO revealed an
experimental isotope effect of 1.019 + 0.010. Therefore, we expected similar small
DEIEs for HS, CI', and BI binding with4.2%®, Typical methods to determine binding
constantsKka) in supramolecular systems use fimear regression fiing of titration
data. Results from this method can be affected by small errors in the known initial host
and guest concentration, quality of the titration isotherm, and subsequent data fitting,
which when taken together often results ih526 errors irKa. To increase the precision
in Ka/KaP data for this study, we used the Perrin method of competitive titraffons,
which has been shown previously to reduce errors in EIE values significantly with errors
as small as 0.0004° In this method, a linearized plot of the chemical shiftd.2f ( )
and4.2° (| ) in fast exchange with amionic guest is fit by linear regression to
Equation4.1. The slope of the linear regression is equal to the DEIE of the system.
Because the linear regression only relies on chemical shift values and is independent of
host and guestoncentration, the precision of the method is limited to the precision of the

NMR instrument and quality of data fitting.

| B o070 1 1 1 (4]

In addition,*C NMR spectroscopy is sensitive to isotopic labelking can show
changes in chemical shifts between isotopomers. We were able to differentiate between
the 3C NMR signals for €, C, and C for free and bound.2" and4.2° (Figure4.2a) in
10% DMSGds/CDsCN, which were similar to those reported 4ot"® in DMSO 28
Competitive’>*C NMR spectroscopy titrations were performed in anaerobic and
anhydrous 10% DMS@s/CD3CN at 25 °C with mixtures af.2" and4.2° in combined

concentrations between 5.71 and 13.46 mM. Altquof the tetrabutylammonium (TBA)
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salts of HS, CI', and Bt were added until the system had reached saturation (Titration
Method A,Appendix Q. In an effort to decrease reactivity of H&@ith 4.27® and DMSO
over long periods of time ardkcrease oxygen and water contaminations, some titrations
with HS were performed by splitting the host solutiord@™'P between four-young

NMR tubes. For each point in the competitive titration, TBASH was added to a new
solution of4.2"P inside an N-glovebox shortly before obtaining*3C NMR spectra
(Titration Method B Appendix Q. The C® C!, and G 13C NMR signals were tracked

for 4.21 and4.2° in each titration for each anion. A representative competitive titration

and linearized plots for Cbinding is shown in Figuré.2.

4.3 Results and Discussion

The DEIE calculated from tracking the chemical shifts of tfie @, and C °C
NMR signals from Cland Bt binding are summarized in Taldel. The results shown
are an average of three trials. Analysis of the data for competitive titratidi2'8fwith
ClI' reveals a normal DEIE of 1.014 + 0.002, calculated from monitoringAf¥CNMR
signal. The € and C 3C NMR signals have the largest percent error in the calculated
DEIE and show no statistically significant DEIE (i.e., DEIE = 1) forhding;
however, because there is only one DEIE in the system, these positions must not be
sensitive enough to the vibrational energy of thelD bond in the free host and the

hostguest complex to reveal the normal DEIE
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Figure 4.2. Representation of the hegtiest equilibrium betweeh2™'® and Cl.
Differences in the chemical shifts between4t®' and4.2P isotopologues are observed
in the'3C NMR signals for the &, C!, and C carbons. b}3C NMR signals for the &,

C, and C carbons ird.2" and4.2° are tracked throughout a titratione} Linearized
plots from fitting the chemical shifts of thé®CCY, and C throughout a titration to
Equation4.1.

Table 4.1. Calculated DEIE for Cland Bt binding. Goodness of fit @Rof the titration
data toEquation4.1 through linear regression is included in parentheses.

2
13C NMR Signall ol DIEIE () Bri
Cc® 0.983 £ 0.017 (0.997 1.006 + 0.010 (0.999
ct 1.006 + 0.007 (0.999 1.009 + 0.0180.997)
c? 1.014 + 0.002 (1.00) 0.990 + 0.046 (0.981

Notably, our experimental DEIE value for' @inding with4.2"°in 10% DMSGQ
de/CDsCN is smaller than the computed value of 1.020 fob@iding with4.1%/P in
DMSO-ds.28 Our previously published computational study revealed that the DEIE of Cl

binding resulted from distorted ured Nf CI' hydrogen bonding geometry affecting the
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vibrational frequency of thei®/D bond inthe hostguest complex. Replacing the NO
functional group int.1"° (0 = 0.78) with a CEfunctional group {p = 0.54) in4.2"/P
decreases the polarization of theHID bond and subsequently makes it a slightly poorer
hydrogen bond donor. laddition, the DEIE of Clbinding in this current study is in a
less polar solvent system (10% DMSOACHN , U ~ 42) compared to th
( DMS O, U = 47). We hypothesi zédHDboadandt he decr
the lower solvent polasteither relieve the distortedi® CI' hydrogen bonding
geometry or decreases its influence on the vibrational frequency of H®®ond in
the hostguest complex. To deconvolute and better understand the role ofiddtb C
hydrogen bond donor polarityid solvent on the DEIE of Cbinding in these receptors,
a systematic study of these two variables would be required, similar to those previously
reportecf>273¢

Analysis of the data for competitive titrations4o®'° with Br' revealed no DEIE
at any of the tracketfC NMR signals; however, each calculated DEIE has a relatively
large percent error (0.994.64%, compared to 0.20% for the DEIE of Bihding),
which could potentially obscure small DEIEs. We attribute these large percent errors to a
limitation in the Perrin method that assumes that the hosts are fully bound by guest at
saturation. This limitation can potentially decrease the precision of this nfethod
weakly bound guests with o, such as Brwhich has &aof 173 + 9 with4.2" in
10% DMSGds/CD3CN at 25 °C6

Using the combined data from 11 experiments, we were unable to determine the
DEIE for HS binding. The ¢13C NMR signal appeared to be the most sensitive to the

change in vibrational energy of thé i&/D bond in the free host and the hgsiest
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complex;however, in over half these trials, data from tAé*C NMR signal showed a
poor linear fit (R < 0.99). In addition, we were unable to triplicate any DEIE from the
data which showed a good linear fit?(R0.99). We hypothesize that the high
nucleophilicity and air and water sensitivity of H8ade it incompatible with the long
experiment times neled for'3C NMR spectroscopy titrations. In addition, HS the

only protic guest investigated in these studies, and it is also possible that vibrational
coupling between thei & motif and the receptor may further complicate the
measurement of these smalEs. Such coupling betweeiit$ and other motifs has been
implicated previously in the IR inactivity ofi 8§ stretching modes in many metal

sulfhydryl complexes?®

4.4 Conclusion

Deuterium equilibrium isotope effects (DEIE) can be used to elucidate non
covalent driving forces behind anion binding in our arylethynyl bisurea receptors. We
endeavored to use DEIE studies to further investigate a preference of polattzed C
hydrogen bod donors for HSover CI and Bt which we reported previousf.In this
current work, we highlight a convenient method to selectively and completely deuterate
the aryl G H hydrogen bond donor in our supramolecular anion receptors. We then found
a DEIE of 1014 + 0.002 for Clbinding with4.2%P. This DEIE was smaller than the
computed DEIE of Clbinding with4.1"® which features a more polarized €
hydrogen bond donor and in a more polar solvent. Finally, we reveal challenges in using
the Perrin methodnd®*C NMR spectroscopy titrations in determining small and precise

EIE for weakly binding or highly reactive guests.
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From this work, we have highlighted several areas that need further research. The
first is to study how solvent and hydrogen bond domdauity affect EIE of guest
binding. A computational study from Paneth and coworkers suggest that both these
variables can be used to influerféé’Cl EIE in supramolecular host¥ We also were
unable to determine a DEIE of HBinding in our receptors, likely due to its high
reactivity. A rew method to determine small, precise EIE of reactive species such as HS
is needed in order to learn more about the supramolecular chemistry of this biologically

relevant anion
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CHAPTER V
CiHé S HYDROGEN BONDING INTERACTIONS
This chapter includes unpublished aneacmhored material. This manuscript was written
by Hazel A. Fargher and Dr. Tobias J. Sherbow with editorial support from Professors
Michael M. Haley, Darren W. Johnson, and Michael D. Pluth. The priojéicis chapter
wasdevelopedy Hazel A. Fargher, Dr. Tobias J. Sherbow, and Professor Michael D.
Pluth. Data collection and analysis was performed by Hazel A. Fargher and Dr. Tobias J.

Sherbow.

5.1Introduction

The past century has provided significadvances in understanding chemical
bonding. Works such as AThe Nature of the Ch
detailed covalency through valence bond thébiiior e recent | y, AThe Nat
Mechani cal Bondo expanded bonding ideas to I
assemblies and molecular machif&8Ve understand that nesovalent interactions play
crucial roles in both small moleleuand macromolecular structure, ranging from the
impact of hydrogen bonding anestacking interactions DNA to the London dispersion
forces that stabilize sterically crowded inorganic and organometallic comptfinds.
While we continue to learn about these phenomena and their effects on contemporary
chemical systems, we also understand that certaktogaient interations may have
been overlooked and are just now being realized for their pot&Hitias.

Hydrogen bondingHB) interactions are among the strongest, most directional,

and most dynamic of the many reversible, weak, primarilycmsmlent interactions.
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These are especially important interactions because without HB, terrestrial life would not
exist. The HB is rgsonsible for the increased density of frozen water, the folding of
proteins, and the setfomplementarity of nucleic acids. A HB must feature both an
attractive interaction and evidence of bond formation between a hydrogen atom bonded
to a donor (D), whiclis more electronegative than the hydrogen, and a HB acceptor
(A).247149 parameters that are often measured in HB systems includé ¢ H) and

D¢ A (L2) distances, and theiBi® A (A1) and R A H (A2) bond angles. Generally,

shorter L1 distances and A2 angles approaching d&ribute to stronger HB

interactions (Figur®.1).

L2 A1
A N AT
D—H "~ p—H- 2/
L1 A2

Figure 5.1. Bond lengths and bond angles often measured in HB systems and will be
describedhroughout the text.

Hydrogen bonding interactions are derived from a mixture of attractive and
repulsive forces that include electrostatics, polarization, charge transfer, dispersion, and
exchange repulsiolt® Electrostatic forces are typically the largest contributing force in a
HB and are directional based the electrostatic potential of thé B and A atoms.
Electrostatic interactions can be enhanced by increasing partial charges on the donor and
acceptor atoms, and therefore can be easily modified through functionalization. The
strength of electrostatic irctions diminishes the slowest of all the attractive forces
with increasing M A distances. Polarization relates to the ability of the HB acceptor to

reorganize electron density to better participate in hydrogen bonding. Charger transfer
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forces are causduy the overlap of a filled lone pair orbital on the HB Acceptor with the
empty O H antibonding orbital. These forces require high linearity and diminish greatly
with deviation from optimal HB geometry and with increasing distance. Finally,
dispersion andxxhange repulsion forces are often referred together as van der Waals
forces, which when combined can be approximated by the Ledoass potentiaf?

These forces are isotropic and genenaigak, which often makes them primary

contributors to nottinear hydrogen bonds.

5.1.1Ci H hydrogenbond donors

Studies surrounding the large field of hydrogen bonding are generally focused on
traditional, strong hydrogen bonds, which gagically found between a highly
electronegative HB donor, such as oxygen or nitrogen, and an electronegative HB
acceptor. These strong interactions tend to be short and highly linear, withHRe\D
bond angle between 170 and 180°. The strength of thBse ¢generally measured by the
distance between the hydrogen and acceptor atom in the solid state; however,
spectroscopic techniques, sucidSNMR and vibrational spectroscopy, can also be used
to characterize hydrogen bonds. With this emphasis on styairggen bonds, weaker
HBA which rely on a mixture of electrostatic, polarization, and Van der Waals dorces
have historically been overlooked. For example, despite the moderate electronegativity of
carbon, €H motifs have emerged as a newly recognizedsad$iB
donors8>107.114.116.15F arly (Ka measurements of substituted benzoic acids showed an
increased acidity adrtho-toluic acid in comparison to thgara structural isomer, which

was postulated to be due to BHE O intramolecular interaction between the methyl
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group and the carboxylate to stabilize the conjugate base (BFg)f€> With many
additional examples, including extensive theoretical calculations;léf O HB
interactions demonstrated since this initial obstBrmait is now widely accepted that

Ci H® O interactions can be classified as a hydrogen bSihis classification has been
expanded to includei®® O, G H¢ N, Ci H¢ Cl, and G H¢ Br HB interactions and has
been well established in molecular bioldg$prganocatalysi&>®>*>®and molecular
recognitiont®”1%8|n fact, recent studies indicaté I8 HB acidities follow predictable

linear free energy relationships (LFER) and show modest isotope é&ffétts.

Beas e
e

pK, = 4.27

+ H+
pK, = 3.96
Figure 5.2. Absence and presence aflCHB in p-toluic acid andb-toluic acid,
respectively.
5.1.2Ci H¢ Shydrogen bonding
Simply moving one row down the periodic table, however, we find thef G
HB interactions arenderappreciated. Studies eb&sed HB acceptors generally focus
on Ni H, Oi H, and other more traditional HB donors, with little investigation idiCS
HB.1%9162WWe find this omission surprising, as both work from our labs and others has
shown that CH HB donors exhibit a specific preference for sulbased HB

acceptors®196.1%n our work in supramolecular anion recognition, we were inspired to
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investigate CH HB donors for binding hydrosulfide (HBafter successful application of
these receptors for Gbinding?® In 2016 we published an archetypal example of
supramolecular receptors for H&sing*H NMR spectrosopy titrations and single
crystal Xray diffraction structural analysis of the hagtest complex, we showed that an
aryl Ci H functional group in the binding pocket participated in hydrogen bonding with
HS and CI (Figures5.3a-5.3b)2° In 2019 we found that even when the aryHbond
was depolarized by an electron donatiigy functional group (Figurg.3c), it still
participated in hydrogen bonding with H$1Sé, CI', and Bt.* This finding inspired a
subsequent LFER investigation, in which we studied how modulating the polarity of the
aryl G H HB donor affected the anidninding strength of HSHSé, CI', and BF.*® We
found that our hosts displayed a prefare for HSover the other three anions, which
increased with increasing polarization of thieHIHB donor. In fact, HSwas
significantly more sensitive towards changinigHCHB donor polarity than the other
three anions, which suggests a distinct setisitie Ci H hydrogen bonding to the sulfur
containing guest. The only other two supramolecular hosts foP+4%oth published in
2018, also use’i® HB donors (Figur&.4) in the anion bindig pocket, which further
supports the idea that polarizedHCHB donors may be particularly important in HS
recognition.

Recent work from our laboratory has also studied how reactive sulfur species
(RSS) interact with metaulfur containing bonds whicle&d to the further isolation of
compounds containing shori B¢ S stabilizing contacts. The reactivity of a
molybdenum tetrasulfido complex, [NB[I'pMoS(S)] (Tp = hydrotris(3,5

dimethylpyrazoll-yl)borate), was studied with H&nd we found that HSs oxidized to
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form polysulfides and #ris(sulfido) Mo complex [NBu|[TpMoSs] byproduct®® Upon
further inspection of the molecular structure of the [NBpMoSs] byproduct, we found
that the Mo=S bond lengths vary by up to 0.918nd that the longt Mo=S moieties
displayed CH¢ S contacts as short as 2.6810 the [NBu]* counterion. Further
evidence of a HB interaction was confirmed by comparingkheMR spectroscopic
resonances of the [NBJJ in the starting [NBel[TpMoS(S:)] complex, in whichshort
Ci H® S contacts were not observed, to ¥H&NMR resonances of the [N in the
[NBu4][TpMoSs] byproduct, where shifts of up to 0.65 ppm were observed for {NBu
resonances. As described later in this manuscript, there are numerous examples of
Ci H® Si M contacts with sulfumetal bound species, and many of these may help to
stabilize reactive species and promote reactivity in catalysis and enzymatic systems.
Additional evidence for CH® S HB interactions is supported by a recent study by
Wategaonkar and coworkers using both-glhase vibrational spectroscopy aiwinitio
quantum chemical calculatioh®.Despite the weak nature of both the HB donor and
aceptor, @ H¢ S interactions exhibited all the characteristics of a conventional hydrogen
bond, and even displayed binding strengths comparable to more traditional HB in their
system. Although S is a less electronegative element than other traditional B es;ce
S is large and polarizable, allowing it to better participate in dispersion interactions.
Indeed, using natural energy decomposition analysis calculations, they found that
dispersion was the dominant hydrogen bonding force in all th# S interactbns in
their system® Importantly, because dispersion is an isotropic component of hydrogen
bonding, it is possible thati€l® S HB in the solid state that deviate from linearity are

commonly overlooked.
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Figure 5.3. Crystal structures adrylethynyl bisurea receptors shown to bind (&) @)
HS', and (c) HSein the solid state. All three anions interact with the aiyE&B donor
on the central ring.
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Figure 5.4. The other two supramolecular hosts that have been shown to reversibly bind
HS'. Both hosts featurei® HB donors irtheir design (highlighted in red).

More broadly, other researchers have specifically commented on the
consequential roles ofi€l¢ S interactions in enzymatic binding pockets. For example,
work by Addlagatta and coworkers studying the substrate spgcHiuit catalytic cycle
of type 1 methionine aminopeptidase, an enzyme responsible for cleaving methionine
from around 70% of proteins in living cells, identified a keyH(HB donor that had been
evolutionarily preserved in the enzy®fel he authors showed that a hydrogen bond
between a S HB acceptin cysteine and ai® HB donor in methionine was responsible
for the substrate specificity and efficiency in the catalytic cycle. As part of this work, a
search of the Protein Databank (PDB) found 20 other instancgd45f&contacts with a
maximum disance of 4 A between methionine and methionine anaidjldB donors in
ligands and S cysteine and methionine HB acceptors. Only a few of the 20 instances were
from methionine aminopeptidase enzymes, which suggests a broader generality of this
interaction arong other types of enzymes.

In general, attractive necovalent interactions with S may be more important
than has been previously appreciated. For example, in a review by Meanwell and

coworkeré*® that focused on the role of thdi$ole in S O, $ N, and S * interactions
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in medicinal and organic chemistry, the
noncovalent interactions involving sulfur in compound conformation and ligaotdin
interactions may be underappreciated, this phenomenon may have been overlooked in
many drug design campaigns?o. Sticmsulfua r |y,
species has revealed th&t'Sand $H¢ * interactions may be particularly important

stabilizing forces in both biological and synthetic systéins.

5.1.3Scope ofreview

Inspired by these prior examples pointing to an increased potential importance of
non-covalent interactions, our work headvances our understanding 6ffC S
interactions by analyzing existing data oiHE S interactions across multiple
disciplines. Using the CSD, we interrogate these shdafG contacts and we have
grouped these interactions into different categories: 13 #®m coordination number,
2) the types of CH HB donors, and 3) its varying oxidation state. We then also compare
Ci H¢ S interactions when S is bound to an organic molecule or a metal. We present the
analysis of these results using 3D histograms and amtpese interactions to other

established HB acceptors to further cement tfi&t°GS interactions should not be

neglected. Lastly, we provide examples from our own work as well as others that contain

previously overlooked iH¢ S interactions that may hairéluenced reactivity and the
stabilization of unusual conformations in the solid state. In this process, we demonstrate
that these underappreciated interactions are found in molecular biology, catalysis, and
supramolecular systems, and may even be deuedl interaction providing stronger and

more selective HB in the overall molecular architecture. More broadly, this work shows
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that nontraditional hydrogen bonding, such asHE S HB interactions, should not be
overlooked and instead should be considarete further development of research

where norcovalent interactions are used to direct reactivity and/or enhance stability.

5.2Results and Discussion
5.2.10rganic molecules withsulfur hydrogenbond acceptors.

Ci H® S HB have highedispersion character than more traditional HB motifs,
therefore theseiGi® S contacts likely have different angle and distance preferences. To
better understand these angle and distance HB metrics, we used availaidatolid
structural information fromhe CSD to find all CH® S contacts with organic based S HB
acceptors. Contacts used in this study were restrained to only include instances where the
Ci H¢ S (Figure5.1, A1) and M S--R (Figure5.1, A2) angles fell between BD80° and
Hé S (Figure5.1, L1) ard C° S (Figure5.1, L1) bond lengths fell betweeii€0; and
0i5.0j , respectively. These L1 and Al parameters provide search parameters that
encompass a wide array of contacts including weaker interactions, in which Al is closer
to 90° and L1 distancese longer, as well as stronger interactions, in which Al is more
linear and L1 distances are shorter. The L2 and A2 parameters are also incorporated to
filter out longer contacts and angles that would not be considered hydrogen bonding
interactions.

To visualize the 423,000 CH¢ S contacts from this dataset we plotted a 3D
histogram of H S distance (A) versusi€¢ S bond angle (°) (Figurg5a). The plot
reveals that the majority of-B¢ S contacts are not linear. The most commérsH

contact is found between 3.125250 A and 12115126.0°, which encompasses 6,615
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contacts. Any hydrogen bonding occurring at this contact angle and distance would likely
be classified as a weak interaction due to the primary attractive forces beigty entir
electrostatic and dispersion type interactions. These contacts can be significant, however,
because numerous weak intand intramolecular forces are additive and can greatly

affect the physical and chemical properties of an overall sy$fém.
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Figure 5.5. a) 3D histogram visualizing over 423,000HE S contacts identified in the

CSD. b) Cone angle ¢fydrogen bonding. c) Cormorrected 3D histogram of alli€l® S
contacts. The white dashed line represents estimate of the sum of the van der Waal radii
of Hand S.

Although a 3D histogram can provide useful information about the most common
interaction gemetry in the solid state, the low angle contacts are statistically favored due
to the -dBg Ihe o h¥] whichuhiases interpretations of the 3D histogram.

This phenomenon has previously been shown to skew 2D histograms of contact angles of

traditional O-H HB systems away from linearit§f This statistical bias toward leangles

can be removed by applying a simple camngle correction that weights each bin of the

i For example, the presencenoiiltiple low-angle GHé S HB were shown to significantly affect the overall
structure and hogjuest ability in perthidbambusuril macrocyles. Unlike bambus[6]urils, which bind
anionsthrough G H¢ anion HB inside a macrocycle cavity, Reany and coworkersehthat perthio
bambus[6]urils did not exhibit any significant anion binding ability due to severahhgie GH¢ S
interactions that led to a compact structure and weakened the anion binding ability of thgcleacsee
reference &6 for more details.
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hi stogram by 1/ siHhS(coitact anglehThe resultdnt demerrectéde C
data reveals the relative importance and preferred geometry ehhggé contacts in the
solid state (Figuré.5c) %7

The conecorrected 3D histogram displays a clear geometric preference of
Ci H® S contacts. Many of the contacts fall below the sum of the van der Waal radii of H
and S { i , shown as a white dashed line in Figbifec). At these shortest distances
(< 3.00 A), highangle contacts are favored, revealing an attractive interaction promoting
linear contacts. Even at distances greater than the sum of the van der Waals radii, the
Ci H® S contacts show strong geometric preferences. For example, there is a preference
for linear contacts between 3i@125 A, and as the distance increases (33825 A)
the lowangle contacts become equally or more important thandrgte (linear)
contacts. Finally, at longer distances (316280 A) the angle dependence decreases, and
it is less likely that strong, directional hydrogen bonding occurs at these distances;
instead, we see more random, geometriealhd statisticallydriven contactsnore
reminiscent of interactions dominated by dispersion interactf8i%

As an example of suchi@® S intaactions impacting structural outcomes, we
have reassessed work from our own group and have identified previously overlooked
Ci H® S contacts that likely contribute to the observed sstide packing. In 2016 we
isolated a crystal of a novel tetramerisudfide cyclophane (Figurg6), which
surprisingly was found to fold in on itself and form several strairiesi & C torsional
angles rather than bind a smaller solvent or guest mol&CReanalysis of this structure
revealed a vagrshort, linear intramoleculari®¢ S contact (2.810 A, 170.4°, highlighted

in Figure5.6), which may contribute to the stabilization of the more compact structure.
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Further analysis also identified three additional intramolecul&C contacts with

longerH¢ S distancesf 3.682 3.935 A. These distances, however, fall within the region

of the weighted histogram that shows little contact angle preference, and so are likely not
forming a HB. Finally, we identified 27 intermolecular contacts witl€S angles

ranging between 100.8 and 174.9° arffd3Hlistances ranging between 2.811 and 3.890

A, some of which may have directed and stabilized the overall compact packing of the

macrocycle in the solid state.

Figure 5.6. A relatively short and lineari®¢ S contact in a disulfide cyclophane may
help stabilize strained torsional angles.
5.2.1.1S HB acceptors withtraditional HB donors

Comparing the coneorrected 3D histograms of S contacts with traditioridh N
(Figure5.7a) and @H (Figure5.7b) donors displayed different interaction profilesHC
HB donors show flexible geometric preference for either-aighle or lowangle
contactsand support a wide range of I8 distances, whereas weighted contacts with
NiH and O H HB donors are only found in a narrow geometric window. These

traditional N H and O H HB donors prefer to only make short and linear contacts with

64



few examples in the 8D showing deviations from this idealized geometry. These data
suggest that the hydrogen bonding interaction between sulfur and traditidthaind

Oi H HB donors is generally stronger than withHChydrogen bond donors and likely
have more charggansfercharacter at these short distances and linear contact angles.
However, G H¢ S interactions, which have more dispersion character, cgmeciarm

NiH and @ H HB donors at long distances and more bent contact angles.
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Figure 5.7. 3D histogram of (a) NH and b) Q H hydrogen bond donors with S.

5.2.1.2Comparing hydrogen bond acceptors

We also analyzed thei@° S contacts with other HB acceptors from neighboring
elements on the periodic table (N, O, F, P, Cl, Se, Br, Te, I) (Fg8)yeOxygen had the
greatest number of inteand intramolecular contacts 73898,000), followed by F (>
3,540,000), CI (4,338,0@), and N (1,082,000), perhaps suggesting that the acceptance
of Ci H HB with O, CI, and N may be in part due to their ubiquity in the solid state.
Comparison of the resultant histograms shows that the flexible contact angle geometry of
the @ H HB donor & conserved. In addition, almost allk¥ A contacts occur at
distances greater than 2.2 A, which is significant because contacts greater than this

distance have generally been defined as weak HB with mostly electrostatic and dispersion
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character by Jeffréy! and later Steinef Although these data do not allow for

determination of the absolute strength of these interactions, we used distances and contact
angles inspired by Jeffrey and Steiner to
ov e a ki 8¢ AGteractions (Tabl&.1). G H® A contacts that fall in the region of the

cone corrected 3D histogram that shows little preference for eitherdriggw-angle

contacts are likely not being driven by significant attractive interactions.

Table 5.1. Parameters used to broadly categorizid @B as strong, moderate, and weak.
Distance and angle ranges are inspired by analyses of hydrogen bonding in the solid state
by Jeffrey and Steinéf:1"
Strong Moderate = Weak
H¢ A Distance i i i i i i
CiH¢ A Angle (®) >130 > 130 >90
The secondow elements N, O, and F are among the smallest, least polarizable,
and most electronegative atoms (Figb&e-c). In their weighted 3D histograms, these
elements make the highest proportion of strong HB confllis driving force toward
short contacts, however, makes these elements pédHB acceptors at longer
distances. An example of this point is highlighted in work studgisigrans
isomerization in amide and thioamide containing peptdiiBhe authors found that a
Ci H¢ S interaction in the thioamide derivative caused a greater preference dis the
conformer than was obsed in the amide derivative. A crystal structure of the thioamide
showed that the key intramoleculairl® S HB had a bond length of 2.9 A (Fig&s),
which could be considered a strongHE S HB but is much longer than mosti O

interactions. Despite gerally being a weaker HB acceptor than O, theoBtaining

thioamide formed a strong HB over the greater distance whereasdbet@ning amide
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could not. This observation is further reflected by work from the Shimizu group, which

shows that S interactbns are more favorable than’Onteractions at long distancés.
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Figure 5.8. Conecorrected 3D histograms off & A contacts found in the CSD with a)
N, b) O,c) F,d) P, e) S, f) Cl, g) Se, h) Br, i) Te, and j) I. White dashed line represents

estimate of the sum of the van der Waal radii of H and A.
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Figure 5.9. a) cis/transisomerization of synthetic peptoids. A ¢ A HB helps favor
the cis conformation. b) Crystal structure shows BICS HB in the solid state helps
favor thecis conformation in the thioamide derivative.

The propensity for S acceptors to make longer contacts wkhdonors than N,
O, and Fmay contribute to prior underappreciation 6 S interactions. For example,
Goel and coworkers found that intand intramolecular GH¢ N and G H® O HB were
crucial in the aggregation induced emission (AIE) mechanism for a novel class of
luminogens (Figur 5.10). Studying the published crystal structure, we also find highly
linear @ H® S contacts (177.6°) that may assist in rigidifying the aggregates. iHifeSC
contacts were found at a much long&HE A distance (3.191 A) than the other types of
Ci H contacs (2.52 2.58 A)173 Other work by Tang and coworkers supports this
possibility, showing that strong, line&i H¢ S HB contribute to AIE in their system¥.

Although the secondw elements favor short contacts, the rest of the HB
acceptors in the third, fourth, and fHtbws tend toward aking moderaté¢o-weak
contacts. In this regime, as the electronegativity of the HB acceptor decreases, more
linear @ H® A contacts are favored. This trend is best seen in third row elements P, S,
and Cl. Chlorine, the most electronegative atom in thiesehnias the highest number of
weighted lowangle contacts and P, the least electronegative atom in this series, has the
least number of weighted leangle contacts. This acressw trend also holds true for

the small, electronegative secermv elements. fom the thirdrow down, we also see
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that this trend holds down a periodic column, which is best visualized by comparing Cl,
Br, and I. Cl, the most electronegative atom in this series, again has the greatest number
of weighted lowangle contacts, whereaghe least electronegative in this series, has the
least. To explain this trend, we have to consider each attractive force in a HB. The
attractive interaction from charge transfer decreases the fastest over distance (diminishing
approximately followingg'"), and therefore cannot explain the trends in the weak
moderate contacts that extend past the sum of the van der Waal radii of H and A.
Electronegativity does not increase the preference for linearity, so electrostatic
interactions also likely do nokplain the trends. Furthermore, dispersion interactions are
isotropic and so would not favor any contact angle. Polarizability, which is the ability of
the HB acceptor to redistribute its electron density, must be the most important acceptor
character driing linear contact angles. This observation would explain why the second
row elements, which are small, and not very polarizable, behave differently from the rest

of the acceptors.

Figure 5.10.a) Crystal packing of the luminogeeveals CH¢ O (atom denoted in red),
CiH® N (blue) and CH® S (yellow) intermolecular TH HB.
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The chalcogen atoms S and Se have generally been considered poor HB acceptors
due to their low electronegativity. Both these elements, however, are polarizdble a
therefore are more likely to bé B HB acceptors. CH¢ S/Se contacts behave similarly,
with a strong preference for linear contacts and a weaker preference fandsv
contacts. Even Te appears to show a preference for linear contacts, althougtetfaere a
fewer of these instances (3,677 int@nd intramolecular contacts), perhaps reflecting the
synthetic challenges working with this highly reactive element. Nevertheless, there are
two published examples ofi €&¢ Te interaction$’>17*The most recent example,
published in 2020, studied thé I° A interactions of a series of
bis(silanechalcogenongdJsing evidence from crystal structures and computations, the
authors found that S made the strongédi €IB bonds compared to Se and Te; however,
the size of Te allowed it to make both intend intramolecular HB. Given that the
weighted 3D histogramfi H® Te contacts reveals a preference for linear geometries,
perhaps there are already examples of these contacts that have been missed.

Finally, we note the striking similarity between the behavioriddCS contacts
and @ Hé ClI contacts. Cl is a webstdlished GH HB acceptor. The S and Cl contacts
occur at similar distances, but S is a more polarizable element, and so should act as a
better GH HB acceptor. Indeed, we see more of a linear preference in S contacts. If
Ci Hé CI HB have been identifiedsasalient norcovalent interactions, i€ S HB should

be equally established.
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5.2.1.3S-character affects preferred hydrogen bonding angles
5.2.1.3.1S oxidation state
For a main group element, sulfur is unique because it is readily found in many
stable oxidation states, ranging fré@to +6177 3D conecorrected histograms of
Ci H¢ S interactions of sulfur in the?'$S", and 8 oxidation states clearly show that

oxidation state influences the preferred geometry of this interaction (Fdure
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Figure 5.11. Conecorrected 3D histograms of S in different oxidation states?app
S, andc) &
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Roughly 93% of th&€i H® S contacts identified in our CSD analysis were found
in the oxidation state2. S is the best oxidation state for hydrogen bonding because it is
in the most electronich state and is most polarizable than other oxidation states. In
addition, $' is more prevalent than*Sand $ in crystal structures containing S ant-C
functional groups, regardless of whether a contact is occurring. Only about G%8C
contacts were in the?and S' oxidation state, combined. These contacts are longer than
those to § and almost none of the weighted contacts can be considered strong. Although
these are weaker interaction$, &d S HB acceptors still play important roles in crystal
packing. For example, Hisaki and coworkers fouiithCS contacts between a
trisdehydrotribenzo[12]annulene derivative and DMSO, a commonly used organic
solvent containing $to be essential in the supramolecular assembly of the sy$tem.

The overall ordered architecture formed froirHE S° HB allowed the structure to have

anisotropic charge mobility, makingatcandidate for organic semiconductor materials.

5.2.1.32 Scoordination number
The number of atoms that S is bonded to, defined here as the coordination
number, can affect the electrostatic and steric environment as well@dahieability of
the HB acceptor, which should in turn change the nature ofitHé § interactions.
Indeed, the weighted 3D histograms 6HE S contacts when S is bonded to one (SR),
two (SRy), and three (S other noAmetal atoms reveal major differesca the
important contact geometries (Figird2). When the S HB acceptor is bonded to one
other atom, the contacts are shorter and more linear, perhaps due to less steric crowding

around the S HB acceptor. Regions of both faghle and lowangle contats are
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important when S is bonded to two other atoms, and most contacts are moderate to weak.
The 3D histogram of H¢ S contacts when S is bonded to three other atoms closely

resembles that of°§Figure5.11c) as the contacts in these two categoriesliaoyerlap.
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Figure 5.12. Conecorrected 3D histograms of S bonded to a) onemetal atom, b)
two nonmetal atoms, and c) three noretal atoms.

Although we cannot definitively identify why bent interactions are favored in SR
and SR contacts, we can see evidence of their importance in published examples. For
example, in 2017 Anderson and coworkers reported an unexpected attractive interaction

between a pyridine ligand and the alkyl straps in stdftapped Zgporphyrinst’® 2D
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NMR spectroscopy, UWis spectroscopy, and crystal structure analysis revealed the

formation of both an expecteditisomer (Figure.13a) and also an unexpected, more

sterically hinderedh isomer (Figurés.13b). The formation of thie isomeris attributed

to Ci H® * interactions between the alkyl B groups on the strap and the pyridine ring.

The aut hors al so c oieras attractivehngetactiontbdtveeenghe may al s
sul fur atobk ahdtheaepWYriCdineo. l nvestigating
we clearly see that while the B¢ S contacts are bent, one falls squarely in the region of

important lowangle G H¢ S contats with an M S distance of 3.140 A and ai@¢ S

contact angle of 123.5°.

Figure 5.13.a) Outisomer and bjn isomer of sulfurstrapped Zsporphyrins.

5.2.14 Alkyl vs. aryl based G H donors

In general, the CH atoms of carbons with mosscharacter are more acidic and
are typically viewed as better HB donors. When comparing cone corrected 3D histograms
of alkyl and aryl €H HB donors, however, we observed that linear contacts are more
important with alkyl CH HB donors whereas low anglentacts are more important
with aryl G H HB donors (Figur&.14). Even though this outcome seems counter

intuitive, it may reflect that aryl TH HB donors are better at accommodating bifurcated
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hydrogen bonds than alkyli@& donors. For example, we found tladoout 37% of

Ci H¢ S contacts with aryl TH HB donors are bifurcated between two adjacent it C
HB donors. A 3D histogram of just these bifurcatédHES® Hi C contactsAppendix D,
FigureD.3) shows a strong preference for the samedagle contats that are observed

for all aryl O H® S contacts.
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Figure 5.14. Conecorrected 3D histograms ofi 8¢ S contacts with a) $plkyl Ci H
HB donors and b) g@ryl Ci H HB donors.

Alkyl and aryl @ H HB donors are not relegated to synthetic systems, and there is
also evidence for botsp® andsp? Ci H HB donors interacting with sulfur in biological
systems. For example, we revisited the crystal structure of the first discoveredbacter
ion channel for HSand found € S contact distances between valine and leucine amino
acids and HSthat were about the same distance or shorter than the majority of weighted
Ci H® S contacts (Figurb.15, FigureD.2e)?! In addition, we found evidence of batp®
andsp? Ci H HB donors from threonine and tryptophan residues in streptavidin in contact
with the thioether (FigurB.16). The streptavidubiotin complex is one of the strongest
noncovalent binding events known in nature, in part due to the high geometric

complementarity of the hosfjuest complex and a high degree of hydrogen bonding.
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Figure 5.15.Leucine and valine amino acid residues in contact with eithear®S in
the first discovered bacterial ion channel for HEDB: 3TDX)

Biotin

Figure 16. Tryptophan and threonine amino acid residues in contact with the biotin
thioether in the streptavidibiotin complex. (PDB: 6M9B)

5.2.15 Hydrogen bond acceptor directionality

Geometric preference of hydrogen bonding in the solid state also extend to the

HB acceptor. Strong HB often have clear-R¢ H acceptor directionality (A2, Figure

5.1), whereas weak HB lose this directionality. For example, the acceptor directionality in

a strong HB may be driven by the required geometry of charge transfer or electrostatic
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potential. On the other hand, a weak HB with high dispersion character wselthiech
of its directionality.

The acceptor directionality in both linear and beitHES contacts can be
visualized by using a 3D histogram ofl@® S contact angle vs.-RS® H contact angle in
which both axes of contact angles are weighted by the conecmgdetion (Figure
5.17e).These biweighted 3D histograms do not show the most common donor and
acceptor contact angles, but rather show what combinatiorig#t5f £and R--A¢ H
angles are particularly important geometries. For examplé, 4t 8 angles beteen 90°
and 94.5° there is no preferred-F° H directionality, meaning that each bin should have
about the same low importance. These contacts are either statistrozdly or Van der
Waals contacts. On the other handHE S angles between 175.5 andi&ither prefer a
linear R--S° H acceptor angle or a bent acceptor angle between abdit2B38 As the
Ci H® S bond angle deviates farther from linearity, specific acceptor directionalities start
to lose importance, perhaps reflecting the increasing dismecontribution to hydrogen
bonding at bent contact angles.

Most HB acceptors with i3 HB donors favor a highly linear acceptor
directionality and only occur at lineaii B¢ A contact angles (Figur17). As the
Ci H¢ A angle deviates from linearitpreference for any acceptor directionality
gradually disappears. Sulfur is the exception to this trend. Sulfur HB acceptors show an
6i sl andé e-f° Hangesat lowanglé GHR S contacts. Although the donor
directionality in this island isveak, S is the only HB acceptor that shows any acceptor
directionality for this bent, weak HB. This unique geometry is completely removed with

SR1 acceptors (FigurB.4), and is exaggerated with S&cceptors (Figur.5b).
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Notably, this geometry is notee with OR acceptors (Figur®.5a) but is present with
SeR acceptors (FigurB.5c). Because there is some (albeit weak) attractive interaction
or environment that is promoting this unique contact geometry, S may be a stroRiger C

HB acceptor at bent ared compared to other acceptors.

5.22 Sulfur hydrogen bonding interactions in metal sulfur ligated complexes

Similar tothe established hydrogen bonding interactions between sulfur as a HB
acceptor with NH and G H HB donors in organic molecules, sulfur atoms coordinated
to metal centers also participate in hydrogen bonding. S HB donor ligands are widely
known in many sula¢lds of inorganic chemistry ranging from the active site of
bioinorganic cofactors, such as nitrogenase, to catalytic systems. Model systems have
highlighted how certain RH¢ S HB motifs can be consequential in catalytic turnover and
reactivity. An examplérom Riordan and coworkers in 2003 focused on investigating
sulfur alkylation rates by functionalized zinc thiophenolates in the presencéhotnd
paraNi H amide HB donor$®In this work, the secondrder rate constants for the
alkylation of functionalized zinc thiophenolates with BnBr in the presenodtud and
paraNi H amideHB donors were 1.8 10* M'1s't and 44x 10* M'1s', respectively. The
different rates were attributed to stabiliziogho-Ni H HB donors significantly
diminishing the nucleophilicity of the bound thiophenolates. This interaction was
confirmed by*H NMR and IR spectroscopy and observed by the shidftNs distance
in the solid state with a5 bond length of 2.49(3). The authors speculate that similar

Ri Hé S HB interactions may play a role in other zinc thiolates of metalloproteins.
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Figure 5.17.Bi-weighted 3D histograms ofi€l¢ A contacts found in the CSD with a)
N,b)O,c)F,d)P,e) S, f)Cl,g) Se, h) Br, i) Te,and ) I.

Efforts to establish TH HB interactions with atoms in the primary coordination
sphere of metal complexes has been studiecardegant example was recently shown

using a modified phenanthroline (phen) ligand. Functionalization of the phen ligand with
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i CR2H, a known ©H HB donor with similar donating strength to amines and thilat

the 2position allowed for close contacts between theHCgroup and the primary
coordination sphere of the metal. Szymczak and coworkers synthesized complexes of Pd
(PdXz(phen) where X = CI', Br, and OR) and showed ai®¢ X HB interaction
between the CIH group and the Xype ligand in the primary coordination sphere of the
Pd complex (Figur&.18)1®2 These results were shown by solid state structural analysis
and confirmed by spectroscopic data and computational studies. Hydrogen bonding
interactions with 19 O distances were found to be as short as 2.00rthermore, an
interesting result from th work showed that while the @ group is a great HB donor,
the CH(CH)2 group is also capable of providing stabilizing HB interactions. Both
PdChk(phen) complexes where artho-CRH andortho-CH(CHs)2 of the pherigand

were synthesized and comparative bond lengths of th& Cl interaction were

observed with distances of 2.339 and 2.496r ortho-CRH andortho-CH(CH)2
complexes, respectively. While this example does not incltoes8d HB acceptors, it
demorstrates that CH HB donors can dramatically affect the stability and reactivity of

ligand donor atoms in the primary coordination sphere.

R =ForCHg

Figure 5.18.Ci H hydrogen bonding interactions in the primary coordination sphere of
metal complexes as demonstrated by Szymczak and coworkers.
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To expand the analysis of 8 S HB interactions in organic molecules (vide
supra), we searched for hydrogen bonditigractions involving TH¢ Si M motifs
where S is bound to a metal. This analysis knits together work by others that highlight the
importance of hydrogen bonding through influencing model chemistry of
metalloenzymatic reaction pathways througtHilS HB andthe ability of G H HB
donors to form €HE Xi M HB interactions in the primary coordination spheres of metal
complexes. Similar to the metal sulfur interactions observed in organic compounds, we
focused on CSD search parameters fidd€Si M contacts to includ#Ci H® S (A1) and
Hé Si M (A2) angles of 90180° and ¥ S (L1) and € S (L2) bond lengths ofi@.0
and 5.0 , respectively. Our initial searches were aimed at determining whether short
Ci H® Si M contacts are common dhblock metals. The results of the initsearch
provided 45,733 molecules with these parameters and a total of 487,17 &natra

intermolecular CH® Si M contacts (Figur&.19).

L2 Al
A N AT
L1 A2

Figure 5.19.Lengths and angles referred to in this section, where A is bound to a metal.

The conecorrected 3D histogram for thé B Si M contacts foid-block metals
reveals that the majority of the weighted contacts include bond lengths betwéen 3.00
3.25j atangles444°, wi th notable 6islandsd of favora
angles of 1P135 ° and at longer distances of 3i@375; . We also compared
Ci Hé CIi M HB contacts based on the similarity of Cl and S as well as prior work

demonstrating the importance ofi@° Cli M interactions. Chlorine and S are nearly
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identical in size wh van der Waals radii of 2.05 and 2j0prespectively®3and so a
comparison of these%Cl contacts would validate the observeti$iseen in Figures
5.20 as HB interactions. The a@eorrected CH¢ CIi M contacts plotted in Figur&20b
shows data from 77,677 molecules with 920,886 irated intramolecular contacts. The
major difference between the plots of Cl HB contacts and S HB contacts is that Cl| HB
contacts show a greateonsolidation of contacts above 108nd at distances between
2.750 3.000; . These data suggest thatHC Cli M contacts may be stronger and more
directional than CH® Si M contacts, and may be attributed to higher steric bulk of
thiolates in comparison tahnd Cl in coordination complexes, or to slight differences in
the dipole moment between Cl and S because Cl is more electronegative than S. It is
worth noting that such discrepancies between Cl HB contacts and S HB contacts is not
observed when A is nobbded to a metal. Differences between Cl and S may also be
attributed to their valency. Chloride is a monovalent ligand, while stitieded ligands
are divalent and the ability for a shorter and more directional HB interaction for chloride
could be due tgteric interactions. The similarities in shape and localization of areas with
high frequency in Figurb.20 do suggest that Cl and S behave similarly as HB acceptors
despite a weaker interaction with S. Lastly, the cone corrected 3D histogrardsC
contacts where the S atom is bonded to a metal (Figd6a) and nometal (Figures.5¢
and5.8e) look strikingly similar. The majority of the contacts include bond lengths
between 3.008.25; at angles 3135°, which further validates that both organic
molecules and metal complexes engageiiRCS HB.

We next aimed to identify if certain groups in thelock contained more

Ci Hé Si M contacts than others. In comparison to nitrogen and oxygen, S is relatively
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large and polarizable, and so expect that complexes with the more polarizable late
transition metals will have greater affinity for thiolate anddsind ligands, resulting in
more HB contacts. A survey of groupd.3 from the periodic table confirms that early
transition metals haverffewer @ H® Si M contacts in comparison to groupd.Z. Cone
corrected 3D histograms are shown for groufd? {Figure5.21). The group with the
shortest CH® Si M contacts was group 10, which included 11,986 molecules with 96,423
inter- and intramolecular e¢dacts. As we move from left to right in the periodic table
across thel-block elements, a trend emerges where the most concentrated or highest
frequency of weightediG¢ Si M contacts occurs with less directionaliBar group 1
metals, only 170 moleculesatched the search criteria. Although there were regions of
increased TH® Si M contacts near 3.125 and angles above 15fhe small data set

does not allow for further analysis.

Figure 5.20.3D histogram visualizing the cone corrected BHESI M, and b)

Ci H® CIi M contacts ird-block metals where S or Cl are in the primary coordination
sphere. The white line for each plot indicates the sum of the van der Waal radii between
A and H.

il We observed similar trends for group$.3Group 6 metals (Cr, Mo and W), did show localized trerids C

Hé Si M at higher angles and shorter distances. With 4,589 molecules found from the search criteria in the
CSD, we observe many contaett distances shorter than 3.328nd angles above 135 degrees. Group 13
metals (Al, Ga, and In) included 1,089 molecules matching the search criteria; however, the data depicted
in the cone corrected histogram demonstrated a more delocalized pattentaofs ranging in HS

between 2.00 and 3.50
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Figure 5.21.Cone corrected histograms of ¢ Si M of groups a) 7, b) 8, ¢) 9, d) 10, €)
11, and f) 12 of the transition metals.
5.22.1 Structures exhibiting short CiHé Si M contacts

With the designation of ¥$ as the thirdjasotransmitter, extensive research has
focused on understanding its role as a signaling molecule, transport throughout biological
systems, and reactivity with metalloprotefi8? 18’ The bivalve mollusk.ucina

Pectinatais a species of clam that has been found in sulfur rich environments and further
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found to bind hydrosulfide with high affinities. We revisited the 48und hemoglobin |
(Hbl) structure determined in 1994 by Bolognesi and cowori€iihe active site
reveal ed what is now referred to as the
the Hbl, and a glycine residue that is a hydrogen bond acceptot to H®ther stabilize

the reactive HSanion. In tadem, the Phe cage, which is believed to prevent water
molecules from displacing the bound'H&nd the glycine residue, which aids in'HS
coordination, are the thought to be the major contributing factors for the high binding
affinities of HS to the Fe enter. Reanalysis of the structural data of sulfidand Hbl

from L. Pectinatashowed that there is a shoit § contact of 3.9 between the Phé3
residue and the S atom bound to Fe. Although the H atom on the metal sulfide was not
located, the shortS distance suggests that the $distance could be as short asj2,8
which would be considered one of the strongdd€Si M contacts according to the data
collected by Bolognesi shown in Figus2 (PDB: 1MOH).

Later work by Banerjee and coworkers dise@d that human Hb can support
catalytic HS oxidation to form thiosulfate and polysulfides prompting further
investigation of how sulfide binds human M8In subsequent work focused on
structural and mechanistic insights into this process, the crystal structuiéad bound
human Hb was reported (Figus@2b, PDB: 5UCU)Y8 There are key differences in the
active site between the sukidoound Hb structures from Pectinataand humans. In
human Hb, the hydrogen bond acceptor to the bound sulfide is His rather tharLGly in
Pectinata In addition, the Phe residue in the human Hb has a lorfg@rcGntact at 4.3
i , which would suggestweaker GH¢ Si M interaction. Single site mutagenesis of Hb1

from L. Pectinatahas been studied to understand has8 Hxidation is affected by the
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hydrophobic pocket df. Pectinatal® When the Phe residues are modified with more
polar, hydrogen bond accepting regduwhich are more similar to those of human Hb,

the rate of HS oxidation is increased. Based on the short, potentially strof €

contact in the primary coordination sphere of sulfide bound to Hb1lfrdmectinatawe
postulate that these short staig contacts may contribute to the slowed rate of sulfide
oxidation. It is possible that the' 8° Si Fe hydrogen bond causes the bound sulfide to be
less readily oxidized by Fe due to an attractive force between the partial negative charge
on S and the paal positive charge of the hydrogen atom involved in hydrogen bonding,

thus limiting its reducing power and slowing down the oxidation process.

d HIS-63
- PHE-43 }" PHE-42

Figure 5.22. X-ray structures of (a) sulfide bound Hb1 isolated ftarRectinataand (b)
sulfide bound Hb isolated from human myoglobin. The labeled lengths correspoind to C
S distances.

Stabilizing interactions within other metal hydrosulfide complexesity°Gi M

interactions were also found when using the same search criteriaH81SCM contacts

of thed-block. Searching the CSD for short contacts for structures in which the sulfur HB
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acceptor was a MBH moiety revealed 202 molecules with 1,476 contacts (FBR28).
The cone corrected 3D histogram shows the majority of contacts have an angle greater
than 15C° at distances 8.125; . Such interactions, which include the example ftom

Pectinata would be considered moderate in strength.

Figure 5.23.Cone corrected histograms of ¢ (SH)i M with d-block metals.

Zni S complexes are widely studied in biological sulfur chemistry due to the
known affinity for the formation of ZirS bonds, such as in Zn finger proteinsi ZH
have beemnlemonstrated to form through ligand metathesis reactionsi@&nvith HS,
leading others to study the reactivity of these compounds as models in biological
reactivity. For example, Galardon and Artaud have stutiggbyrazol)boratezinc
hydrosulfide (TZnSH) species, in which the TpZnOH precursors are structurally similar
to the carbonic anhydrase active site, to further understand their roles in persulfidation
reactivityvia Zni SH intermediate$> In this work, an isopropyl! functionalized Tp ligand
(P'Tp) is used to isolate'dTpZnSH complex. Further inspection ofdlstructure shows
multiple short €H¢ Si Zn hydrogen bonding interactions (Fig€4). All three

isopropyl groups of th&Tp ligand show the tertiaryi® bond pointing towards the
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bound ZiiS. The H S bond lengths andi®¢ S bond angles are 3.066, 3.11(28D);
and 150.5, 153.6, 135%respectively. The 4rs bond distance is 2.230and slightly
shorter in comparison to some otheii 3l species wherei®¢ S hydrogen bonds are

weakert?

Figure 5.24. Graphical representation ofld° S-Zn hydrogen bonding interactions
observed in & TpZnSH complex.
5.3Conclusions

This work provides evidence for hydrogen bonding interactions betwigén C
bonds atiydrogen bond donors and sulfur atoms as hydrogen bond acceptors. Although
specific @ H¢ S have been observed previously in selected systems, the analyses
provided here highlight that these close contacts are significantly more common than
currently appreeited. This generality is supported by the tens of thousands ofssatied
structures with TH® S interactions that provide the framework to study the details of
such contacts and associated trends. Following the standard definition of a hydrogen
bond, we stablish that TH® S close contacts are indeed hydrogen bonding interactions,
with the most defining factor being the distance between a hydrogen atom and the
acceptor. The prevalence of such contacts in organic molecules and metal complexes

with S in the pimary coordination sphere provides the ability to compare these
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interactions through the use of 3D histograms. These analyses provide clear trends for
preferential distances and angles fdHE S close contacts.

These analyses reveal that thaHE S hydragen bonds ouperform more
traditional N H®¢ S and @H® S hydrogen bonds at long distances and bent contact
angles. This marked difference in contact angle geometry and distance may help explain
why Ci H® S contacts have been traditionally overlooked. PriokvegrAddlagatta and
coworker§* identified 20 GH¢ S contactsvith C¢ S distances up to 4 A in enzyme
ligand binding sites reported in the PDB. Now, informed by the over 423,080 &
contacts found in molecular structures of small molecules, we see that this-6f cut
may be too short (Figui®.2e). We suspect letttening the allowed range of G
contact distances would reveal even more overlookétf G hydrogen bonds present in
enzymeligand binding sites in the PDB. In addition to our own analyses that establishes
Ci H® S close contacts as hydrogen bonds, we hilgtdityselected prior examples in
which Q H¢ S contacts are present, but that were not identified in the earlier analyses.
One such example from the hydrosulfide Hb complexés Pectinataandhuman
myoglobin may explain the disparate reactivity observeédden the two Hb species.

As a whole, this work demonstrates thatH€ S close contacts can be classified
as hydrogen bonding interactions and should no longer be overlooked. The 3D
histograms presented provide a convenient tool for identif@lagively strong,
moderate, and weaki €8¢ S hydrogen bonds present in the solid state. Moving forward,
Ci H¢ S interactions should be included in the design, analysis, and function of
compounds in diverse areas of chemistry ranging from supramolecular tiiemis

structural biology to materials characterization.
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CHAPTER VI
CONTROLLING THE REACTIVITY OF HYDROSULFIDE WITH A
SUPRAMOLECULAR HOST
This chapter includes unpublisheda@athored material from Fargher, H.A.; Longnight,
F.; de Faria, TP, Nickels, RA.; Haley, M.M.; Johnson, D.W.; Pluth, M.D. This
manuscript was written by Hazel A. Fargher with editorial assistance by Professors
Michael M. Haley, Darren W. Johnson, and Michael D. Pluth. The project in this chapter
wasdevelopedy Hazel A. FargheiMichael M. HaleyDarren W. Johnson, and Michael
D. Pluth. The experimental work and data analysis were performed by Faith Longnight.
Mass spectra were obtained by THaide Faria. Supramolecular receptors were

synthesized by Russell A. Nickels.

6.1Introduction

Supramolecular hogjuest chemistry studies the rRoovalent, intermolecular
binding interactions between two or more molecules, and often serves as a simplified
synthetic imitation of protetigand binding in biology. Much like proteiligand
interactions, the supramolecular host binding pocket can control the microenvironment of
a bound guest and as a result catalyze reactfidfis?31% change the product
distribution of a reactio®" 1% andshift equilibria?®®2°2 Hostguest chemistry can even
stabilize highly reactive and fleeting nealiles?®3 29 Notably, in 1991 Cram and
coworkers foundhat dimerization of the highly reactive, antiaromatic molecule
cyclobutadiene was prevented when incarcerated inside a hemicarcerand supramolecular

host#! This hostguest stabilization allowed the authors to study the spectroscopic
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properties of this otherwise unstable molecule for the first time. Another representative
example fghlighting the effectiveness of hegtiest stabilization includes research by
Nitschke and coworkers who showed that white phosphorlisa(Righly pyrophoric
compound when exposed to air, is unreactive towards water and oxygen when
encapsulated in a tahedral container molecuté.

Recently, we have reported an arylethynyl bisurea supramolecular refoeptor
hydrosulfide (HS) with high binding affinitiesKa~ 15,000 M?) in organic solvents
(6.1, Figure 6.1¥°HS' is an important biomolecule; at physiological pH,' iSfavored
over its conjugate acid hydrogen sulfide$HKa= 7.00), which has been classified as
the third endogenously produced gasotransmitter and plays a role as a signaling molecule
in major biological systems° The supramolecular chemistry of H8owever, remains
understudied. HSs a nuleophilic and reducing anion and as such supramolecular hosts
must be carefully designed to prevent undergoing reaction with this guest. As a result, we
are aware of only three families of supramolecular receptors that have shown reversible,
non-covalentbinding with H3.2931.32.353¢\gnetheless, evidence of the importance of
supramadcular interactions with Has emerged in nature. For example' HSs been
found bound by hydrogen bonding interactions in the-twer state of vanadium
containing nitrogenasé? In addition, a recently disvered bacterial ion channel uses
nontcovalent interactions for the molecular recognition and cell membrane transport of
HS' .12

In this work, we study how supramolecular anion binding modulates the reactivity
of HS' in organic solvents. The rate of reaction of M&h a nitrobenzoxadiazole {7

nitro-1,2,3benzoxadiazole, NBD) thioethe8.2, Scheme 6.1) is monitored in the

91



presence and absence of supramolecular recg@dtddBD thioether derivatives have

been established as a colorimetric probe foriH&queous solution and are known to

undergo nucleophilic aromatic substitutiomA®) with the analyte&®® Reaction product

6.3is UV-active and can be used to monitor the reaction progia&sVv-vis

spectroscopy. By compagmrrate constantkl and r ate of reactions (@
understand the extent of H&abilization through supramolecular binding wéth, and

perhaps mimic design strategies of nature in controlling this reactive biomolecule.

= X

tBu tBu
! NH HN l
o)\NH HN/&O
OMe OMe
6.1

Figure 6.1.Supramolecular receptor for H8sed in this study.

_N, Hs®© NO,
\N'O X equiv. 6.1 _N_ HS\©\
Do
S 10% DMSO/MeCN N NMe,
T 25 ° do
NMe,

6.2 6.3 6.4

Scheme 6.Reaction of HSwith 6.2in the presence and absence of various equivalents
of 6.1
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6.2 Methods

Host6.1is a previously reported anion receptor for ld8d was prepared by
established method86.2was chosen for this study as the rate of reaction withv4S
slow enough tdbe measuredia UV-vis spectroscopy but proceeded to completion before
HS' reactivity with6.1 could occur®3®Furthermore, both NBBhioether6.2 and
reaction product6.3and6.4are unlikely to compete with H®inding with6.1. NBD-
thioether6.2was synthesized through methods similar to those reported in litéfature
and was characterized thrdutH and**C NMR spectroscopy and higksolution mass
spectrometry (Appendix E).

The reaction of HSwith NBD thioether derivativé.2in anhydrous and
anaerobic 104DMSO/MeCN at 25 °C was monitoreth UV-vis spectrophotometry in
the presence and abseraf supramolecular receptérl (see Appendix E for
experimental details). NBithioether6.2 absorbs around 420 nm in 10% DMSO/MeCN,
consistent with other NBEhioether derivatives in aqueous 50 mM PIPES buffer (Figure
6.2a)2%¢ After reaction with HS the U\tvis trace of reaction produét3can be
obser ved wdxdtdroursd 570 am. dHis loeahaxis more reeshifted thart.3
in aqueous 50 mM PIPES buffer which is consistent with fewer hydrogen bond donors in
the organic solvent compared to water (Figure €Zd)erivatives of receptod.1 have
previously been shown to absorb in the-\d¥ region?®-2"2however, the UWis trace
of 6.2and6.3in the presence of 5 equis.lr eve al ed snixfori6.l @a&2(420o0c al o

nm) and6.1 + 6.3(570 nm) (Figure 6.2b).
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Figure 6.2.a) UV-vis spectra 06.2 (yellow trace) and.3 (pink trace) after reaction of
6.2with HS . b) UV-vis spectra 06.2and 5 equiv6.1 (orange trace) angl3and 5
equiv.6.1 (blue trace) after reaction 6f2with HS'.
6.3 Results and Discussion

To best understand the effectéol on the rate of the reaction in Scheme 6.1, we
compared the reaction kinetics of 1 equiv. TBASH with 1 equiv. NEiDether6.2in
the presence a@mbsence of 5 equi8.1 The reaction progress in both cases were
monitored by collection of UVI 88as57@nmsor pti on
in 0.9 s intervals (Figure 6.33. Initial data points before ~5 s were not observed due to
the sped of the reaction; however, we were able to determine a rate conk}dotgl{e
reaction with and withous.1 present by fitting UWis absorption data to thé%rder
rate equation through ndimear regression (Figure 6.3c). Kinetic experiments were
performed in duplicate or triplicate. Table 6.1 summarizes the results from a

representative trial and average rate constanig from multiple trials. Comparingave
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for the two reactions, we see that even at the 99.7% confidence interval the reaction

proceeds significantly slower in the presence of 5 e@uiv.
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Table 6.1.Rate constant and initial starting material concentrations for the reaction of 10

eM TBASH wi6.2ihthelpfesersc&land absence of 5 eduily.calculated by

the 29 order rate equation ndimear regression model.
Representative results from one trial

Equiv. 6.1

0
5

In addition, the initial concentrations for TBASH a®@, calculated by the nen

linear regression model, can provide more information about the equilibria and kinetics

k (M12&Y)

[TBASH]o (Abs)  [6.2]o (Abs)

R2

Kave (M T2 1)

0.681 +0.009 0.270+0.002 0.283 +0.002 0.995 0.670 + 0.008
0.140£0.002 0.196 +0.004 0.994 0.44+0.03

0.44 +0.02

happening in solution. To the best of our efforts, we keep the TBASIA.aimdtial
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equivalent ([TBASH} and B.2)o, respectively), unless otherwise noted. In the absence of
6.1, the nonrlinear regression model consistently returns 1.06 + 0.01 for the ratio of
[6.2]o/[TBASH]o, confirming a 1:1 starting concentration equivalency. Howevehen
presence of 5 equi®.1, despite aiming for a 1:1 equivalency, the #iaear regression
model returns ag.2]o/[TBASH]o ratio of 1.406 + 0.002, suggesting that 0.4 equiv. of the
injected TBASH is not contributing to the rate of reaction in fi@®ler rate equation.
This may suggest that the rate of dissociatiaf) ©f the hostguest complex ofg. 1AS']
is slower than the rate of the reaction. More work to deterkairendkort is required to
further explore this idea. Furthermokeykott may not be equal to the association
equilibrium constant{. ~15,000 M?) if the reaction with NBEthioether6.2 proceeds
faster than equilibrium can be reached in solution.

Finally, we also studied the kinetics of the reaction in Scheme 6.1 in the presence
of 1 equiv.6.1 Time course data of the absorbance of reaction préddwetas fit to the
2"d order rate equation through ntinear regression. Although each of the thiréads are
well-fit by the modelk is inconsistent across the three trials (Table 6.2), and at times
greater than the rate constant in the absence of a receptor (Table 6.1). We hypothesize
that small changes in the absorbance at 570 nm due tguesttomplexation with6.1
may contribute to more variability at a 1:1 host:guest equivalency. In addition,
developing a model which better reflects kieandkor rate constants is likely more

important at a 1:1 host:guest equivalency, and could contribut®tte consistent results.
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Table 6.2.Rate constant and initial starting material concentrations for the reaction of 10
eM TBASH wi6.Rihthelpesescdlof 1 equis.l, calculated by the"dorder
rate equation nchinear regression model.

Trial k (M72A&1) [TBASH] o (Abs) [6.2]o (Abs) R?
1 0.63 £ 0.01 0.241£0.002  0.278 % 0.003 0.996
2 0.519 £0.008  0.380 * 0.003 0.39 + 0.01 0.997
3 0.75 + 0.02 0.278 £0.002  0.299 * 0.003 0.995

6.4 Conclusion and Future Outlook

Inspired by supramolecular hosts which have been shown to stabilize reactive
species, we show that recepot, which has a strong affinity for HSreduces the
reactivity of the anion in organic solvent and slows dovenréte of reaction of HS
towards SAr with NBD thioether6.2 Although this study serves as a proof of concept,
future generations of supramolecular hosts may be used to control the equilibria and
product distribution of systems with H&s a starting material.

Future work includes further characterizing the kinetics of the reaction with and
without the receptor present. Kinetic experiments must be performed to detksnane
kort Of the hostguest complex. In addition, work is alrgathderway comparing the
effectof6.1lon t h e i g)ofteactoh. Tabla & 3esunfmarizes those results so far.
By changing the concentration ®fL and keeping TBASH concentration constant we will
be able to determine at what point the reacticatarated by receptor. By changing the
concentration of TBASH throughout these studies we will be able to better discern
i mportant dstdmmiagfrem lwost:guest aguivalency.

Finally, this system allows us to compare the effect of differgmasoolecular
receptors on the rate of reaction. In particular, supramolecula#2ga deuterium
labelled isotopologue &.1) was used in Chapter 1V to study the deuterium equilibrium

isotope effect (DEIE) of aiGd/D hydrogen bond donor on anion bindi Because of the
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reactivity of HS, we were unable to determine the DEIE of BBiding with4.2°;

however, the use of a fast, highecision instrument that could monitor all reactants in
solution, such as a reactIR, could provide insight into thectatstants and association
constants in Scheme 6.1, and ultimately allow us to determine the DEIE of anion binding

through kinetic experiments.

Table 6.3 Initial rates of reactichof various concentrations of TBASH afdL with 10

e M6.2
30( eeAbs/ ees)

TBASH con 0 ¢6M 10 6M 20 6M 50 6M 100 odl

0 0 0 0 0 0
2.5 o) 0 o) 0 0
5 0.008 + 0.004 0 o) 0 0
10 0.020 £ 0.001 0.028 +0.005 o} 0.0087 + 0.0004 0
20 o} 0 o 0 0

aRatesdetermined over 6.8 + 0.1 s.
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CHAPTER VI
ARYLETHYNYL UREA ANION RECEPTORS FOR DISRUPTION OF THE
HOFMEISTER BIAS IN TETRABUTYLPHOSPHONIUM SALT LIQUID -
LIQUID EXTRACTION

This chapter includes unpublisheda@athored material from Fargher, H.A.; Haley,
M.M.; Johnson, D.W.; Moyer B.A. This manuscript was written by Hazel A. Fargher
with editorial assistance by Professors Michael M. Haley and Darren W. Johnson and Dr.
Bruce A Moyer. The project in this chapter w@sveloped byHazel A. Fargher and Dr.
Bruce A. Moyer. The experimental work and data analysis were performed by Hazel A.

Fargher with support from Dr. Bruce A. Moyer.

7.1Introduction

Separation of inorganic salier purification is a major challenge in industry,
mining 2°"?%8environmental remediatiofY?!%sensing?!! and waste treatmeft?213
Hostmediated liquieliquid extraction, in which a host is employed in extraction of salt
guests from one immiscible liquid to another (typically water and an organic solvent,
respectively), has emergedapowerful technology in the separation of sat$°Hosts
can be designed to impart selectivity and high binding affinities for extracted'&alts.

Research into hoshediated liquidiquid extraction has explored the influence of
receptors on catioft, %1% anion/” and im-pair?®?2textraction. A significant body of this
work has focused on the development and study of cation receptors irliigurid
extraction; lagging behind is the study of anion receptoestiraction?' This constitutes

a major gap in research in the field of salt extraction and separati@xt@ation of the
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counter anion will strongly influencée extractability and even selectivity of the targeted
cation?22:223
Without the presence afreceptor for the counter anion, extraction of a salt from
water into an organic phase is strongly related to the hydrophilicity or lipophilicity of the
anion. Therefore, salt extraction is highly dependent on the position of the counter anion
in the Hofneister series (an empirical ranking of ions based on their hydrophilicity or
lipophilicity) making the selective liquitiquid extraction of a salt with a hydrophilic
counter anion challenging with only a cation receptéBelective anion receptors with
strong binding affinities could disrupt this Hofmeister bias in anion extraction, much in
the same way cation receptors have been shown to impart selectivity for specific cations.
In this work, we use previously publisheglathynyl urea anion receptorsl
and7.2(Figure 7.1a and b, respectively) to study their impact in disrupting the
Hofmeister bias in liquidiquid salt extraction7.1was chosen due to its high affinity for
ClI' (Ka~ 7,900) and N@ (Ka~ 5,520) and siple 1:1 host:guest binding in
chloroform?’ 7.2was chosen for its selectivity for NGover Cl, Br', and | in 10%
DMSO-ds/CDClz.18 In addition, the tripodal architecture 2 may be useful for

extracting larger oxoaniorssich as Ref) and TcQ' in future work.

7.2 Methods

Anion receptorg.1and7.2were used in liquidiquid extraction of
tetrabutylphosphonium (TBIPsalts from water into nitrobenzerneland7.2have
previously been reported and wagsthesized according to established metidéfs.

TBP salts were chosen for extraction experiments because P concentration in agueous
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solution can be determined by IBFS with limits of detection (LODin the ppt range
and background equivalent concentrations (BEC) in the ppb range. TBP salts were
synthesized by reaction of TBPOH with various acids and characteriZéd ByIR
(Appendix F). Nitrobenzene was chosen as the extractant solvent to mildmzaring

in the organic phase and was purified according to previous meffods.

= X

tBu tBu
O NH HN O
o)\NH HNAO O
© © Bu HN™ Y0
OMe OMe ©

7.1 7.2

Figure 7.1.Anion receptors chosen for this study.

7.2.1Liquid -liquid extraction experiments
Agueous phases of 18 Mq deionized water ¢
TBP salts (TBPX, where X CI', Br', I', and NO3'). The organic phases of nitrobenzene
contained variable concentrations/ot, 7.2, or no receptor. Equal volumes (0.3 mL
each) of the organic and aqueous phases were equilibrated by repeated inversion at 8
RPM by a rotator for 2 h. Temperaguwvas held around 25 °C by heating a bead bath
beneath the rotator and covering the bead bath, rotator, and headspace with a double layer

of aluminum foil. After rotation, samples were centrifuged at 3000 RCF for 20 min at 25
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°C in a refrigerated centrifeg After centrifugation, 0.2 mL of the aqueous phase was
removed and prepared for analysis by KB (Appendix F). All extractions were

performed in duplicate or triplicate.

7.3Results and Discussion
7.3.1Calculating energy of partitioning for TBP*

Gi bbs free energy of extraginhostn of di ssoc
mediated liquid i qui d extraction is the sum)of Gibbs
ofbothTBPandXand Gi bbs free e mefthehosguést f or mat i on
complex (Equaon 7.1).Therefore, understanding salt partitioning from water into
nitrobenzene is a key first step before studying the effect of an anion receptor on salt
e xtr ac tpValoas for agd Aartitioning from water into nitrobenzene have been
well-documaited??®h o we v epfTBPY @Gk ar u n k np(®OBRX).can &G A
represented as the partition equilibrium constip) &ccording tdequation 7.2. In the
following equationgorepresents the Debytlickel activity coefficients of the species in
solution and a bar denotes that the species is in the organic phase.

ya ya'wvéo Yda YIdYo (7.

yJ yJ

S 1T© Yoo 11 ¢ (7.2

The distribution ratio (B) is a measure of TBRoncentration in the organic and
agueous phase after extraction and is representeduation 7.3. b can be substituted

intoEquation 7.2, t(BPHteby r el ating &GA

0O — — (73
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Liquid-liquid extractions of various concentrations of TBPX salts were performed
with nitrobenzene in the absence of a host-M®analysis of P concentration in the
agueous phase before and after extraction was used to calculate the distribution ratio in
the absencef@ny receptor (Po. Experimental log(Bo) were plotted againshitial salt
concentration ([TBPX) for CI', Br', I', and NQ' . (Figure 7.2a7.2d, respectively) to

reveal that log(B,) is independent of salt concentration, consistent REgiration 72.

a) « . : . o , c) 0.6 -
2 15 1 -0.5 o 0.5 i 55 | s ”
' T
0.4 -
3 0t 3
o -
g e 5 0.3
g i } g 0.2
- 08 1 } 0.1 4
i'l 1 (] p . o . . .
o -1.0 0.5 0.0 0.5 1.0 15
log[TBPCl], log[TBPI],
b) —= . . T : . : d) o3
02 olo 0.2 0.4 0.6 0.8 1.0 1.2 .
0.1 4
e 02
Q
~ 027 a 015
2 (=]
o oo
W -0.3 2 o1 .
)
= % 0.05 ® i
048 ]
0 - - - - -
- 0.0 0.5 1.0 15 2.0 2.5
log[TBPBr], log[TBPNO;],

Figure 7.2.Experimentally determined logf) values vs. log[TBPX]for a) TBPCI, b)
TBPBr, ¢) TBPI, and d) TBPN®

Values for logKp) for TBPCI, TBPBr, TBPI, and TBPN§were calculated from
Droaccording tdequation 7.2An averagep for each salt was used to independently
cal cul,@BP (Tabe&.1). An average of these values reveals a favorable Gibbs
free energy of 24 + 1 kJ mdF for TBP' partitioning from water into nitrobenzene at 25

°C. A large negative partitioning engrgieans that TBHs a highly lipophilic cation,
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making TBP salts an excellent candidate for studying extraction with hydrophilic anions.
In addition, TBP is more lipophilic than the tetrabutylammonium (TBAation which

has @ofi@Anoll, perhag due to the greater dispersion character of P compared
to N. With ®#BR)avecaenow siudy thee &ffect of an anion receptor on

the extraction of TBP salts.

Table 7.1.22e GATBP") calculated from experimental Igfor TBPCI, TBPBr, TBPI,

arnd TBPNQ partitioning from water into nitrobenzene at 25 °C.
Salt Average logKp a6G° (X') (kJ mol'1)??®>  aa5°, (TBP*) (kJ mol'l)
35

TBPCI 11.8+0.3 1251
TBPBr 10.79£0.04 29 1251
TBPI 0.98 £ 0.06 18 124+1
TBPNO3 0.06 £0.01 24 124 £1
Av er a gpéTBREGIKA mol'Y) i24+1

7.3.2Host-mediated extraction by 7.1

Hostmediated liquidiquid extraction can be represented as a series of equilibria
(Figure 7.3). Under conditions in which ions are dissociated in both phasexirémetion
constant of dissociated ionsek:, Equation 7.4) is the product 8,(TBPX)and the
formation constants, Equation 7.5) of anion binding with host R. When initial anion
receptor concentration ([R]is much greater than the concentration BPK in the
organic phase after equilibrium is reached ([TB#x}10x) we can make two key
assumptions: 1) [R]s approximately equal to free receptor concentration ([R]); and 2)
almost all X in the nitrobenzene phase are bound by R, kaseX= [RnX'Jorg/[X'ac
With these two key assumptions we can substitetesx into Equation 7.4 and
rearrange to givequation 7.6. Equation 7.6 can be analyzed through linear slope
analysis in which [R)is the independent variable and lagexis the dependén

variable.
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Ki(RyX) )
TBP* + X+ nR =— TBP"+RX

TBP* + X

Figure 7.3.Equilibria present in hoshediated liquidiquid extraction of TBPX salts.

O Y& D O O X (7.4
6o — (75
¢l &l 110 116—— (79

Liquid-liquid extractions of a fixed concentration of TBPX salts (G.0203 mM)
were performed with nitrobenzene as the wateniscible highdielectricconstant
organic diluent in the presence of various concentrations of7tib&t, 0.5, 0.1, 0.07, ah
0.05 mM) (See Appendix F). IGKS analysis of P concentration in the aqueous phase
before and after extraction was used to calculatesbx. Experimental log(Btspx) were
plotted againsiree receptor concentratiorv([]) for CI', Br', I', and NQ' (Figures 7.4&
7.4d, respectively) to reveal that log(2rx) is linearly related t¢7.1], consistent with
Equation 7.6. Note, for each data pointl] was estimated by assuming that the
concentration of the hoguest complex is far greater than the comi@ion of free guest
in organic solution and subtracting nX[¥y (where n is the binding stoichiometry) from

initial receptor concentration? [1Jo. This assumption becomes weaker at lowel]g.
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Figure 7.4.Experimentally determined logf3spx) valuesvs.log[7.]] for a) TBPCI, b)
TBPBI, ¢) TBPI, and d) TBPNO

Equations 7.1 and %7TBP) weredsedtadetermiad cul at ed
Kext,  a@GHost:guest binding stoichiometigs(RaX) ,  a n(EX EhAle 7.2). In
cases where a 1:1 host:guest binding stoichiometry is determined (i.e., slope = 0.5, and n
=1),Ke(RX") is equal to the association constd&) Of 1:1 hostguest formation.
Otherwise Ki(RnX") is the product of association constantthie stepwise formation of

RnX'.

Table 7.2.Experimental values determined through slope analysis for TBPCI, TBPBr,
TBPI, and TBPNQ@

n Ki(RnX") M'? a8G°(RnX") (kJ mol'Y) Kexs (M) a8G°ex+ (kI mol'?) RZmodel

TBPCI 1.44 +0.04 T [ T T 0.997

TBPBr 1.02 +0.08 900 + 300 117.1+0.9 160 + 60 1126 £0.9 0.988
TBPI T T T T T T

TBPNG; 0.95+0.04 160+ 30 113.0+0.5 180 + 40 1126 £0.5 0.993
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Comparing the binding stoichiometry (n, Table 7.2y dfwith each anion, we
see that binding stoichiometry is anion dependent, even among these simpler anions. We
were only able to calculate a 1:1 host:gumstiing stoichiometry for Brand NQ'. We
found the slope of the linear analysis with ©lbe 1.44, suggesting complex binding
stoichiometry and may even be indicative of multiple species in solution. Because of this
complex binding stoichiometry, weane unable to determine any more extraction
parameters with €I Finally, we were unable to determine a binding stoichiometry with
I" due to low extraction efficiency. We found that at the lowest receptor concentrations
(0.05, 0.07, and 0.1 mM), logfR@srsr) is within error of background extraction by
nitrobenzene alone. Therefore, these three points cannot be used in slope analysis. These
findings were somewhat unexpected as previous work had determined 1:1 binding
stoichiometry with all of these anionstiv117 5 mM 7.1and closely related derivatives
in CDCh,22710% DMSQOds/CD3CN,262935CHsCN,2° and CRCl2:DMSO-ds mixtures®
through'H NMR and U\Avis spectroscopy titrationslowever, previous work also notes
an aniondependence in linear free energy relationships of derivatives of Hogith the
halides, nitrate, and hydrochalcogenide anféi%perhaps suggesting that host binding
stoichiometry and conformian with these anions is more diverse than previously
appreciated.

We were only able to determik@RnX") values for TBPBr and TBPNQdue to
their host:guest binding stoichiometry of 1:1. We calculatie aR A)Bfr900 + 300 M
and aKi( R AsN @f 180 + 40M'* which are similar tda of CI' binding with a derivative
of 7.1in DMSO-ds,?° an organic solvent with a similar dielectric constant to nitrobenzene

(46.7 and 34.8, respectively).
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Finally, wee:toalBRBudndTBEND(TabkA.2) and see some
evidence of disruption of the Hofmeister series. AlthoughaBd NQ' have dfferent
@ G° (29 and 24 kJ mbl, respectively’?°t hey have d=AEsresdtonn s2GA
only be due to the presence of a receptor, higtatighthe utility of future generations of
anion receptors in selective extraction of anions, despite their position on the Hofmeister

series.

7.3.3Host-mediated extraction by 7.2

We also investigated hestediated liquidiquid extraction of TBPX salts (0.03
0.06 mM) with variable concentratiah2 (0.4, 0.1, 0.07, 0.04, 0.004 mM). Due to
limitations with host solubility in nitrobenzene (~0.4 mM), and&B limit of detection
andprecision for P concentrations in aqueous solution, we were unable to get sufficient
data for linear slope analysis; however, analysis of lgg¢Blues can still give us
valuable information about the influence7? on salt extraction.

Plotting log(D»,eprx) vs.log([R]o/[TBPX]o) we can more easily compare the effect
of 7.2on distribution ratios of TBPCI, TBPBr, TBPI, and TBPN®igure 7.5a). Despite
partitioning energies which range from the unfavorable (TBPCI and TPBr) to the
favorable (TBPI), the peence of exces&2 (log([R]o/[TBPX]o) > 0) result in similar
log(Dr,tPX) Values across the range of salts. Furthermore, plotting dagék) i
log(Dr.g) vs.logKp([R]o/[TBPX]o), where ,0 represents the distribution ratio of TBPX
salts in the absence of any receptor, shows the increase in the) ldgélio anion
binding with7.2 (Figure 7.5b). Figure 7.5b shows that TBPCI enjoys the greatest increase

in Dp due to the presence 812, at dl ratios of [Rp/[TBPX]o. This is indicative of
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stronger binding of Clwith 7.2compared to the other anions, consistent with its greater
charge density. Pvalues for TBPBr and TBPNfare similarly affected. Binding may be
seen to follow the Hofmeisterder in Fig. 7.5b. This result is somewhat surprising; we
chose to study.2for its selectivity for N@in anion binding in 10% DMS@es/CDCls.
However, selectivity in 10% DMS@s/CDCls was found to be due to favorable arfion
interactions between NfDand7.2 Perhaps this decrease in selectivity forsNi®
nitrobenzene is indicative of competing arfiorinteractions from the solvent. Finally,

we see that Bvalues for | are least affected by the presenc&.@f suggestingveaker
anion binding. While we see that binding follows the Hofmeister order, the order of

extraction overall does not follow this order (Fig. 7.5a). Nitrate is most strongly extracted

overall.
a) 2 b) 25
# S
_ 1.5 % . Dn. 2 é‘ * +
X . ® L W
E i +»* 2 % _cl’ 15 1 e ® @
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® TBPCI » TBPBr TBPI ® TBPNO: ® TBPCI © TBPBr TBPI ® TBPNO:

Figure 7.5.a) Comparing the effect @12 on distributionratios of TBPX salts. b) Plots
reveal the contribution af.2towards the distribution ratio of TBPX.

7.4 Conclusion

Hostmediated liquidiquid extraction has proven a useful method in the

separation and purification of salts in industrial, environmental, and waste management

settings. In particular, work on cation receptors has now allowed for the selective
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extractionof targeted salts, for example the use of cation receptors in the removal of Cs
from radioactive waste. Lagging far behind, however, is the use of anion receptors for the
selective removal of the counter anion. Development of such receptors could ye hugel
beneficial in liquidliquid extraction applications, from helping to improve extraction
efficiencies, to targeting anions of interest, and even influencing cation selectivity.

In this work, we study the effect of two previously published arylethyred ur
receptors on TBPX salt extraction from water into nitrobenzene. Both receptors have
previously been shown to bind the halides and'Ni©organic solvents, allowing us to
study anion receptor effect on a series of TBPX salts with anions from across the
Hofmeister series. A tetrabutylphosphonium (TB&unter cation was chosen so that
salt distribution ratios could be determined through-M® analysis of phosphorus
concentration in aqueous solution.

Herein, we report the Gibbs free energy of partitignof TBP into nitrobenzene
at 25 °C, previously unreported. This value will be useful for other researchers using
TBP' to study anion extraction. In addition, we show that recegtdrand7.2
significantly disrupt the anion Hofmeister bias in extrattiand at the highest
concentration of receptors (0.4L mM) studied, we see similar distribution ratios for all
TBPX salts, regardless of the hydrophilicity or lipophilicity of the anion. Finally, we
explain the equilibria in hoshediated liquidiquid extraction and show how slope
analysis can be used to determine fmpstst binding stoichiometry and the formation
equilibrium constant of anion binding. Research and progress in this field should lead to

the development of selective extraction of anitmeugh hosimediated liquieliquid

extraction, regardless of t.he anionds pl ace
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CHAPTER VIII

CONCLUSIONS AND FUTURE OUTLOOK

The research in this thesis highlights the utility of supramoleculaijuesit
chemistry in both fundamental and applicatdvven work. Steady advancements in the
field of organic synthetic chemistry have given the supramolecular chemist the freedom
to design, build, and study the binding properties of almost any supramolecular host.
Size, geometry, and narovalent interactions are all factors that can be tailored in a
binding pocket and studied to ask questions about the strength and specificityy of hos
guest interactions. The careful design of a series of supramolecular hosts allows for
physical organic methods to isolate the role of specifiecamalent interactions amongst
a mixture of additive and competitive forces. In addition, targeting newraohetstudied
guests can provide insights into their unique supramolecular chemistry, both in biological
and abiological settings.

Asking these fundamental questions is an essential first step before useful and
relevant applications can be developed. Attilne this thesis was written, a search on
Google Scholar for fAchloride supramol ecul ar
plethora of research has led to innovative applications fan@skguest chemistry. These
include mapping Clconcentratins in subcellular organellé€,Cl' transport across cell
membranes as a potential therapeutic for disease states such as cystiéfibreSis,
detection of Clin sweat as a nemvasive method to monitor disea<g,
organocatalysi$?®23%and even NaCl extraction from watéfIn Chapters IV of this

thesis, we use Cbinding as a benchmark to understand hydrochalcogenide binding and
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in Chaper V, Q Hé S contact geometry is compared withHE Cl contact geometry to

establish the former as an important ftmvalent interaction in supramolecular

chemistry. Finally, in Chapter VII, we explore how supramolecular receptors can be used

to improve Cl extraction from water. In contrast, a search on Google Scholar for

Ahydrosul fide OR hydroselenide OR hydrochalc

returns 234 results, and we are only aware of three families of supramolecular receptors

which have beeshown to reversibly bind the hydrochalcogenide anfofs®?3>3%As

the reseattt on these anions expands, so too should their supramolecular applications.
The work in this thesis has revealed design elements in supramolecular hosts that

are both compatible and show a preference for the hydrochalcogenide anions. This is

somewhat unusl; although reports have shown the importance ofcowalent

interactions in binding with the hydrochalcogenide anions in biotéig\#?the tigh

reactivity of these anions can make their supramolecular chemistry challenging to study.

We have shown that unreactive and poorly acidic hydrogen bond donors such as urea and

amide N H functional groups are compatible with the nucleophilic, reducimg basic

nature of the hydrochalcogenide anions. In Chapter Il we warn of slow addition of the

hydrochalcogenide anions to hosts with an alkyne functional group and in Chapter VI

demonstrate nucleophilic aromatic substitution of Wih sufficiently electon-deficient

aromatic rings. Chapters Il through 1V highlight challenges in studying theghest

chemistry of HSin organic solvent that is contaminated with small amounts of oxygen

and water, and over long experiment times. Finally, in Chapterélfownd a preference

of a polarized CH hydrogen bond donor for H®ver other anions studied, which

suggests that future generations of ld&8ective supramolecular hosts should employ this
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motif. Ci H¢ S hydrogen bonds may already be a key factor in aghaol chemical field
effect transistor for HSdetection in agueous solutihand has inspired these ofour
supramolecular receptors in aniselective electrod&?

Despite these advances in our understanding of hydrochalcogenide anion binding,
we are still lagging far behind the extensive work dnb@iding. TheSi H and SéH
bonds in the hydrochalcogenide anions set them apart from other sphericehtimmin
anions such as the halides. In addition, the hydridic nature of these hydrogens differ from
other protic anions. We do not believe that these hydrogenadnteith traditional
hydrogen bond acceptors. On the contrary, in Chapters Il and Ill we show that the
hydrochalcogenide hydrogens have chemical shifts in the hydride redidr\dfiR
spectra and shift upfield upon binding with a supramolecular host.a4egre
understanding of the behavior and character of these hydrogens durkggiéstsbinding
can inform design rules for the geometry and types ofaomalent interactions used in
future host binding pockets.

Other binding motifs such as anfohinteractions and-hole interactions such as
halogen, chalcogen, and pnictogen bonding, need to be explored further for compatibility
and binding strength. Solvent studies to understand the effect of solvation, polarity, and
solvent hydrogen bonding onetlsupramolecular chemistry of H&hd HSéare needed
to eventually translate understanding of synthetic supramoleculagiest chemistry to
proteinligand interactions in biological settings. Finally, further EIE studies are needed
to elucidate how biting affects the vibrational energy of the bonds present in both host

and guest.
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In conclusion, we have demonstrated that aryl ethynyl urea anion receptors
provide a versatile and modifiable scaffold for supramoleculardwesst binding with a
variety d guests, from the welbehaved halide anions, to large protic oxoanions, and the
highly reactive and understudied hydrochalcogenide anions. In using these receptors to
understand the fundamental supramolecular-gosst chemistry of the
hydrochalcogenidanions, we have explored compatible and preferable
hydrochalcogenide binding motifs which inform the design of supramolecular hosts in
future applications. The insights gained from expanding the scope of supramolecular
anion binding to the hydrochalcogdaianions should inspire future work on other
understudied biologically relevant anions and small molecules such as nitrosopersulfide

(SSNQ) and nitroxyl (HNO), respectively.
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APPENDIX A
SUPPLMENTARY CONTENT FOR CHAPTER I
Experimental Details
Materials and Methods.

All manipulations were performed under an inert atmosphere using an Innovative
Atmospheres bifilled glove box unless otherwise noted. All reagents were purchased
from commercial sources and used as received, unless otherwiseSuivedts were
degassed by sparging with Ar followed by passage through a Pure Process Technologies
solvent purification system to remove water and stored over 4A molecular sieves in an
inert atmosphere glove box. @N and DMSQds were distilled from calom hydride
then deoxygenated by three fregrenpthaw cycles and stored in an inert atmosphere
glove box. Tetrabutylammonium hydrosulfide (NB8H))’® and hos®.1®8"were alll
synthesized according to previous repéftdNote: Hydrogen sulfide, hydrogen
selenide, and related salts are highly toxic and should be handled carefully to avoid
exposure. MS as collected on a Xevo Waters ESI LC/MS instrument. The following
naming conventions were used to describe NMR couplings: (s) singlet, (d) doublet, (t)

triplet, (q) quartet, (dd) doublet of doublets, (m) multiplet, (b) broad
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Guest and Receptor Synthes

Tetrabutylammonium hydroselenide (N8eH) This preparation was adapted from
previous report8? NBusBH4 (0.743 g, 2.90 mmol) was dissolved in dry 4Ci¥ (10 mL)
and treated with 8€0.242 g, 3.10 mmol) in a dry box. After stirring fod, the solvent
was removedh vacuoand the resulting yellow oil was washed with THF. The resulting
white powder was filtered using a fine porosity giigged funnel and redissolved in
CHsCN and layered under #£2 to afford colorless crystals (0.1520500 mmol, 16%
yield). 'H NMR (600 MHz, CBCN) G: 3. 09 (=7,9H8 8H),,1.351(h] 6 O
= 7.3 Hz, 8H), 0.97 ( = 7.4 Hz, 12H)j 6.61 (SeH, s, 1H}3C{*H} NMR (150 MHz,

ChsCN) d0: 59.3, 24.32, 20.34, 13.79.

N,N',N"-(Nitrilotris(ethane 2,1-diyl))tris(3,5-bis(trifluoromethyl)benzamide £°3).

This preparation was adapted from previous repgofSTris(2-aminoethyl)amine

(0.0770 g, 0.530 mmol) and NaOH (0.230 g, 5.75 mmol) were dissolvefDiria® mL),

and a solution of 3;Bis(trifluoromethyl)benzoyl chloride (0.437 g, 1.58 mmol) in ethyl
acetate (EtOAc, 20 mL) was added dropwise and the reantidare was stirred

overnight under Nat room temperature. The organic layer was washed three times with
H20 (30 mL) then dried with N&Qu. After filtration, the solvent was removed under
vacuum to afford a white powder (0.246 g, 54% yield)NMR (600MHz, DMSO-ds)

U: 8. 88=55ME 3H),8.29 (s, 6H), 8.14 (s, 3H), 3.34Xg,5.9 Hz, 6H), 2.75

(t, J= 6.2 Hz, 6H)2*C{*H} NMR (150 MHz, DMSOds) U: 163. 36, J136.

= 33.3 Hz), 127.78, 124.49, 122.98 J¢; 272.8 Hz), 53.44, 3801
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NMR Studies.

General MethoddNMR spectra were acquired on a Briker AvaiteHD 600

spectrometer with a Prodigy multinuclear broadband cryoRabBB.0 °C or on a Varian

500 MHz spectrometer. Chemical shifts are re
referenced to residual solvent resonancessBDH 1.94 ppmBC{'H} 118.26 ppm

and DMSQds *H 2.50 ppmC{*H} 39.52 ppm).

General Proceduréor NMR Titrations Method A A solution of host in 10% DMSO
ds/CDsCN or C3CN (1.82 . 2 mM, 3 mL) was prepared and 50
septumsealed NMR tube. The remaining host solution (2.5 mL) was used to prepare a

host/guest (125 mM) stock solutin. Aliquots of the host/guest solution were added to

the NMR tube using Hamilton gdigiht syringes, andH NMR spectra were recorded at

25 AC after each addition of guest. The U o
were used to follow the progresktbe titration, and association constants were

determined using the Thordarson metfbt.

Method B A solution of receptoR.1®¥ in 10% DMSQdes/CD3CN (0.81.2 mM) was
prepared and 500 ¢-kealedd\BIR tabe.dAetdck solatioraof guestp t u m
(NBusSeH) was prepared in 10% DMSCDsCN (18.627.0 mM). Aliquots of the
guest solution were added to the NMR tube using Hamiltostigfaissyringes, anéH

NMR spectra were recorded at 25 AC after eac
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the central aromatic CH proton was used to follbe/progress of the titration, and

association constants were determined using the Thordarson method.

Decomposition Studies with1®®' and HSé. Stock solutions in 10% DMS@s/CD3CN

of 2.1 (2 mM,) and NBu(SeH (25 mM) were prepared. A septum sealed NMR tube
was charged wRXthsol&idn020 eqliv. NBiSeH wae added to the
receptor solution using a Hamiltongads ght syringe, and the
aromatic CH protons were monitored 1y NMR at 25 °C to determine the effect of

HSé€ binding on2.1®®Y (FigureA.3). These samples were then collected and the solvent

removed under vacuum for MS analysis.

HSeé Binding Reversibility Studies with1®®Y and Zn(OAc). Stock solutions in 10%
DMSO-ds/CDsCN of recepto2.1® (2 mM,) and NBuSeH (11 mM) were prepared, as
was a stock solution of Zn(OAc)78 mM) in DMSOds. A septum sealed NMR tube was
charged wi21R' After 6 eqeiv. NBaSeH was added using a Hamilton-gas
tight syringe, the U of the NH andHvar.i
NMR at 25 °C over the course of 3 h. (Fig&v®) 20 equiv. Zn(OAe)was added using

a Hamilton gasight syringe to determine the effect of Zn(OAoh HSé binding.

HSé Binding Reversibility Studies with2°F and Zn(OA®. Stock solutions in 10%
DMSO-ds/CDsCN of 2.2°F3 (2 mM,), NBuSeH (20 mM), and Zn(OAg)40 mM) were
prepared. A septum seal ed NMR2%t3golution,wa s
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then 2 equiv. NBiSeH and 12 equiv. Zn(OAc)vere sequentially added using Hamilton
gast i ght syringes. The U0 of the Nritorambyd vari ou

H NMR at 25 °C to determine the effect of Zn(OAch HSé binding.

X-ray Crystallography

General MethodsDiffraction intensities for NBaBeH,2.2°F3, and NBu[2.1B!(SeH)]

were collected at 173 K on a Bruker Apex2 CCD diffractometer usingaCa#iation,

| = 1.54178 A. Space groups were determined based on systematic absene8s\Bu
NBu4[2.1®BY(SeH)]) and intensity statisticR.2°F). Absorption corrections were applied

by SADABS 23 Structures were solved by direct methods and Fourier techniques and
refined onF? using full matrix leassquares procedures. All néhatoms were refined

with anisotropic thermal parameters. H atoms in all structures were refined in calculated
positionsin a rigid group model, except the H atom bonded to the Se atom uSEBuU
Position of this H atom was found on the residual density map and refined with isotropic
thermal parameters. Solvent molecules (hexa2e2fit® and diethyl ether in
NBu4[2.1BY(SeH)]) fill out a large empty space between the main molecules in the
packing. They are highly disordered and were treated by SQUEEZEe corrections

of the Xray data by SQUEEZE are 132 and 212 electron/cell; the expected values are
100 and 168 electron/cell, respectively, 28°F and NBu[2.1®®(SeH)]. Due to a lot of
disordered CFs groups in the structure @f2¢"3, diffraction at high angles from crystals

of this compound is very weak and reflection statistics at high angles are poor. Even

using a strongncoateclpS Cusource it was possible to collected data only updt@xz
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99.98°. However, diffraction data collected 827 provide appropriate numbers of
measured reflections per refined parameters: 8261 per 1118. Thermal parameters for the
F atoms in the disordedi CFs groups are significantly elongated displaying their
significant disorder. Diffraction data for NJ2.1"8Y(SeH)] has been collected up to

2dmax= 133.46° but reflection at high angles are also very weak due to disordered
terminal groups in a count®n NBuw and solvent EO molecule. The disordered

fragments have been refined with restrictions on its geometry and using RIGU option in

SHELXL. All calculations were performed by the Bru@HE L2100 1 4 pZ%°ckage.

In contrast to the structure of NBSH,° determined in high symmet®-3c with
the H atom at the S atom disordered over several positions, the structures8£NBuas
determined in monoclinic system with one position for the H atom on the Se atom. The
difference in size of the S and Se atoms appear to provide the differemgstad
packing and as a result crystal symmetry in case of the Se atom is reduced from

hexagonal to monoclinic.
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Table A.1. Crystallographic data for NB8eH,2.2°F3, and NBu[2.1BY(SeH)].

NBusSeH 2.2CF3 NBu4[2.1B!(SeH)]
formula CigHs/NSe  CgeHziF1gN4Os  CraH111Ns06Se
fw 322.42 909.65 1245.63
T (K) 173(2) 173(2) 173(2) K
crystal system Monoclinic Triclinic Monoclinic
space group C2lc P-1 P2i/n
a(R) 14.1628(5)  13.8015(7) 9.5547(4)
b (A) 14.0547(5)  18.0488(9) 30.3155(13)
c (A) 19.8443(7)  18.1383(9) 26.1228(10)
U (A) 90 103.008(3) 90
b (A) 110.832(2)  102.996(3) 90.476(2)
2 (A) 90 105.924(3) 90
V4 8 4 4
V (A3 3691.9(2) 4030.4(4) 7566.4(5)
Uealc (Mg/m®) 1.160 1.499 1.093
indep. reflections 3260 8261 13148
R1 0.0442 0.0656 0.0921
R1(1 >20¢(1 0.0722 0.0899 0.1124
wR2 0.1118 0.1674 0.2381
GOF 1.025 1.047 1.050

max/min res. é den. (eA%) +0.37710.337 +0.67210.343 +1.061/0.814

CCDC# 1846890 1846891 1846892

WR2 = [S[w(Fo%i Fc?)?] / S[w(Fo?)?] 12
R1 =S||R|i |F|| / S|Fo|
GOF = S = §[w(Fo% FA)?] I (n-p)]¥2 where n is the number of reflections and p is the

total number of parameters refined.
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Figure A.1. Spacefilling model of (a)[2.1®84(SeH)]" and (b) NBu [2.1®B4(SeH)], (C
atoms ofNBus" in black) demonstrating that the aliphatitHCbonds of NBu" counter
ion interacts with the bound HSanion.

Figure A.2. Thermal ellipsoid diagram (at 50% probability) depicting the molecular
structure o2.2°73, Only Ni H hydrogen atoms are shown for clarity.
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NMR Studies

Decomposition Studies with1® and HSé&. Stock solutions in 10% DMS@s/CDsCN

of 2.1'8Y (2 mM,) and NBu(SeH) (25 mM) were prepared. A septum sealed NMR tube

was charged wRIPhsol&i@020 equiv. 8BiSeH Wwae added to the

receptor solution using a Hamiltongas ght syringe, and the U of
aromatic CH prains were monitored by4 NMR at 25 °C to determine the effect of

HSe binding on2.1® (Figure A.3.

Time (h)
T e
I \ W N A 18
J\_____/\__,/\,/\_ S AW j‘L__ 1.4
A~ AN~ AN 10
J‘\____,___/\_.,A.J\_. I Jl,__ 0.8
M JLJ\J\___,,_____,\J\__.___/L_ 0.7
I J\,_/\/K A /\_ 0.5
VIV \. N oz
A M/L A e — 0.2
NN AN /\ o1
r— T T T T 17 T T T 1 T 1 T 7T T
90 88 86 84 82 80 78 76 74 72 70 68 66 1 6. 47 6.7

t (ppm)

Figure A.3. StackedH spectrum of recept@.1®" and subsequent decomposition over
43 h upon addition of 20 equiv. NEseH.
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Figure A.4. (a) Zoomed MS (negative mode, ESI) of further reacted products, with the

850

proposed identity of these fragments, from the reaction of rec2pt®rwith 20 equiv.

NBusSeH. Simulated spectra are in grey above the experimental spectra. (b) Full MS

(negative mode, ESI) with the proposed identity of certain peaks specified.
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HSé Binding Reversibility Studies with1®®" and Zn(OA®. Stock solutionsri 10%

DMSO-ds/CD3CN of recepto2.1® (2 mM,) and NBuSeH (11 mM) were prepared, as

was a stock solution of Zn(OAC])78 mM) in DMSQds. A septum sealed NMR tube was
charged wi21R' After 6 eqeiv. NBaSeH was added using a Hamilton-gas

tight syringe, the U of the NH andHvarious a
NMR at 25 °C over the course of 3 kigureA.5) 20 equiv. Zn(OAc)was added using

a Hamilton gasight syringe to determine the effeaftZn(OAc) on HSé binding.

o l ol )

(0) —~ DN ¢ ML,__JL__.J
(©) —~ o MJ
) A W

—+ 1+ T + T ' T ' T * T * T T+ T ‘v T T T 7“1
104 10.0 96 9.2 8.8 8.4 8.0 7.6 7.2 6.8 64 1 6.

U (ppm)

Figure A.5. (a)'H spectrum of unboun2.1®". (b) *H spectrum o2.1®" bound with
HSe after 1 h and (c) after 3 h. (d) Addition of Zn(OAshows a return to the original,
unbound spectrum @&.1®Y, demonstrating reversibility.
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HSé Binding Reversibility Studies with2°F and Zn(OA®. Stock solutions in 10%

DMSO-de/CD3sCN of 2.273 (2 mM,), NBuSeH (20 mM), and Zn(OAg)Y40 mM) were
prepared. A septum sealed NMR2tgoton,was char g
then 2 equiv. NBsSeH and 12 equiv. Zn(OAc)vere sequentially added using Hamilton

gast i ght syringes. The U of the NH and variou

H NMR at 25 °C to determine the effect of Zn(OAah HSé binding.

.

{éw HNp {:%;NQNJN Q, ) JL N

FQ (d) N

FsC H
H CFs r T T T T T T T T T T T 1

NH
8.5 8.4 8.3 8.2 8.1 8.0
[e} HN
S i (ppm)

Figure A.3. (a) Molecular depiction of Zn extrusion to show reversibility of receptor
2.2CF3, (b) *H spectrum of unboun2.2°F3. (c) *H NMR spectrum of.2°F3 bound with
HS€. (d) Addition of Zn(OAc) shows a return to the original, unbound spectrum of
2.2°F3 demorstrating reversibility.
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IH NMR Data

Table A.2. Representative titration of recep@i® with HSé in 10% DMSQ
ds/CDsCN.

Entry Veuest( € L [Host] (M) [HSE] (M) Equiv. O NH U NH U GH

(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.873 7.937 7.790
1 5 2.0E03 2.7E04 0.13 8.991 7.969 7.854
2 10 2.0E03 5.3E04 0.27 9.098 8.000 7.906
3 15 2.0E03 7.9E04 0.40 9.187 8.028 7.950
4 25 1.9E03 1.3E03 0.67 9.343 8.071 8.035
5 35 1.9E03 1.8E03 0.94 9.475 8.101 8.101
6 55 1.8E03 2.7E03 1.47 9.670 8.165 8.201
7 95 1.7E03 4.3E03 2.55 9.913 8.229 8.327
8 145 1.6E03 6.1E03 3.89 10.078 8.274 8.405
9 205 1.4E03 7.8E03 5.50 10.176 8.312 8.456
10 265 1.3E03 9.3E03 7.10 10.254 8.336 8.489
11 325 1.2E03 1.1E02 8.71 10.307 8.354 8.507
12 385 1.1E03 1.2E02 10.32 10.331 8.361 8.516
13 485 1.0E03 1.3E02 13.00 10.367 8.380 8.525

Binding Isotherm of [SeH']

0.02

€ 95 4 ©  NHb Experimental NHb Predicted
i 9.3 1 B NHc Experimental NHc Predicted
~ 9.1 1 A CHa Experimental CHa Predicted

u
©
o
Residuals
o

001 2 3 4 5 6 7 8 9 10 11 12 13 14 .,
[G[H] [GYIH]

Figure A.7. Representative binding isotherm for H$&ation of receptol.1®®¥ in 10%
DMSO-ds/CDsCN determined byH NMR spectroscopy.
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Table A.3. Representative titration of recep@i® with HS in 10% DMSG
ds/CD3CN.

Entry  Vouest( € L [Host] (M) [HS'](M)  Equiv. U NH U NH U GH

(ppm) (ppm) (ppm)
0 0 1.0E03  0.0E+00 0.00 8.868 7.934 7.790
1 5 1.08E03  1.8E04 0.18 9.205 8.003 7.969
2 10 1.0803  3.6E04 0.36 9.507 8.060 8.153
3 15 1.0E03  5.3E04 0.53 9.770 8.116 8.313
4 20 1.0803  7.0B04 0.70 9.999 8.161 8.448
5 30 1.0E03  1.0E03 1.04 10.363 8.233 8.644
6 40 1.0803  1.4E03 1.36 10.580 8.282 8.758
7 50 1.0803  1.7E03 1.67 10.723 8.314 8.835
8 65 1.0803  2.1E03 2.11 10.857 8.340 8.908
9 80 1.0E03  2.5E03 2.53 10.944 8.361 8.953
10 95 1.0803  2.9E03 2.93 10.993 8.373 8.963
11 115 1.0E03  3.4E03 3.43 11.036 8.385 8.970
12 140 1.0803  4.0E03 4.01 11.080 8.410 9.002
13 170 1.0E03 4. 703 4.65 11.110 8.407 9.005
14 210 1.0803  5.4E03 5.42 11.130 8.419 9.005
15 260 1.0E03  6.3E03 6.27 11.155 8.413 9.013
16 360 1.0803  7.7E03 7.67 11.174 8.434 9.022
17 510 1.0803  9.3E03 9.25 11.206 8.445 9.032
18 710 1.0E03  1.1E02 10.75 11.223 8.467 9.028

Binding Isotherm of [SH]

NHb Predicted
NHc Predicted
CHa Predicted

NHb Experimental
B NHc Experimental

A CHa Experimental

Residuals

[GIH] [GIHI

Figure A.4. Representative binding isotherm for Hiration of receptof.1®" in 10%
DMSO-ds/CDsCN determined byH NMR spectroscopy.
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Table A.2. Representative titration of recep@i® with Br' in 10% DMSQds/CD:CN.

Entry  Veuest( € L [Host] (M) [Br'] (M) Equiv. i NH O NH U GH

(ppm) (ppm) (ppm)
0 0 1.0E03 0.0E+00 0.00 8.878 7.936 7.797
1 5 1.0E03 2.5E604 0.25 8.906 7.941 7.820
2 10 1.0E03 4.9E04 0.49 8.923 7.945 7.836
3 15 1.0E03 7.2E604 0.72 8.946 7.947 7.854
4 20 1.0E03 9.5E04 0.95 8.967 7.952 7.875
5 30 1.0E03 1.4E03 1.40 9.003 7.956 7.906
6 40 1.0E03 1.8E03 1.83 9.035 7.962 7.939
7 50 1.0E03 2.3E03 2.25 9.069 7.965 7.965
8 65 1.0E03 2.9E03 2.85 9.108 7.971 8.002
9 80 1.0E03 3.4E03 3.41 9.143 7.976 8.033
10 95 1.0E03 4.0E03 3.95 9.177 7.982 8.066
11 115 1.0E03 4.6E03 4.63 9.214 7.987 8.105
12 135 1.0E03 5.3E03 5.26 9.247 7.991 8.132
13 160 1.0E03 6.0E03 6.00 9.281 7.995 8.164
14 190 1.0E03 6.8E03 6.82 9.318 8.001 8.196
15 225 1.0E03 7.7E03 7.68 9.352 8.006 8.225
16 265 1.0E03 8.6E03 8.58 9.385 8.011 8.256
17 315 1.0E03 9.6E03 9.57 9.420 8.016 8.289
18 375 1.0E03 1.1E02 10.61 9.455 8.022 8.316
19 455 1.0E03 1.2E02 11.79 9.488 8.022 8.345
20 555 1.0E03 1.3E02 13.02 9.516 8.030 8.367
21 695 1.0E03 1.4E02 14.40 9.530 8.036 8.383
22 885 1.0E03 1.6E02 15.82 9.560 8.036 8.410

Binding Isotherm of [Br']

£ _ .
o 89 ¢ ©  NHb Experiment NHb Predicted
< 4 B NHc Experimental NHc Predicted 3
- 8.7 S
- A  CHa Experimental CHa Predicted 5
8.5 &
8.3
8.1
79
7.7 + T T T T T T T v
o] 2 4 6 8 10 12 14 16

-0.01
[GJ/[H] [GI/H]

Figure A.5. Representative binding isotherm for Btration of recepto21® in 10%
DMSO-ds/CDsCN determined byH NMR spectroscopy.
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Table A.5. Representative titration of recep@i®®¥ with CI' in 10% DMSGds/CD3CN.

Entry  Veuest( € L [Host] (M) [CI'] (M) Equiv. i NH U0 NH U0 GH

(ppm) (ppm) (ppm)
0 0 8.8E04 0.0E+00 0.00 8.866 7.934 7.788
1 5 8.8E04 2.0e04 0.23 9.083 7.956 7.969
2 10 8.8E04 4.0E04 0.45 9.256 7.973 8.117
3 15 8.8E04 5.9604 0.67 9.397 7.989 8.238
4 20 8.8E04 7.7E04 0.88 9.514 8.001 8.336
5 30 8.8E04 1.1E03 1.30 9.696 8.018 8.484
6 40 8.8E04 1.5E03 1.70 9.820 8.031 8.593
7 50 8.8E04 1.8E03 2.09 9.910 8.039 8.667
8 65 8.8E04 2.3E03 2.64 10.006 8.050 8.746
9 80 8.8E04 2.8E03 3.17 10.069 8.061 8.800
10 100 8.8E04 3.4E03 3.83 10.130 8.062 8.847
11 125 8.8E04 4.0E03 4.59 10.181 8.073 8.891
12 155 8.8E04 4.8E03 5.43 10.219 8.080 8.920
13 195 8.8E04 5. 703 6.44 10.259 8.082 8.946
14 245 8.8E04 6.6E03 7.55 10.293 8.090 8.969
15 345 8.8E04 8.2E03 9.38 10.328 8.100 8.988
16 495 8.8E04 1.0E02 11.42 10.361 8.108 9.006
17 695 8.8E04 1.2E02 13.36 10.374 8.114 9.013

Binding Isotherm of [CI']

—0— NHb

10.8
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0.01 1

10

NHb Predicted
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A A
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SResiduals
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Figure A.6. Representative binding isotherm fof Gtration of receptoR.1®¥ in 10%
DMSO-ds/CDsCN determined byH NMR spectroscopy.
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Table A.3. Representative titration of recep@2°3 with HSé in CDsCN.

Entry

0

© oo ~NOOULhWDNPRP

PR RERERRERRRERRE
©oO~NOOUA~WNERO

8.5 1

(ppm)

u

Vouest( € L [Host] (M)
0 1.1E03
5 1.1E03
10 1.1E03
20 1.1E03
30 1.1E03
45 1.1E03
60 1.1E03
80 1.1E03

100 1.1E03
130 1.1E03
160 1.1E03
200 1.1E03
250 1.1E03
310 1.1E03
380 1.1E03
460 1.1E03
560 1.1E03
710 1.1E03
910 1.1E03
1160 1.1E03

Binding Isotherm of [HSe']

NH Experiment

B CH Experimental

[HSe] (M)
0.00E+00
8.99E05
1.78E04
3.49E04
5.14E04
7.49E04
9.72E04
1.25E03
1.51E03
1.87E03
2.20E03
2.59E03
3.03E03
3.47E03
3.92E03
4.35E03
4.79E03
5.33E03
5.86E03
6.34E03

NH Predicted
CH Predicted

[GI/H]

) ) S Residuals o
o o o o
w N = o =

o
o
=

Equiv.

0.00
0.08
0.16
0.32
0.47
0.68
0.89
1.14
1.38
1.71
2.01
2.37
2.76
3.17
3.57
3.97
4.37
4.86
5.34
5.78

8 NH (U
7.79
7.81
7.82
7.85
7.87
7.91
7.94
7.97
8.01
8.06
8.1
8.15
8.19
8.23
8.25
8.27
8.28
8.3
8.31
8.32

——@— CH Experimental
—0— NH Experimental

CH
8.13
8.14
8.14
8.15
8.15
8.16
8.17
8.17
8.18
8.19
8.2
8.21
8.22
8.23
8.25
8.27
8.28
8.29
8.31
8.32

[GVH]

Figure A.7. Representative binding isotherm for H$&ation of recepto.2°F3 in
CDs3CN determined byH NMR spectroscopy.
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Table A.4. Representative titration of recep@2°3 with HS in CDsCN.

Entry Veuest( € L [Host] (M)  [HS'] (M) Equiv. i NH (0 CH (
0 0 1.2E03 0.0E+00 0.00 7.79 8.14
1 10 1.2E03 2.3E04 0.19 7.99 8.18
2 20 1.2E03 4.5E04 0.37 8.12 8.21
3 30 1.2E03 6.6E04 0.54 8.28 8.24
4 45 1.2E03 9.6E04 0.79 8.47 8.29
5 60 1.2E03 1.2E03 1.03 8.65 8.32
6 80 1.2E03 1.6E03 1.32 8.83 8.37
7 100 1.2E03 1.9E03 1.60 8.99 8.4
8 125 1.2E03 2.3E03 1.92 9.14 8.43
9 150 1.2E03 2.7E03 2.21 9.24 8.46
10 180 1.2E03 3.1E03 2.54 9.35 8.48
11 210 1.2E03 3.4E03 2.83 9.43 8.5
12 250 1.2E03 3.9E03 3.19 9.50 8.51
13 300 1.2E03 4.4E03 3.59 9.58 8.53
14 360 1.2E03 4.9E03 4.01 9.63 8.54
15 440 1.2E03 5.4E03 4.49 9.68 8.56
16 540 1.2E03 6.0E03 4.98 9.72 8.57
17 640 1.2E03 6.5E03 5.38 9.75 8.57
18 790 1.2E03 7.1E03 5.87 9.80 8.58
19 990 1.2E03 7.7E03 6.37 9.79 8.58
20 1240 1.2E03 8.3E03 6.83 9.82 8.14

Binding Isotherm of [HS']
0.06 - —@— CH Experimental

——0— NH Experimental

9.7
0.04 1
9.3

o
o
]

(ppm)

8.9

v}
Residuals

o

8.5

NH Predicted

NH Experiment
8.1

CH Experimental CH Predicted -0.02 4

-0.04 -
[GVH] [GIIH]

Figure A.8. Representative binding isotherm for Hiration of receptoR.2"3 in
CDzCN determined byH NMR spectroscopy.
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Table A.8. Representative titration of recep@2°3 with Br' in CD:CN.

Entry Vouest( € L) [Host] (M) [HS'] (M) Equiv. i NHU CH (
(ppm)
0 0 1.2E03 0.0E+00 0 7.79 8.14
1 5 1.2E03 2.6E04 0.21 7.81 8.14
2 10 1.2E03 5.1E04 0.42 7.83 8.15
3 20 1.2E03 1.0E03 0.83 7.86 8.15
4 30 1.2E03 1.5E03 1.22 7.89 8.16
5 45 1.2E03 2.2E03 1.78 7.93 8.17
6 60 1.2E03 2.8£03 2.30 7.97 8.18
7 80 1.2E03 3.6E03 2.97 8.01 8.19
8 100 1.2E03 4.3E03 3.58 8.05 8.2
9 130 1.2E03 5.4E03 4.44 8.1 8.21
10 160 1.2E03 6.3E03 5.21 8.13 8.22
11 200 1.2E03 7.4E03 6.14 8.17 8.23
12 240 1.2E03 8.5E03 6.97 8.21 8.24
13 290 1.2E03 9.7E03 7.89 8.25 8.25
14 350 1.2E03 1.1E02 8.85 8.28 8.26
15 430 1.2E03 1.2E02 9.94 8.32 8.27
16 530 1.2E03 1.3E02 11.07 8.35 8.27
17 680 1.2E03 1.5E02 12.39 8.38 8.28
18 880 1.2E03 1.7&02 13.71 8.42 8.29
19 1130 1.2E03 1.8E02 14.91 8.43 8.29
20 1380 1.2E03 1.9E02 15.79 8.45 8.3

Binding Isotherm of [Br']

0.01 ——@— CH Experimental
—0— NH Experimental

(ppm)

v}
Residuals

NH Predicted
CH Predicted

7.9 ©  NH Experiment

B CH Experimental

0 2 4 6 8 10 12 14 16 0.01
[GVH] [GV[H]

Figure A.9. Representative binding isotherm for Btration of receptoR.2°"3 in
CDsCN determined byH NMR spectroscopy.
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Table A.5. Representative titration of recep@2°3 with CI' in CDsCN.

Entry Veuest( € L) [Host] (M) [HS'] (M) Equiv. i NHU CH (
(ppm)
0 0 1.33E03 0.00E+00 0.00 7.79 8.14
1 10 1.33E03 4.23E04 0.32 8 8.19
2 20 1.33E03 8.30E04 0.63 8.17 8.22
3 30 1.33E03 1.22E03 0.92 8.32 8.26
4 45 1.33E03 1.78E03 1.34 8.49 8.3
5 60 1.33E03 2.31E03 1.74 8.63 8.33
6 80 1.33E03 2.98E03 2.24 8.77 8.36
7 100 1.33E03 3.60E03 2.71 8.87 8.39
8 125 1.33E03 4.32E03 3.25 8.97 8.41
9 150 1.33E03 4.98E03 3.75 9.04 8.43
10 180 1.33E03 5.71E03 4.31 9.11 8.44
11 210 1.33E03 6.39E03 4.81 9.16 8.46
12 250 1.33E03 7.20E03 5.42 9.22 8.47
13 300 1.33E03 8.10E03 6.10 9.26 8.48
14 360 1.33E03 9.04E03 6.81 9.31 8.49
15 440 1.33E03 1.01E02 7.61 9.35 8.5
16 540 1.33E03 1.12E02 8.45 9.38 8.51
17 690 1.33E03 1.25E02 9.43 9.42 8.52
18 890 1.33E03 1.38E02 10.42 9.41 8.52
19 1140 1.33E03 1.50E02 11.31 9.45 8.52
20 1390 1.33E03 1.59E02 11.96 9.46 8.53

Binding Isotherm of [CI'] 0.03 - CH Experimental

9.7

——0— NH Experimental

0.02 1
9.3

0.01 1
8.9

(ppm)

u
Residuals
o

8.5

-0.01 1

NH Predicted
CH Predicted

8.1 NH Experiment

CH Experimental
-0.02 4

[GYIH] o (GY[HI

Figure A.10. Representative binding isotherm for @fration of recepto.2°F3 in
CDs3CN determined byH NMR spectroscopy.
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APPENDIX B
SUPPLMENTARY CONTENT FOR CHAPTER Il |
Experimental Details

General Methods.All manipulations were performed under an inert atmosphere using an
Innovative AtmospheresMilled glove box unless otherwise noted. NMR spectra were

acquired at room temperature on a Bruker Avance Il HD 600 equipped with a Prodigy
multinuclear cryoprobe!d: 600 MHz,**C: 151 MHz,'F: 565 MHz).*H and*C

chemical shifts (U) are reporieeppmiCn ppm r el a
77.16 ppm) or DMSO': 2.50 ppm13C: 39.52 ppm) shifts®F NMR shifts are

referencedtoCFe( 4G O ppm) as an external standard. )
on a Waters SYNAPT HDMS ToF in positive ion mode with a Shimadzu Prominence LC

front end. CBCN and DMSQds were distilled from calcium hydride then deoxygenated

by purgng with N2 and stored over 4A molecular sieves in an inert atmosphere glove

box. Tetrabutylammonium chloride (NBTI) and tetrabutylammonium bromide

(NBusBr) were recrystallized by layering an anhydrous THF solution under anhydrous

Et0. Tetrabutylammonim hydrosulfide (NBuSH),’® tetrabutylammonium

hydroselenide (NBiSeH) 1,3-dibromo5-(trifluoromethyl)benzené®’2384-tert-butyl-
2-((trimethylsilyl)ethynyl}aniline @.4),*"?%°and hostg.1NMe2 3 1By 31H 3.1F and

3.1%?"were allsynthesized according to previous reports. All other reagents were

purchased from commercial sources and used as rechigtziHydrogen sulfide,

hydrogen selenide, and related salts are highly toxic and should be handled carefully to

avoid exposure.
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Receptor Synthesis and Characterization.

CF;
NCO

CF3 = x

1. K,CO (; tBu tBu
TMS 2~ '3
- = MeOH/Et,0 O Sve O " N O
= N
2. CF,4 tBu Z N tBu toluene 2\
NH, O O 50°C 0“NH  HNTO

Br Br

Pd(PPha)g, Cul OMe OMe
3.4 THF/DIPA 3.5 3.1CF3

50°C

NH, HoN

SchemeB.1. Synthetic scheme f@&.1¢" starting from previously published intermediate
3.4.137,239

Dianiline 3.5. This preparation was adapted from previous regdéAssuspension of 4
tert-butyl-2-((trimethylsilyl)ethynyl)aniliné3"23%(3.4, 2.40 g,9.77 mmol), KCO:z (6.04

g, 43.70 mmol), MeOH (20 mL), and2Ex (10 mL) was stirred at 25 °C for 3 h. The
suspension was diluted with water and extracted witbGEH3x) and washed with brine
(2x). The organic layer was dried (#$£x) and concentrateid vacuoto afford a dark
brown oil. The oil was dissolved in THF (10 mL) and DIPA (10 mL) and purged with N
for 1 h. The solution was cannulated into aapNrged solution of 1;8ibromo5-
(trifluoromethyl)benzeré®241(0.81 g, 2.7 mmol), Pd(PB)a (0.15 g, 0.13 mmol), Cul
(0.02 g, 0.1 mmol), THF (20 mL), andPrNHz (20 mL). The solution was stirred for 12

h at 50 °C, cooled, and concentraitedacuo The resulting oil was dissolved in @El2

and filtered through a 3 cm silica plug, which was washed with additionalleH he
filtrate was concentratdd vacuoand the resulting brown oil was purified by column
chromatography (5:1 hexanes/EtOAc) to aff8rsl(0.48 g, 0.98 mmol, 37%) as a beige
solid.'H NMR (600 MHz,CDC{) U 7.84 (s, 1HYs21tmg,2ZH), (s, 2H)
7.23 (ddJ = 8.5, 2.1 Hz, 2H), 6.70 (d,= 8.5 Hz, 2H), 4.18 (s, 4H), 1.30 (s, 18HC
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NMR (151 MHz,CDC$) U0 145. 84, 141 .J928H3)3AW0H1, 131.

128.03, 127.37 (g) = 3.6 Hz), 124.99, 123.52 (4~ 272.7 Hz), 114.64, 1061, 92.12,
89.07, 34.09, 31.52%F NMR (565 MHz, CDGJ) 1 6B.09.HRMS (ESFTOFMS*) m/z

calcd for GiHz2N2F3 [M+H] " 489.2518, found 489.2523.

Receptor3.1°F3, This preparation was adapted from previous repoad. glassware

was dried in a 150 °C oven overnight. A round bottom flask was charged with dry
toluene (100 mL) and dianilir@5 (0.41 g, 0.84 mmol).4Methoxyphenyl isocyanate
(0.40 mL, 3.1 mmol) was added dropwise and the solution was stirred fort BD i@

The reaction became cloudy upon completion, and the precipitate was collected, then

recrystallized in toluene to affo®11¢F3 (0.15 g, 0.20 mmol, 24%) as a fine white

powder.!H NMR (600 MHz,DMSGds) U 9. 31 (s, 2H), .8l 32 (s,

(s, 2H), 8.04 (dJ = 8.8 Hz, 2H), 7.56 (d] = 2.4 Hz, 2H), 7.46 (dd] = 8.8, 2.4 Hz, 2H),

7.38 (d,J= 8.9 Hz, 4H), 6.85 (d] = 8.9 Hz, 4H), 3.70 (s, 6H), 1.30 (s, 18HC NMR

(151 MHz, DMSQds) d 154. 65, 152. 40, 144. 4395 138.
31.7 Hz), 128.96, 127.82 (4= 3.9 Hz), 127.46, 124.29, 123.41 {g; 273.3 Hz),

120.24, 119.74, 114.06, 110.26, 92.27, 88.58, 55.15, 33.98 A NMR (565 MHz,

DMSO-ds) 16.47.HRMS (ESFTORMS') m/zcalcd for G7HaeN4O4Fs [M+H]*

787.3471, found 787.3457.
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NMR Spectra.
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Figure B.1. *H NMR spectrum of dianilind 5. * = silicon grease

o
Q
[m] *®
T O TN OTOOLO 0 OTNON ™ — < — O
X-oX@ITNoOCOTmMmaNaToxon]© @ o
BN @oO~~N~N~NOTTNOT O F i ™~
ST T OO MONNNNNNNNNNNTONGg ™~ < T B
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ o ~ & b -
L-__‘_j——_'_’j *“—7}__)/ ,7_,-:‘_‘;_;“7 | “
CF3
tBu Z X Bu
® §
oz
NH, HoN
|
!
|
13 I 1
| | 1 [ |

Ty T T T T T TTTg
150 140 130 120 M1MO0 100 90 80 70 60 50 40 30 20 10 0
5 (ppm)

Figure B.2. 3C{*H} NMR spectrum of dianiling.5. * = silicon grease
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Figure B.5. 13C{*H} NMR spectrum of receptds.1°"3.
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Figure B.6. °F NMR spectrum of recept@:1°F3,
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Linear free energy relationship (LFER) analysis of substituent effect otH NMR

chemical shift (u) of free

DMSO-ds/ CD3CN at 25 °C.

d (ppm)

h202snM inl@@ r ogen b on

FigureB7Z.LFER bet ween U of 3H% ndgoDisheddines n free hos

represent the 95% confidence interval for each linear trend.

TableB.1L.Fi tting statistics for
Up.
HB Donor Slope Intercept p-value

Slope Intercept Model

CHa 0.64+0.11 7.85+£0.04<0.01 <0.01 <0.01 0.90 0.88
NHb 0.03+0.02 793+0.01 0.12 <0.01 0.12 0.49 0.36
NHc -0.02+0.028.88+0.01 048 <0.01 0.48 0.13 -0.09
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IH NMR Titrations.

General Methods *H NMR spectra were acquired at room temperature on a Varian
Inova 500 MHz spectrometefH: 500.11 MHz)!H chemi cal shifts (U0) ar

ppmrelative to residual CY¥CN (*H: 1.94 ppm) shifts.

General Procedure for NMR Titrations. Method A.A solution of host in 10% DMSO
ds/CDsCN (0.82. 1 mM) was pr evpsaddeddo azseptdseaicd OMRe L
tube. The remaining host solution (2.5 mL) was used to prepare a host/guesZi(biBu
NBu4Br) (18.527.9 mM) stock solution. Aliquots of the host/guest solution were added
to the NMR tube using Hamilton géight syringesandH NMR spectra were recorded

at 25 AC after each addition of guest. The q
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were used to follow the progress of the titration, and association constants were

determined using the Thordarson metfbd.

Method B A solution of receptor host in 10% DMS@/CDsCN (1.82.2 mM) was

prepared and 500 ¢-kealedd\BIR tabe.dAetdck solatioraof guestp t u m
(NBusSH or NBuSeH) was prepared in 10% DMS{@CDsCN (14.624.3 mM).

Aliquots of the guest solution were added to the NMR tube using Hamiltetrghas

syringes, andH NMR spectra were recorded at 25 °C after each addition of guest. The

u of the NH and the centr al heprogressafthec CH pr o

titration, and association constants were determined using the Thordarson fhethod.
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H NMR Titration Representative Data

Table B.2. Representative titration of receptéawith HS in 10% DMSGQds/CDsCN
at 25 °C.

Entry  Veuest( € L [Host] (M) [HS'] (M) Equiv. d NH 0 NH 0 GH

(Ppm) (Ppm) (Ppm)
0 0 2.2E03  0.0E+00 0.00 8.861 7.959 8.187
1 5 2.2E03  2.4E04 0.11 9.12 8.013 8.351
2 5 2.2E03  4.8E04 0.22 9.376 8.067 8.516
3 5 2.2E03 7.1E£04 0.33 9.628 8.119 8.68
4 5 21E03  9.4E04 0.44 9.872 8.17 8.844
5 5 2.1E03  1.2E03 0.55 10.118 8.22 8.996
6 10 2.1E03  1.6E03 0.77 10.521 8.305 9.265
7 10 2.0E03 2.0E03 0.98 10.827 8.366 9.471
8 10 2,003  2.4E03 1.20 11 8.408 9.574
9 10 2.0603 2.8E03 1.42 11.093 8.438 9.618
10 10 1.9503  3.2E03 1.64 11.143 8.449 9.654
11 10 1.9E03 3.5E03 1.86 11.174 8.469 9.667
12 30 1.8503  4.5E03 2.51 11.222 8.485 9.681
13 70 1.6E03 6.6E03 4.05 11.268 8.522 9.681

o . —a— CH
Binding Isotherm of HS' 0.04 2

0.03
25

0.02
A CHa Experimenta

©  NHb Experimenta 0.01

o © NHc Experimenta &
)?L 5 < 0
: . >
S CHa Predicted  ©
o
NHb Predicted &) -0.01
1
NHc Predicted 0.02
05 ° ° L4 -0.03
-0.04
0
0 1 2 3 4 5 0.05
[GIH] [G)H]

Figure B.11. Representative binding isotherm amediduals for HStitration of receptor
3.1°F3in 10% DMSQds/CDsCN at 25 °C determined 44 NMR spectroscopy.
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Table B.3. Representative titration of recep®i 3 with HS€ in 10% DMSG
ds/CD3CN at 25°C.

Entry  Veuest( € L [Host] (M) [HSE€] (M)  Equiv. i NH U0 NH 0 GH
(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.883 7.965 8.203
1 5 2.0E03 0.2E03 0.12 9.039 8.007 8.299
2 5 1.9E03 0.5E03 0.25 9.166 8.042 8.38
3 5 1.9E03 0.7E03 0.37 9.281 8.07 8.455
4 10 1.9E03 1.2E03 0.62 9.476 8.124 8.585
5 10 1.8E03 1.6E03 0.87 9.637 8.167 8.687
6 10 1.8E03 2.0E03 1.12 9.757 8.203 8.77
7 15 1.8E03 2.6E03 1.50 9.898 8.236 8.854
8 15 1.7E03 3.2E03 1.87 10.001 8.271 8.935
9 15 1.7E03 3.7E03 2.24 10.081 8.298 8.983
10 20 1.6E03 4.4E03 2.74 10.15 8.32 9.032
11 20 1.5E03 5.0E03 3.24 10.223 8.336 9.063
12 25 1.4E03 5.7&203 3.86 10.283 8.353 9.105
13 30 1.4E03 6.5E03 4.61 10.325 8.373 9.133
14 40 1.3E03 7.4E03 5.61 10.367 8.379 9.141
15 60 1.2E03 8.7E03 7.11 10.429 8.425 9.172
Binding Isotherm of HSe' —a—CH
1.8 0.03 a
—0—NH
e 0.02 b
14 —o— NH
A CHa Experimental ¢
12 0.01
©  NHb Experimental /\
. ©  NHc Experimental § 04 T .
w8 CHa Predicted %
& 001
0.6 NHb Predicted
0.4 ® NHc Predicted -0.02
02 -0.03
0
0 2 4 6 8 -0.04
[GVH] [GVH]

Figure B.12. Representative binding isotherm and residuals for k®ation of receptor
3.1°F3in 10% DMSQGds/CDsCN at 25 °C determined B NMR spectroscopy.
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Table B.4. Representative titration of recep®&i°F with CI' in 10% DMSGds/CD:CN
at 25 °C.

Entry  Vouest( € L [Host] (M) [CI] (M) Equiv. d NH U NH U0 GH

(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.882 7.964 8.203
1 5 2.0E03 2.0E04 0.10 9.011 7.982 8.324
2 5 2.0E03 4.0804 0.20 9.133 7.992 8.44
3 5 2.0E03 6.0E04 0.30 9.249 8.005 8.555
4 5 2.0E03 79204 0.40 9.356 8.017 8.653
5 10 2.0603 1.2E03 0.58 9.54 8.038 8.829
6 10 2.0E03 1.5E03 0.76 9.692 8.054 8.974
7 10 2.0E03 1.9E03 0.93 9.819 8.068 9.097
8 10 2.0E03 2.2E03 1.10 9.916 8.082 9.187
9 10 2.0603 2.5E03 1.25 9.993 8.084 9.262
10 15 2.0E03 2.9E03 1.48 10.078 8.097 9.339
11 15 2.0E03  3.4E03 1.69 10.134 8.105 9.393
12 15 2.0E03 3.8603 1.90 10.176 8.107 9.434
13 20 2.0603  4.3E03 2.15 10.215 8.115 9.466
14 20 2.0E03 4.7E03 2.39 10.245 8.121 9.49
15 30 2.0E03 5.4E03 2.71 10.276 8.125 9.515
16 50 2.0E03 6.4E03 3.19 10.308 8.133 9.544
17 100 2.0603  7.9803 3.97 10.344 8.143 9.567
18 200 2.0e03 1.0E02 5.06 10.377 8.155 9.578

Binding Isotherm of CIi 0.025 —a&— CHa
1.4 0.02 NHb
1.2 0.015 —&— NHc
. A CHa
E>|<_Perimental 0.01
1 @ NHb *
Experimental — 0.005
S o NHO ]
108 Experimental G 0
S CHa Predicted '@y 4 5 6
4]
06 NHb Predicted & "0-005
0.4 -0.01
-0.015
0.2 ~_o ° o o
b -0.02
0 -0.025
0 1 2 [GRHI 4 5 6 [G)/[H]

Figure B.13. Representative binding isotherm and residuals fotittion of receptor
3.1 in 10% DMSQds/CDsCN at 25 °C determined 44 NMR spectroscopy.

147



Table B.5. Representative titration of recep®i 3 with Br' in 10% DMSQds/CD3CN
at25 °C.

Entry  Vouest( € L [Host] (M) [Br'] (M) Equiv. O NH U0 NH U0 GH

(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.869 7.961 8.192
1 5 2.0E03 2.8604 0.14 8.921 7.969 8.247
2 10 2.0E03 8.1E04 0.42 9.009 7.985 8.34
3 15 2.0E03 1.6E03 0.81 9.119 7.996 8.457
4 20 2.0E03 2.5E03 1.30 9.243 8.011 8.586
5 20 2.0E03 3.4E03 1.75 9.34 8.025 8.689
6 25 2.0E03 4.5E03 2.28 9.438 8.035 8.787
7 30 2.0E03 5.6E03 2.85 9.526 8.047 8.877
8 35 2.0E03 6.8E03 3.46 9.603 8.06 8.953
9 40 2.0E03 8.0E03 4.08 9.669 8.064 9.017
10 45 2.0E03 9.2E03 4.69 9.725 8.072 9.07
11 50 2.0E03 1.0E02 5.29 9.772 8.079 9.114
12 60 2.0E03 1.2E02 5.92 9.817 8.086 9.155
13 70 2.0E03 1.3E02 6.55 9.856 8.093 9.191
14 80 2.0E03 1.4E02 7.17 9.889 8.097 9.217
15 100 2.0Ee03 1.5E02 7.81 9.913 8.102 9.239
16 130 2.0E03 1.7&02 8.49 9.938 8.108 9.257
17 140 2.0E03 1.8E02 9.08 9.956 8.11 9.273

1.2

- ) 0.025
Binding Isotherm of Br! —a&— CHa

0.02

&  CHa Experimental 0.015

0.8
©  NHb Experimental

o
=}
=

©  NHc Experimental

CHa Predicted

NHb Predicted

Residuals
)
o
o
(62}

0.4 NHc Predicted

o

10

-0.005
0.2

-0.01

0 2 4 6 8 10 -0.015
[GVIH] [GJ/[H]

Figure B.14. Representative binding isotherm and residuals fotiBation of receptor
3.1°3in 10% DMSQds/CDsCN at 25 °C determined 44 NMR spectroscopy.
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Table B.6. Representative titration of recep®i® with HS in 10% DMSGds/CD:CN

at 25 °C.

Entry  Vouest( € L [Host] (M)

0 0
1 5
2 5
3 5
4 5
5 5
6 10
7 10
8 10
9 10
10 15
11 15
12 15
13 20
14 40
15 80

25

2.0E03
2.0E03
2.0E03
2.0E03
2.0E03
1.9E03
1.9E03
1.9E03
1.8E03
1.8E03
1.8E03
1.7E03
1.7E03
1.6E03
1.5E03
1.4E03

Binding Isotherm of HS'

[HS'] (M)

0.0E+00

2.0E04
3.9E04
5.8E04
7.7E04
9.5E04
1.3E03
1.6E03
2.0E03
2.3E03
2.8E03
3.2E03
3.6E03
4.1E03
5.1E03
6.7E03

CHa
Experimenta
NHb
Experimenta
NHc
Experimenta

[G)/H]

4 5

6

CHa Predicted
NHb Predicted

NHc Predicted

Equiv.

0.00
0.10
0.20
0.29
0.39
0.49
0.69
0.88
1.08
1.27
1.57
1.86
2.16
2.55
3.33
4.90

0.06

0.04

Residuals

-0.02

-0.04

-0.06

-0.08

U NH
(ppm)
8.874
9.086
9.302
9.514
9.712
9.903
10.25
10.534
10.737
10.878
11.008
11.048
11.078
11.114
11.154
11.188

U NH
(ppm)
7.923
7.972
8.018
8.063
8.112
8.158
8.243
8.301
8.353
8.393
8.423
8.457
8.489
8.531
8.539
8.573

U GH
(ppm)
7.879
8.011
8.139
8.269
8.392
8.51
8.72
8.901
9.023
9.103
9.172
9.209
9.203
9.209
9.232
9.219

—a&— CHa
—0— NHb

—&— NHc

[GI/H]

Figure B.15. Representative binding isotherm and residuals forti@tion of receptor
3.1%in 10% DMSGds/CD3CN at 25 °C determined 4 NMR spectroscopy.
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Table B.7. Representative titration of recep®i® with HS€ in 10% DMSQds/CDsCN
at 25 °C.

Entry  Vocuest( € L [Host] (M) [HSE](M)  Equiv. d NH U0 NH U0 GH

(ppm) (ppm) (ppm)
0 0 1.8E03 0.0E+00 0.00 8.869 7.92 7.88
1 5 1.8503  1.7E04 0.10 8.957 7.943 7.934
2 5 1.8503  3.3E04 0.19 9.054 7.973 7.991
3 5 1.7E03 5.0804 0.29 9.125 7.993 8.033
4 5 1.7E03 6.6E04 0.38 9.196 8.012 8.068
5 5 1.7E03  8.1E04 0.48 9.257 8.036 8.112
6 10 17603  1.1E03 0.67 9.372 8.064 8.175
7 10 1.6£03  1.4E03 0.86 9.456 8.092 8.227
8 10 1.6E03 1.7E03 1.05 9.543 8.118 8.279
9 10 1.6E03  2.0803 1.24 9.615 8.14 8.32
10 15 15603  2.4E03 1.52 9.705 8.169 8.377
11 15 15603  2.7E03 1.81 9.789 8.194 8.418
12 15 1.5E03 3.1E03 2.09 9.853 8.214 8.461
13 20 14803  3.5E03 2.47 9.925 8.239 8.503
14 20 1.4E03 3.9E03 2.86 9.978 8.258 8.534
15 25 1.3E03 4.4E03 3.33 10.036 8.281 8.568
16 35 1.3E03 5.0603 4.00 10.11 8.3 8.603
17 60 1.2E03  6.0803 5.14 10.182 8.336 8.642
18 100 1.0e03  7.3E03 7.04 10.244 8.362 8.676

- . 0.015
Binding Isotherm of HSe'

v 0.01
12 A CHa Experimental 0.005
© NHb Experimental
0
! ©  NHc Experimental
-3 °
S )
o8 CHa Predicted 0,005
= NHb Predicted =]
3 -0.01
0.6 NHc Predicted & :
-0.015
0.4
-0.02
0.2
-0.025
0
0 4 6 8 -0.03
[GH] [GI/[H]

Figure B.16. Representative binding isotherm and residuals for k®ation of receptor
3.1%in 10% DMSGds/CD3CN at 25 °C determined B NMR spectroscopy.
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Table B.8. Representative titration of recep®i® with CI' in 10% DMSQds/CD3CN
at 25 °C.

Entry  Vouest( € L [Host] (M) [CI] (M) Equiv. d NH U0 NH U0 GH
(ppm) (ppm) (ppm)
0 0 8.2E04 0.0E+00 0.00 8.859 7.912 7.89
1 5 8.2E04 2.3E04 0.28 9.166 7.952 8.174
2 5 8.2E04 4.6E04 0.56 9.37 7.977 8.363
3 5 8.2E04 6.8E04 0.83 9.551 8.001 8.531
4 10 8.2E04 1.1E03 1.35 9.794 8.032 8.756
5 10 8.2E04 1.5E03 1.86 9.935 8.05 8.885
6 10 8.2E04 1.9E03 2.35 10.026 8.063 8.967
7 15 8.2E04 2.5E03 3.04 10.112 8.075 9.044
8 15 8.2E04 3.1E03 3.71 10.167 8.086 9.089
9 15 8.2E04 3.6E03 4.33 10.204 8.09 9.121
10 20 8.2E04 4.2E03 5.12 10.24 8.098 9.15
11 25 8.2E04 5.0E03 6.04 10.269 8.105 9.172
12 30 8.2E04 5.8E03 7.05 10.294 8.112 9.187
13 40 8.2E04 6.8£03 8.26 10.316 8.119 9.201
14 50 8.2E04 7.9E03 9.60 10.339 8.128 9.21
15 70 8.2E04 9.2E03 11.19 10.357 8.136 9.216
16 100 8.2E04 1.1E02 13.06 10.377 8.148 9.218
17 150 8.2E04 1.3E02 15.20 10.39 8.155 9.217
18 200 8.2E04 1.4E02 17.27 8.859 7.912 7.89
1.8 o . 0.03 —&— CHa
Binding Isotherm of CI'
1.6 —@— NHb
0.02 o— NHc
1.4
12 A CHa Experimental oo
© 1 ©  NHb Experimental K% o
’ ' 9  NHc Experimental g 10 15 20
=08 CHa Predicted g
-0.01
0.6 NHb Predicted 84
04 NHc Predicted 0.02
02 -0.03
0
0 10 15 20 -0.04
[GVH] [GIH]

Figure B.17. Representative binding isotherm and residuals fotit€tion of receptor
3.1%in 10% DMSGds/CD3CN at 25 °C determined B NMR spectroscopy.

151



Table B.9. Representative titration of recep®&i< with Br' in 10% DMSGds/CD:CN
at 25 °C.

Entry Veuest( € | [Host] (M) [Br'] (M)

0.9
0.8
0.7
0.6
0.5
p]
30.4
0.3

0.2

0.1

0 0 1.4E03 0.0E+00
1 10 1.4E03 5.9E04
2 10 1.4E03 1.2E03
3 10 1.4E03 1.7E03
4 10 1.4E03 2.2E03
5 15 1.4E03 3.0E03
6 15 1.4E03 3.7E03
7 20 1.4E03 4.6E03
8 20 1.4E03 5.4E03
9 25 1.4E03 6.4E03
10 25 1.4E03 7.3E03
11 30 1.4E03 8.3E03
12 30 1.4E03 9.2E03
13 40 1.4E03 1.0E02
14 50 1.4E03 1.2E02
15 60 1.4E03 1.3E02
16 80 1.4E03 1.4E02
17 100 1.4E03 1.6E02

Binding Isotherm of Br

CHa
Experimental
NHb
Experimental
© NHc
Experimental
CHa Predicted

NHb Predicted

0 2 4

6 8 10 12
[GI/[H]
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Equiv.

0.00
0.42
0.82
1.21
1.58
2.11
2.62
3.25
3.85
4.53
5.17
5.87
6.52
7.30
8.16
9.07
10.10
11.17

0.015

0.01

0.005

Residuals
o

-0.005

-0.01

-0.015

d NH
(ppm)
8.852
8.936
8.995
9.044
9.093
9.16
9.212
9.273
9.326
9.383
9.428
9.471
9.51
9.545
9.581
9.616
9.636
9.674

U NH
(ppm)
7.912
7.926
7.937
7.946
7.954
7.963
7.974
7.983
7.993
8.003
8.01
8.018
8.025
8.03
8.037
8.045
8.053
8.052

[GV/[H]
Figure B.18. Representative binding isotherm and residuals fotiBation of receptor
3.1%in 10% DMSGds/CD3CN at 25 °C determined B NMR spectroscopy.

U GH
(ppm)
7.882
7.966
8.025
8.073
8.122
8.193
8.244
8.306
8.359
8.415
8.459
8.501
8.54
8.571
8.605
8.637
8.657
8.692
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—0— NHb
—0— NHc



Table B.10. Representative titration of recep®iF with HS in 10% DMSQds/CDsCN

at25 °C.

Entry  Vcuest( € L [Host] (M)

[HS'] (M) Equiv.

0 0 2.0E03 0.0E+00
1 5 2.0E03 1.9E04
2 5 2.0E03 3.8E04
3 5 1.9E03 5.6E04
4 5 1.9E03 7.4E04
5 5 1.9E03 9.2E04
6 10 1.9E03 1.3E03
7 10 1.8E03 1.6E03
8 10 1.8E03 1.9E03
9 10 1.8E03 2.2E03
10 10 1.7E03 2.5E03
11 15 1.7E03 2.9E03
12 20 1.6E03 3.5E03
13 50 1.5E03 4.7&03
14 100 1.3E03 6.6E03
3
Binding Isotherm of HS'
2.5
A  CHa Experimental
2
©  NHb Experimental
=) ©  NHc Experimental
J1s
] CHa Predicted
NHb Predicted
1 NHc Predicted
05 ° °
0
0 1 2 3 4 6
[G)/[H]

0.00
0.10
0.19
0.29
0.38
0.48
0.67
0.86
1.05
1.25
1.44
1.72
2.11
3.06
4.98

0.05

0.04

0.03

0.02

Residuals
o
e

o

-0.01

-0.02

-0.03

-0.04

i NH

(ppm)
8.861
9.074
9.291
9.511
9.721
9.928
10.294
10.582
10.785
10.92
10.997
11.072
11.128
11.188
11.243

i NH

(ppm)
7.919
7.969
8.051
8.063
8.121
8.167
8.249
8.316
8.366
8.398
8.429
8.446
8.467
8.499
8.515

U GH
(ppm)
7.797
7.923
8.019
8.182
8.309
8.43
8.646
8.821
8.939
9.012
9.054
9.092
9.119
9.114
9.145

[GI/H]

Figure B.19. Representative binding isotherm and residuals forti@tion of receptor

3.1Fin 10% DMSQds/CDsCN at 25 °C determinedy *H NMR spectroscopy.
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Table B.11. Representative titration of recep®i” with HSé in 10% DMSQ
ds/CDsCN at 25 °C.

Entry  Vocuest( € L [Host] (M) [HSE](M)  Equiv. d NH U0 NH U0 GH
(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.862 7.926 7.785
1 5 2.0E03 1.4E04 0.07 8.923 7.94 7.822
2 5 2.0E03 2.9E04 0.14 8.992 7.959 7.856
3 5 2.0E03 4.2E04 0.21 9.047 7.977 7.892
4 5 2.0E03 5.6E04 0.29 9.102 7.995 7.92
5 10 1.9E03 8.3E04 0.43 9.198 8.022 7.979
6 10 1.9E03 1.1E03 0.57 9.285 8.049 8.025
7 10 1.9E03 1.3E03 0.72 9.37 8.074 8.074
8 15 1.8E03 1.7E03 0.93 9.464 8.103 8.125
9 15 1.8E03 2.0E03 1.15 9.55 8.13 8.182
10 20 1.7E03 2.4E03 1.43 9.651 8.16 8.238
11 25 1.6E03 2.9E03 1.79 9.748 8.191 8.293
12 30 1.6E03 3.4E03 2.22 9.842 8.217 8.352
13 35 1.5E03 4.0E03 2.72 9.922 8.246 8.398
14 40 1.4E03 4.6E03 3.29 9.992 8.274 8.438
15 50 1.3E03 5.2E03 4.01 10.085 8.333 8.464
16 70 2.0E03 0.0E+00 0.00 8.862 7.926 7.785
1.4 c
Binding Isotherm of HSe' 002 Ha
12 —0— NHb
A CHa Experimental —o— NHc
1 ©  NHb Experimental
©  NHc Experimental 5
o 0.8 CHa Predicted K%}
=] @
)_% NHb Predicted a
06 NHc Predicted é 0.02
0.4 (-]
-0.03
0.2
-0.04
0
0 1 2 3 4 5 -0.05
[GI/[H] [GIH]

Figure B.20. Representative binding isotherm and residuals for k®ation of receptor
3.1Fin 10% DMSQds/CDsCN at 25 °C determined 44 NMR spectroscopy.
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Table B.12 Representative titration of recep®i” with CI' in 10% DMSGds/CD:CN
at 25 °C.

Entry Vouest( € L [Host] (M) [CI'] (M)

1.8
1.6
1.4

12

So0.8
0.6
0.4

0.2

0 0 1.1E03 0.0E+00
1 5 1.1E03 1.9604
2 5 1.1E03 3.7E04
3 5 1.1E03 5.4E04
4 10 1.1E03 8.9E04
5 10 1.1E03 1.2E03
6 15 1.1E03 1.7E03
7 20 1.1E03 2.3E03
8 25 1.1E03 3.0E03
9 30 1.1E03 3.7E03
10 40 1.1E03 4.6E03
11 50 1.1E03 5.6E03
12 70 1.1E03 6.8E03
13 100 1.1E03 8.1E03
14 150 1.1E03 9.7E03
15 200 1.1E03 1.1E02

Binding Isotherm of CI'

CHa Predicted

NHb Predicted

NHc Predicted
P o e __©

0 2 4 6 8 10 12
[GJ/[H]

A  CHa Experimental
©  NHb Experimental

©  NHc Experimental

Equiv.

0.00
0.17
0.34
0.50
0.82
1.12
1.56
211
2.74
3.43
4.26
5.16
6.23
7.47
8.88
10.22

0.04

0.03

0.02

0.01

Residuals

-0.01

-0.02

-0.03

O NH U NH & GH
(ppm) (ppm) (ppm)
8.849 7.916 7.79
9.018 7.940 7.904
9.177 7.96 8.07
9.31 7.979 8.194
9.538 8.009 8.398
9.715 8.033 8.559
9.875 8.064 8.695
10.013 8.083 8.817
10.116 8.091 8.903
10.185 8.101 8.959
10.239 8.115 9
10.279 8.123 9.029
10.312 8.133 9.045
10.344 8.141 9.057
10.374 8.157 9.064
10.381 8.165 9.064
—a—Cha
—o—NHD
—o— NHe
5 10 15
[GYIH]

Figure B.21. Representative binding isotherm and residuals fotit€tion of receptor

3.1F in 10% DMSQds/CDsCN at 25 °C determined B NMR spectroscopy.
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Table B.13. Representative titration of recep®i” with Br' in 10% DMSQds/CD3CN

at 25 °C.
Entry  Veuest( € L [Host] (M)

0 0 2.0E03
1 10 2.0E03
2 10 2.0E03
3 10 2.0E03
4 10 2.0E03
5 15 2.0E03
6 15 2.0E03
7 20 2.0E03
8 20 2.0E03
9 25 2.0E03
10 25 2.0E03
11 30 2.0E03
12 30 2.0E03
13 40 2.0E03
14 50 2.0E03
15 60 2.0E03
16 80 2.0E03
17 100 2.0E03
18 150 2.0E03

12 Binding Isotherm of Br'

0.8

0.4

0.2

[Br'] (M)

0.0E+00
8.2E04
1.6E03
2.4E03
3.1E03
4.1E03
5.1E03
6.4E03
7.5E03
8.9E03
1.0E02
1.2E02
1.3E02
1.4E802
1.6E02
1.8E02
2.0E02
2.2E02
2.4E02

CHa Experimental
NHb Experimental
NHc Experimental
CHa Predicted
NHb Predicted

NHc Predicted

0 2 4 G[G]/[H]S
Figure B.22 Representative binding isotherm and residuals fotiBation of receptor
3.1Fin 10% DMSQds/CDsCN at 25 °C determined 44 NMR spectroscopy.
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12 14
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Equiv.

0.00
0.41
0.81
1.19
1.55
2.08
2.58
3.20
3.78
4.46
5.09
5.78
6.41
7.18
8.03
8.93
9.94
10.99
12.24

0.02
0.015
0.01

0.005

Residuals

o

-0.005

-0.01

-0.015

i NH

(ppm)
8.841
8.96
9.045
9.114
9.172
9.25
9.316
9.381
9.438
9.497
9.547
9.595
9.635
9.663
9.71
9.732
9.774
9.797
9.822

i NH

(ppm)
7.913
7.935
7.949
7.962
7.973
7.986
7.997
8.009
8.019
8.029
8.037
8.047
8.052
8.06
8.068
8.074
8.084
8.09
8.097

[GI/H]

i G
(ppm)
7.79
7.898
7.98
8.051
8.101
8.175
8.238
8.298
8.35
8.404
8.448
8.488
8.523
8.546
8.582
8.597
8.631
8.647
8.671

H

~——a&— CH

a

—0—NH

b




Table B.14. Representative titration of recep®i™ with HS€ in 10% DMSG
ds/CDsCN at 25 °C.

Entry  Vocuest( € | [Host] (M) [HSE€](M)  Equiv. O NH U0 NH U0 GH
(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.907 7.922 8.002
1 5 2.0E03 1.4E04 0.07 8.974 7.939 8.041
2 5 2.0E03 2.9E04 0.15 9.039 7.958 8.079
3 5 1.9E03 4.2E04 0.22 9.092 7.976 8.104
4 5 1.9803 5.6E04 0.29 9.144 7.991 8.129
5 10 1.9E03 8.3E04 0.44 9.226 8.018 8.179
6 10 1.8E03 1.1E03 0.58 9.304 8.039 8.222
7 10 1.8E03 1.3E03 0.73 9.373 8.065 8.26
8 15 1.8&03 1.7&03 0.95 9.472 8.092 8.312
9 15 1.7E03 2.0E03 1.17 9.553 8.118 8.354
10 20 1.7E03 2.4E03 1.46 9.638 8.143 8.411
11 25 1.6E03 2.9E03 1.83 9.733 8.175 8.457
12 30 1.5E03 3.4E03 2.27 9.83 8.199 8.508
13 35 1.4E03 4.0E03 2.78 9.902 8.223 8.547
14 40 1.4E803 4.6E03 3.36 9.977 8.265 8.58
15 45 2.0E03 0.0E+00 0.00 8.907 7.922 8.002
1.2 —a&— CHa
Binding Isotherm of HSe' 0.015
—0— NHb
1 0.01 —<&— NHc
A CHa Experimental 0.005
0.8
©  NHb Experimental
o ¢  NHc Experimental " 0 1 2 4
o6 CHa Predicted [
= NHb Predicted g -0.005
NHc Predicted &
0.4 -0.01
o
-0.015
0.2
-0.02
0
0 1 2 3 4 .0.025
[GIH] [GI/[H]

Figure B.23. Representative binding isotherm and residuals for k®ation of receptor
3.1Min 10% DMSQds/CDsCN at 25 °C determined {4 NMR spectroscopy.
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Table B.15. Representative titration of recep@i" with Br' in 10% DMSQds/CDzCN
at 25 °C.

Entry  Vcuest( € L[Host] (M) [Br'] (M) Equiv. G NH U0 NH U0 GH

(ppm) (ppm) (ppm)

0 0 1.0E03 0.0E+00 0.00 8.843 7.905 7.974

1 10 1.0E03 6.5E04 0.62 8.942 7.918 8.071

2 10 1.0E03 1.3E03 1.22 9.021 7.932 8.144

3 10 1.0E03 1.9E03 1.80 9.086 7.941 8.208

4 10 1.0E03 2.5E03 2.35 9.15 7.95 8.27

5 15 1.0E03 3.3E03 3.14 9.222 7.961 8.339

6 15 1.0E03 4.1E03 3.89 9.286 7.97 84

7 20 1.0E03 5.0803 4.84 9.361 7.982 8.469

8 20 1.0E03 6.0E03 5.72 9.419 7.989 8.526

9 25 1.0E03 7.0E03 6.74 9.48 7.997 8.583

10 25 1.0E03 8.0E03 7.69 9.532 8.005 8.63

11 30 1.0E03 9.1E03 8.73 9.581 8.012 8.678

12 30 1.0E03 1.0E02 9.69 9.62 8.017 8.712

13 40 1.0E03 1.1E02 10.85 9.662 8.024 8.748

14 50 1.0E03 1.3E02 12.14 9.701 8.031 8.786

15 60 1.0E03 1.4E02 13.49 9.73 8.031 8.807

16 80 1.0E03 1.6E02 15.02 9.775 8.039 8.851

17 100 1.0E03 1.7&02 16.61 9.805 8.046 8.874

12 Binding Isotherm of B 0.015 :E::
—o— NHe

0.01

0.8

CHa Experimental

o
o
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Figure B.24. Representative binding isotherm and residuals fotiation of receptor
3.1Min 10% DMSQds/CDsCN at 25 °C determined 4 NMR spectroscopy.
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Table B.16. Representative titration of recep@iNMe2 with HS in 10% DMSQ
de/CD3CN at 25 °C.

Entry  Vouest( € L [Host] (M) [HS'] (M) Equiv. d NH U0 NH U0 GH
(ppm) (ppm) (ppm)
0 0 2.1E03 0.0E+00 0.00 8.885 7.903 7.265
1 10 2.1E03 2.1E04 0.10 9.047 7.943 7.345
2 20 2.0E03 4.0E04 0.20 9.221 7.981 7.431
3 30 2.0E03 6.0E04 0.30 9.38 8.017 7.52
4 40 1.9E03 7.8E04 0.40 9.55 8.051 7.601
5 55 1.9E03 1.0E03 0.55 9.762 8.1 7.72
6 70 1.8E03 1.3E03 0.70 9.979 8.148 7.828
7 90 1.8E03 1.6E03 0.90 10.216 8.199 7.955
8 110 1.7&03 1.9E03 1.10 10.412 8.244 8.061
9 135 1.7E03 2.2E03 1.35 10.601 8.287 8.157
10 160 1.6E03 2.6E03 1.60 10.746 8.321 8.23
11 190 1.5E03 2.9E03 1.90 10.857 8.354 8.288
12 220 1.5E03 3.2E03 2.21 10.92 8.37 8.339
13 260 1.4E03 3.6E03 2.61 10.982 8.391 8.391
14 310 1.3E03 4.0E03 3.11 11.041 8.411 8.411
15 370 1.2E03 4.5E03 3.71 11.08 8.437 8.437
16 450 1.1E03 5.0E03 4.51 11.094 8.451 8.451
17 550 1.0E03 5.5E03 551 11.126 8.459 8.459

25 Binding Isotherm of HS' 0.08 e

° oo o

A CHa Experimental
© NHb Experimental
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CHa Predicted
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Figure B.25. Representative binding isotherm and residuals fortk@tion of receptor
3.1NMe2 i 10% DMSQds/CDsCN at 25 °C determined {4 NMR spectroscopy.
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Table B.17. Representative titration of recep@iNMe2 with HS€ in 10% DMSG
de/CD3CN at 25 °C.

Entry  Vocuest( € L [Host] (M) [HSE](M)  Equiv. d NH U0 NH U0 GH

(ppm) (ppm) (ppm)
0 0 2.0E03 0.0E+00 0.00 8.902 7.909 7.266
1 5 20603 1.7E04 0.09 8.991 7.935 7.307
2 5 2.0E03 3.4E04 0.17 9.052 7.953 7.337
3 5 19503  5.1E04 0.26 9.109 7.97 7.363
4 5 1.9E03 6.7E04 0.35 9.159 7.985 7.38
5 10 1.9503  9.8E04 0.52 9.242 8.02 7.417
6 10 1.9E03 1.3E03 0.69 9.327 8.033 7.465
7 10 1.8E03 1.6E03 0.86 9.397 8.062 7.498
8 10 1.8E03 1.9E03 1.04 9.472 8.086 7.52
9 15 17603  2.3E03 1.30 9.556 8.113 7.566
10 15 1.7E03  2.6E03 1.56 9.634 8.138 7.601
11 20 1.6£03  3.1E03 1.90 9.71 8.168 7.638
12 25 1.6E03 3.7E603 2.34 9.803 8.192 7.675
13 30 15603  4.3E03 2.85 9.872 8.222 7.71
14 40 14803  5.1E03 3.55 9.957 8.25 7.746
15 50 13803  5.9E03 4.41 10.025 8.275 7.778
15 70 1.2E03 6.8£03 5.62 10.107 8.308 7.808
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Figure B.26. Representative binding isotherm and residuals for k®ation of receptor

3.1NMe2 i 10% DMSGQds/CDsCN at 25 °Cdetermined byH NMR spectroscopy.
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Table B.18. Representative titration of recep®iNMe2 with CI' in 10% DMSQ
de/CD3CN at 25 °C.

Entry  Vcuest( € | [Host] (M) [CI'] (M) Equiv. O NH G NH O GH
(ppm) (ppm) (ppm)
0 0 2.1E03 0.0E+00 0.00 8.875 7.901 7.257
1 5 2.1E03 2.2E04 0.11 8.988 7.915 7.345
2 5 2.1E03 4.4E04 0.21 9.092 7.928 7.428
3 5 2.1E03 6.5E04 0.31 9.19 7.941 7.507
4 10 2.1E03 1.1E03 0.51 9.364 7.963 7.648
5 10 2.1E03 1.5E03 0.70 9.503 7.981 7.759
6 10 2.1E03 1.8E03 0.88 9.621 7.996 7.853
7 15 2.1E03 2.4E03 1.14 9.764 8.014 7.966
8 15 2.1E03 2.9E03 1.39 9.868 8.028 8.05
9 20 2.1E03 3.6E03 1.70 9.966 8.041 8.126
10 20 2.1E03 4.2E03 1.99 10.04 8.053 8.181
11 25 2.1E03 4.9E03 2.32 10.103 8.061 8.228
12 30 2.1E03 5.7&203 2.70 10.157 8.071 8.266
13 40 2.1E03 6.6E03 3.14 10.205 8.08 8.298
14 60 2.1E03 7.8E03 3.73 10.254 8.091 8.327
15 100 2.1E03 9.5E03 4.52 10.302 8.104 8.349
16 180 2.1E03 1.2E02 5.56 10.346 8.12 8.366
17 300 2.1E03 1.4E02 6.69 10.342 8.118 8.367
1.6
Binding Isotherm of CJ/ 004
14
0.03
1.2
A 0.02
! A CHa Experimental
S 08 ©  NHb Experimental § 0.01
= ©  NHc Experimental g
0.6 CHa Predicted & 0
NHb Predicted
04 NHc Predicted -0.01
0.2
-0.02
0
0 4 6 8 0.03
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Figure B.27. Representative binding isotherm and residuals fotit€tion of receptor
3.1NMe2jn 10% DMSQdes/CDsCN at 25 °C determined diH NMR spectroscopy.
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Table B.19. Representative titration of recep®iNMe2 with Br' in 10% DMSG
de/CD3CN at 25 °C.

Entry  Vouest( € L [Host] (M) [Br'] (M) Equiv. O NH U0 NH U0 GH
(ppm) (ppm) (ppm)
0 0 2.0Ee03 0.0E+00 0.00 8.895 7.906 7.264
1 5 2.0E03 2.6E04 0.13 8.92 7.910 7.283
2 10 2.0E03 7.6E04 0.39 8.961 7.919 7.315
3 15 2.0E03 1.5E03 0.75 9.021 7.93 7.362
4 20 2.0Ee03 2.4E03 1.20 9.089 7.942 7.396
5 25 2.0E03 3.4E03 1.73 9.164 7.956 7.478
6 30 2.0E03 4.5E03 2.30 9.233 7.967 7.535
7 40 2.0E03 5.9E03 2.98 9.31 7.98 7.595
8 50 2.0Ee03 7.3203 3.71 9.387 7.993 7.657
9 60 2.0E03 8.8E03 4.47 9.453 8.006 7.708
10 80 2.0E03 1.0&02 5.31 9.512 8.016 7.754
11 100 2.0E03 1.2E02 6.16 9.567 8.025 7.794
12 130 2.0Ee03 1.4E02 7.02 9.612 8.034 7.829
13 170 2.0E03 1.6E02 7.88 9.653 8.043 7.857
14 120 2.0E03 1.6E02 8.35 9.671 8.047 7.871
0.9
Binding Isotherm of Br' 0.03 —a&—CHa
0.8
0.025
0.7
0.02
0.6
4 CHa 0.015
Experimental
505 © NHb »
)? Experimental § 0.01
=04 ¢ g)'(-‘pcerimental -:73)
CHa Predicted 8:’ 0.005
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0
NHc Predicted
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Figure B.28. Representative binding isotherm and residuals fotiBation of receptor
3.1\Me2 i 10% DMSQds/CDsCN at 25 °C determined 4 NMR spectroscopy.
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Linear Regression Fitting and Statistics of log(kR/Ka") apd
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Figure B.33. Linear regression residuals of logl#ka") of HS a n ¢. @
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Figure B.34. Linear regression residuals of logfKa") of HS a n ¢.
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Table B.20. Results of linear regression of logf¥Ks")  vpsvhen thie intercept is
forced through the origin.

Guest  Slope p-value R?
Slope Model
HS 0.70+0.10<0.01 <0.01 0.91
HSe 0.31+0.07 <0.01 <0.01 0.80
ClI" 0.25+0.03<0.01 <0.01 0.95
Br' 0.22+0.03<0.01 <0.01 0.94

Analysis of Covariance on Hammett Plots.

Analysis of covariance of the linear regressions obtained for the Hammett plots
for each anion was used to determine ifKh®f each anion showed the same response to
t h e ¢ h aohtigei fsgbstituent on the receptor. Theglue represents the
probaility that the linear regressions for two anions would appear to have different
slopes when they in fact have the same slope. Avglye > 0.05 is considered
statistically insignificant at the 95% confidence interval, meaning we cannot confidently

say that the linear regressions have different slopes.

Table B.21 Results of analysis of covariance on Hammett plots.

p-Va|uajifferent models

HS' vs. HSé <0.01
HS' vs. CI <0.01
HS' vs. Br <0.01
HS€ vs. Cf 0.28
HS€ vs. Brf 0.11
Cl' vs. Br 0.28
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Swain-Lupton Analysis

Table B.22 Results of multivariable linear regression for Swiairpton analysis when
the intercept is forced through the origin.

Guest Iy e p-value R? RZ%d4. %R
}f Jr  Model
HS' 0.95+0.050.63+0.04>0.01 >0.01 >0.01 0.99 0.99 403
HSe 0.49 £0.050.26 +0.04 >0.01 >0.01 >0.01 0.96 0.95 35+6
ClI" 0.29+0.040.24+0.03>0.01 >0.01 >0.01 0.96 0.96 45+6
Bri 0.26+0.030.20+0.02>0.01 >0.01 >0.01 0.97 0.96 44 +6

Alternative Hammett parameters

Table B23shows the fitting parameters and statistics the linear fit of the LFERs
of the binding energy of HSHSé, CI', andBfwi trh T he Hammetht par amet
was developed for substituents in thetaposition on benzoic acid. This parameter
retains similar field and inductive effects of {hera parameter while decreasing
resonance contributions (thepvalvedoreache | mpor t a
substituent i s 5 a%Althoughinbne of therrésyltingBuggestan U
good fit of bin(R&0D.90) theRfoe theginear dit ofthe 0
hydrochalcogenides is higher than that of the halides. This suggests that resonance
contribution of the substituent is more important for the halides than the

hydrochalcogenides.

TableB.24 shows the fitting parameters and statistics the lineaf fiteoLFERS
of the binding energy of HSHSe, CI', and BF wi t ;h Thé Hammett parameter
, was developed to give weight to substituents that can stabilize aupudficharge
through resonance effects (the average importance of resonance invalee for each
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substituent is 6696). We do not expegt to bind well to our systems since the charged
resonance structuresfiigureB.37 are informal. However, comparison of shows that
, IS a better fifor the halides than the hydrochalcogenides, yielding the same

concl usinmprasonarsce dordributians are more important to halide binding than

hydrochalcogenide binding.

R = CF3, CI, F, H, tBu, NMe,

Figure B.37. Informal resonance structures for recep®is that may influence aryliC
H HB donor ability.

TableB.23Fi tting statistics for Hammett plots foc

([@x)

Guest J p-value R?  RZyj
J U Model

HS' 1.20+0.23-0.13+0.06 <0.01 0.12 <0.01 0.87 0.84
HSe 0.55+0.10 -0.04 +0.02 <0.01 0.29 <0.01 0.88 0.84
ClI" 0.39+0.12-0.05+0.03 0.03 0.21 0.03 0.74 0.67

Br' 0.35+0.09-0.04+0.03 0.02 0.18 0.02 0.78 0.72

169



TableB24Fi tting statistics for Hammett plots

Guest J 0 p-value R? RZ%y;
J U Model

HS' 0.40+0.080.14 +0.06 <0.01 0.08 <0.01 0.86 0.83

HSe 0.17+0.050.08+0.04 0.02 0.08 0.02 0.76 0.70

ClI'" 0.15+0.02 0.04 +0.02 <0.01 0.06 <0.01 0.93 0.91

Br' 0.12+0.02 0.04 +0.02 <0.01 0.10 <0.01 0.89 0.86

Computational Details, Discussion, Geometries, and Energies

We turned to computational investigations to better understand the preference of
the Q H HB for HS. All six receptors, four anions, NBuand their respective
complexes were optimized in gas phase at the RBES level of theory with final
energy refinements at wB973/def2TZVPP2*2LFER models corle a t j for §.1R 0
to the computed gas phase binding energies agreed with experiments in that more
electronwithdrawingpara substituents favor the host/guest interaction for all four
anions. Unlike the experimental data, however, the slopes for all four anions were
indistinguishable (average slopé 4), and the receptor was seen to be most selective for

Cl' rather than HS

Exhaustive efforts to refine the energies with solvent corrections were unfruitful.
We computed the solvation corrections using StABt the wB97XD3/def2TZVPP
level of theory in water, acetonitrile, DMSO, actidoroform. Trends in the binding
energies computed in solvent did not match experimental trends. All solvent results

showed either no statistically meaningful linear trenti{R.6 and pvalue ~ 0.8), or the
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opposite trend in which more electrdonatingpara substituents favor the hegtiest
interactiont® Collectively, these results reveal that the trends observed experimentally
are the results of complesolventsolute interaction or dynamic phenomena and also
clearly reveal the limitations of current continuum solvent modeling methods for unique

solvent systems as used in this work.

Complete author list of Gaussian 09

Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson,
G. A.; Nakatsuiji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.;ii0 J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery,
J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; BsptBerkudin, K. N.;
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J.
C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.;
Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.mperts, R.; Stratmann, R. E.;

Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. Bz,QrtV.; Cioslowski, J.;

Fox, D. J. Gaussian, Inc., Wallingford CT, 2009.
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Complete author list of ORCA version 4.0

ORCA version 4.0, Neese, F.; Wennmohs, F.; Aravena, D.; Atanasov, M.; Becker, U.;
Bykov, D.; Chilkuri, V. G.; Datta, D.; Dutta, A. K.; Ggushin, D.; Guo, Y.; Hansen, A,;
Huntington, L.; Izsak, R.; Kollmar, C.; Kossmann, S.; Krupicka, M.; Lenk, D.; Liakos, D.
G.; Manganas, D.; Pantazis, D. A.; Petrenko, T.; Pinski, P.; Reimann, C.; Retegan, M.;
Riplinger, C.; Risthaus, T.; Roemelt, M.; Sait M.; Sandhofer, B.; Schapiro, I.;
Sivalingam, K.; Stoychev, G.; Wezisla, B.; Kallay, M.; Grimme, S.; Valeev, E.; Chan,

G.; Pittner, J.; Brehm, M.; Bistoni, G.; Schneider,WMREs: Comp. Mol. Sc, e1327

D3 corrections in ORCA

S.Grimme, J.Antony, Stilich and H.Krieg J.Chem.Phys201Q 132 154104

def2-TZVPP

F. Weigend and R. Ahlrich®hys. Chem. Chem. Phy€05 7, 3297

def2/J

F. WeigendPhys. Chem. Chem. Phy€06 8, 1057
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def2-TZVPPI/C

H-La, H-Rn : A. Hellweg, C. Hattig, S. Hofener@hV. Klopper,Theor. Chem. Acc.

2007,117, 587

CelLu: J. Chmela and M. E. Hardiniglol. Phys 2018

General protocol for geometry optimization and energy calculations

Geometry optimizations and single point energy refinements were completed using the
Gaussian 09 computational package (see above reference) with the ultrafine integration
grid to minimize errors. All pertinent ground state structures were located witregggom
optimizations using PBE/81G(d). Higher level single point energy refinements were
computed in ORCA version 4.0.1 with wB9-D3/def2TZVPP in SMD(chloroform).

Final corrected energies were the sum of the single point energy refinement and the

Gibbs hermal correction factor of the respective optimized structure. All reported
computed thermodynamics and barriers are derived from differences in the final

corrected energies. All energies are reported as kcal/mol as converted from hartrees (1 Ha
= 627.50% kcal/mol). All 3D structure images were rendered in GaussView visualization

software?*3
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Figure B.39. wb97x/def2TZVPP/SMD/Chloroform//PBE/31G(d)/
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Binding Energy vs Hammett Values
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Figure B.40. wb97x/def2TZVPP/SMD/Acetonitrile//PBE/&1G(d)
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Figure B.41 wb97x/def2TZVPP/SMD/Water//PBE/31G(d)
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Binding Energy vs Hammett Values
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Figure B.42 wb97x/def2TZVPP/SMD/DMSO//PBE/631G(d)

Using Anion pKa, Anion Size, and Hammett Par

values

AG = -21.464484 - 0.073647(pKa) + 0.091195(Size) - 0.553143(Hammett)
Adjusted R-squared: 0.96

p-value: 4.231e-11

Training Set RMSE = 0.1617372

Test Set RMSE = 0.09962104

5
£
£ Dataset
=

4 - Test
g
E ® Train
S
i
o

_5 -

-4
Experimental AG (kcal/mol)
FigureB43Experi ment al vs Predicted mG.
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Table B.25.

Anion
Br-
Br-
Br-
Br-
Br-
Br-
Cl-
Cl-
Cl-
Cl-
Cl-
Cl-

HSe
HSe-
HSe
HSe
HSe-
HSe
HS-
HS-
HS-

HS-
HS-

Dat a
-R
NMe2
tBu

H

F

Cl

CF3
NMe2
tBu

Cl
CF3
NMe2
tBu

Cl
CF3
NMe2
tBu

Cl
CF3

f
pKa

o

r f

tt

Size (pm)

196
196
196
196
196
196
181
181
181
181
181
181
198
198
198
198
198
198
184
184
184
184
184
184

Computed Geometries and Energies

ng

Cip
-0.83
-0.2

0
0.06
0.23
0.54
-0.83
-0.2

0.06
0.23
0.54
-0.83
-0.2

0.06
0.23
0.54
-0.83
-0.2

0.06
0.23
0.54

G wi th

PG
-2.6266447
-2.7817043
-2.8354611
-2.8965979
-2.8918604
-3.0489736
-4.1536742
-4.4019721
-4.4286136
-4.4654007

-4.579843
-4.6105549
-3.4805005
-3.6284077
-3.7078003
-3.7921783
-3.9611945

-4.050204
-4,3872332
-4.8459966
-5.0418164
-5.3427956
-5.3527232
-5.6921758

pKa,

Dataset

Test
Train
Train
Train
Train
Test
Train
Test
Train
Train
Train
Train
Train
Train
Test
Train
Train
Train
Train
Train
Train
Train
Test
Train

Si

For detailed tables of computed geometries and energies for hosts and aniorsggests,

Supportinglnformationat https://pubs.acs.org/doi/10.1021/jacs.0c00441
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APPENDIX C

SUPPLEMENTARY CONTENT FOR CHAPTER IV

Synthesis.

General Methods.All reagents were purchased from commercial sesiend used as

received, unless otherwise noted. NMR spectra were acquired at room temperature on a

Bruker Avancelll -HD 600 MHz ¢H 600 MHz,°C 151 MHz,'F 565 MHz,?H 76.75

MHz) spectrometer with a Prodigy multinuclear broadband BBO CryoPhdand*C

chemical shifts (0U) are r eplr72eppmiCn ppm r el a
77.16 ppm), CECN (*H: 1.94 ppm13C: 118.26 ppm), or DMSCOH: 2.50 ppm3C:

39.52 ppm) shiftstF chemical shiftare referencedtoCFZI 4 = 0 ppm) as an e
standard?H chemical shiftsre reported in ppm relative to residual CBL26 ppm),

CDsCN (1.94), or DMS@&ds (2.50 ppm). Higkresolution mass spectra (HRMS) were

recorded on a Waters XEVO &&X mass spectrometer. Tetrabutylammonium

hydrosulfide (TBASHY? 2,6-diiodo-4-trifluoromethylanilinel® 4-tertbutyl2-
((trimethylsilyl)ethynyl)aniline*” and hos#.2H3 were synthesized according to

previous reportsNote Hydrogen sulfide and related salts are highly toxic and should be

handled carefully to avoid exposure.
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CF3

isoamyl nitrite
HBF4 o FeSO,
BF, >
glacial AcOH I I DMF-d; | |
71% ® 36%
No
4.3
Pd(PPh3),
Cul
1:1 THF/DIPA
CF, X 45%

tBu O Z b X O tBu OMe
OCN

j\“ HN < tBu

1e) NH HN e toluene
50 °C
34%

OMe p OMe
4.2

Scheme C.1Synthetic pathway to the selective deuteration of anion recégor

2,6-Diiodo-4-trifluoromethyldiazonium tetrafluoroborate ( 4.3). This preparation was
adapted from previous repoffsA solution of 2,6diiodo-4-trifluoromethylaniling®®

(0.25 g, 0.61 mmol), glacial AcOH (1.0 mL), and 48% HBF18 mL) was stirred at 25

°C. Isoamyl nitrite (0.14 mL) was combined with glacial AcOH (2.0 mL) and added
dropwise over 5 min to produce a bright yellow solution. After stirring the reaction
mixture at 25 °C for 15 min, diethyl ether (2.0 mL) was slowly added. The resulting

liquid was placed in &0 °C freezer for 16 h, and the solid product was isolated by
vacuumfiltration and washed with diethyl ether to affet@ (0.25 g, 0.48 mmol, 71%)

as a bright yellow solidNote Caution should be observed when working with isoamyl
nitrite or isolating diazonium salts as a solid as these compounds are known to be shock

sensitive and explosivé*24°1H NMR (600 MHz, CRCN) {i: 8 B®8BMR s, 2H) .
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(151 MHz, CBC N) & : J1=438.7),239( (] = 3.0), 133.1, 121.4 (d,= 274.8),

102.9.1%F (565 MHz, CBC N)  1-151.8.. 7,

1,3-Diiodo-2-duetero-5-trifluoromethylbenzene (4.4°). This preparation was adapted
from previous report§® A solution of FeS@(0.54 g, 2.0 mmol) and DM#&7 (10 mL)

was allowed to stir for 15 min. A separate solution contaidiBg1.0 g, 2.0 mmol)
dissolved in DMFd7 (4 mL) was added dropwise over 10 min to the stirring solution.
The solution was allowed &dir for an additional 15 min before adding water to
precipitate a solid. The precipitate was isolated by vacuum filtration and washed with

water to afford4.4° (0.28 g, 0.71 mmol, 36%) as a tan sottd.NMR (600 MHz, CDCJ)

U: 7. 9 CHNMR (152MHy, CDCk) U: DT4823. 2}, Ji33.7),33.

U 133)=7 1(&,), J& 27Z3B. 8 YK (565MHHALDE). -63.0.2H
(76.75MHz,CDG)) U 8. 2 9. -MB-RIAB) [MI'E@F c 0 #:DFler C

398.8339, found 398.8317.

Deuterated dianiline intermediate @.5P). This preparation was adapted from previous
reports®® A suspension of dertbutyk2-((trimethylsilyl)ethynyl)aniliné®’ (0.68 g, 2.4
mmol), K2COz (1.90 g, 13.8 mmol), MeOH (20 mL), anc@&t(10 mL) was stirred at 25
°C for 3 h. The suspension was diluted with water and extracted wiGI&5 mL, x3)
and washed with brine (15 mL, x2). The organic layer was dries5@iapand
concentrateth vacuoto afford a dark brown oil. The oil was daved in THF (20 mL)

and DIPA (20 mL) and purged withzlfbr 40 min. The solution was cannulated into an
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N2-purged solution of.4° (0.36 g, 0.92 mmol), Pd(PBa(0.032 g, 0.046 mmol), Cul
(0.0017 g, 0.0092 mmol), THF (20 mL), anBriNHz (20 mL). The solution was stirred

for 18 h at 50 °C, cooled, and concentratedacuo The resulting oil was dissolved in
CHzCl2 and filtered through a 3 cm silica plug, which was washed with additional
CHzCl2. The filtrate was concentrat@dvacuoand the resulting brown oil was purified

by column chromatography (5:1 hexanes/EtOAc) to affdr(D.20 g, 0.41 mmol, 45%)

as a brown solidH NMR (600 MHz,CDC4) tG: 7. 71 (Js20,2HHy.2 7. 40, (
(dd,J = 8.4, 2H), 6.70 (dJ = 8.4, 2H), 4.19 (s, 4H), 1.30 (s, 18HC NMR (151 MHz,
CDCk) U: 145. 8,J=R&7), 135 (qJE=3%2), 729.0,1.28.0, 127.4 (b=

3), 124.9, 124.6 (q) = 273.3), 114.6, 106.6, 92.1, 89.1, 34.1, 3¥B (565 MHz,

CDCh) -63.1.2H (76.75MHz, CDG) U: 7. 9 0 -MSHASARSMHHI ©&| c 6 d

for CsiH31DN2Fs 490.2580, found 490.2549.

Deuterated arylethynyl bisurea host 4.2P). This preparation was adapted from

previous report&® All glassware was dried in a 110 °C oven overnight. A round bottom

flask was charged with dry toluene (100 mL) d®&P (0.20 g, 0.41 mmol).4

Methoxyphenyl isocyanate (0.16 mL, 1.2 mmol) was added dropwise, and the solution

was stirred for 46 h at 50 °The reaction became cloudy upon completion, and the

precipitate was collected by vacuum filtration to affér2P (0.11 g, 0.14 mmol,

34%).*H NMR (600 MHz, 10% DMS@6/CDsCN) U: 8. 87 J=8.82)H), 8. 0:¢
7.99 (s, 2H), 7.96 (s, 2H), 7.56 (Hi= 2.2, 2H), 7.45 (dd] = 8.8, 2H), 7.38 (d] = 8.9,

4H), 6.84 (d,J = 8.9, 4H), 3.72 (s, 6H), 1.31 (s, 18MC NMR (151 MHz, 10% DMSO©

ds/CDsCN) O : 156. 2, 153. 9, JE85), 1298, 123P(q¢)5 , 133. 5,
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3.6), 128.3, 125.4, 124.5 (@= 272.8), 121.8, 120.7, 114.9, 111.6, 93.2, 89.2, 55.9, 34.8,
31.4.19F (565 MHz, 10% DMS@s/CDsC N ) -68.2.2H (76.75 MHz, 10% DMSO
ds/CD:CN) U: 8. 2 8MSASRMIBI+H]'T@F ¢ 6 dHisDNaQaFs C

788.3534, found 788.3543.

NMR Spectra.

Figure C.1.*H NMR spectrum o#.3 in CDsCN.
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