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The study of mlecular containerbas a prominent plada the scientific
literaturewith manyapplicationsincluding drug reversallhe dinical use ofthe
cyclodextrin based reversal ageBtidion™ has greatly improvedhe post
operdive safety of patients who undergo surgery aided by NMBAs such as
rocuronium.

Chapter 1 introduces molecular containers, CB[n], and repugtsiseof
the acyclic CB[n]known asCalabadior? asa broad spectrum reversal agent for
NMBAs in rats It also proposes theotential use oimolecular containers as
reversal agents for the treatment of overdose of illicit ding#he context of
available therapies.

Chapter 2establishe that Calabadion2 displays good to high levels of

selectivity toward the NMBAs rocuronium, vecuronium, and cisatracurium both

in vitro andbasedon simulations designed to capture the essence of the biological



system. The excretion profile oCalabadion? after NMBA revesal inratswas
studied by dH NMR assay.tlis reported¢hat more than 50% dfalabadior? is
eliminated intact by the kidnsyvithin 1 hour.

Chapter 3establishethat CB[n]based molecular container€alabadion
1, Calabadior?, and CB[7]display hgher affnities thanp-sulfocalix[4]areneand
HP-b-cyclodextrintowarda panel ofillicit drugs for which there are currently no
USFDA approved pharmacotherapigSalabadion2 but not CB[7] is able to
ameliorate thehyperlocomotiveactivity of rats treated with methamphetamine.
The excretion profile offentanyl and Calabadionl post reversal in ratsvas
studied by HPLC antHNMR. It is reported thatman average 24 % fentanyl and
40% Calabadiorl are eliminated by the kidnewsthin 1 hour.

Chapter 4discusses the synthesis andlecular recognition propertiesf
three newacyclic CB[n] hostdV -2a1 IV -2c which incorporatealkyl linkers of
varying lengthsethyl, hexyl, and decyl; capping one endGalabadionl. These
hosts were less water soluble tHaalabadionl due to the loss of two sulfonate
groups and did not undergo intermolecular -ssBociation. However, the
intramolecular sefnclusion of the alkyl linkers inde the cavity of these hosts

led to decreasebinding affinities toward guestoomparedo Calabadiori.
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7.4) d: a) free rocuronium (2 mM) shows two resonances (a and b) for the steroidal
methyl groups, b) an equimolar mixturelof2and rocur onium (2 mM),
resonances for steroidal methyl groups rocuronium bound iflt8&r ocur oni um
complex, and curine sample from a rat taken 1 h after reversal of rocuronium (3.5
mg kg) withI1-2(10 mgkg) , ad and b6 are resonances f¢
rocuronium bound inth#-2Ar ocur oni um compl ex.
Chapter 3
Figure 11l -1. Chemical structures of: a) molecular containers, and b) drugs of abuse
used in this study.
Figure 1Il -2. *"H NMR spectra recorded (400 MHz, RT, 20 mM sodium phosphate
buffered BO, pH 7.4) for: a)ll -6 (2 mM), b)Ill -1 (1 mM), c) a mixture ofll -6 (1
mM) andlll -1 (1 mM), and d) a mixture dfl -6 (2 mM) andlll -1 (1 mM).
Figure Il -3. Crosseyed stereoviews of individual complexes of:1d, and b)
C B[ Gif tAe crystal. Color code: C, grey; H, white; N, blue; O, red; S, yellow; H
bond, redyellow sriped.
Figure 11l -4. a) UV/Vis spectra recorded during the titration of a mixture eRIII

(4.97 €M) and rhodamine 6G ( 4i.29179 eM)) wint h
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20 mM NaHPO, buffered water (pH 7.4). b) Plot of absorbance versus [2] fitted to a
competitive binding model with &= (4.3 + 1.0) x 16 M™% ¢) ITC thermogram
recorded during the titrationof2  ( 8 7 ¢ M) i n-12t((h98 mil)eirl the wi t h |
syringe. d) Fittingf the data to a 1:1 binding model with ¥ (6.8 + 0.1) x 10M™.

Figure IIl -5. Results from behavioral tests in the open field. a) Bar graph showing
distance traveled in percent of the placebo + methamphetamine activity level within
20 minutes; errordrs represent the standard error of the mean. *p<0.01 compared to
methamphetamine + placebo. **p<0.001 compared to methamphetamine + placebo.
#interaction term indication xCalabadion?2 dose: p<0.001, indicating effect
modification by time of administratioof Calabadior2. Tracking plots illustrating the
traveled distance of one rat within 20 minutes in the open field: b) Baseline, no
methamphetamine given, c) following methamphetamine (0.3 nijy«glacebo, d)
following methamphetamine (0.3 mg kb + Calabadion2 (65 mg kg), and e)
following methamphetamine (0.3 mgRg+ Calabadior? (130 mg k).

Figure Ill -6. HPLC spectrum of a standard solutionltf-7 ( 1 4 €& M) showing
retention time of 13.8 minutes for 4N at 229 nm. The peak at 2.7 miraiie from
trimethylamine in the buffer.

Figure Il -7. Calibration curvdor fentanyl using working standard solutions

Figure 11l -8. HPLC spectra of: a) blank urine spiked with fentanyl, and b) one of the
representative urine sample following the fentanyl injection to rat. The fentanyl peak
can be seen at 14.4 and 14.3 minutes respectively.

Figure 11l -9. *H-NMR spectrum of a represetite urine sample following the

injection oflll -7 andlIl -1to a rat (600 MHz, BD).
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Chapter 4
Figure IV-1. Chemical structures of: a) cucurbit[n]urils (CB[n]) a@Gdlabadionl,
(IV-1) and b) guests used in this study.
Figure IV-2. 'H NMR spectra recorde(#00 MHz, RT, 20 mM sodium phosphate
buffered DO, pH 7.4) for: a)V-8 (1 mM), b)IV-2b (1 mM), c) a mixture otV -8
(0.5 mM) andV -2b (0.5 mM), and d)V -8 (1.0 mM) andV -2b (0.5 mM).
Figure IV-3. a) ITC thermogram recorded during the titration\6f2b (0.1 mM) in
the cell withIV-8 (1.0 mM) in the syringe. d) Fitting of the data to a 1:1 binding

model with Ka = .6 £ 0.1) x 16M™,
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Chaptekentrladuction to Mol ecul ar
Application in Drug Reversal

1.1Introduction .

Interactions formed between atoms or ions lead to chemical bonds such as
covalent, ionic, or metallic bonds torfo molecules or crystals. There can
also be associations between molecules which cause them to assemble in
specific ways which is the realm of supramolecular chemistry. Séhe
interactions between molecules are called -oovalent interactions and
consist of weaker forces than the chemical bond, such asdijpole
interactions, -hydnbgeacbhioomnds hgardnd the hyd
Non-covalent interactionare widespread in natural systems and despite being
individually orders of magnitude weaker than the chemiimaid; they can
collectively exert a significant influence over the properties of the system. In
proteins and nucleic acids they are responsible mhaintaining the three
dimensional structure of macromolecules, and they form the basis for the
recognition between enzymseibstrate, antibodgntigen, and hormore
receptor pairé.The first synthetic systems with molecular recognition ability
were desiged by Pederson, Lehn, and Cram who made crown ethers and
cryptands which bound alkali metal ions in their cavity and more complex
molecular hosts which could encapsulate guest molecules within their
structures through necovalent interaction®.Since thé& seminal work, the

scientific literature has been flooded with many synthetic molecular
1



containers and their unique applications. This chapter discusses some of the
most popular containers, with a focus on CB[n] and their therapeutic use as

drug reversahgents.

1.2 Molecular Containers.

Just likeeveryday containers, molecular containers hold and protect their
cargoi except they dso at the molecular level. The container molecule is
referred to as the molecular host and the cargo, generally a smaller molecule
that is encapsulated within te&ructural cavity of théost is called the guest.

The chemical environment within the hostitya can be quite different from
the environment outside (such as that of the solvent) and has the ability to
stabilize and even alter the properties of the guest; including its pK

conformation, and optical propertiés.

(/) P / Q R
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NM e ﬁl)mm o R
Sl % e 0
N\“/NT( NN R=0H/
\ i R OCH,CH(OHCHs; R R
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| /
OH OH QoH HO o o
4-sulfo Calix[4]arene

Figure 1-1. Chemical structures of some molecular containers.




Hostguest chemistry has led to exciting applications in molecular machines,
sensors, catalysis, separation techniques, and the formulation, delivery and
sequestration of drugs and other gueSisme welknown containers in the
literature include crown ethers, calixarenes, cyclodextrins, and cucurbiturils
(Figure H).

Crown ethersare polyethers arranged in the shape of a ring and wste f
reportedby Pedersen in 1967The oxygen atoms itheir structure act as
Lewis bases that bind to and stabilize alkali metal cations within the ring
through iondipole interactions. The size of the ring can be synthetically
varied to accommodate a range of cations with varying size and charge
densities. @wn ethers have been usedpimse transfer catalysts. Over the
next few decades, much more complex molecular hosts have emerged in the
literature with more sophisticated molecular recognition features.

For example, alixarenesare composed of phenolsnked by methylene
bridges at the meta positiavith bulky alkyl groups in the para positionhis
creaes a bowtshapedhydrophobiccavity that is able to bind hydrophobic
guests and ionwith moderate affinities on the order of*1™. Calixarenes
have leen studied for their use as ionophores for membrane transport,
extractants, stationary phases, elw¢ ionophores and in optical,
electrochemicabiological sensing applications.

Cyclodextrins (CDs) arecurrently the most widely used molecular
containers for commercial applicatioh€Ds arewater solublehosts made of

linked glucose units which bind hydrophobic guests in water with moderate
3



affinities (very few > 16 M™%). Theyhave been <cl assified as
recogni zed as s aef @nded GaeR A8op anld yDrugt h
Administration (USFDA)and can be synthesized in vari
unit s, b = 7 sugar units, 4 = 8 sugar un
Some CDs currently in the market inclu@aptisol® a functionalizedh-CD
used to formulate insoluble active pharmaceutical ingredients (APIS)
Bridion® or Sugammader -AD used as a reversal agent for neuromuscular
blocking agent (NMBA)rocuronium a n d FebrezeE a househol
eliminator with HRb-CD as the active ingreent.
1.3Introduction to Cucurbit[n]uril s.
Over the lasttwo decades a newer class of contairgercalled
cucurbit[n]urils CB[n], n = number of glycoluril unitshas gained the
attention of chemists Their outstanding molecular recognition ability far
surpasses other synthetic molecular containers in terms of binding affigity (K
routinely 1§ 7 10° M™), and even reaches and exceeds affinities observed in
biological receptor
CB[n] are composed oflycoluril units linked together by methylene
bridges to form closed rings. They were synthesized for the first time in 1905
by Behrendand coeworkers. The resulting material of unknown structure
came to be known a8 Be hr e n d 6 sandPvasracnystalizedofrom
sulfuric acid,to give a white crystalline productBe hr enddés Pol ymer W

found toform complexes with various metal saltsuch asKMnO,4, AgNQs;,



and NaAuCl as observed by the induced color change in these salt solutions
upon complexatiof.
o} 0O 00 o9 o

A AN

HN__NH <100 °C NN N NN,
hig 2 eq. Y OX J?/l)/’NN i
O "0 o) 0]
1eq o n-5
' CBIn]

n=5,6,7,8,and 10

Scheme 1. Synthesis and structure of CB[n].

It was only in 1981 that Mock et al. elucidated the structure of this
molecule by X-ray crystallography as cucurf@ijuril, consisting of 6
glycoluril units linked by 12methylene bridges (Schemel). The highly
symmetrical molecule had a pumpHike shape and was named
Acucurbiturilo after the-cucusbitacead® name f or
Sincethen several research groups have worked towards the synthesis and
isolaion of other members of the cucurbit[n]ufémily. The work of Mock'°
Day;** Kim,*? Tag™® and Isaac$'® has led to theynthesiof CB[5], CB[6],

CB[7], CBJ[8], CB[10], and CB[14]. The Day and Isaacs groups have
intensively studied the mechanism of [@Bformation and their recognition
properties®

There are a few different structural features of the CB[n] family
which contribute to its unprecedented molecular recognition ability. The
cavity of CB[n] (lined with methine groups) is hydrophobic and/édl suited

to stabilize the hydrophobic parts of a guest such as alkyl and aromatic groups
5



in water by the hydrophobic effect. Additionally, the inclusion of a
hydrophobic guest within the host cavity expels high energy water molecules
previously occupyig the cavity (@ aqueous solution) further stabilizitgthe
complex. In contrast to the cavity, the CB[n] portal is lined with
electrostatically negative carbonyl groups which stabilize the cationic (such as
ammonium groups) parts of the guest, whery tre appropriately positioned

for ion-dipole interaction. The host structure is relatively rigid, making size
and shape complementarity necessary for guest inclisiGigure F2a
illustrates these interactions between CB[6] and gudstThe K, for this
complex in 50nM NaG,CCDs-buffered DO (pD 4.74)is (8.97 + 1.43) x 10
M™.!® The height of CB[n] homologues is uniformly 9.1 A, and therefore
having six carbon atoms as linker positions the ammonium grougk an the
appropriate distance fno the two portals to benefifrom ion-dipole

interactions.

Figure I-2. @) St r uct ur d-1 aomplexg Brd ®)] skuctures of some

typical alkyl ammonium guests for CB[n].



While cavity depth is constant across CB[n] homologues, cavity volumes
and diameters increase systematically with the increasg which is the
number of glycoluril unit$! CB[5] has the smallest cavity with a volume of
68 A® which makes it an approptéy sized host for small gases suchkas
CO,, CO, Q, and N, and organic solvents such as methanol and
acetonitrile’® CB[6] is larger (142 A) and shows high affinity for guestl
(Ka= (449 £0.84) x 16°M™), but its volume can just about accommodate the
larger guest-2 (K, = (550 + 30 M), upon heatingStill larger adamantyl
guests such as3 andl-4 cannot be included within CB[6However, CB[7]
with a volume of 242 Ais an excellent host fdr3 (K, = (4.23 + 1.00) x 1%
M™). The larger guedt-4 packs more tightly into the larger (367)&avity of
CB[8] (Ka= (433 +1.11) x 10'*M™) as compared to CB[7] where it can only
be partially included (K= (2.50+ 0.39) x 10°M™). Table }1 summarizeshe
Kavalues of guests1i 14 toward CB[6], CB[7], and CB[8}®
Table 1.1. Binding constants measured for sorgeests that form 1:1

complexeswith CB[n].*®

Guest CB[6] CB[7] CBI8]

-1 (4.49%0.84)x 1D (8.97+1.43)x 10

-2 (550 + 30 (1.84+ 0.34)x 10°
1-3 - (4.23+1.00) x 1§  (8.19+ 1.75)x 1¢°
|-4 - (250+0.39) x 1 (4.33+1.11) x 18




In 2014, the Isaacs grouypublisheda CB[7}diadamantane guestl-f)
complexwith an attomolar dissociation constaki, & 7.2 x 16" M™, D,0),
comparable to and exceeding the avidiotin affinity (Ks& “$£M™).%° The
optimal packing, 14 iowlipole interactions, and desolvation of the CB[7]
portal in the complex and the resultant thermodynamic &atdn
demonstrated the scope of iopizing hostguest interactions to meet and
exceed affinities compared to their biological counterparts.

CB[8] with an even larger cavity volume could further expand the scope
of high affinity hostguest complexes and even fortasnary complexes with
two identical or different guests.However applications of CB[8], especially
in biological systems are severely limited by its poor (5 0 aguébys
solubility which is ascribed to its extensive saelfs soci ati on t hrough
hydrogen bonding between rhete protons of one CB[8] molecule with the
ureidyl carbonyl portal of anothér?® CB[10] is also insoluble in water,
whereas CB[14] has a 360° twisted cavity; neither are daitdbr
encapsulation dbiologically relevant molecules.

There is a need for improving the properties of CB[n] such as aqueous
solubility, facile synthesis, and incorporation of additional recognition
features while retaining their impressive molecular recognition features. Thus,
research in CB[n] field has bramed out to functionalization approaches to

make a diverse array of CBp}pe receptors.



1.4 Functionalization of Cucurbit[n]urils and Development of Acyclic
Analogues.

Syntheses of functionalized derivatives of cyclic CB[n] have involved the
use of the dllowing strategies: (a) homometibieteromericcyclization of
functionalized glycolurils with formaldehyde to obtain fulty partially
functionalized CBJ[5] and CB[6{Scheme ), (b) direct functionalization of
preformed CBJ[n] to give mono and fully fationalized (n=58) derivatives
(Schemd-3), and €) the building block approach using glycolusiigomers

to give monofunctionalized CB[n] (n =& (Schemd-4).

NN~

i NON—\ N
HN"NH HCI/ Hy0 j &
. 9 2 }O) o@k

HN. NH H” "H Reflux N
g KN N6\O O/—0‘
SONO NG
PR
Me,oCBI5]

36%

Scheme 12. Synthesis of MgCBJ[5] from |-6 andformaldehyde

The first fully characterized functionalized derivative of CB[n]
decamethylcuarbit[5]uril (Me1CB[5]) was reported by the Stoddart group in
1992%* It was synthesized by the homomeric cyclization of dimethylglycoluril
with formaldehyde inhydrochloric acid and water (Schemel-2). The
cyclization approaches from functionalized glycolurils have succeeded in
improving the solubility of CB[6] derivatives in water and organic

solvents®®?® However, the reactions of substituted glycolutésd to favor
9



smaller CB[n] homologues, CB[5] and CB[6] due to-dlj&xial interactions
between substituents on adjacent glycoluril rings that comprise the methylene
bridged eighimembered ringsSuch 1, 5-diaxial interactions are expected to
increase as thezs of the CBJ[n] increase$'This issue can be circumvented

by starting with preformed CBI[n] including CB[7] and CB[8]he direct
hydroxylation of CB[n=58] with K,S,0g was introduced by Kim in 200%

aH/—kNONF a#NON‘Ff\\ HO\?}% N?—\\A\O))S(OH

0, 10%

n= \ n=
n=1,37% ( o ) o M0 ( < N N KeS:0s n=1, 45%
n=2, 20%/ N_o o hv 254 nm o o NN 20 n=2,5°§o
=3, 4.5% Ny ~ =3,49
n=3,4.5% \\SGT o T@l// \\S(?\L o JE)L// HO/BXO\T o T/Of OHn 3,4%
NO-NON— N NO-NON— N HO" N —NON— N o
NEN— N N4 \—n—
(OH)CB[n] Ho-on
n
(OH)2nCBIN]

Scheme 13. Synthesis omono and fully hydroxylated CB[n].

The resulting fully hydroxylated CB[n] could be modified to provide tailored
CB[n] derivatives with different functional groups, frequently accompanied
by enhanced solubility in common organic solvents.

Monofunctionalized CB[n] present an exciting advance in the CBJn] field
as they give more regiochemical control for further modifications. In ,2011
the Isaacs group reported the templated synthesis of the glycoluril hekamer
7)%° which led to the synthesisf the first monofunctionalized CB[Akith
enhanced aqueous solubility 2012*° Monofunctionalized CB[7] has been
used for targeted delivery applicat’éf® and covalently attached to Fuijita

type cages for stimuli responsive drug reledseunctionaized CB[8] with
10



enhanced aqueous solubility was also synthesized in a later work using a

related strategy (Schema).*

In 2015 Bardelang and emorkers reported a direct photochemical
monohydroxylation of CB[n] (n =58) using hydrogen peroxide in one step
under mild reaction conditior’§. Functionalization approaches for closed
CBIn] have led to improved solubilities of CB[6] and CBJ8], improved ease
of synthesis and purification, and the ability to chemicallycatt@Bl|n] to

various scaffolds.
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\ 2) NaOH/ MeOH
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Scheme 4. Templated synthesis of hexaméf7) and buildingblock synthesis

of monofunctionalized CB[7]I(8) and functionalized CB[8]I (9).
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Simultaneous development of water soluble acyclB[nT analogues,
most notably by Isaacs and-emrkers has opened up newenues in CB[n]
modification. The first acyclic congener of CB[6] was reported by the Isaacs
group in 2003 (Scheme5a)®’ Compoundl-11 was synthesized by the
alkylation of functiomlized glycoluril (-10) to introduce arortho-xylelene
linker, circumventing the difficulties in CB[6] synthesis. Carboxylic acid
groups were incorporated on the convex face of the structure to improve
watersolubility. Remarkably, the Shaped preorganized compouhdll
showed recognition propertie®wards alkyldiammonium ions similar to

CB[6], with only a moderate reduction in affinity.

a) OMe Q

N)(NH
RA R | BrCQCBr 1) DMSO, +BuOK, 3 h j@i
NTNH Br Br 2) MeOH, H,0, LioH 3 R 3 /‘
ome [ 1eq. 120h, 70 °C
110, 2 eq. 111, 10.4%
R =COMe R'= COOH
(0] e} O
®) Ky Ay NN
N— MeSOgH, RT, 48 h
ORI ot " (R HH]@
T(
fe} o) (@] O
2 eq. 1eq. 1-12, 34 %

Scheme 5. Synthesis of acyclic CB[n] congenersi&)l, and b)l-12.

This was followed by the development of compouii® by Sindelar, which
retained the glycoluril trimer backbone while incorporating aromatic walls.
Compound -12 was able to bindispyridinium ethylene and methylviologen

guestswith moderate (1DM™) affinities. Through their experience with the

12



synthesisand study of molecular clips and glycoluril oligomers, Isaacs and co
workers recognized the importance of the carbonyl portal in CB[n]
recognition. This led to the design of compouird4, with a glycoluril
tetramer backbone and aromatic walls vadinboxylic acid groups to facilitate
aqueous solubility (SchemeB).*® The affinity of hostl-14 towards dialkyl
ammonium, adamantyl ammonium, and aromatic ammonium guests was

comparable to that of CB[6] and CB[7], and ranged from-10° M ™.
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2) LiOH, MeOH/H,0, 80 °C, 15 h N__N_N_N_N_N_N_N
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R" = (CH2)3SO3Na 1-15 Calabadlon 1), 0%
1-13, 1 _ M31eq OO
MeHMeHHH HHHMeHMe
“ TFA 70 °C 3h * y
4eq

0,
R" = (CH,)3S05Na I 16 (Calabadlon 2),30 /o

Scheme 16. Building block synthesis of: a) glycoluril tetramer precurder (
13), b) acyclic CB[n] congeneid-14, c) Calabadion1l (I-15), and d)

Calabadior? (1-16).
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A further modification to the design &f14, involved the replaament of the
carboxylic acid groups by sulfonate groups to ob@atabadiorl (1-15). The
solubility of I-15 was 346 mM in water and 105 mM in phosphate buffer (pH
7.4) which is significantly higher than either CB[7] {30 mM) or compound
[-14 (1-2 mM). Calabadion 2 (I-16) was designed by incorporating
naphthalene walls in place of the benzene wallallabadionl, and its
solubility in water and buffer was 18 mM and 14 mNkéspectively.
Compoundsl-15 and 1-16 demonstrated excellent affinity towards pgo
water solubleactive pharmaceutical ingredients (APIsind were able to
increase their bioavailability in mice by acting as solubilizing ag@hghile

[-16 has lower inherent water solubility th&fl5, its larger aromatic walls
allowed it to enhancthe solubility of insolublelrugs at lower concentrations.
Compoundd-15 andI-16 have also been reported as solubilizing agents for
single walled carbon nanotubes (SWNTs) at 1000 times lower concentrations
than surfactants while maintaining their optipeoperties'* and as hosts for
hydrocarbons for their uptake into water for potential application in
separation, sequestration, and transformation of gaseous and liquid
hydrocarbon$?

The enhanced aqueous solubility and comparable or in some cases
improved affinities of theCalabadionhosts (when compared to the cyclic
CB[n]) prompted the Isaacs group to carry out numerous structural
modifications to them in order to better understahd structureaffinity

relationships. Some modifications include changing the solubilizing ¢foup,
14



aromatic groug? length of the alkyl arnf> and size of the glycoluril

backbong?®

47 Chapter 4 discusses the effect of introducing alkyl linkers of
varyingsizes toCalabadiori.

Another application of-16 was reported in 2012. It was found tt&t6
binds neuromuscular blocking agents (NMBAs) with affinities ranging from
10° i 10° MY, and reverses their effecia vivo*® The application of
molecular catainers as reversal agents for different classes of drugs is
described in detail in the following section.

1.5Drug Reversal Using Molecular Containers.

As described in the previous sections, molecular containers can alter the
property of the guest encapsulated within their cavities. The biological activity
of a drug is one such property. A drug exhibits its activity in the free state,

however when it isampletely bound within the cavity of a host, it can lose its

ability to interact with its biological target(s) (Scherrg)l

O . .

Active Drug Acylic CB[n] Container Drug "Switched-Off"
Scheme #7. Schematic representation of drug reversal by encapsulatio

within a molecular container.

This effect can be used to sequester dingsvo whose activity is no longer
desired. Factors such as thearéeli ve binding affinity bet we

and drugAbiological receptor, the conce
15



binding sites on biological receptor, and the selectivity of the container toward
the drug relative to other molecules in the system plagle in determining

the feasibility of this reversal. Sections 1.5.1 and 1.5.2 discuss the scope for
using molecular containers as reversal agents for two different classes of

drugs NMBAs and drugs of abuse respectively.

1.5.1 Reversal of Neuromuscak Blocking Agents.

Annually, more than 400 million patients receive curgnee NMBAs
during surgical procedures in operating rooms, intensive care units, and
emergency medicine departmefits.NMBAs such as rocuronium and
cisatracurium are often usedas essential adjunct to general anesthesia to block
neuromuscular transmission (muscle relaxation) -diegendentlyThis facilitates
endotracheal intubation, optimizes surgical conditions, prevents potentially
harmful movements during surge@nd also equires that the patient be put on
mechanical ventilationTo speed up the recovery of the muscle function of the
patient and to prevent residual neuromuscular block, it is often necessary to
reverse the biological effect of NMBAs at the end of the surfety This canbe
achievedby a few different mechanisms: (1) natural metaboligxcretion of the
NMBA, (2) displacement of the NMBA from thacetylcholine receptoiAChR)
by an increased locahcetylcholine ACh) concentration resulting from the
inhibition of acetylcholine esteras&ChE) by drugs such as neostigmine, or (3)
the encapsulation of (hNMBA by a molecular container (Figure3). The first

mechanism can be too slow or unreliable, especially in scade deep

16



neuromuscular blockade. Thissultsin muscle spasms and breathing probl@ms

the patientfrom incomplete reversaleadingto increased healthcare costs from
readmission to ICU and in some cases, mortalitythe second mechanisthere

can be cardiovascular sigéfects from neoggmine itself due to an agonistic
effect at muscarinic acetylcholine receptomfAChR) and may even induce a
(depolarizing) neuromuscular block via agonistic effects at nicotinergic receptors

(NAChR)°? Hence this mechanism also does not improve respiratory safety.

AChE inhibitors (eg: neostigmine) act here W Elimination

ﬂ N T Degradation

Inactive metabolites
ACh
AChE release
Encapsulation in A

molecular container
Choline :\QC/h; = = NMBA

+ v
Acetate

Cell membrane

Figure 1-3. Schematic representation of theset and reversal of neuromuscular

blockade.

A major advance in the clinical practice of anesthesia was made by the
i ntroduct i-ayalodexwiriderived molecular container known as
Sugammadexmarketed as Brididf by Merck with sales of more than $340
million in 2014 (Figure 4); which binds ocuronium with high affinity (i =
53-55

1.79 x 100 MY in water and reverses the effects of rocuronianvivo,

Sugammadexeverses neuromuscular block by sequestering rocuronium in the

17



bloodstream, thereby depleting its concentration at the neuromuscular jufiction.
The Sugammadekr ocur oni um complex is subsequent |
Sugammadexas had a major impact dhe clinical practice of anesthesia in
Europesince it came into use in 2008 use in the United Stategsdelayed by
the US FDA because of hypersensitivity evebist the drugwas approvedor
clinical usein 2015°"* While Sugammadejs able to everse steroidal NMBAs
such and rocuronium, it is not useful for reversing benzylisoquinolinium NMBAs
such as cisatracurium due to weak binding affinityaAesult, there is a real need
to develop alternative classes of molecular containers that furesiceversal
agents for the fultange of clinically important NMBAs.
Given the high K values typically observed for CB[n] for alkyl
ammonium guest¥ their low toxicity’® and ability to cross cell membrané$ ,
CB[n]-t ype receptors represent -cyaodeptrmt ent i al i
derivative Sugammadexor the reversal of neuromuscular block. Among the
known CB[n], only CB[8] and CB[10] are large enough to encapsulate the
steroidal nucleus of NMBAs like ooronium, but unfortunately the water
solubility of these containers is poor5&e M) which severely | im
potential to function as vivo reversal agents for NMBA<onversely, water
soluble CBJ[7] is neither voluminous enough to encapsulate #reigal ring
system nor is its C=0---O=C distance of ~ 6.1 A appropriate to electrostatically
complement the N---N separation (~ 11.0 A) of the steroidal NMBAs rocuronium
and vecuronium. In fact, Macartney has shown that CB[7] binds to the

ammonium endsfdhe steroidal NMBASs rather than the steroidal ring system
18



addition to this, CB[7] has poor selectivity for NMBAs compared to acetylcholine
which implies that it could preferentially bind ACh instead of NMBAVvimo,

further hindering NMBA reversal @ble +2.). %
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/}\N o N r/ e} e} j\
QLO W N- NN
N-N &
CBI7] o<0 }O%o O{%{N
NN
G’ ij Q(OYO o ) OR
o ‘e ?’ \
-
)ko/\/ ~ OR
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Vecuronium bromide

OHO
OMe O LOH H
(0]
Cisatracuriume 2PhSO3 OH
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H

R'= CH28(CH2)2C02Na

Figure 1-4. Chemical structures of molecular containers CB{Zjlabadior2 (I-
16), Sugammadex and guests rocuronium, vecuronium, cisatracurium, and

acetylcholine.

In 2012 the Isaacs groupeported that acyclic CB[rype receptoid -6
binds steroidal NMBAs 10€old stronger and the benzylisoquinoline type NMBA
cisatracurium 100@old stronger tharSugammadexn water (Table £2.).® In

vivo experiments in rats showed tHat6 reverses deepeuromuscular blockade

induced by steroidal NMBAs rocuronium and vecuronium in a dose dependent
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manner and restores the trafifour ratio to 0.9 faster than placebo and

Sugammade$®®364

Table 1-2. Binding constant§K, M™) for the hostguestcomplexes formed in

agueous solution.

Guest CB[7] Sugammadex Calabadior?
Acetylcholine (7.0 + 1.3)x 10° - (1.8 +0.2)x 10°
Cisatracurium - 4.89x10° (4.8 +0.9)x 10°

Vecuronium (2.2+0.3)x10° 5.72x10° (1.6 +0.2)x 10°

Rocuronium (1.5+0.2)x 10 1.79x10" (3.4 +0.6)x 10°

The same trend is observed for recovery of spontaneous breathing, which is also
rapid with 1-16 as compared to experiments using placeb&wogammades®

Unlike SugammadexCalabadior? (1-16) displays a higlin vitro binding affinity
towards cisatracurium and also causes time vivo reversal of the
benzylisoquinolinium NMBA cisatracuriufii:®* These previously publishein

vivo andin vitro results together indicate the potentiall €6 to act as a broad
spectrun reversal agent of NMBAs.However, there is the possibility that a
patient who has been or is being treated with NMBAs during surgery may have

previously taken other drugs and/or need to be treated with other drugs post
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surgically. For example, many gical patients are treated with a variety of other
drugs including antibiotics, antihistamines, and antiarrhythfiiésccordingly,

for the further development 6f16it is important to assess whether the binding of
I-16 toward rocuronium, vecuronium, @isatracurium can be compromised by
the presence of other drugslhe toxiaty or other adverse effects dfie host
molecule and or the hoslNMBA complex ae also important considerations.
Chapter 2 addresses these issues of selectivi§ate#badion2 toward NMBAs
relative to other drugs and the pharmacokinetics of the excretion of container and

drug in rats.

1.5.2 Reversal of Drugs of Abuse.

The recreational use of drugs of abuse is a major problem worldwide and
overdoses and the associated milist are commor® For example, the
Substance Abuse and Mental Health Services Administration (SAMHSA)
estimated that 10.2% of the US population 12 and older (27 million) had used an
illicit drug in the past montf’ lllicit drugs include methamphetamineocaine,
marijuana, heroin, hallucinogens (ketamine, phencyclidine), inhalants, or
prescriptiontype psychotherapeutics (pain relievers, tranquilizers, stimulants, and

sedatives) when used nomedically Figure +4.).

) HN_ ClI N
O\th Methamphetamine NHMe
F Cocaine O 0
O H O‘<

o Heroin 0 Ketamine Phencylidine
Figure I-4. Chemical structures of some commonly abused drugs.
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The heathcare costs of emergency room

billion in 2011 and overall costs associated with crime and lost work productivity
was & $ 19 accotdimgly,lthe treatments for illicit drug overdose and
addiction is an important biomedical problem with significant socioeconomic
consequences.

Current treatments for drug overdose and addiction are based on either
pharmacodynamic (PD) or pharmacokinetic (Rkpategies. PD strategies aim to
disrupt the effects of the illicit drug at its site(s) of action (e.g. drug receptors) in
the body.This approach is being used clinically for treating opioid overdose and
addiction®® Some examples of amtpioid drugs tat work by the PD strategy
include: opioid receptor antagonists nalox@ma naltrexone which are used to
treat overdose and addictiomethadone, levomethadyl acetate (LAAMXd
buprenorphine which are used to treat withdraaatl noropioid agents (sucas
U2 adrener gi ¢ aaddogexidine Whichc dreuused tbi maeaging
withdrawal While this treatment approach has been successful for opioids,
there are currently no pharmacotherapies approved by the US FDA to treat
cocaine, methamphetaminer cannabis use disordéfsin contrast, the PK
strategy does not require a precise molecular level knowledge of theedamor
interaction needed in the PD strategy, but only the ability to decrease drug
concentration below its effective concentratl® For example, enzyme based
therapeutics (e.g. human butyrylcholine esterase) are being explored that can
hydrolyzecocaine into its inactive metabolites (ecgonine methyl ester and benzoic

acid), thereby creating a negative concentration gradient bettheebrain and
22
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blood which results in a reduced concentration of the drug at its receptor in the

brain® 3" Immunotherapeutics are also being developed for cocaine,
methamphetamine, and fentanyl, most notably by J&Hdawhich act as

peripheral blc k er s by binding and sequestering

preventing it from crossing the blood brain barffet,

Immunization

Molecular -
Dru Pharmacokinetic container _
—|_ 9 approach >
Enzymatic
degradation

Inactive metabolites

Pharmacodynamic A
approach
> Drug —|—

Figure |-5. Schematic representation of the pharmacokinetic and

pharmacodynamic strategies ftisrupting the effects of drugs of abuse.

The PK strategy has also been implemented using synthetic molecular
container compounds to directly compete with biological molecular recognition
eventsfor the reversal of NMBAs as outlined in section 1.%dbwever in the

context of molecular recognition of drugs of abuse by molecular containers only
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sensing applicatiofi$have been reported for some amphetamine type molecules
using phosphonate cavitaffds' and CB[n] derivative§> Chapter 3 describes the
recert work on the recognition properties of some common molecular containers
towards a panel of frequently abused drugs. The vivo reversal of
methamphetamine b@alabadior? is reported as well as the pharmacokinetics of

excretion ofCalabadiorl and fentayl after the reversal of fentanyl in rats.
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ChapteCal 2baz2dasn a Reversal

Neuromuscul ar Bl ocking Agent s

The work preserdd in ths chapter was take fro@anapati, S.; Zavalij, P. Y.;
Eikermann, M.; Isaacs, LIn Vitro Selectivity of anAcyclic Cucurbit[n]uril
MolecularContainer towarddleuromusculaBlocking Agents Relative to
CommonlyUsedDrugs Org. Biomol. Chem2016 14, 12771287andHaerter,

F.; Simons, J. C. P.; Foerster, U.; Moreno Duarte, |.;Gi#zD.; Garapati, S.;
EikermannHaerter, K.; Ayata, C.; Zhang, B.; Blobner, M.; Isaacs, L.; Eikermann,
M., ComparativeEffectiveness of Calabadion and Sugammadex to Reverse Non
depolarizingNeuromusculablocking AgentsAnesthesiolog2015 123 1337

1349

2.1Introduction.

Muscle relaxant drugs such as rocuronium, vecuronium (steroidal
neuromuscular blocking agents NMBAS) and cisatracurium
(benzylisoquinolinium NMBA) are widely used psergically to block the
patients muscle function and optimize surgicalnditons®® Postsurgical
reversal of neuromuscular blockade through the use of AChE inhibitors such as
neostigmine is not optimal due to side effects arising from incomplete reversal of
NMBAs and cardiovascular issu¥s.T h e-cyctodextrin based molecular
container Il -1 marketed by Merck as Bridid¥ has greatly improved the safety
of NMBA reversal for rocuronium and vecuronium in Europe, and has recently

been approved by the United States Food and Drug Administratiier a
25
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concerns regarding hypersensitivity were addressed in clinical ¥filsaacset
al. have designed and synthesized the acyclic CB[n] based cortaiyerhich
has shown faster reversal of steroidal NMBAs such as rocuronium and
vecuronium. Contaer Il -2 also shows a broader scope and also reverses the
structurally distinct benzylisoquinolinium NMBA cisatracurium. The faster rate
of reversal and broader scope can both be attributed to the order(s) of magnitude
higher K;s shown byl -2 toward thee three NMBAs compared tb-1."% For the
further development df -2 as a broad spectrum reversal agent for NMBAs in the
clinic, we have addressed two important issues in this chapter: (i) thio
selectivity of Il-2 toward different NMBAs in the psence of other drugs
commonly found on anesthesia trays in hospitals and (2) the pharmacokinetic
profile of Il -2 after NMBA reversal in rat urine.
2.2 In Vitro Selectivity of Calabadion 2 towards Neuromuscular Blocking
Agents Relative to Commonly Used Drug

The superior Ks and faster / broader scoperovivoreversal of NMBAs
by Il -2 compared witHI -1 is a promising preliminary result for its development
for clinical use However, there is the possibility that a patient who has been or is
being treated with NMBAs during surgery may have previously taken other drugs
and/or need to be treated with other drugs-pasgically. For example, many
surgical patients are treatedthva variety of other drugs including antibiotics,
antihistamines, and antiarrhythmf@éccordingly, for the further development

of Il -2 it is important to assess whether the bindingl e2 toward rocuronium,
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vecuronium, or cisatracurium can be compreedi by the presence of other

drugs.
o 00 QO o
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Figure 1l -1. Chemical structures of CB[nfugammadexll -1), Cb 2 (I -2); and
NMBAs cisatracurium, rocuronium, vecuronium.

In this study, we determine the binding constanii e toward 27 drugs
that are commonly esl during and after surgerWe use the experimentally
determined values of Kand used themas known inputs to explore by
simulations (Gepa8'") the behavior of the multicomponent system comprising
Il -2, rocuronium or vecuronium or cisatracurium, acetylcholine receptor (AChR),
and drug using estimated or known values of clinical drug concentration ranges
and AChR binding constants.
Thus weassessd the potential for these 27 drugs to induce displacémén
rocuronium, vecuronium, or cisatracurium from the cavityi é?. The results of
these simulations are presented in the form of three dimensional plots that connect
the Kzof thell-2Adrug compl ex and the dosage
concentrat on o f t he A Ch RRnNSK RBIgs wverengeleaterd to

include a variety of drug classes such as antibiotics, antiarrythmics, analagesics,
27
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etc. which are typically present on standard anesthesia trays at hospitals. Cationic
drugs were selected specdlly as they are expected to have higher affinity
towards our anionic acyclic CB[#ype containerll -2, and therefore pose the

highest potential for displacing NMBAs fromtHe2ANMBA compl exe s .
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Figure IF2. Chemical dructures of drugs used in this study.
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2.2.1Binding Properties of I1-2 towards Drugs I1-37 1l -29 Investigatedby
'H NMR.
Initially, we investigated the ability of containeralto bind drugs H3 1
11-29 by'H NMR spectroscopy. For complexes betweed #ind drugs i II-
29 we commonly observed upfield shifting of guest resonances which indicates
that these protons on the guest (drug) are located in the cavitg ofAll of the
1-2 Adr ug c o nay intermesliate td fast kirletics of exchange on'the

NMR timescale.

These preliminary'H NMR observations suggested that complexes
between containdi -2 and drugdl -3 7 11 -29 would be of moderate stability in
water. In contrast, complexes betweéh2 and NMBAs cisatracurium,
rocuronium and vecuronium exhibit slow exchange on the chemical shift
timescale. To facilitate further discussion of the NMR results we presefitithe
NMR spectra recorded fdt-26 (procaine),ll -2, thell -2A1 -26 complex, and a
mixture of Il -2A1 -26 with excessl| -26 present (Figurdl-3). These'H NMR
spectra display a number of interesting features, which provide insight the nature
of thell -2A1 -26 complex. For example, the aromatic peaks athd H of Il -26
shift considerably upfield (> 1 ppm) upon binding to one equivalen -@f
(Figure 11-3c). This dramatic upfield shift reflects the anisotropic shielding
environment provided by the two aromatic naphthalene sidewallsf Given
the aromatic naturefalrug Il -26, we surmise that-" interactions are formed

within thell -2Al -26 complex. In the spectrum containing two equivalents -of
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26 to one equivalent ofl-2 (Figure 11-3d) H. and H shift back downfield
(relative to Figurdl-3c) to a positiontat is the average of the completely bound
and completely free form df -26. This indicates a fast kinetics of exchange
between free guest-26 and thell -2A1 -26 complex relative to théH NMR

chemical shift time scale.

HOD b
e f q c
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Figure I1-3.'H NMR spectraecorded (400 MHz, RT, 20 mM NaPO, buffered
D,0, pH = 7.4) for a)l -26, b) Il -2, ¢) an equimolar mixture df -2 andll -26

(12.5 mM), and d) a 1:2 mixture tf-2 (12.5 mM) andl -26 (25 mM).
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In contrast, the aromatic protons, lAnd H, of host Il -2 undergo a
downfield shift (H, 7.72 ppm; K, 7.17 ppm) upon formation of tHe-241 -26
complex. The observed downfield shift is due to the disruption of-edigee
"-" interactions between the tips of free hds2 which are disrupted upon
formation of the Il -2A1 -26 complex. Addition of a second equivalentIbf26
results in little additional shifting and sharpening of the resonances, famdiH,

because th# -2Al -26 complex is largely formed at both stoichiometries.

Interestingly, theresonances for H Hy,, and H of 2-diethylaminoethyl
sidechain also show significant upfield shifts upon bindindlt@ which is
probably reflects partial inclusion of the sidechain in the shielding region defined
by the glycoluril tetramer backbone angetaromatic naphthalene sidewalls.
Analogous phenomena were seen in the NMR spectra recorded for the
remaining I1-2Ad r u g compl exes I n accord wi t h t ho
preferences of CBJ[rlype receptors to bind the hydrophobic portions of guests
within the hydrophobic cavity whereas the cationic amimm groupsreside at

the ureidyl carbonyl portals and benefit from-idipole interaction§®*®

2.2.2 Stoichiometry of the Complexes between 42 and Drugs II-3 i

II-29.

It is well known that CB[nk ype receptors generally f
complexes with 1:1 stoichiometry. In order to confirm the 1:1 stoichiometry of

the complexes betweéh-2 and drugsl -371 11 -29 we created Job plots.
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Figure Il -4. Job plot construed for mixtures ofl -2 andll -26 ([II -2] + [l -26] =
1 mM) by monitoring the change it NMR (400 MHz, RT, 20 mM NabPO,

buffered DO, pH = 7.4) chemical shift of H7.72 ppm) ofl -2.

In Job plots, a series of samples containing host and guest astarto
total concentration ([host] + [guest] = constant) are prepared and are investigated
by an appropriate spectroscopic technique. A plot of the change in spectroscopic
signal versus mole fraction displays a maximum at the mole fraction that
correspond t o the stoichiometry of4showe host Agu
the Job plot constructed usitig2 and Il -26 at a total concentration of 1 mM.
The Job plot displays a maximum at a mole fraction of 0.5 which confirms the 1:1
stoichiometry of thel -2Al -26 complex. Job plots were constructed for several

additional drugs and are given in Appendix 1.
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2.2.3 Xray Crystal Structure of the I1-2 A-29IComplex.

We were fortunate to obtain single crystals of th@Al -29 complex by
slow evaporation of rmaqueous solution of the complex and to salsex-ray

crystal structure.

Figure 11-5. Crosseyed stereoscopicepresentatiorof the geometry of one
molecule ofll -2 A-R9lfrom the xray crystal structure. Color code: C, grey; H,

white; N, blue; O, red; S, yellow; hydrogen bond,ingdlow striped.

Figure ll-5 shows a crossyed stereoview of one molecule 6§24l -29 in the

crystal which displays a number of interesting featuasdescribed previously,

the glycoluril tetramer backbonef II-2 imparts anoverall Gshapeto the
receptor whereas the termimaphthalensidewalls help to define a hydrophobic
box-like cavity. Interestingly, hosh -2 within the Il -2A1 -29 complex adopts a
helical (chiral) conformation where the two naphthalene sidewalls are splayed
out-of-plane with respect to the glycoluril tetramer backbone; both senses of
handedness are observed in the crystal in a 1:1 ratio. Furthermore, the ammonium
ion unit of guestl -29engagesinanMAAAO=C hydrogen bond

=2803A; NHAAAO angle = 160.9e) with the
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enclosed within the cavity df-2 but does not engage iR” stacking interactions
with naphthalae sidewalls. In addition, one of the amidineHNgroups at the
opposite carbonyl port al appears to engag

distance =3.231 A;MMAAAO angle = 147.2¢)

C-Heeent
interaction

Opposite
helicity

Same
helicity

Figure 11 -6. Crosseyed stereoscopic representation of the packirlgj-afil -29

in the xray crystal structure. Color code: C, grey; H, white; N, blue; O, red; S,

yellow.

Finally, Figurell-5 shows that the naphthalene sidewalld € in thell -
2A1 -29 complex do not undergo ed¢mface -  interactions which is in accord
with the downfield shift observed fortnd H upon complex formatioff** The
three dimensional packing of the individual moleculesl e2Al -29 complex in
the crystal is also intriguing (Figurd-6). As shown in Figee II-6, two
molecules of thél -241 -29 complex of the same helicity pack next to one another
by interactions between the convex faces of the aromatic sidewalls (marked with
@ symbol). Additional homochiral pairs of the2Al -29 complex extend along

the zaxis with alternating sense of helicity. Qui¢erestingly, adjacent pairs of
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the ll-2A1-29c ompl ex are held together by recipr
interactidinst anCcHAAA 2. 79a8n,g12%. 8681 6j1,. 7&HA AlM ¢

between molecules of compléx2Al -29 of opposite helicity.
2.2.4 Measurement oK ;s between [I-2 andDrugs 11-37 11 -29.

After having established the inclusion binding of drug8 i Il -29 inside
containerll -2 by *H NMR spectroscopy, we decided to measure the binding
affinity (Ka M™) for thell -2A1-3 1 11-2A1-29 complexes. For this purpose, we
employed three different strategied) direct UV/Vis titrations (for UV/Vis
active drugll -4), (2) direct'H NMR titrations(for drugsll -3, Il -5 11 -7, 11 -9,

Il -11, andll -13 with K, < 5000 M%), and(3) UV/Vis competition titrations (for
UV/Vis inactive drugs with Ka > 5000 ¥). The detailed procedures and models
used to analyze the data using Scielfistre given inAppendix 1 For example,
Figure Il-7a shows théH NMR spectra recorded during the titration of a fixed
concentration ofl -2 (0.976 mM) withll -6 (07 6.57 mM). As described above,
upon formation of thél-2A g u e s t compl exes, we elgdener ally
shift of H, and H because the tips of the naphthalene sidewalls are no longer
engaged in edgm-face"-" interactions. Figurél-7b shows a plot of chemical
shift of H, versus [l -6] which was fitted to a standard 1:1 binding model using
Scientist™ (Appendix 2 which allowed us to determine, ¥ (3.0 + 0.6) x 1M

! for thell -2A1 -6 complex. SimilatH NMR titrations were performed for guests
-3, 11-57 11-7,11-9, 11 -11, andll -13 (Appendix ) and the results are presented

in Tablell-1.
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Figure I1-7. a) 'H NMR (400 MHz) stack plot of the titration ofl -2
(0.976 mM) with guesti -6 (0T 6.57 mM) in 20 mM NakPO, buffered BO (pH
=7.4); b) plot of the chemical shift of s a function of guest concentration. The
solid line represents the best Aorear fit of the data to a 1:1 model {K (3.0 +

0.6) x 16 M™Y.

Next, to determine the J¢alues for the strongér-2Aguest compl exes v
performed competition experimentsonitored by UV/Vis spectroscopy. For
this purpose, we employed Rhodamine 6G which undergoes significant changes
in its UV/Vis spectrum upon formation of theIARhodami ne §G compl ex

23 + 0.2 x 16 MY).*® Addition of competitive guests displacedicator
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Rhodamine 6G fromthH-2ARhodami ne 6 G

UV/Vis changes.

a) 0.6 —
0.5
0.4 —
0.3
0.2 +
0.1+

Absorbance

0.0~

Z

0.32

0.28 1

0.24 —

0.20 —

Absorbance

0.16

0.0

Figure 11-8. a) UV/Vis spectra recorded during the titration of a mixturd

(9.92 uM) and dye rhodamine 6G (10.0 pM) with guése8 (071 1.21 mM in

T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2
[11-28] (mM)

compl ex

and

20 mM NaHPQO, buffer (pH = 7.4), b) plot of absorbance at 550 nm as a function

of the concentration adi -28. The solid line represents the best #iaear fit of

the data to a competitive binding modek&K(3.3 + 0.5) x 16M™).

Figure 18 shows the absorbance data obtained from the competitive

UV/Vis titration of II-2A Rh o d a mi n e-28G06 1.28imMh We flt a plot

of absorbance versusll {28] to the standard competitive binding model
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(Appendix 12*to determine the Kfor thell -2Al -28 complex (K, = (3.3 + 0.5)

x 1 M) using the known Kof lI1-2Ar hodami ne 6G°NMH2%as3 N 0. 2)
input.  Analogous UV/Vis competition experiments were performed which

allowed us to measure the remaininguvédlues given in Tabld-1. For purposes

of comparison, the Kvalues forSugammadex! -1) toward drugds! -3 7 11 -29 as

reported by Zwiers are also given in Tabld f°

2.2.5 Commentary on the Tabulated K Values.

An examination of the binding constants given in Tdblg reveals that
the K, values for this set of 27 drugs ranges from a low of 2.0 %M® for
diclofenacll -3 to a high of 4.5 x 1OM™ for ranitidinell -29; 13 out of 27 drugs
have K, > 10° Mt whereas 14 out of 27 have K 100 M,

Some of the #nds can be readily understood given the -“kmetiwn
binding preferences of CB[n] and acyclic CBfgpe receptors for hydrophobic
and (di)cationic guestS:*® For example, among the weaker binders<KL0> M"

) we find neutral or anionic compounds likeldfenac (I -3), acetaminophen
(I1-8), chloramphenicol I[-9), and aminophylline I{-11) as well as highly
hydrophilic and hydroxylated compounds like tetracyclime4], kanamycin I{ -

6), doxycycline [I-13), and vancomycinl(-14).Other weak binders atude the
zwitterionic compounds amoxicillinll(-5) and cefepime I(-7). Conversely,
among the stronger binders (& 10> M%) we find compounds that better satisfy

the binding preferences f-2.
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Table Il -1. Binding constants determined by direct or competitive UV/Vis assays
or direct'H NMR titrations for the interaction betwe#in2 and drugdl! -3-11 -29,
drug dosages in the rat model, estimated plasma concentrations, and binding

constants towart -1.

Est. Plasma

Dosage in rat Concentrationin ~ K,with 11-1
Drug Kowith I1-2(M™)  model (mgkgH)®* Rats (eg! (MH®
Acetylcholine (1.8+0.2)x 10°% - - -
Cisatracurium (4.8 +0.9x 10°9 0.7 18.3 4.89x 10°
Vecuronium (1.6+0.2x10°Y 0.7 26.7 5.72x 10°
Rocuronium (3.4+0.6)x10°? 35 160 1.79x 10
-3 (2.0 +0.4)x 10°¥ 10 763 2.50% 10*
-4 (2.3+0.2)x 10*® 10-20 819 <1.00x 10°
I1-5 (3.0 £0.4)x 10*°¥ 10-20 997 <1.00x 10°
I1-6 (3.0 +£0.6)x 10°¥ 10-20 752 <1.00% 10°
-7 (4.6 £0.5)x 10°¥ 10-40 1040 <1.00% 10°
-8 (5.9 + 0.5)x 10°% 100-300 32122 <1.00x 10°
-9 (5.9+1.8x10°® 4580 4696 <1.00x 10°
I1-10 (8.6 + 0.8)x 10°® 0.51 63.1 <1.00x 10°
I-11 (1.4 +0.4)x10°¥  3-100 5948 <1.00x 10°
I-12 (2.1 +0.2)x 1009 0.52 88.5 -
11-13 (3.3+1.0x 10*? 5-10 355 2.40% 10*
I-14 (4.4 +0.3)x 10*9 20 335 1.78x 10°
I1-15 (4.8 +0.3)x 10*® 20-40 1615 1.12x 10°
I1-16 (8.3 +0.6)x 10*% 0.001 0.12 -
-17 (1.9 +0.1)x 10°° 6.2512.5 709 1.02x 10°
I1-18 (1.9 +0.1)x 10°° 0.018 1.67 <1.00% 10°
I1-19 (2.5+0.1)x 10°9 0.0050.015 1.60 <1.00% 10°
I1-20 (5.3+0.4)x 10°% 0.20.4 9.60 2.44% 10°
I1-21 (5.9 +0.7)x 10°9 - - -
I1-22 (8.0+0.7)x 10°% 0.01-0.1 3.04 1.84x 10°
I1-23 (8.2+0.9x 10°% 20 1532 -
I1-24 (9.3 +0.9)x 10°° 0.1-0.3 18.2 <1.00% 10°
I1-25 (9.7 £1.1)x 10°° 0.020.15 14.0 2.61x 10"
I1-26 (9.8 £0.5)x 10°° 1-2 133 -
I-27 (2.8 £0.1)x 10°® 0.250.45 21.4 <1.00% 10°
I1-28 (3.3£0.5)x 10°° 0.02:0.05 1.22 <1.00x 10°
I1-29 (4.5 0.7)x 10°° 6-10 553 5.40x% 10°

a) measured by dire¢t NMR titration. b) measured by direct UV/Vis titration,
c) measured by UV/Visompetition assay using rhodamine 6G, d) referéhce.
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For example, the two linear dications procaiie26) and suxmethonium
chloride (I-27) are amog the strongest binding drugé accord with the
preference of CB[ntype receptors for hydrophobibicyclic and polycyclic
cations #8899 ompounds like morphinel(20), naloxone i -22), atropine
(I1-28) are among the better binders Foi2. Recently, we reported thHt-2 is an
outstanding solubilizing agent for insoluble drugs that are aromatic cations due to
the formatimmnerodct'i ons between the insolub
walls of Il -2 which define a hydrophobic bd%.The observed stronger binding
betwea Il -2 and aromatic ammonium ions dibucaifieZ1), propranolol (| -25),

and imipramine I(-23) are consistent with the previously delineated binding

preferences df -2.
2.2.6 Assessment of the Potential for Displacement Interactions.

We undertook t measurement of the binding constants for the complexes
betweenll -2 and drugdl -3 7 11-29 with the goal of assessing the potential for
these drugs to interfere with the vivo use ofll-2 as a reversal agent for
neuromuscular block induced by rocuronium, vecuronium, or cisatracurium.
Given the high level of complexity of thm vivo system (e.g. metabolism,
excretion, biodistribution, othdpinding partners) we created a minimalist model
that is amenable to appropriate simulations. FigjuBeshows the three equilibria
that we decided to consider, namely the binding of NMBA to the acetylcholine
(AChR) receptor and tGalabadior as well as the binding of drug @alabadion

2. With a kowledge of the three falues (K 7 K3) and the total concentrations
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of NMBA, AChR and drug it is possible to calculate the concentrations of each
species present at equilibrium. It should be noted that the total concentration of
displacing drug in thisnodel represent an upper limit to what would be observed

in vivo because drugs can also be bound to plasma proteins and are subject to
rapid distribution to peripheral compartments such as the intercellular space.
Accordingly, our model is a conservativereening technique that will generally
overestimate the displacement potential of a given drug. Our goal of the
simulations was to systematically explore the influence of the differgualkies

and total concentrations on the equilibrium concentration bfe A Ch RANMB A
complex since the occupation of the biological receptor by NMBA is ultimately
what controls the biological function. TIsemulations are meant to inform and
serve as a stepping stone toward futareivo selectivity experiments which will
ultimately determine the selectivity df-2 towards NMBAs over other drugs in

the actual biological system.

K
AChR + NMBA === AChR°NMBA

K
Calabadion 2 + NMBA <———2—~ Calabadion 2:NMBA

K
Calabadion 2 + Drug ——2 - Calabadion 2+Drug

Figure I1-9. lllustration of the equilibria considered ithe simulations using

Gepasi.
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2.2.7 Simulation of In Vivo Equilibria Using modelling Software

Gepasi.

We decided to perform the simulations using the freely available software
package Gepasi® which is capable of performing both kinetic and
thermodynamic simulations of user defined interaction networks. The Gepasi
software is very powerful and capable of performing multiple simulations where
one or more variables are scanned sequentiallygukim scan function), which
allowed us to develop insight into the influence of each variable. The equilibrium
concentrations of each species determined by the Gepasi simulations were
exported to and visualized using Microsoft Excel. Below we preseniations
using values derived from the data for rocuronium and cisatracurium. An

analogous simulation for vecuronium is presentefigpendix 1
2.2.8 InVitro selectivity of Calabadion 2 for Rocuronium.

For the simulations usinf -2, rocuronium, anddrugsl!l- 37 I1-29 we
fixed the equilibrium constants-K3.4 x 10 M™) and K; using the values in
Table 1. We set the total concentration of rocuronium equal te¥M6@ mimic
the initial in vivo plasma concentration in the rat; this value was calculated based
on the known dosage (3.5 rkg™?, twice the ED90), the average mass (370 g) and
the average plasma volume (15.2 mL) of the ngpgeagueDawleyrats used in
our previous experiment8.The initial concentration of AChR was defined as

equal to the initial concentratil-lOn of
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shows a three dimensianplot of the mole fracton oACh RARocuioni um

(z
axis) as a function of the total concentration of drug. (e-371 1l -29, x-axis), and
log Ks3 (y-axis) obtained from the simulations.

a) 0.8
£ 07
Z 0.6
(]
5 0.5
(6]
q% 0.4 —
% 0.3
Q 02
< 0.1

0.0 -
b) 057
€ 04-
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% =01-02
2 i =00-01
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0 48 390 mp L
Log [Drug) i
Figure 11-10. Three dimensional surface plots of the concentration of
AChRANMBA at equilibriumforle2Aduaigl)od o[ Dr wg]

rocuronium at [rocuroniumg [ AChR] #-21696 3MQ0 gM=(2 eqv.),

10° M2, K, = 3.4 x 10 M™% b) cisatracurium at [cisatracurium] = [AChR] = 18
e M,II-2[= 1.2 mM (64 eqv.), K= 10 M™, K, = 4.8 x 1§ M™. The red dots

mark the points corresponding to each of theligs (1 -27 11 -29).
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Therange oftheeaxi s from 0.1 €M to 100 mM was <cho

plasma concentrations of drlig3 7 1l -29 given in Table H1 whereas the range

of the yaxis from 18 to 10 M was chosen to span the range efvidlues given

in Table I+l for drugsll-3 1 11-29. This surface plot represents the general

behavior of [ AfihuRde the fullrramgeiofudoshges angdd

potentially interfering drugs studied in this work. As can be readily seen, there is a

plateau region in the lower left region of the plot that corresponds to situations

where the drugs do not display any ability to displace rocuronium from the I

2 Aauronium complex andthdreor e [ AChRArocuronium] is | ow
Conversely, as [Drug] and/orlogsKk s i ncreased the [ AChRATY

increases. The region in the upper right hand side of the plot corresponds to

situations where drugs with these combinatiohfDoug] and log k values are

expected to display the ability to displace rocuronium fromltk@Ar oc ur oni um

complex resulting in the increase in the <c

data points corresponding to the individual combinations of plasma

concentrations and Kvalues for each drug are marked on the 3D surface of

Figure 1F10a as red dots. According to the constraints of this simulation, none of

the drugs possess any substantial ability to displace rocuronium Hrem

2Ar ocur oni e shape of Figure+hOat ithis easy to see that drugs with a

combination of a high value ofskand a large dose are most likely to displace

rocuronium froml-2Ar ocur oni um.
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2.2.9 In vitro selectivity of Calabadion 2 for Cisatracurium.

The binding affinity ofll -2 toward the NMBA (k) relative to potentially
competing drugs plays a major role in influencing how much NMBA is bound to
the AChR at equilibrium.Calabadiorn2 (Il -2) binds cisatracurium (K= (4.8
0.9) x 16 M™) approximately 103old weaker than rocuronium ¢k (3.4 + 0.6)
x 10° M) and therefore we would expect that the potential for displacement of
cisatracurium fromthéd-2Aci st racur i umll-S8odlimpPlweuldbeby dr ugs
more significant than for rocunaum. For the purpose of the simulations, we
created a three dimensional plot of the equilibrium concentration of
AChRAc i s a t-axia)@ua functiom of tiee concentration of the potentially
interfering drug over a 100eM,gull ramgé ofconcent r ¢
average dosage of drugjs3 1 11-29, Tablell-1, x-axis), and the change inzK
over the range 0 10" M (range of K values measured for drufs3i 1l -29
with 11 -2, Tablell-1, y-axis) as shown in Figurg-10b. For this simulation, we
fixed the total concentration of cisatracurium at 18\ (Table 11-1) and the
concentration oCalabadio? at 1183 €M (64 equivalents) \
our previousin vivo experiments which found that a dose of 80 kg was
effective at reversing cisatracurium. As for the case of rocuronium, we fixed K
10> M and [AChR] as 18.8M. Figurell-10b represents the general behavior of
[ AChRAci satracurium] over t hesvdluedof range o
potentially interfering drugs studied in this work. Similar to the case of

rocuronium, there is a | arge plateau regio
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displacement of cisatracurium from thé-2Aci satracurium compl ex
significant. Theupper right side of the Figuré-10b is the region where both

drug concentration andskare high and where the displacement of cisatracurium

from the l-2Aci satracurium compl ex IS mo s t sign
corresponding to the individual conceattons and K values for each drug are

marked on the 3D surface of FiguilelOb as red dots. Once again, all of the

drugs lie in the plateau region which indicates that they do not displace
cisatracurium from thdl -2A cafrasurium complex. Simulationasing lower

doses ofll -2 (32 or 16 equivalents) display higher equilibrium mole fractions of

A C h R Araduraura for drugs I -29 and 11 -23 (Appendix 3. Of course, the

dramatic simplifications introduced into our model means that futureivo

experiments are needed to determine if drugs with high combinationg afdK

dosage €.g. ranitidine (I-29) and imipramine I(-23)) nearby the edge of the

plateau result in displacementlbf2Aci satracurium in practice.
worth menioning that we previously found that tire vivo onset and duration of

action of succinylcholineI(-27) with its high K value (2.7 x 16 M%) is

unaffected by prior treatment with -2.°* Accordingly, the fact that a drug

possesses a highsKalue towardl -2 is insufficient to conclude that undesirable

displacement interactions will occur.
2.2.10Influence of K;.

The simulations described above assessed the influence of a range of

[Drugland kv al ues on [ AChRArocuroni um] or [ AChRF
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conducted at a single value of KLO> M) that was not drawn from experimental
data, but rather based on the knawnivo ability of Il -2 to function as a reversal
agent for rocuronium and eiatracurium. Accordingly, we thought it was
important to study the influence of;Kon the equilibrium concentration of

AChRArocuroni um.
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Figurell-12. Pl ot of the mol e fractidfor of

drugsll -37 11 -19 present at their estimated plasma concentrations from Table Il
1. a) [l -2)iniar = 3 2 0 -faddMighlerahan [Rocuroniumgia), and b) [2}itia =
9 6 0 eféd higleer than [Rocuroniumgial)-
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Figurell-11a shows the simulations performed whegas scanned from
10" to 10 M and where I -2] = 320 &M, [rocuronium] = 160eM, K, = 3.4 x
10° M, and [drug] and Kare taken from Tabl#-1. As can be readily seen, as
Kiis increased the concentration of AChRAT"
difference in free energyll-Aetowee mniACh RAT
decreases. At high valuesofKhe concentration of AChRAr o
significant for ranitidine I -29). The reason ranitidine possesses the highest
potential to displace rocuronium from2Ar ocur oni lIu-241-29@ ddeo r m
not only to its relatively high binding constants(k (4.5 + 0.7) x 106M™) but
also due to its high therapeutic dosel@Bmgkg™) which served as inputs to the

simulation.

Three other drugs that display signific
high K; values ardl -23, 11 -17, andlIl -15 (Figurell-11a) which similarly possess
a combination of moderate to largg &nd high therapeutic dose values. Figure
[I-11b shows the simulation of the system whér?] is increased to 96M (6-
fold higher than rocuronium). As can be seen, the concentration of
AChRArocuronium at equil i britoalgurels decr ease
1la. However, the effect is most dramatic for compolir29 which has the
highest K, value but the lowest therapeutic concentrations anioc2§, Il -23, |1 -
17andll -15. The excess df -2 therefore sequesters more significant amounts of
I1-29 as itsll -2A1 -29 complex than is possible for-23, 11 -17, andll -15 with

their higher therapeutic concentrations. Overall, this simulation establishes that:
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(1) the potential for displacement of NMBA from the2ANMBA compl ex i s
reduced by maximing the difference between,kand K;, and(2) that the use of
concentrations ofil -2 at the level of the therapeutic concentration of the

competing drug can be used to reduce displacement bf-tfeNMB A comp | e x .
2.2.11 Influence of [AChR].

Lastly, in the simulations described above, we have somewhat arbitrarily
fixed [AChR] as being equal to the concentration of NMBA. Therefore, we
decided to investigate the influence of [
presence of ranitidinel([-29] = 553&M) by performing simulations with [AChR]
spanning the 1.&M to 16000eM range. The other variables were fixed as
follows: [rocuronium] = 16&M, [I1-2] = 320eM, K; = 10 M, K, = 3.4 x 16

Mt and k=45x16Mm™2
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Figure IF12. Plotofmold r acti on of AChRArocuronium vers
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Figure l1I-1 2 s hows pl ot s of t he mol e fracti
relative to [AChR] (left axis)and relative to [Rocuronium] (right axis) as a
function of [AChR]. These two curves cross when [AChR] = [rocwim] = 160
eM. At | ow [AChR] the mole fraction of ACI
increases beyond the fixed concentration of rocuronium (160 mM) the mole
fraction of AChRArocuronium drops by neces
then the mole fat i on of AChRArocuronium increases

principle.
2.1.12 Summary

In summary, we measured the binding constants for the complexes
betweenll -2 and drugsll-3 i 11-29 by a combination of directH NMR
titrations, direct UV/Vis titrations, and competitive UV/Vis binding assays using
thell-2Ar hodami ne 6G compl ex. The Mforndi ng con
I1-3) to 4.5 x 16 M™* (for 11-29). The 1:1 stoichiometry of the complexes were
confirmed by Job plots whereas the complexation induced chandelsNiVR
chemical shift were used to shed light on the geometry of seléict2d d r u g
complexes. The-xay crystal structure of thé-2A r adimeé complex showed1)
the expected inclusion of the furan ring in the cavityleg, (2) the ammonium
ion bound at the C=0 portal, arfd) an eneto-end helical twist of the acyclic
CB[n] receptoill -2. Simulations were performed to assess the patdot drugs
I1-37 11-29 to displace NMBA from thd| - 2ANMBA compl ex resul ting

formation of AChRANMBA compl ex. Gl obal S i
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possess high values oglkénd/or high therapeutic concentrations have the highest

potential © display displacement interactions. For rocuronium and vecuronium

none of the drugs display significant displacement potential although ranitidine

(I1-29) should be assessed in futumevivo studies. For cisatracurium, drulds

29 and I -23 display both high dose and highs l&nd lie near the edge of the

plateau in Figurdl-10b and consequently must be closely evaluated in future

vivo studies. The more significant potential for displacement seen in the
cisatracurium simulations can baded to fact that Kfor 1-2Aci satracuri um ( k
= (4.8 £ 0.9) x 16M™), is 700fold lower than fodl -2Ar ocur R (834m ( K

0.6) x IEM™).

23 Renal Elimination of Calabadion 2 in Rats Post Reversal of

Neuromuscular Blockade.

An important issue in the developmentIbf2 as a reversal agent for
NMBAs is establising that it can be safely administered and gets eliminated
rapidly without forming harmful metabolitetn vivo studies inSwiss Webster
miceandSpragueDawleyratsby the Briken and Eikermann groups respectively,
have shown that -2 displayed low cytotoxicity in 44,5-dimethylthiazoi2-yl)-
5-(3-carboxymethoxypheny2-(4- sulfophenyl}2H-tetrazolium (MTS) based
cell viability and adenylate kinase release cell osisrassays, did not inhibit the
human ethera-go-go-related channel, and was not mutagenic (Ames tést).
cumulative dose of 1.6kg™ (well above the therapeutic dose needed for NMBA

reversal) ofll -2 over three consecutive day$00, 500, andl,000 mg k)
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proved to be well tolerated andonlethal in adult male SpragueDawley

rats#8:64.95

In the following study we describe the quantification of the urinary
elimination ofll -2 and rocuronium irSpragueDawleyratsafter compoundl -2
was used to reverse the neuromuscular blockade induced by rocuronium and
cisatracurium. Our collaborator Profess&ikermann and coeworkers at
Massachusetts General HospitgéctedSprague Dawleyats with varying doses
of 11 -2 to reverserocuroniumor cisatracuriuminduced NMB. One houafter
administration of theeversal gent all the urine was collected from the bladder
of these rats, and stored-80 °C. We designed &4 NMR based assay to get a
preliminary understanding of the pharmacokinetic profild €.

23.1 'H NMR Based Assay for Quantification ofll -2, Rocuronium,
andll-2 Ar ocur oni tomRoaromumRevarsal Samples.

When rocuronium binds within the dawof Il -2 in water, the steroidal
skeleton of the drug is encapsulated within the hydrophobic cavity2fAs a
result of the shielding effects of the cavity, the axial steroidal methyl protons of
rocuronium undergo a dramatic upfield shift in thé# NMR resonance. The
signals for the methyl proton of bound rocuronium are detected at 0.28.88d
ppm.Fortunately, none of the other compounds excreted in the urfdprague
Dawleyrats had signals which could be observed at less than 0.8 ppminByaus
suitable internal standard (2,2,2184)-3-(trimethylsilyl)propanoic acid sodium
salt) of known concentration which also HasNMR signal in this upfield and

uncluttered region, we could quantify the rocuronium bourd-fin solution.
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Figure 11 -13.’H NMR spectra (600 MHz, R0 mM NaHPQ, buffered RO,
pH = 7.4 of: a) free rocuronium (2 mM) shows two resonances (a and b) for the

steroidal methyl groups, b) an equimolar mixtur® e? and rocuronium (2

mM), ad and bdo are resonances for steroida
thell-2Ar ocur oni um complex, and ¢) wurine sampl
reversal of rocuronium (3.5 magj) with 11-2(10 mgkg™) , adé and bod are

resonanes for steroidal methyl groups rocuronium bound inltkA r ocur oni um

complex.

From the urine samples of rats injected with 3.5 mg &grocuronium,
0.1 mL aliquots were withdrawn and evaporated under high vacuum. The
residue was dissolved in a soarticontaining a known concentration of 2,2;3,3
d(4)-3-(trimethylsilyl)propanoic acid sodium salt (TMSP) as internal standard
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and the sample was diluted to a total volume of 0.6 mL with 20 mM phosphate
buffered DO (pH = 7.4). The concentration of tHe2&ocuronium complex was
determined by'H NMR spectroscopy (Figure-l3) by comparing the integral

for diagnostic peaks of the complex (methyl groups at 0.23 ppm0aB2 ppm,

3H each) relative to the internal standa@@2 ppm, 9H).

Concentrations ofree Il -2 and rocuronium were measured by adding a
two-fold molar excess of rocuronium br-2 respectively to the above mentioned
solution. Addition of excesdl-2 bound any free rocuronium as tHe-
2Ar ocuronium compl ex, wh eiure bosand ang fiset i on o f
Il -2 which allowed the determination of frée-2 and free rocuronium in the
original sample by using the mass balance expressiWhsn administered in
low dosage (5 to 10 mkg™), 62 + 17 % (mean + SD) ¢f-2 was detected in
urine. The excretion of rocuronium was proportionate to the equivalemhits2of
administered. For samples Rocuroniunocuronium4 (Table 2), 3.5 mg kg
rocuronium was reversed with 5 mgk.5 equivalents) ofi -2. This resulted
in the excretion of 56 + 8 % of rocuronium in the form of th@Ar ocur oni um
complex. Whereas for samples Rocuronium3Rocuroniums,3.5 mg kg
rocuronium was reversed with 10 mgkeL.0 equivalent) ofl -2. This resulted
in a higher percentage of roomium excreted73 = 21 % in the form of thH -
2Ar ocur oni uRocuom@umpwas eliminated in the form of thie
2Ar ocur oni um c o mp l,ef the lld2kecurdniom dorhpéex(@4i gh K

+ 0.6) x 18 M™) which prevents other weaker binding subsésnin urine from
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displacing rocuronium from its complex with-2. The results are summarized in
Table 1I2.

232 H NMR Based Assay for Quantification of I1-2 for
Cisatracurium Reversal Samples.

For the samples of rats injected with 0.6 ke of cisatracuriumit was
only possible to measure the totncentrationof 1l -2 eliminatedbecausewve
could not detect any diagnostiesonance$or bound or freecisatracurium The
degradation ofcisatracuriumvia Hoffmann elimination under physiological
conditions further complicates the analy@&@se Appendix 1)

Table Il -2. Excretion ofll -2, NMBA, Il -2ANMB A ¢ anegsures RyH
NMR assay for rats injected wih5 mgkg™ rocuronium 010.6 mgkg™
cisatracuriun(values for cisatracurium ant-2A ¢ frasuaium complex excreted

were not measurein.m. = not measured.

-2 Il -
Rat I.D. Dosagg ggﬂsBage Urine  11-2 -2 NMBA 2ANMB
(NMBA, rat (mg_kg ), (mkg Volume Excreted Excreted Excreted Complex
number) equivalents 1) (mL) (%) (mg) (%) Excreted

of NMBA (%)
Rocuroniuml 5,0.5 35 0.87 51.4 0.77 51.4 51.4
Rocuronium2 5,0.5 3.5 0.85 46.6 0.67 46.6 46.6
Rocuronium3 5,0.5 3.5 1.4 54.6 0.83 599 45,5
Rocuronium4 5,0.5 35 1.08 69.2 0.96 66 53.8
Rocuronium5 10, 1.0 35 1.69 375 1.00 56.3 375
Rocuroniumé 10, 1.0 35 0.52 87.4 2.30 87.4 87.4
Rocuronium7 10, 1.0 35 0.69 76.6 2.04 76.6 76.6
Rocuronium8 10, 1.0 3.5 0.68 90.4 2.41 90.4 90.4
Cisatracuriuml 40, 32 0.6 1.32 100 10.91 n.m. n.m.
Cisatracurium2 60, 48 0.6 0.64 34.2 5.42 n.m. n.m.
Cisatracurium3 60, 48 0.6 0.71 10.7 1.68 n.m. n.m.
Cisatracurium4 60, 48 0.6 0.75 76.9 13.80 n.m. n.m.
Cisatracurium5 80, 64 0.6 0.87 27.6 5.65 n.m. n.m.
Cisatracuriumé6 80, 64 0.6 0.69 60.5 13.31 n.m. n.m.
Cisatracurium?7 80, 64 0.6 0.94 35.5 8.14 n.m. n.m.
Cisatracurium8 80, 64 0.6 1.08 0 0 n.m. n.m.
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The totalamounts ofl -2 eliminatedin the samples from rats treated with
cisatracuriumwere obtained using the analytical technique descriimedection
2.2.1This assay relies on the addition of an exceseaironiumto form a tight
Il -2&ocuroniumcomplex which displays diagnostic resonances in‘the&\MR
spectrum(Figure 1F13). When administered in moderate dog&3to 80 mgkg™),

49 + 31% (mean £ SD)fahe Il -2 was detected in the urine sampl€ke results
are summarised in Table2L

2.3.3 Summary.

In summary, we designed'd NMR based assay for the quantification of
Il -2 eliminated in the urine oBpragueDawley rats, taking advantage of the
diagnostic steroidal methyl peaks of rocuronium which shift dramatically upfield
when bound in the cavity df -2. We used this property to measure the amount
Il -2 excreted when administered at low dosed@mg kg') for the reversal of
rocuronium as 62 + 17%. We were also able to measure the amounts of free and
bound rocuronium excreted by this assay and found that most of the rocuronium
is excreted as its complex with-2. When 0.5 equivalent dfl -2 is used to
reverse rouronium, 56 + 8 % of rocuronium is excreted and when 1.0 equivalent
of II-2 is used for the reversal of rocuronium 73 + 21 % of rocuronium is
excreted. For samples in which cisatracurium was reversed with moderate
dosages ofl -2 (40-80 mgkg?), 49 + 31%of Il -2 was detected in the urine

samples.
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2.4 Conclusions.

In conclusion, we have established tHa® displays good to high levels
of selectivity toward the NMBAsS rocuronium, vecuronium, and cisatracurium
bothin vitro and in simulations designed to capture the essence of the biological
system. The studies serve as a guide that allows us to prioritize the investigation
of the efficacy ofll -2 as a reversal agent for neuromuscular block when other
drugs (e.g.ll-3 7 11-29) have already been or need to be subsequently
administered.

By studying the excretion profile ¢if-2 after NMBA reversal irSprague
Dawleyrats,we haveestablisled that more than 50% df -2 (and rocuronium) is
eliminatedintactby the kidneywithin 1 hour of reversal administration.

Taken together, the results of the selectivity studies and pharmacodynamic
studies serve to establish the high potential for the further development of
Calabadior? (Il -2) as a broad spectrum reversal agent for hatinosteroidal as

well as benzylisoquinolinium type NMBAs.

57



Chapter 3: Molecular Containers as Reversal Agents for

Drugs of Abuse

The work presented in this chapter was takem Ganapati, S.; Grabitz, S. D.;
Murkli, S.; Scheffenbichler, F.; Ruddip M. 1.; Zavalij, P. Y.; Eikermann, M.;
Isaacs, L.Molecular Containers Bind Drggof Abuse in Vitro and Reverdke
Hyperlocomotive Effect of Methamphetamine in RathembiochenR017 In
press: http://dx.doi.org/10.1002/cbic.2017002881 experiments discussed in
this chapter were carried out by me exceptithévo studies presented in section

3.2.5, which were carried out by Professor Eikermann and his students.

3.1Introduction.

The recreational use and abuse of illicit drugs imaor societal and
healthcare issue worldwid&The cost of emergency department visits due to drug
overdose runs into billions of dollars per anntfMany patients do not survive
drug-overdose.

Current treatment strategies in the clinic include pharohatamic (PD)
approaches for opioid overdose using drugs such as naloxone and naltrexone
which block the effect of opioids at their biological receptdrSor noropioid
drugs such as cocaine and methamphetamine, the clinical treatment strategies
involve teating the adverse effects of overdose (such as elevated heart rate,
hyperthermia, psychosis, etc.) rather than disrupting the effect of the drud'itself.
Research efforts have been underway to develop pharmacokinetic (PK) strategies

such as immunotheraptic® and enzyme based therapedticehich would
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lower the concentration of the illicit drug at its receptors and thus prevent or
reverse its biological effects. The key advantage of the PK approach over the PD
approach is that it does not require #aded understanding of the interaction of

the drug with its biological receptor(s).

The PK strategy has also been implemented using synthetic molecular
container compounds to directly compete with biological molecular recognition
events.For example Sugammadexvhich is ao-cyclodextrin derivativethat is
marketed worldwide by Mercknder the trade name BridiBhacts as a reversal
agent for NMBAs such as rocuronium and vecuronium by sequesteringirthem
vivo.>*

In the studies reported in this chaptez have investigated the potential
use of different classes of molecular containers such as cyclodextrins, CB[n], and
calixarenes as reversal agents for opioid and-amoid drugs of abuseWe
started by investigating which class of molecular hosts wseitde as good lead
compounds for structural optimization for this application, based omthiro
binding affinity measurements (section 3.2). This was followeth wvo studies
of methamphetamine reversal by molecular Hdéist2 guided by thein vitro
binding data (section 3.2.5), and finally pharmacokinetic studies for the renal

elimination oflll -1 andlll -7 post reversal of fentanyl iBpragueDawleyrats.
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3.2 Molecular Containers Bind Drugs of Abusein Vitro and Reverse the

Hyperlocomotive Effed of Methamphetamine in Rats.

We close to screen thaffinity of the five molecular containers
(Calabadionl and 2, CB[7],lll -4, and HPb-CD) towarda panel of drugs of
abuse (I -6 1 Il -12) in order to inform angbrioritize subsequerit vivo work.
The molecular containengsed in this study were selected for several reasons.
First, all ofthese classes of containere known to bind to hydrophobaations
(e.g. for sensing, drug delivery, and reveegaplications)* *® which is a common
structural element imrugslil -6 1 11l -12. Second, these molecular containers
possessgood levels of aqueous solubilify ® 10 mM) which is r1reql
efficient formulation. Third, all of these containers are easjihthesized on large
scale by efficieh procedures which makéem viable scaffolds for further

medicinal chemical optimization.

a)  OR i i p.a i no i Lm OR 7 38 2% 2 R © %ﬁ
N ONTONTONTRN N?AZN NT, . N&:%” N N’”ﬁﬁ)‘hﬁ N s \%/Z;O RETRY
Me,j fN H'N; éNHH,j éN‘Hj N> éNMe \ NV)J—N( N/¥ T\“ H (CBI7]) dK RA R
OR Y ~ W ~ Y ~ T( OR N\%NT‘( N\Q?’\T‘YN ;'N o (R o
o o m1 0 o o °% od o ]2 ""; HF(’)-:—/CD R
H R

3!
0 OR ~ Y
x )k x A WEBN)
M
VALV

-4

OR 5 S om2 g o OR (4-sulfo Calix[4]arene)
HN
ob O O
IIIG(Methamphetamlne) -7 ( Fentanyl) H OH HO H O
-8 Cocalne)o -9 11-10 ( Phencylldlne I-11 (Morphine) lI-12 (Hydromorphone)

(Ketamine)

Figure 11l -1. Chemical structures of. apolecudar containers, and b) drugs of

abuse used in this study.
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Finally, all of thesecontainers display good biocompatibility (vitro and
in vivo) and one (HF-CD) has even been used to formulate drugs administered
to humans (e.g. Jansseno6s f“pTherispamtei on of
molecular structures of the five contaisevill result in different binding modes
and types of interactions (ietipole, ioni o n , hydrophobi c, N
container and drug; an important goal of our study was to determine which class
of molecular containers serves as the best lead #tdfio further medicinal
chemistry optimization in the futurén particular, the use of molecular containers
to treat intoxication with drugs of abuseas opposed to addiction where long
circulation times would be needédseems most promisingthe drug panel
includes stimulantsli{ -6, 111 -8), hallucinogensl(l -9, Il -10), and prescription
type psychotherapeutics used for pain religf-g, 11l -11, 11l -12). All these drugs
contain the amino functional group which is protonated at physiological pH.

3.21 Qualitative Binding Study of Containers IlI-1 i Il -5 toward
Drugs of Abuse by'H NMR Spectroscopy.

For containerdll -1 7 Il -4 whose cavity constitutes an NMR shielding
region we typically observe upfield shifts in thé NMR resonances of included
drugslil -6 7 11l -12, although the kinetics of exchange is generally fast on the
chemical shift timescale (Appendix 2) for -1 71 Il -4. For example, Figure HI
lad shows the'H NMR spectra recorded for methamphetamir -6),
Calabadiort, a 1:1 mixture ofll -1 andlll -6, and a 1:2 mixture dfl -1 andlIll -

6.
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The 'H NMR resonances for the aromatic ring 16f-6 (He T Hg) shift
significantly upfield within Il -1 A 61 (fFigure 1ll-1c) and appear as sharp
resonances at 1:1losthiometry.When 2 equivalents dfl -6 are present (Figure
ll1-1d) the resonances foreH Hg shift back toward the chemical shifts the
resonances for & Hg shift back toward the chemical shifts for friée-6 due to

the fast kinetics of guest exchangethe chemical shift timescale.

g.ef

uu ok

u,u’

7 6 5 4 3 2ppm 1
Figure Il -2. '"H NMR spectra recorded (400 MHz, RT, 20 mM sodium
phosphate buffered X, pH 7.4) for: a)lll -6 (2 mM), b)Ill -1 (1 mM), c) a
mixture oflll -6 (1 mM) andlll -1 (1 mM), and d) a mixture dfl -6 (2 mM) and

-1 (1 mM).

The resonances for the aromatic walllbf-1 (H,) appear as a pair of

doublets due to the chiral nature of the guest which renders these protons
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di astereotopic (u, -BGD HiINMR wab eot acusefup | e x .
analytcal tool because only very minor changes in guest chemical shift are

typically observed upon HB-CDAguest bindi ng.

3.2.2 Stoichiometry and Xray Crystal Structures of the

DrugAContainer Complexes.

The 1:1 natureof the varioush o st Ague st establiphedely e s wa's
either Job plots (Appendix 2) x-ray crystallography,'H NMR, isothermal
titration calorimetry (ITC), or literature precedeml/e were fortunate to obtain
single crydl-@andlll -4/l -6 @at[wérg duitable for structure
deternination by xray crystallography*™ Figure 1l1-2 shows stereoscopic
representationso f individual s t fdllu& and ileldll -60 f t he

complexes in therystal.

In accord with the NMR studies, the aromatic rindlbf6 is bound within
the cavity oflll -1f eat ur i ng °~ 1 -2a). Bhe &nimonium (oFi$ gur e | |
Hbonded to one of the urei dHAAA®Oaggbeps
140.0°) and also benefits from talipole interactions with the carbonyl portal.
The Gshaped backbone df -1 undergoes a helical distortion within thke-

1Al -6 complex as observed previously with different guéttd?*4e

63

Fort

C

(



Figure 1l -3. Crosseyed stereoviews of individual complexes of1.8, and b)
C B[ if the crystal. Color code: C, grey; H, white; N, blue; O, red; Sowell

H-bond, redyellow striped.

The crystal s lil k6 Fégtire IH -8b) alsbsho@Bd degpA
penetration of the aromatic ring bf -6 into the cavityof CB[7] along withion-
dipole and Hbonding interactions at thareidyl C=0 portal. Interestingly, four
CB[ 7] Amet h acorpplexes packiintbea square in the crystal driven by
interactions between the-I& groups on the convex face 6B[7] and the C=0

portal on an adjace CB[7].

3.2.3Measurement ofK ;s between Containers 1I+171 11l -5 and Drugs

of Abuse IlI-67 Il -12.

After having qualitatively inveggiated the binding betwedh -1 1 |1l -5

andlll -6 11l -12 by *H NMR and confirming the binding mode fBt -6 toward
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CB[7] andlll -1 by x-ray crystallography we set out eeasure the Kvalues of

the various complexes initially usinfMR and UV/Vis methods and later
incorporating isothermdiltration calorimetry (ITC) when this instrument became
availableto us n the later stages of our study. For this purposegmgoyed

various binding assays as appropriate. For exarfgsléhe weaker complexes {K

< 5000 M%) formed between hostH -3 andlll -4 whose cavities constitute NMR

shielding regions andrugs|ll -6 and Ill -8 i 1l -11 we used directH NMR

titrations of guestith host and fitted the change in chemical shift to a standard

1:1 binding model (Tabldl-1, Appendix 3. Based orour extensive experience
measuring CBJ[ ncpndtantseveetchodei®h WMRn apmpetition

assay??to determine K= 1.2 x 16 M*f or CB[ 7] Amet hamphet ami
stronger complexes involvingl -1 and Il -2 we employed UV/Viscompetition

assays developed by us previouSlyFor this purpose, we form thdll -

1Ar h o da milih-8A r6hG doar ncomplexesswBich show different UV/Vis

spectra than freehodamine 6G and then titrate those complexes with drug which

induces the reverse UV/Vis change. Based on a knowledgéheoftotal
concentrations of container, rradine 6G and thél -1Ar hodami rle- 6 G and
2Ar hodami ne 6 G b ifited ithe ghangeoim YWVis ralbssrbanee

versus [drug] to acompetition binding mod& to extract the unknown

cont ai ner Adavalug (Tabinp).lFerexardple, Figurdl-3a shows

the UV/Vis spectra recorded when a solutionlbf2 ( 4. 97 € M) and r hodar

6G (4.97 eM) w aotution of metrminphaetamiwa (02hl 9a ¢ M)
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whereas Figurdll-3b shows the fitting of the data to the competition binding

model toextract K;= 4.3 x 1M forlll-2Amet hamphet ami ne.

a) 0.3 A b) 0.16 c) 0.0 d)0
i 0.14 0.4
[] T { 8 -""? % 4
% 0.2 /) \ E 0.12 g 0.8 [:EU
=3 I/ | E
5 y/a 2 0.10 o 12 £
8 0.1 Vi \'.‘a z e Le
< // 7 -‘1‘.\ 0.08 16
V. 2.0
0.0 o s&_ 0.06 . 0
I T T T ] T T T T T T T T T 1 I T T T T
400 450 500 550 600 0.00 0.05 0.10 015 0.20 0 10 20 30 40 50 00 05 10 15 20
A (nm) [1-2] (mM) Time (min) Molar Ratio

Figure 11l -4. a) UV/Vis spectra recorded during the titoat of a mixture oflll -2

(4. 97anedM)r hodamine 6G (4.97 e€M21idegM) met har
in 20 mM NaH,PO, buffered water (pH 7.4). b) Plot of strbance versus [2]

fitted to acompetitive binding model with k= (4.3 + 1.0) x 16 M™. ¢) ITC
thermogramrecorded during the titration al -2 ( 8 7 & M) in the <cell
hydromorphong0.93 mM) in the syringe. d)ifeing of the data to a 1:1 binding

model with K, = (6.8 £ 0.1) x 10M™,

The remaining complexésmainly HRb-CDAdr ug but al so
containerAfentany]l a hwereceneasured bynT€wideh y d r o mo r p
the instrumentation became available in the lalbi@ HI-1, Appendix 2). For
example, Figure I1Bc,d shows the thermogram recorded for the titratidH e2
(87 €M) withlh2@i2MmMdr pMonwhi ch was fitted
MicroCal PEAQITC analysis software to deliver,k (6.8 + 0.1) x 18M™* and

@H -21 + 0.3 kcal métfor thelll -2Al1 -12 complex.
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Table Ill-1. Binding constants (K M™) determined for the various
containerAdrug compl exes.
Guest Il -1 I -2 -3 I -4 -5
-6 (7.5+29)x186?  (43+1.0)x16% 1.2x16° (3.8+0.6)x 167  (1.9+0.3) x 189
-7 (1.1+0.04)x169 (7.6+05)x169 (1.8+01)x1¢ (1.1+0.1)x169 (3.0+0.5) x 18?
-8 (6.6+04)x10? (1.0+£0.1)x16? (2.3+02)x18” (4.3+15)x16” (1.7+0.3) x1G?
-9  (1.1+£0.1)x1699 (2.1+0.1)x1699  (6.4+1.2)x16” (2.0+0.2)x169 (1.1+0.2) x 169
N-10 (4.7+05)x16?  (21+0.1)x10%9  (4.4+0.9)x18” (45+0.3)x169 (1.0+0.03) x 189
N-11  (5.3+0.3)x10?  (5.3+0.4)x1897 nb. (4.9+0.3)x16” n.b.
N-12  (1.8+0.03)x10¥ (6.8+0.1)x 189  n.b. (1.0+£0.04) x 169  (2.8+0.5)x 169

a) Measured by UV/Vis competition assay. b)

Measured by dildctNMR

titration. c) Measured biH NMR competition assay. d) Measured by ITC. ii.b.

no binding detected by ITC. e) Refererit®. Referencé”’

The other ITC derived thermodynamic parameters given in Table |lI

were carried out analogously. Previouslye have shown that the results of

UV/Vis competition assays and direct ITC titrations involvidbgabadios 1 and

2 and guestgive comparablevalues which gives us confidence in comparisons

between K values measured by the different techniglfes.

3.24 Commentary on the Tabulated K, Values.

An examination of the Kvalues given in Tabléll-1 reveals thathey

span a wide dynamic range from no binding to ovérM®8. HP-b-CD, which is

well known as a promiscuous and low affinityst, unsurprisinglydisplays

modest K values in the @ 10° M range. The lack of charge complementarity
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between neutral HB-CD and cationic drugs as well as the absence of typical
high affinity binding epitopes (e.g. adamantyl residue) on the drugesgimably
respondile for the weaker binding. In contrast, ttetraanionic calix[4]arene
derivativelll -4 displays larger Kvaluesbut they cluster in the narrow range of
1.0 x 1d i 4.9 x 1d M. The lack of selectivity in this case may be due to the
relative importanceof the electrostatic contributions to the binding fezergy.
Most interesting, and encouraging as lead compotordbe further development

of reversal agents foin vivo intoxication with drugs of abuse, are the three
CB[n]-type molecular container€alabadionl and 2 and CBJ[7]. Thesthree
containers bind to selected drugs of abuse withidfuesthat fall in the 167 10°

M™ range. Given the presence mfenethylammonium binding epitopes it is not
surprising thatCB[7] displays high affinity towardoth methamphetamine {k

1.2 x 16 M%) and fentanyl (K = 1.8 x 16 M™). Furthermore, CB[7]
discriminates against the more sterically encumbdrads (k. < 4400 M%) due

to unfavorable steric interactionsinh e CB[ 7] Aguest compl exes.
acyclic CB[nHype containersCalabadionl and Calabadion2 have a more
flexible cavity which can flex to accommodate a range of guest aizéslisplay
both good levels of affinity (Kfrom 1¢* i 10" M™) and some selectivity toward
the panel of drugs abuse. Theomplexes between the tearaonicCalabadios

and cationicdr ugs benef it from electrostatic 1int
between guest aromatic rings and host aromatic walls. SirtelaCB[7],
Calabadionl andCalabadior? display highesaffinity toward methamphetamine

and fentanyl with Kvalues in the 10i 10" M™ range. AmondCalabadios 1 and
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2 and CBJ[7], CB[7]displays the highest levels of affinity and selectivity toward
the drugs of abuse pandilowever, the affinity and selectivity ofi -1 andlll -2
seen herein and also documented in the contexéwrbmuscular block reversal,

is substantial and suggests that1 andlll -2 could serve as core scaffolds for
further structuraloptimization. We are mindful of the fact that metabolites of
amino acids, especially phenylalanine, will likely display simidexding affinity
toward Calabadior? as methamphetamine dogkich could compromise vivo
efficacy. Accordingly, and givethe fact thatCalebadioA g u e s t compl exes
eliminated in theurine over several houfé® we do not envision the use of
Calabadion2 for long term treatment of methamphetamaugliction. However,
such consideration of circulation time argiscrimination against related
metabolites are less relevant tim context of treatment of drug overdose and

intoxication wheralose can simply be adjusted to prevent mortality.
3.251n Vivo Reversal of Methamphetamine byCalabadion 2.

Accordingly, we decided to test the ability ain acyclic CB[mtype
receptor and unfunctionalized CB[7] as amn vivo reversal agent for
methamphetamine intoxication. We cho@sdabadior® as theacyclic CB[n] test
compound because of its documented higbcompatibility (e.g. lowin vitro
cytotoxicity, high in vivomaximum tolerated dose, passed Ames test, no hERG
ion channel inhibition} and because of its generally higher bindiafgjnity
toward its guest®* With the help of our collaborators Eikermann and co

workers we set out taletermine whether the high vitro binding affinities of
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Calabadior? and CB[7] toward methamphetamioguld prevent or reverse iits

vivo biological effects. Fothis assayEikermann and cavorkerstook advantage

of the known increase of locomotactivity (e.g. movement) of rats upon
treatment withmethamphetamin®. A total of 21 maleSpragueDawley rats
(weight, mean + SD: 288 £ 14 g) were tested repeatedly randomized
controlled crossover setting. A single bolustethamphetamine (0.3 mgKgor
placebo was injectethtravenously via a tail vein catheter to assess baseline
locomotor activity. Two types of studies were performed. Inrdament studies,
Calabadior2 (65 or 130 mg kg or CB[7] (450r 90 mg k&) was administered

30 second aftermethamphetamine whereas in the prevention studies, rats were
pretreated wittCalabadior2 (Figurelll-5) 30 seconds befomethamphetamine
treatment via tail vein catheter. The cathetas flushed with 1 mL normal saline

in between injections tensure that methamphetamine was not simply complexed
by Calabadion? inside the catheter. The animals were placeithencenter of a
100 x 100 x 40 cm open field and their locomaiotivity was video recorded for

20 minutes. The location of that and tle total distance traveled was analyzed
using the ANYmazgversion 4.5, Stoelting, Wood Dale, IL, USA) software.
Values are given in percent of the placebo + methamphetaoiivity level and
reported as mean + standard error of the maarexpected, theats only treated
with placebo in addition tomethamphetamine exhibit enhanced levels of
locomotor activityrelative to their baseline: (n = 21; 26.5 £ 4.9) mvs. (5.8 £ 1.5)
m; p<0.001. Encouragingly, the preventive us€afabadior? (650r 130 mg kg

1) significantly decreased the traveled distancg@#1 + 8.4)% (p=0.001) and
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(74.4 = 3.8)% (p<0.001)espectively, compared to placebo + methamphetamine

(Figurelll -53).
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Figure Il -5. Results from behavioral tests in the open field. a) Bar graph
showng distance traveled in percent of the placebo + methamphetamine activity
level within 20 minutes; error bars represent the standard error of the mean.
*p<0.01 compared to methamphetamine + placebo. **p<0.001 compared to
methamphetamine + placebo. #intdéi@t term indication x Calabadion 2 dose:
p<0.001, indicating effect modification by time of administration of Calabadion 2.
Tracking plots illustrating the traveled distance of one rat within 20 minutes in the
open field: b) Baseline, no methamphetamiiver, c) following

methamphetamine (0.3 mg Kg+ placebo, d) following methamphetamine (0.3

mg kg™) + Calabadion 2 (65 mg Ki}, and e) following methamphetamine (0.3

mg kg") + Calabadion 2 (130 mg Ry
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Similarly, the treatment study withCalabadion 2 (130 mg kg™)
significantly decreased the traveled distance by (43.8 £+ 11@#tpared to
placebo + methamphetamine (p=0.004), whereassignificant reduction of
methamphetamine inducéryperlocomotion wasbserved when treated with 65
mg kgl of 2 (p=0.625). As a controljt was determined that a bolus of
Calabadion2 alone (130 mg K§ without methamphetamine ditbt affect the
locomotion compared to baseline (33.5 + 17.7%32s9 + 15.0%; p = 0.982). A
smaller dose o€alabadior? wasrequired in gorevention setting compared to a
treatment settingto reverse methamphetamimeluced hyperlocomotion
(interaction effect of indication >Calabadion2 dose forlocomotor activity:
p<0.001), indicating effect modification. lour previous studies of the aiof
Calabadiorl and 2 to reverseeuromuscular block, we found that the majority of
the drug waseliminated in the urine of the rats as the -mogtabolized

CalabadioAdr ug compl ex ®*#"”t hin two hours.

We posit thatCalabadion2 functions in a simédr way to modulate the
hyperlocomotive effect induced by methamphetamine descritezdin. The
substantially higher doses dfalabadion2 required for methamphetamine
reversal than for neuromuscular bloekversal likely reflects the tighter binding
of mehamphetamine tds biological targets and/or kinetic issues of intravenous
sequestration of methamphetamine once it has crossetbtitebrain barrier. We
expect that theCalabadionframework will enable a medicinal chemistry

structural optimization toenhance both binding affinity and selectivityn
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contrast, treatment with CB[7] (45 mg ker 90 mg kg) did not affect the
distance traveled compared to placebanethamphetamine: (87.0 = 42.6)%,
p=0.773 and (119.5 55.4)%, p=0.739, respectively). As a contiblyasverified
thatinjection of CB[7] alone had no significant effect on locomottompared to

baseline (19.3 £ 6.0% vs. 21.6 + 6.9%; p =0.546).

3.2.6 Summary.
In summary, we have screened the binding #@§firof molecular
containers IH1 1 IlI-5 toward seven drugs of abuse by a combination of direct
and competitivéH NMR, UV/Vis, and ITC binding assays. The structures of the
N-1Amet hamphet amine and CB[ 7] Amet hamphet ami
single aystal xray diffraction. Calabadionl and Calabadion2, in particular,
display very good levels of affinity across the full range of drugs and display
highest affinity toward methamphetamine and fentanyl. We find that the
hyperlocomotive activity of ratgiven methamphetamine could be both prevented
and treated byCalabadion2 (65 or 130 mg Kg. The documented

biocompatibility of theCalabadiog****®

and their convergent building block
synthesi&" suggest fruitful pathways toward their further struatwptimization
for development as reversal agents for intoxication with-omoid drugs of

abuse for which no treatments are currently available.
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3.3 Renal Elimination of Calabadion 1 and Fentanyl in Rats Post Reversal

Application.

In order to gain insight into then vivo reversal capability and
pharmacokinetic profiles of the drugs of abuse &alabadiontype reversal
agents studied in section 3.2, our collaborator Professor Eikermann and co
workers are performingn vivo reversalstudies for the most promising drug
contai ner Ac o mpdireTatedit1 assaiguidg’® Rerttaayl (K-7) is
a potent surgical anesthetis well as a recreationally abused opioid dfiithe
11l -7All -1 complex has a Kof (1.1 + 0.04) x 10M™ and is one of the tightest
complexes determined in this wafk.Accordingly, the Eikermann group treated
two groups of 6 mal&pragueDawelyrats with an infusion ofil -7 (0 . 83 e g kg
min™® over 15 minutes), followed by a bolus dose of placebo (saline) or test
reversal agentll{ -1, 50 mgkg?). One hour after placebo or reversal agent
administration, bladder surgeries wegrerformed;the urine was collected, and
subsequently was analyzed by. The quantification dil -7 was achieved with

an HPLC based ass8ynd that ofll -1 was done byH NMR 3%
3.3.1 Fentanyl Calibration Curve.

Thedosagedil-7used for the two rat Qroups
to be detected byH NMR. Therefore a more sensitive HPLC based assay for
measuring the ¢lVW-7nthe wieerwasrdesigneBases orbef
literature precedent for the pharmacokinetics of intravenously administieréd

in rat muscle and plasifaand a futher 1620% loss expected due to metabolism
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of Ill -7 being eliminated in uriné® we estimated that about -34 % oflll -7
should be excreted unmetabolizéde modified an assay previously published by
the Isaacs group for the detection of albendazotk iymetabolites in mouse

plasma by HPL& to obtain a calibration curve for fentanyl.
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Figure Il -6. HPLC spectrum of a standard solutionliot-7( 14 € M) showing a
retention time of 13.8 minutes for 4N at 229 nm.The peak at 2.7 minutes is

from trimethylamine in the buffer.

For this purpose, a 13.13 mM stock solutionllb-7 was prepared by
dissolving 11.8 mdll -7 in 1.7 mL HPLC grade water. This stock solution was
diluted, evaporated, and reconstituted in the HPLC mobile phase (1.3% v/v
trimethylamine in 60% water, 27% methanol, 13% acetonitrile) to obtain
solutions with a c¢onicle9nte Mse sdiumonsrwaera ge of 5.
injected (20 ¢l i nj ecMMM160b VCall8u meeo)l uammt o 5a eM
250 x 4.6 mm) and the area under the peak atI¥8Bmin. was plotted against the

gravimetric concentrations to obtain a linear calibration curde (R99).
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Figure Il -7. Calibration curvdor fentanylusing working standard solutions

3.3.2 Fentanyl Excreted by Rats Injected with Fentanyl and Placebo.

For the urine samples of rats injected with fentanyl and placebo (saline),
we expected about 224 % oflll -7 to be excreted. Accordingly, the samples
with Rat I.D. 1, 2, 3, 7, 8, and 9 were analyzed by HPLC. A measured volume of
urine sample from thesats was evaporated under high vacuum. These samples
were reconstituted in a smaller volume of mobile phase in order to make the
concentrations oflll -7 higher than the detection limit of our protocol. The
concentrated sampl es f{edanypeaknasolsenediat ( 20 ¢ L)
14 - 15 minutes.Since the retention time for fentanyl fluctuated by + 1 minute
between samples, and there were other peaks from substances present in the urine
sample adjacent to the fentanyl peak, we needed to confirm ehétydof the
fentanyl peak. For this purpose, we ran each sample two times. First we obtained
a spectrum of the original sample, followed by injecting the same sample spiked
with a 2fold excess of fentanyl. Based on comparing the retention time and

posiion of the peak whose area increased bfold in the second run to the
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corresponding peak in the first run, we were able to confidently identify the

fentanyl peak in the first run and distinguish it from the other substances present

in the urine sample. lle area of this fentanyl peak was used to calculate the

corresponding gravimetric concentration of fentanyl using thbrasibn curve in

Figure III-7.
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Figure Ill -8. HPLC spectra of: ahlank urine spiked with fentanyandb) one of

the representativairine sample following the fentanyl injection to rat. The

fentanyl peak can be seen atdldnd 14.3 minutes respectively.

The concentration dfll -7 in urine and the urine volume were used to calculate

the weight and the weight percentagellbf-7 excreed. The average percent

excretion oflll -7 in rats injected withll -7 + placebo was (17 + 9) %, the results

are summarized in Table 41.

77



Table Il -2. Excretion oflll -7 and Ill -1 measured by HPLC antH NMR
assays for ratskg'hlji7d ®t 88" wing'tinfusiph Bver5 ¢ g

15 minutes) and placebo or 50 kgj" Il -1 (bolus).

Rat Rat -7 I -1 Urine -7 -7 -1 -1
ID. Wi. Injected Injected Volume Excreted Excreted Excreted Excreted
(kg) (eg) (mg) (mL) (eg) ) (mg) (%)
1 0.357 4.46 0 0.344 0.225 5.1 - -
2 0.342 4.27 0 0.470 0.199 4.7 - -
3 0.361 4.15 0 0.527 0.759 18.3 - -
7 0.303 3.79 0 0.657 1.090 28.8 - -
8 0.301 3.76 0 1.080 0.764 20.3 - -
9 0.284 3.55 0 0.860 0.875 24.7 - -
4 0.380 4.75 19.00 0.860 0.914 19.2 4.317 22.7
5 0.360 4.50 18.00 0.890 1.135 25.2 7.127 39.6
6 0.342 4.27 17.10 1.250 1.238 29.0 7.049 41.2
10 0.301 3.76 15.05 0.900 0.905 24.1 7.405 49.2
11  0.304 3.80 15.20 0.505 0.553 145 6.978 45.9
12 0.307 3.84 15.35 0.915 1.224 31.9 6.000 39.1

3.3.3 Fentanyl Excreted by Rats Injected with Fetanyl and
Calabadion 1.
The second group of rats were injected with-7 followed by reversal
with 11l -1. For these samples we designed a protocol to first separate the excreted
[l -7 from itsll -1 complex so that we could quantify the drug and reversal agent
separately. For this purpose, a known volume of urine from Rat I.D. 4, 5, 6, 10,
11, and 12 (500 eL) was evaporated wunder h
with 2 mL methanol, @nicated and vortexed in order to extrict7 into solution

and leave behind the insoluble compolihdl as precipitate. These samples were
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centrifuged to separate the supernatant from the precipitate. The supernatant
methanol solutions were driedundei gh vacuum and reconstitut
mobile phase and injected into the HPLC system and quantified as described in
section 3.3.2. The average percentage excretioil ef in these samples was
found to be (24 + 6) %I he resultsare summarized in Bée IlI-2.

3.3.4Calabadion 1 Excreted by Rats Injected with Fentanyl and

Calabadion 1.

The urine samples from rats injected with-1 as reversal agent (Rat I.D.
4,5, 6, 10, 11, and 12) were analysed for the quantificatidih -0f by theHPLC
assay described in section 3.3.3. Since the dosatje-tfin these samples was
high enough (50 m K§) to obtain mM quantities in urirfé,we designed aH
NMR based assay to quantify compouihid-1. The precipitate obtained from
methanol in the @vious step (section 3.3.3) was dried and reconstituted in 2 mL
deuterium oxide, and centrifuged. The concentration of compduntlin this
solution was measured Bif NMR by comparing the peak area of the methyl
protons of lll -1 at 1.8, 1.76 ppm with # methyl protons of a known
concentration 3-(Trimethylsilyl)propionic2,2,3,3d, acid sodium salt (TMSP)
internal standard af0.05 ppm (Figure I). TMSP was chosen as the internal
standard because it is a negatively charged molecule which does ntu bind,
resulting in a single sharp peak #.005 ppm corresponding to 9 methyl
protons®* Additionally the position of its resonance thi NMR appears very
upfield (at-0.05 ppm) in a region uncluttered by any other peaks ftbri or

any other substances present in the urine sample.
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Figure 11l -9. 'H-NMR spectrum of a representative urine sample following the

injection oflll -7 andlIl -1to a rat (600 MHz, BD).

This separation of peaks ifH NMR allows us to obtain reliable peak
integrals which are correlated to its known concentration in the solution. We were
fortunate that the methyl protons dff -1 (at 1.80 ppm and 1.76 ppm,
corresponding to 12 protons) were also free from overlap from other signals in the
'H NMR spectrum and could be integrated reliably. Integrals of the methyl peaks
of lll -1 and TMSP were obtained by line shape fitting using taasSian model
in TopSpin™ software. We also adjusted the acquisition parameters for collecting
the'H NMR data, such that a long delay time (D1) of 74 s was chosen so that it

was approximately -fimes the T1 (relaxation time) for TMSP. This long D1
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ensurée that TMSP was fully relaxed between successive scanslllaidwas
also expected to be fully relaxed since larger moledue® shorted relaxation
times.The concertation dil -1 calculated in urine and urine volume were used to

calculate the weightgrcentage offil -1 excreted as (40 + 8) %.

3.3.5 Summary.

The reversal of fentanyl was effected 8pragueDawley rats using
molecular containetll -1. The renal elimination ofll -7 was analyzed by an
HPLC assay for comparison between rats injected piglsebo (saline) vs rats
injected with reversal agetit -1. In case of placebo administration, (17 + 9) % of
lIl -7 was eliminated and in case of reversallbbyl, (24 + 6) % oflll -7 was
eliminated in urine in 1 hour. A significant difference in redahimation oflll -7
was not observed between the two cases taking into account the errors in
measurement. The elimination I¢if -1 by the kidneys was found to be (40 + 8) %
as measured by NMR.

3.4 Conclusions.

In conclusion, we have established that CB[n] based molecular cortainers
[l -1, 1l -2, and lll -3 display higher affinities than calixarendll ¢4) and
cyclodextrin (Il -5) based containers toward the panel of drugs of abllis® (

[l -12) studied in thé work. In particular CB[7] shows the highest selectivity for
smaller phenethylammoniumcontaining drugslil -6 and Ill -7, whereas the
Calabadiorscaffold seems to be the most suitable for binding the full range drugs

in this study and for further optimizah of the lead reversal agents. Tihevivo
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reversal of methamphetamine by -2 and not CB[7] further establishes the
Calabadionscaffold as promising for further development. By studying the
excretion profile ofll -7 andlll -1 post reversal irspragueDawleyrats, we have
found that on an average 24 % fentanyl and 428&abadionl are eliminated by
the kidneys in 1 hour.

These results serve as encouraging preliminary data for the further
development of molecular containers, especially CB[n] as raveagents for
drugs of abuse. They also point to the need for the further optimization of the
Calabadiorscaffold to develop reversal agents with higimevitro K, values for
more potentin vivo efficacies for the sequestration of illicit drugs. Along hwit
other PD and PK strategies being developed for the treatment of drug overdose,
molecular containers show great promise to expand the toolbox of treatment
options for tackling the social and healthcare issues associated with drug abuse

and overdose.
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Chapter 4:Synthesis andVolecular Recognition Properties

of Acyclic Cucurbit[n]urils with Alkyl Linkers

4.1 Introduction.

Cucurbit[n]urils (CB[n]) are a class of molecular containers \ketwn
for their high affinities, selectivities, and stimuli reggtveness towards various
guests, especially hydrophobic diammonium catf8i% Accordingly, CB[n]
compounds have been used in a wide range of applications, including drug
delivery, drug reversal, molecular machines, and sensing enséffiblesrder
to expand the scope of CB[n] applications and improve their properties such as

agueous solubility, functionalization approaches to obtain modified CB[n] is an

active area of researcf:>*3%%
a) b)/\/\/\NHZ HZN\%
I B IV-6-HCl IV-7-HCI
AN
N“ NN NRINN .
« HJ< }>J_’ H NH NH, NMe;
NI _N ,
MNP NN
\O O(\) OO/ O JIn-5
Cucurbit[n]urils, n=5-8, 10 IV-8-HClI IV-9-HCI IV-10-]

O @) 0 O

OR )L )k )k )L OR
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Mes—tMeH}—H Ho—FHMe}—tMe
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IV-1 (Calabadion 1)

R= (CH2)3SO3Na

Figure IV -1. Chemical structures of: a) cucurbit[n]urils (CB[n]) aBdlabadion

1, (V-1) and b) guests used in this study.
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In 2012, Isaacs and amorkers reported the synthesis of an acyclic CB[n]
Calabadiorl (Hgure IV-1 a) which contains alycoluril tetramer backbone while
incorporating aromatic side walls with solubilizing sulfonate groups attached via
alkyl chains.Calabadionl was reporteds a effectivesolubilizing ecipient for
poorly water soluble dru§Sand as a reversal agent feeuromuscular blocking
agents (NMBAs)? Subsequently, the Isaacs and Sindelar groups have reported
many host compounds which are structurally related\Mel. The modular
synthesis oflV-1 and related compounds has facilitated the synthesis of
analogueswith different solubilizing group$® aromatic walls'* glycoluril
oligomer length&? and length of the alkyl chain connecting the solubilizing group
to the glycoluril backbon& The effect of these structural modifications on the
ability of these newhosts to bind guest molecules as compared td has also
been previously studied. From these studies, it has been found that generally a
larger glycoluril oligomer €.g9: tetramer as compared to trimer, dimer, or
monomer), larger aromatic wallg.¢: substituted naphthalene as compared to
substituted benzene), and negatively charged solubilizing greugpssulfonate
as compared to neutral or positive groups) lead to more potent molecular hosts
with higher binding affinities towards guests such as dyldobic diammonium
cations. The binding affinity dfv -1 toward drugs of abuse such as fentanyl and
methamphetamine is also notable (~ M) as discussed in Chapter 3, and
renders it as a promising scaffold for further medicinal chemistry optimizatron f
the purpose of developing a reversal agent for sequestering drugs of@bse.

this chapter we present the synthesis of three new hos2ai IV -2¢, with alkyl
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linkers of varying lengths capping one sidel'éf1. We have also studied their
agueous solubility, selfassociation properties and molecular recognition
properties toward guest8/(-61 1V -10) and compared them to thosel\¢f 1.

4.2 Design and Synthesis of Hosts ai IV2c.

The synthesis of hostV-1 was previously reported by the double
electrophilic aromatic substitution reaction of the glycoluril tetramer bis(cyclic
ether) building block I/ -5) with the corresponding dialkoxyaromatic sidewall
IV -4 in trifluoroacetic acid® The high binding affinity oflV -1 toward various
hydrophobic emmonium cations has been attributed to its ureidyl carbonyl portals
resulting from the glycoluril tetramer backbone which is preorganized into a C
shape facilitating guest encapsulation. The cavity\Vofl is in part defined by
aromatic walls which facilet € ‘i nteractions with guests ¢
groups, further stabilizing the complex. The sulfonate arms enhance the solubility
of hostlV-1 in water and also provide favorable electrostatic interactions with
positively charged guests. In designiwngeners ofV -1 we wanted to preserve
the carbonyl portals, aromatic walls, and sulfonate solubilizing groups to maintain
the recognition properties and aqueous solubility\bfl, while improving the
preorganization of the cavity size of the acyclicsthby locking the distance
between sidewalls and providing additional binding sites to the hydrophobic parts
of larger guest molecules which could protrude from the host cavity.

Accordingly we hypothesized that the binding affinity Idf-1 toward
hydropholic cations could be increased by incorporation of a covalent capping

group such as an alkyl linker, on one face of the Mistreacted dibromoalkanes
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of varying chain lengths (ethyl, hexyl, and decyl) with hydroquinone under basic
conditions to obtain poairsors with alkyl linkers, compoundi¢ -3a, 1V -3b, and

IV -3cin 13%, 50%, and 33% yield respectively (Schema &y*®%’ Precursor

IV -3 was alkylated with 1 propanesultone to obtain the aromatic sulfonate walls
with alkyl linkers, IV-4a, IV-4b, and IV-4c in 87%, 77%, and 47% yield

respectively(Scheme IV1b).
a) OH
IV-3a:n=0
+ B e _MeCN, KoCO5 IV-3b: n = 4
85 °C,24 h IV-3c:n =8
OH

b _
) OO IV-3, NaOH, RT, 12 =9
(T THF or Dioxane Vodo: 2 e

OR OR

R= CH2CH20H2803N3
c) O O (0] O (0] o} b O (0]
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OMey—&MeH3—LH HHHMEHNMeO 70°C 3h Mem—(Me —=HH——(MeS—mel[ ]

hig hig Y il DR i
o & it it OR 3 5 9§ ° § moOR
IV-5 IV-2a: Linker = (CH,), R =CH,CH,CH,SO;Na
IV-2b: Linker = (CH,CH,CHy), " S 't
g e

IV-2¢: Linker = (CH,CH,CH,CH,CH,),

Scheme I\£1. Synthesis of hostgai 2c.

CompoundIV -5 was refluxed withlV -4 (analogous to the synthesis of
IV-1)*° in a mixture of trifluoroacetic acid aratetic anhydride, to obtain alkyl
capped congeners ¢V -1, compounddV -2a, 1V-2b, andIV-2c in 33%, 13%,
and 26% vyield respectively. Compounds-2ai IV2c were purified by Dowex
ion exchange chromatograplipowex® 1X2 chloride form, 20@00 mesh ion

exchange resin) to isolate the hosts with the alkyl linker joining the same side of
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the aromatic walls as is confirmed from thé NMR splitting patterns of the
methylene protons of the glycoluril backbone oa fame and opposite sides of
the alkyl linker (Figure 1¥V2b and Appendix 3)

4.3 Solubility Properties of Hosts 1\f2a1 IV2c.

The use of molecular containers for biological applications such as drug
reversal and drug solubilization requires their godekiant solubility in water as
well as the aqueous solubility of their complexes with relevant guest molecules.
The solubility oflV -1 was reported as 105 mM in 20 mM monosodium phosphate
buffer at pD 7.4 in deuterium oxid®.We used the same technique thst
reported forlV-1 for measuring the solubility of our hosts and found that the
solubilities of IV-2a, IV-2b, and IV 2c are 1.8 mM, 1.5 mM, and 1.7 mM
respectively in 20 mM monosodium phosphate buffer at pD 7.4 in deuterium
oxide. This dramatic drop iaqueous solubility by two orders of magnitude was
unexpected, but can be attributed to the loss of two sulfonate groups per host
while incorporating linkers intdV-2a i IV-2c. While this reduced agueous
solubility makeslV-2a i IV-2c less attractive fouse in biological systems as
compared tdV -1, we decided to investigate the effect of the alkyl linker on the
self-association properties and the molecular recognition properties of these hosts
toward some common guests for CB[n].

4 4 Self-AssociationProperties of Hosts 1\42ai IV2c.

The selfassociation oflV-1 has been previously studied by dilution

experiments monitored By4 NMR spectroscopy. It was found that the observed

change in chemical shift with change in concentratiolVet fit well to a 2fold
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selfassociation model, and the correspondingasdociation constant (Kof 47

M' 'was obtained® In general the Kof acyclic CB[n] which are structurally
relatedIV-1 (in that they have a glycoluril backbone and aromatic walls with
sulfonate arms) have been reported as less than 1000 ik low tendency to
self Tassociate has been attributed to the electiostapulsion between the
tetraanionic molecule§’

Fortunately our danionic hostdV -2ai IV -2c also showed no significant
changes in chemical shift ilH NMR dilution studies over the accessible
concentration range (1100.1 mM) in deuterium oxide buffered to pD 7.4. This
low tendency for selassociation ig desirable property for molecular hosts as it
leaves their cavity accessible for guest binding.

While the intermolecular associationIM-2ai 1V2c is low, we did note
some concentration independent intramolecular features fithdR spectra of
our hosts which suggest the partial inclusion of the alkyl linker within the
hydrophobic cavity of each host molecule. Figure2ly shows the'H NMR
spectrum of hoskv -2b in which the resonances of the methylene protons of the
linker H;, He sgand H are shifed upfield by 0.5 ppm relative to their resonances in
IV-4b (Appendix 3). This can be explained by the shielding effect of the
hydrophobic cavity ofV -2b which stabilizes the alkyl linker of the host in water
by the hydrophobic effectThe resonance for His not significantly different
betweenlV -2b andIV -4b indicating that its magnetic environment is unchanged
and it does not enter the cavityldf-2b. The same effect is observed for hidst

2¢, in which the resonances of all the methylene protons of the alkyl linker
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(except the ones directly attached to the aromatic wall) are upfield shifted by 0.2

0.6 ppm relative to their resonances\ir4c (Appendix 3).

b,cd

1 I T
7 6 5 4 3 2ppm 1

Figure IV-2. 'H NMR spectra recaled (400 MHz, RT, 20 mM sodium
phosphatebuffered DO, pH 7.4) for: a)lV-8 (1 mM), b)IV-2b (1 mM), c) a
mixture oflV-8 (0.5 mM) andV -2b (0.5 mM), and d)V-8 (1.0 mM) andV -2b

(0.5 mM).

Since the decyl linker is longer and has more degrees obfredtan the
hexyl linker we observed a broadening of tleNMR signals of the protons in

the linker oflV-2c as compared to the sharper resonances of thdse2b. The
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decyl linker also penetrates more deeply into the its cavity relative to the hexyl
linker on account of its longer length, as is evidenced by the larger upfield shifts
of its methylene protons at the npaint of the linker. In case of hoBf -2a, the
linker is shortest (ethyl group) and the methylene groups are both directly
attached to e aromatic walls of the host. Two wed#lsolved resonances are
observed for the linker protons iW -2a at 4.47 ppm and 3.87 ppm respectively.
The resonance at 3.87 ppm is shifted upfield by 0.5 ppm relative its position in the
'H NMR spectrum ofV -4a (Appendix 3) which indicates that this set of protons
is experiencing a different magnetic environment, potentially from the anisotropic
effect of the aromatic walls of the host. The other set of protons whose chemical
shift is observed at 4.47 ppm aret @f the plane of the aromatic walls and
therefore do not experience any shielding effect.

This phenomenon of the alkyl linker of the hdsts2ai IV -2cinteracting
with or being partially included within their cavities is expected to create an
energetic penalty for guest molecules to be included within their cavities. In the
following sections we investigate the thermodynamic costs of this phenomenon
guditatively and quantitatively.
4.5 Binding Properties of Hosts I\f2ai IV-2c and IV-1 towards Guests I\/6
i IV-10Investigated by'H NMR.

Initially, we tried to investigate the ability of hodi-2ai IV -2cto bind
typical dicationic guests known to lirto CB[n] such as 1;8iamino hexane, 1;6
diamino cyclohexane, anp-xylene diamine. We found that the complexes of

thesedicationic guests with our anionic hostdV-2a i IV2c precipitated out
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from water.We rationalize this precipitation as a conse@eeof the formation of

a zwitterionic hosguest complex which would have lower aqueous solubility.
Therefore we decided instead to study theater soluble complexes of
mona:ationic guest$V -6 i V10 with hostslV -2ai IV-2candIV -1 by *H NMR
spectroscopy. For all these complexes we commonly observed upfield shifting of
guest resonances which indicates that these protons on the guest are located in the
cavity of the host molecule. The upfield shifting of guest resonances in the
complexes with bsts containing alkyl linkerd\(-2ai IV -2c) was generally less

than or equal to the upfield shifting of the same resonances in the complexes with
hostlV -1. This preliminary observation indicates that in most cases the cavity of
hostlV -1 better accommaates guestdv-6 1 1V -10 as compared to the cavities

of IV-2a 71V2c which are more constrained due to the presence of the alkyl
linkers. All of the host guest complexes display fast kinetics of exchange on the
'H NMR timescale which suggests that these mlexes would be of moderate
stability in water.In general, the binding of guedi$-61 IV-10to hostslV -2ai

IV -2cresulted in the downfield shifting of the resonances of the linker protons of
the host molecule indicating that guest binding displaceditkers from within

the cavity of the hostThe *H NMR spectrum of thdV-2b-IV-8 complex is
presented in Figure P2 to facilitate discussion of the binding features of this
complex. The resonances of the aromatic protons H., Hy of IV-8 undergo
upfield shifting in its complex withlV-2b as a result of the anisotropic
environment of the aromatic walls of the host when the host and guest are

combined in a 1:1 ratio. Upon adding excess guest (2:1 ratio) we observe that the
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peak corresponding topHH., and H; protons shifts to a position which is the
average between the free (Figure2®) and bound (Figure KZc) forms of the
guest.This indicates a fast kinetics of exchange between free Bledand the

IV -2a-1V-8 complex relative to théH NMR chemical shift time scale. The same
trend is observed for thejHinethylene protons di -8 in free and bound form
which experience the shielding effect of the cavity of the host when bouwd to
2b. The resonances of the aromatic protons of hostb, H, and H, also undergo
upfield shifting in thdV -2b-1V-8 complex as a result of the anisotropic effect of
the aromatic group dV -8. The resolution of the | H, multiplet peak oflV -2b
(Figure IV-2b) into two sharp doublet&) =9.0) in the IV-2b:1V-8 complkex
instead of four peaks or broadening indicates the facial selectivity of thel'guest

8 in binding to the cavity, presumably with the aromatic enéveB facing the
alkyl linker of IV-2b and the ammonium group @Y -8 facing the sulfonate
groups oflV -2b. The other noteworthy change in the spectruf/e2b occurs to

the resonances of thg,HH. sand H protons of the linker. In the spectrumtbe

IV -2b-1V-8 complex these protons are shifted downfield by 0.5 ppm relative to
their positions in fredV -2b, at the same positions where they were observed in
the spectrum ofV-4b (Appendix 3).This downfield shift indicates that the
presence of gues$V -8 in the cavity of hostV -2b necessitates the displacement
of the hexyl linker from the cavity dV -2b. Analogous phenomena were seen in

the'H NMR spectra recorded for the remaining hgsést complexes.
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4.6 Measurement ofBinding Affinities betweenHosts IV-2ai IV-2cand IV-1
and Guests IV-61 IV -10by Isothermal Calorimetry (ITC).
The binding affinties (K;) of the hostslV-2a - IV-2c and IV-1 with

moncacationic guestsv -61 1V -10weremeasured by ITCTablelV-1).

T
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Molar Ratio
Figure IV-3. @) ITC thermogranrecorded during the titration & -2b (0.1 mM)
in the cell withIV-8 (1.0 mM) in the syringe. d) Fitting of the data to a 1:1

binding model with Ka 1.6+ 0.1) x 10°M ™,

For example, Figur&/-3 shows the thermogram recorded for the titration
of IV-2b (100eM) with IV-8(0T 200 & M) whi ¢ hthedigoCdl i tt ed wi

PEAQITC analysis software to deliver,k (1.6 + 0.1) x 16M?and @®5 =
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+ 01 kcal mol* for the IV-2bAV-8 complex. The other ITC derived
thermodynamic parametegssen in TabldV -1 were carried out analogously.
Table IV-2. Binding constants determined by ITC for the interaction between

molecular contained/ -1, IV -2a1 IV -2cand guesttv -6 1 IV -10.

Binding Constants (M), pH ( k cXawith varimuis molecular containers

Guest

1 2a 2b 2c
6 (2.4+0.1) x 16,-8.7 (6.2+0.9) x 18, -3.9 (1.3£0.1)x 18 -55 (2.3+0.2) x 16,-5.0
7 (1.7+0.1)x18-8.2 (2.3£0.2) x 164,-8.7 (7.9+0.1) x 18 -8.6 (3.2+0.3) x 16,-6.0
8 (3.920.2)x18-105 (2.1+0.1)x16-11.3 (1.6 £0.1) x 16,-9.5 (7.1+0.4) x 16,-8.5
9 (4.9+0.2)x18-7.1 (2.7+0.6)x16,-45 (72+£1.0)x18-39 (1.5+0.04)x1-6.5

10 (6.2 +0.6) x 16,-9.0 (6.9+0.3) x 16,-6.9 (1.3+0.03)x1§-96 (2.7+0.2)x18-5.7

Conditions: 20 mM sodium phosphate buffered water, pH 7.4, room temperature.

4.7 Commentary on the Tabulated K Values.

The K, values measured for the various hosts and guests in this study
ranged from 6.2 x £0 6.2 x 16 M™, with IV -1 being the highest affinity host
toward each guest. In general, the presence of an alkyl linker and the loss of two
sulfonate groups led to a decrease in binding affinity/eRa - IV -2c towardlV -

6 7 IV-10 relative tolV-1 by one or two orders of magnde. The lowered
electrogatic attraction between theagiionic hosts and monationic guests as
compared tdhat between the te@aioniclV-1 and the same guests; as well as
the energetic penalty of displacing the alkyl linker from within the cavities the
new hats/ decreased cavity volumel e significant losses in binding affinities.
The preference for CB[n] hosts to bind hexyl diammoniomsiis well known,

due to the size complementarity which leads to the positioning of the hydrophobic
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hexyl chain to span the full height of the cavity of the CB[n] while the ammonium
groups are appropriately placed for -dipole interactions with the cashyl
portals on each erfd.The same preference has been reported\fet and its
analogue$’ Accordingly, IV -1 binds IV -6 with an affinity of 2.4 x 16 M™.
However, host$V -2ai1 1V -2c show a drastically lowered preference fgr6. In
case oflV-2b and IV -2c the 19 and 104fold loss in affinity respectively, can be
explained by the cost of displacing the hexyl and still longer decyl linkers from
the cavity to accommodate the hexyl chairl\of8. In case olV -2a, the shorter
ethyl linker brings one ehof the aromatic walls close together reducing the
cavity volume. Therefore, gueldt-6 has to be accommodated within the cavity
of IV -2a of reduced volume, leading to a 384Wd decrease in affinity relative to
IV-1. GuestlV -7 being shorter and wider thdW -6 is preferred bylV-2a and
IV -2b overIV -6 on account of their decreased cavity depths due to the presence
of the alkyl linker Predictably, hostv -1 which has no such factodecreasingts
cavity volume shows little pference betweeiV -6 andIV -7. Interestingly,lV -
2c also shows little preference fb¥ -7 over1V -6. This lack of selectivity can be
attributed to the larger decyl linker, which would need to be pushed out from the
cavity to accommodate either gudst-6 or 1V -7 and the energetic penalty is
same for both

For each of the hosts in this study, gu®st8 results in one of the tightest
complexes from group of guedi-61 1V -10 due to its aromatic ring which can
under go F avionrtaebrlaec t pnoaticavallerof €abh hoshneoleaule.

All hosts also display a preference for the quaternary ammonium adamantyl guest
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IV -10 over the primary ammonium adamantyl gu®sto. This selectivity is most
pronounced forlV-1 (13-fold). We rationalize this selectivity based on the
improved iondipole interactions between therethyl ammonium groups with
the ureidyl carbonyl portal of the host. For hdsts2ai 1V -2cwe only observe a
2-3 fold selectivity forlV-10 over IV-9. This can be explained based on the
partial encapsulation ofv-9 and IV-10 in the cavities oflvV-2a i IV-2c on
account of thelecreased cavity volumes of these hosts. The evidence for partial
encapsulation comes from thd NMR resonance of the methyl pons oflV-10
when bound tdV-2ai IV-2c. This resonance does not undergo upfield shifting
in thar hostguest complexes (Appendix 3), indicating thiat-10 is not
encapsulated within the host cavitiés.contrast, théH NMR resonance of the
same Nmethyl protons when bound tdV-1 undergoes a substantial upfield
shifting potentially due to the out of plane helicity fur-1 leading to a shielding
effect by one of its aromatic wall$herefore, the presence or absence of methyl
groups on the ammonium rogen protruding outside of the cavitieslgf-2a i

IV -2c does not significantly affect their binding affinities.

4.8 Conclusions.

Three new host$v -2a i IV -2c were synthesized with alkyl linkers of varying
lengths ethyl, hexyl, and decyl; capping one end of the previously reported host
IV-1. These new hosts were less water soluble Mah due to the loss of two
sulfonate groups and did not undergo intermalkecselfassociation. However,
the intramolecular sefhclusion of the alkyl linkers inside the cavity of these

hosts led to decreased binding affinities toward guests relatiWé-fio Future
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work will try to overcome these disadvantages in the solyldind molecular
recognition properties ofV-2a i IV-2c by incorporatinglinkers with more
rigidity and/or hydrophilic groups that do not undergo -g&fusion processes
such as aromatic walls connected by oligoethylene glycol.u8iish linkers
would lead to entropic gains from the improved preorganization of the acyclic
CB[n] cavity and enthalpic gains from the favorable interactions between the
capping linker and encapsulated guest; without the energetic penalty -of self

inclusion or loss in aqueouslability.
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General experimental details. Drugsusedfor measuring binding constants with

II-2 were purchased from commercial suppliers and used without further
purification. Compoundl -2 was prepared according to the literature procetfure.

'H NMR spectra were measured on commercial spectrometers operating at 400 or
600 MHz. UWVis absorbace was measured on a Varian Cary 100 UV

spectrophotometer.

Determination of K, between Host 12 with various drugs using UV/Vis
spectroscopy.K, values up to 1DM™ can be measured reliably B NMR
spectroscopic methods. For values that exceed ¢l It is necessary to use
other techniques such as UV/Vis, fluorescence, or isothermal titration calorimetry.
UV/Vis spectroscopy was used in this work.

The K; betweenll -2 andll -4 (tetracycline, UV/Vis active drug) was determined
by direct titration @ a fixed concentration df -4 with increasing concentrations

of Il -2. The K, value was determined by fitting the change in absorbance as a
function of host concentration to a 1:1 binding modielorder to determine the

Ka value for Il -2 toward guests which were not UV/Vis active, an indicator
displacement assay involving the addition of guest to a solutidh-2find dye
Rhodamine 6G was used. The change in UV/Vis absorbance as a function of
guest concentration was fitted to a competitvinding model which allowed
determination of the Kvalues based on the known total concentrationi -@f
Rhodamine 6G, and drug. The known, ¥alue of thell-2ARh odami ne

complex (2.3 x 1DM™) was used as input in the competitive binding m&%el.
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Binding Models Used to Determine Values of Kwith Micromath Scientist

1:1 Binding Model for UV/Vis.

/[ Micromath Scientist Model File

/I 1:1 Host:Guest binding model

/IThis model assumes the guest concentration is fixed and host concentration is
varied

IndVars: ConcHostTot

DepVars: SpectroscopicSignal

Params: Ka, ConcGuestTot, SpectroscopicSignalMin, SpectroscopicSignalMax
Ka = ConcHostGuest/(ConcHostFree*ConcGuestFree)
ConcHostTot=ConcHostFree + ConcHostGuest
ConcGuestTot=ConcGuestFree + ConcHostGuest

SpectroscopicSignal = SpectroscopicSignalMin + (SpectroscopicSignabtMax
SpectroscopicSignalMin) * (ConcHostGuest/ConcGuestTot)

/[Constraints

0 < ConcHostFree < ConcHostTot

0 <Ka

0 < ConcGuestFree < ConcGuestTot

0 < ConcHostGuest < ConcHostTot

CompetitiveBinding (Indicator Displacement) Models.

Competitive Model Fitting Absorbance at One Wavelength.

/I MicroMath Scientist Model File

IndVars: ConcAntot

DepVars: Absorb

Params: ConcHtot, ConcGtot, Khg, Kha, AbsorbMax, AbsorbMin
Khg = ConcHG / (ConcH * ConcG

Kha = ConcHAnN / (ConcH * ConcAn)

Absorb = AbsorbMin + (AbsorbMaAbsorbMin)*(ConcHG/ConcGtot)
ConcHtot = ConcH + ConcHG + ConcHAnN

ConcGtot = ConcHG + ConcG

ConcAntot = ConcAn + ConcHAN

0 < ConcHG < ConcHtot

0 < ConcH < ConcHtot

0 < ConcG < ConcGtot

0 <ConcAn < ConcAntot

***

Competitive Model Fitting Absorbance at Two Wavelengths.
/I MicroMath Scientist Model File

IndVars: ConcAntot

DepVars: Absorbl, Absorb2
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Params:Khg, Kha, AbsorbMax1, AbsorbMinl, AbsorbMax2, AbsorbMin2
Khg = ConcHG / (ConcH * ConcG)

Kha = ConcHAnN / (ConcH * ConcAn)

Absorbl = AbsorbMinl + (AbsorbMaxAbsorbMin1)*(ConcHG/0.00001)
Absorb2 = AbsorbMin2 + (AbsorbMax&bsorbMin2)*(ConcHG/0.00001)
0.00001 = ConcH + ConcHG + ConcHAN

0.00001= ConcHG + ConcG

ConcAntot = ConcAn + ConcHAN

0 < ContiG < 0.00001

0 < ConcH < 0.00001

0 < ConcG < 0.00001

0 < ConcAn < ConcAntot

*k%k
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Figure II-S1. (A) UV/Vis spectra from the titration off -2 (0i 610 puM) with
guestll -4 (57.3 uM) in 20 mM NaHPO, buffer (pH = 7.4); (B) plot of the &pas

a function of theconcentration ofll -2. The solid line represents the best non
linear fit of the data to a 1:1 binding modeL& (2.3 + 0.2) x 1dM™).
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Figure 11-S2. (A) UV/Vis spectra from the titration ofl -2 (5.07 pM) and

Rhodamine 635.01 uM) with guestl-8 (07 6.08 mM) in 20 mM NabkPO,

buffer (pH = 7.4); (B) plot of the &pas a function of the concentration [0£8.

The solid line represents the best #ioear fit of the data to a competitive

binding model (K= (5.9 + 0.5) x B*M™).
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Figure 11-S3. (A) UV/Vis spectra from the titration ofl-2 (10.1 uM) and
Rhodamine 6G (9.96 uM) with gueBt-10 (07 4.32 mM) in 20 mM NakPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf10.
The solid line represents the best ilioear fit of the data to a competitive
binding model (& = (8.6 + 0.8) x 1M ™).
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Figure 11-S4. (A) UV/Vis spectra from the titration ofl -2 (9.98 yuM) and
Rhodamine 6G (9.96 uM) with gueBt-12 (07 1.11 mM) in 20 mM NakPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbfl12.

The solid line represents the best #ioear fit of the data to a competitive
binding model (K= (2.1 + 0.2) x 16M™).
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Figure 11-S5. (A) UV/Vis spectra from the titration ofl -2 (102 yuM) and
Rhodamine 6G (9.96 uM) with gueBt-14 (0 1 447 uM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbfl4.
The solid line representhé best noiinear fit of the data to a competitive
binding model (K= (4.4 + 0.3) x 16M™).
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Figure 11-S6. (A) UV/Vis spectra from the titration ofl-2 (9.92 uM) and
Rhodamine 6G (10.0 uM) with gueBt-15 (07 2.05 mM) in 20 mM NakPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf15.
The solid line represents the best lioear fit of the data to a competitive

binding

model (K= (4.8 + 0.3) x 1HM™)
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Figure 11-S7. (A) UV/Vis spectrafrom the titration ofll-2 (9.92 yM) and
Rhodamine 6G (10.0 uM) with gueBt-16 (01 1.32 mM) in 20 mM NakPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf16.
The solid line represents the best #ioear fit of the data to a competitive
binding model (K= (8.3 + 0.6) x 16M™).
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Figure 11-S8. (A) UV/Vis spectra from the titration ofl-2 (10.1 uM) and
Rhodamine 6G (9.96 uM) with gueBt-17 (0 17 486 pM) in 20 mM NaHPQO,
buffer (pH = 7.4); (B) plot bthe Asspas a function of the concentrationlbfl7.
The solid line represents the best ilioear fit of the data to a competitive
binding model (K= (1.9 + 0.1) x 10M™).
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Figure 11-S9. (A) UV/Vis spectra from the titration ofl -2 (10.2 pM) and
Rhodamine 6G (9.96 uM) with gueBt-18 (0 1 686 uM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf18.
The solid line represents the best #ioear fit of the data to a competitive
binding malel (Ky= (1.9 + 0.6) x 10M™).
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Figure 11-S10. (A) UV/Vis spectra from the titration ofi -2 (10.2 pM) and
Rhodamine 6G (10.3 uM) with gueBt-19 (0 1 510 uM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of theancentration ofl -19.
The solid line represents the best #ioear fit of the data to a competitive
binding model (K= (2.5 + 0.7) x 10M™).
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Figure I1-S11. (A) UV/Vis spectra from the titration ofi -2 (5.07 pM) and
Rhodamine 6G (5.01 uM) with gueBt-20 (0 1 107 puM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf20.
The solid line represents the best #ioear fit of the data to a competitive
bindingmodel (K, = (5.3 + 0.4) x 10M™).
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Figure 11-S12. (A) UV/Vis spectra from the titration ofi -2 (12.5 pM) and
Rhodamine 6G (12.4 uM) with gud$t21 (01 131uM) in 20mM NaHPO, buffer
(pH = 7.4); (B) plot of the Aspas a function of theoncentration ofl -21. The
solid line represents the best Aorear fit of the data to a competitive binding
model (K, = (5.9 + 0.7) x 10M™).
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Figure 11-S13. (A) UV/Vis spectra from the titration ofi -2 (9.92 uM) and
Rhodamine 6G10.0 puM) with guestl-22 (01 968 uM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf22.
The solid line represents the best #ioear fit of the data to a competitive
binding model (K= (8.0 + 0.7) x 10M™).
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Figure 11-S14. (A) UV/Vis spectra from the titration ofi -2 (5.07 pM) and
Rhodamine 6G (5.01 uM) with gueBt-23 (01 616 puM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf23.
The solid line represents the best HAorear fit of the data to a competitive
binding model (K= (8.2 + 0.9) x 1DM™).
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Figure 11-S15. (A) UV/Vis spectra from the titration ofi -2 (5.07 uM) and
Rhodamine 6G (5.01 pM) with gueBt-24 (0 i 237 pM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf24.
The solid line represents the best ilioear fit of the data to a competitive
binding model (&= (9.3 + 0.9) x 10M™).
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Figure 11-S16. (A) UV/Vis spectra from the titration ofi -2 (10.1 pM) and
Rhodamine 6G (9.96 uM) with gueBt-25 (0 1 345 puM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function othe concentration ofl -25.

The

solid line representdhe best noiinear fit of the data to a competitive

binding model (K= (9.7 + 1.1) x 10M™*
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Figure 11-S17. (A) UV/Vis spectra from the titration ofi -2 (10.1 uM) and
Rhodamine 6G (9.96 uM) with gueBt-26 (0 1 450 puM) in 20 mM NaHPQO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf26.
The solid line represents the best ilioear fit of the data to a competitive
binding model (& = (9.8 + 0.5) x 10M™).
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Figure 11-S18. (A) UV/Vis specta from the titration ofll -2 (9.92 uM) and
Rhodamine 6G (10.0 pM) with gueBt-27 (0 i 552 pM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf27.
The solid line represents the best #lioear fit of the @ta to a competitive
binding model (K= (2.8 + 0.1) x 16M™).
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Figure 11-S19. (A) UV/Vis spectra from the titration ofi -2 (9.92 uM) and
Rhodamine 6G (10.0 uM) with gueBt-28 (07 1.21 mM) in 20 mM NakPO,
buffer (pH = 7.4); (B) plobf the Asspas a function of the concentrationlbf28.
The solid line represents the best ilioear fit of the data to a competitive
binding model (&= (3.3 + 0.5) x 16M™).
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Figure 11-S20. (A) UV/Vis spectra from the titration ofi -2 (5.07 uM) and
Rhodamine 6G (5.01 pM) with gueBt-29 (07 14.2 pM) in 20 mM NaHPO,
buffer (pH = 7.4); (B) plot of the &pas a function of the concentrationlbf29.
The solid line represents the best ilioear fit of the data to a competitive
binding model (K = (4.5 + 0.7) x 16M™).
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1:1 Binding Models for NMR

Model Fitting Absorbance at One Chemical Shift.

/I Micromath Scientist Model File

// 1:1 Host:Guest binding model for NMR

/IThis model assumes the guest concentration is fixed anddrastntration is
varied

IndVars: ConcHostTot

DepVars: Deltaobs

Params: Ka, ConcGuestTot, Deltasat, Deltazero

Ka = ConcHostGuest/(ConcHostFree*ConcGuestFree)
ConcHostTot=ConcHostFree + ConcHostGuest
ConcGuestTot=ConcGuestFree + ConcHostGuest

Deltaobs = Delizero + (DeltasatDeltazero) * (ConcHostGuest/ConcGuestTot)
/IConstraints

0 < ConcHostFree < ConcHostTot

0 <Ka

0 < ConcGuestFree < ConcGuestTot

0 < ConcHostGuest < ConcHostTot

*k%

Model Fitting Absorbance at Two Chemical Shifts.

/I Micromath ScientisModel File

IndVars: ConcHost

DepVars: CSA, CSB

Params: Ka, CSAzero, CSAsat, CSBzero, CSBsat

Ka = ConcHG/(ConcHfree*ConcGfree)
ConcHost=ConcHfree+ConcHG
0.0001=ConcGfree+ConcHG

CSA = CSAzero + ((CSAsdLSAzero)*(ConcHG/0.0001))
CSB = CSBzero {{CSBsatCSBzero)*(ConcHG/0.0001))
0O<ConcHfree<ConcHost

0<ConcGfree<0.0001
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Figure 11-S21.(A) 'H NMR (600 MHz) stack plot of the titration &f-2 (0.104
mM) with guestl -3 (0 - 1.03 mM) in 20 mM NakPOy buffered BO (pH = 7.4);
(B) plot o the chemical shift at 7.67 ppas a function of guest concentration.
The solid line represents the best lioear fit of the data to a 1:1 model {k
(2.0 £ 0.4) x 16M™).
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Figure 11-S22.(A) *H NMR (600 MHz) stack plot of the titration ¢if-2 (0 - 4.5
mM) with guestll -5 (1.86 mM) in 20 mM NakPQO, buffered BO (pH = 7.4);
(B) plot of the chemical shift at 1.46 pms a function of hostoncentration. The
solid line represents the best Aarear fit of the data to a 1:1 model {K (3.0 £
0.4) x 1§ M™.
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Figure 11-S23.(A) 'H NMR (400 MHz) stack plot of the titration ®f-2 (0.976
mM) with guestl -6 (0 - 7.24 mM) in 20 mM NakPO, buffered BO (pH = 7.4);
(B) plot of the chemicakhift at 7.17 ppnas a function of guest concentration.
The solid line represents the best lioear fit of the data to a 1:1 model {k
(3.0 £ 0.6) x 16M™).
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Figure 11-S24.(A) 'H NMR (600 MHz) stack plot of the titration ®f-2 (0.199
mM) with guestl -7 (0 - 1.26 mM) in 20 mM NakPO, buffered DO (pH = 7.4);
(B) plot of the chemical shift at 7.69 ppes a function of guest concentration.
The solid line represents the best lioear fit of the data to a 1:1 model {k
(4.6 £ 0.5) x 16M™).
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CONCENTRATION OF GUEST

Figure 11-S25.(A) *H NMR (600 MHz) stack plot of the titration df-2 (1.50
mM) with guestll -9 (0 - 2.7 mM) in 20 mM NaHPO, buffered BO (pH = 7.4);
(B) plot of the chemical shift at 7.15 and 7.72 ppms a function of guest
concentration. The solid line represents the bestlinear fit of the data to a 1:1
model (K, = (5.9 + 1.8) x 1HM™).
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Figure 11-S26.(A) 'H NMR (600 MHz) stack plot of the titration dif-22 (0.150
mM) with guestll -11 (0 - 1.3 mM) in 20 mMNaH,PO, buffered DO (pH = 7.4);
(B) plot of the chemical shift at 7.12 and 7.68 ppms a function of guest
concentration. The solid line represents the bestlinear fit of the data to a 1:1
model (K, = (1.4 + 0.4) x 16M™).
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Figure 11-S27. (A) *H NMR (600 MHz) stack plot of the titration ®f-2 (0.150
mM) with guestll -13 (0 - 1.26 mM) in 20 mM NakPOy buffered DO (pH =
7.4); (B) plot of the chemical shift at 7.12 and 7.68 s function of guest
concentration. The solid line repesds the best nelnear fit of the data to a 1:1
model (K. = (3.3 + 1.0) x 1HM™).
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Figure 11-S28."H NMR spectra recorded (400 MHz, RT,®) for a)ll -3, b) Il -
2, ¢) an equimolar mixture df -2 andll -3 (5 mM), and d) a 1:2 mixture dof-2
(5 mM) andll -3 (10 mM).
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Figure I11-S29.'"H NMR spectra recorded (400 MHz, RT.@) for a)ll -4, b) II -
2, ¢) an equimolar mixture of-2 andll -4 (12.5 mM), and d) a 1:2 mixture tf-
2 (12.5 mM) andl -4 (25 mM).
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Figure I1-S30.'"H NMR spectrarecorded (400 MHz, RT, fD) for a)ll -5, b) II -
2, ¢) an equimolar mixture df -2 andll -5 (5 mM), and d) a 1:2 mixture oF-2
(5 mM) andll -5 (10 mM).
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Figure I11-S31."H NMR spectra recorded (400 MHz, RT.@) for a)ll -6, b) II -
2, ¢) an equimolar mixare ofll -2 andll -6 (12.5 mM), and d) a 1:2 mixture &f-
2 (12.5 mM) andl -6 (25 mM).
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Figure 11-S32."H NMR spectra recorded (400 MHz, RT.® for a)ll -7, b) Il -
2, ¢) an equimolar mixture df -2 andll -7 (5 mM), and d) a 1:2 mixture dof-2
(5 mM) andlIl -7 (10 mM).
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Figure I1-S33.’"H NMR spectra recorded (400 MHz, RT.@) for a)Il -8, b) II -
2, ¢) an equimolar mixture df -2 andll -8 (5 mM), and d) a 1:2 mixture oF-2
(5 mM) andll -8 (10 mM).
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Figure I1-S34."H NMR spectra recorded (400Hz, RT, D;O) for a)Il -9, b) II -
2, ¢) an equimolar mixture df -2 andll -9 (5 mM), and d) a 1:2 mixture dof-2
(5 mM) andll -9 (10 mM).
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Figure 11-S35."H NMR spectra recorded (400 MHz, RT,@) for a)ll -10, b) Il -
2, ¢) an equimolar mixture df-2 andll -10 (4 mM), and d) a 1:2 mixture of-2
(4 mM) andll -10 (8 mM).
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Figure I1-S36."H NMR spectra recorded (400 MHz, RT,@) for a)ll -11, bSII -
2, ¢) an equimolar mixture df-2 andll -11 (4 mM), and d) a 1:2 mixture of-2
(4 mM) andll -11 (8 mM).
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Figure 11-S37."H NMR spectra recorded (400 MHz, RT,® for a)ll -12, b) Il -
2, ¢) an equimolar mixture df-2 andll -12 (4 mM), and d) a 1:2 mixture of-2
(4 mM) andll -12 (8 mM).
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Figure I1-S38."H NMR spectra recorded (400 MHz, RT,@) for a)Il -13, bSII -
2, ¢) an equimolar mixture df -2 andll -13 (12.5 mM), and d) a 1:2 mixture of
II-2 (4 mM) andll -13 (8 mM).
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Figure 11-S39.'H NMR spectra recorded (400 MHz, RT,@) for a)ll -14, b) Il -
2, ¢) an equimolar mixture df-2 andll -14 (4 mM), and d) a 1:2 mixture of-2
(2 mM) andll -14 (2 mM).
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Figure 11 -S40."H NMR spectra recorded (400 MHz, RT,@) for a)ll -15, b) Il -
2, ¢) an equimolar mixture df -2 andll -15 (12.5 mM), and d) a 1:2 mixture of
I1-2(12.5 mM) andl -15 (25 mM).
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Figure I1-S41."H NMR spectra recorded (400 MHz, RT,@ for a)ll -16, b) Il -
2, and c¢) an equimolar mixture bf-2 andll -16 (2 mM), and d) a 1:2 mixture of
I1-2 (0.7 mM) andl -16 (1.3 mM).
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Figure I1-S42."H NMR spectra recorded (400Hz, RT, D,O) for a)ll -17, b) Il -
2, and c) an equimolar mixture B2 andlIl -17 (4 mM).
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Figure 11 -S43."H NMR spectra recorded (400 MHz, RT,@) for a)ll -18, b) Il -
2, ¢) an equimolar mixture df-2 andll -18 (4 mM), and d) a 1:2 mixture of-2
(4 mM) andll -18 (8 mM).
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