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Abstract: We report the linear extension from M1 to M2 to anthracene
walled M3 which adopts a helical conformation (x-ray) to avoid
unfavorable interactions between sidewalls. M3 is water soluble (= 30
mM) and displays enhanced optical properties (¢ = 1.28 x 10° M"' cm
', Amax = 370 nm) relative to M2. The binding properties of M3 toward
guests 1-29 were examined by 'H NMR and ITC. The M3-guest
complexes are stronger than the analogous complexes of M2 and M1.
The enhanced binding of M3 toward neuromuscular blockers 25, 27-
29 suggests that M3 holds significant promise as an in vivo reversal
agent. The changes in fluorescence observed for M3-guest
complexes are a function of the relative orientation of the anthracene
sidewalls, [guest], Ka, and guest electronics which rendered M3 a
superb component of a fluorescence sensing array. The work
establishes M3 as a next generation sequestering agent and a
versatile component of fluorescence sensors.

Introduction

Molecular recognition events constitute the essential element of
life processes that control biosynthesis, translocation, self versus
non-self recognition, and self-regulation. Within the realm of
supramolecular chemistry, scientists have sought to understand
the fundamentals of non-covalent interactions! in organic
solvents and aqueous solution and to use this knowledge to
create systems that display useful functions including sensing
ensembles,? molecular machines,® non-covalent polymers,
separations phases,® and (targeted) drug delivery. The
preparation, study, and application of new classes of macrocyclic
receptors (e.g. molecular containers) occupies a central role in
the field of supramolecular chemistry because the pre-
organization inherent to macrocyclic scaffolds generally results in
high affinity and selectivity. Some of the most popular classes of
macrocyclic receptors include the crown ethers,[” cryptands, '’
cyclodextrins,®l calixarenes,! cyclophanes,!'® 32 8 cavitands,?!
pillararenes,'” as well as cages self-assembled by H-bonding,
the hydrophobic effect, and metal-ligand interactions.l®
Macrocycles are at the heart of solutions to societally important
problems including the formulation of insoluble drugs,”® the
household  product - Febreeze™,'?  glucose  monitors,'3
sequestrants for nuclear waste ions,' and the removal of
contaminants from water sources.'S Amongst these molecular
containers, cucurbit[n]urils (CB[n], Figure 1)'® have distinguished
themselves due to their ability to form high affinity CB[n]eguest

complexes in highly selective and stimuli responsive processes in
aqueous solution.l'"  Accordingly, macrocyclic CB[n] and their
derivatives have been extensively investigated as components of
sensing ensembles,!"® molecular machines,'” in pharmaceutical
applications,?? as catalysts,?"! and are even beginning to appear
in commercial deodorizing products.??
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Figure 1. Structures of CB[n], M1, M2, and M3.

In the past decade, we and others have been interested in the
preparation and molecular recognition properties of acyclic CB[n]-
type receptors (e.g. M1 and M2, Figure 1).2% M1 and M2 are
composed of a central glycoluril tetramer which imparts an overall
C-shapel® and hydrophobic cation binding properties, two
aromatic sidewalls which allow M1 and M2 to engage in n—n
interactions with aromatic guests, and four SO3s  groups that
electrostatically enhance binding affinity and deliver high aqueous
solubility. By virtue of their pre-organized polycyclic framework
which contains only limited degrees of freedom (e.g. in-plane
flexing and out-of-plane skewing), acyclic CB[n] display high
binding affinities toward hydrophobic ammonium ion guests that
are typical of macrocyclic CB[n]. Accordingly, we have explored
the use of M1, M2, and derivatives as solubilizing excipients for
insoluble drugs for in vivo delivery,®! as in vivo reversal agents
for neuromuscular blocking agents and drugs of abuse,? and as
components of sensing arrays for drugs.’’! Because acyclic
CB[n] are more straightforward to modify synthetically than
macrocyclic CB[n], we have developed medicinal chemistry type
structure-binding relationships in the acyclic CB[n]-type receptor
series. For example, we have studied variants based on glycoluril
monomer — tetramer,? different sidearm-solubilizing group
combinations,?® covalent capping strategies,®® and different



aromatic sidewalls (e.g. functionalized benzene, naphthalene,
and triptycene).®"! To date, however, the M1 host remains our
most general purpose receptor and its variant M2, prepared
conceptually by linear in-plane extension of aromatic walls,
remains our most potent receptor for in vivo sequestration
applications. In this paper, we further explore the linear in-plane
extension of the aromatic walls to deliver the anthracene walled
acyclic CB[n]-type receptor M3 as a means to further enhance
binding affinity and to imbue the receptor with improved optical
properties for sensing applications.

Results and Discussion

This results and discussion section is subdivided as follows. First,
we describe the design, synthesis and characterization of M3 by
spectroscopic and crystallographic means. Next, we qualitatively
study the behavior of M3 and M3+guest complexation via (variable
temperature) 'H NMR. Subsequently, isothermal titration
calorimetry (ITC) is used to determine the thermodynamic
parameters of binding of M3 toward a panel of typical guests for
(acyclic) CB[n] (1 — 29) followed by a discussion of the trends in
the binding data relative to M2 as comparator. Finally, we
demonstrate the high potential of the anthracene walled M3 as a
component of sensor arrays for hydrophobic cations.
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Scheme 1. Synthesis of anthracene walled host M3 and an illustration of the
helical conformation that it adopts. R = (CH2):SO3Na

Design, synthesis, and characterization of Acyclic CB[n]-
Type Host M3. Previously, we have found that extension of the
aromatic sidewalls from benzene walled M1 to naphthalene
walled M2 enhances the binding affinity toward larger
hydrophobic cationic guests.l?6% 31 Based on x-ray
crystallography, we observed that the longer naphthalene
sidewalls undergo edge-to face n—n interactions which expands

WILEY-VCH

the size of the hydrophobic cavity of M2 relative to M1. Previously,
our attempt to further increase cavity size and binding affinity by
using triptycene  sidewalls was thwarted by the
crystallographically observed self-folding of one blade of the
triptycene sidewall into its own cavity.®? Accordingly, in this paper
we decided to investigate the linear extension of naphthalene
walled M2 to anthracene walled M3 with the hypothesis that the
rigid sidewalls would either adopt a helically chiral conformation
or buttress each other and thereby further expand the size of the
cavity and the number of cavity bound water molecules which is
known in the CB[n] family to be a major determinant of binding
affinity .3

The synthesis of anthracene walled host M3 follows our building
block approach based on double electrophilic aromatic
substitution reactions between glycoluril bis(cyclic ethers) and
activated dialkoxy aromatic sidewalls.?3 We prepared 1,4-
dihydroxynaphthalene W1 (Scheme 1) by modifications of the
literature procedures on the 33 g scale.®¥ To install the water
solubilizing sulfonate groups, W1 was reacted with 1,3-
propanesultone under basic conditions in 1,4-dioxane to deliver
W2 in 83% yield. Subsequently, methylene bridged glycoluril
tetramer (Tet) was allowed to react with W2 under acidic
conditions (TFA / Ac20, 1:1) at 110 °C in a sealed tube to deliver
crude M3 (Scheme 1) after precipitation with acetone. Purification
of M3 was achieved by repeated washing of the crude material
with  MeOH, followed by size exclusion chromatography
(Sephadex G25) using H20 as eluent to afford M3 in 7.4% yield.
Host M3 was characterized by 'H NMR, *C NMR, IR, and UV/Vis
spectroscopy, by electrospray ionization mass spectrometry, and
ultimately by single crystal diffraction (vide infra). Figure 2f and
2g show the "M NMR spectra recorded for M3 at room
temperature in D20 and DMSO-ds, respectively. Clearly, M3
undergoes self-association in water as evidenced by the
broadening of the resonances belonging to the anthracene walls
(Hn, Ho, and Hp) as well as the methyl groups (Haand Hy) on the
convex face of M3. In DMSO-ds, however, sharp resonances are
observed for M3 and the number and multiplicity of the
resonances are consistent with time averaged Ca~symmetry
depicted in the line-bond drawing of M3 given in Scheme 1. The
BC NMR spectrum of M3 displays 20 of the 21 expected
resonances for Ca,-symmetric M3 due to accidental degeneracy
of the two CHs resonances. Scheme 1 also shows a schematic
representation of a helical conformation of M3 that could occur
due to steric clashes between the anthracene walls.®®! The
presented 'H and '*C NMR data is also consistent with a rapidly
equilibrating mixture of both senses of helical chirality. In order to
gauge the self-association and dynamic properties of M3 in water
we first performed a dilution experiment monitored by 'H NMR
(Figure S5). The change in chemical shift of Hn, Ho, and Hp of M3
as a function of concentration (3.1 mM — 0.14 mM) does not fit
well to a two-fold self-association model.®®! We also collected
variable temperature '"H NMR in D20 (Figure 2a-f) over the 298 —
348 K range and observed the sharpening or coalescence of the
resonances for M3 ultimately delivering a spectrum indicative of
time averaged Ca~-symmetry. Lastly, ESI-MS spectrum of M3
shows a doubly charged ion at m/z 847 which is in accord with
value calculated for the [M - 2Na]?~ ion. Given the potential to use
anthracene walled M3 as a component of sensing arrays we
measured its UV/Vis spectrum (Figure S7) in water and



determined its molar extinction coefficient (g = 1.28 x 10° M' cm-
1) at Amax = 370 nm. Both the & and Amax values of M3 are larger
than for M2 (¢ = 1.66 x 10* M cm™; Amax = 282), the 1,8-
substituted isomer of M2 (¢ = 1.58 x 10* M" cm™; Amax = 301 nm),
and triptycene walled glycoluril tetramer (¢ = 6.6 x 10* M™' cm™;
Amax = 214 nm) which enhances the potential of M3 in sensing
applications.?’® 321 The inherent solubility of M3 in water (= 30
mM) was sufficient to enable studies of its molecular recognition
properties and tease out the impact of the anthracene walls using
M2 as comparator.
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Figure 2. '"H NMR spectra recorded (600 MHz, M3 (0.5 mM), D-20) for a) 348 K,
b) 338 K, c) 328 K, d) 318 K, e) 308 K, f) 298 K, g) M3 (0.5 mM) in DMSO. X =
acetone (internal standard).

X-ray Crystal Structure of W2 and M3. Figure 3 shows the x-
ray crystal structures of W2 (CCDC 2003752) and uncomplexed
M3 (CCDC 2003754). Figure 3a shows the packing of W2 in the
crystal within the xy-plane. Two different pairs of anthracene rings
can be identified. The first pair (labelled @) assumes an offset
n—n stacked geometry with an average interplanar separation of
3.381 A. The mean interplanar separation between the second
pair of anthracenes (labelled $) is 3.481 A, but they are sufficiently
offset from one another that no direct interactions between these
rings occur. Instead this pair of anthracenes appears to interact
via C-Heeen interactions from the O(CH2)sSOsNa arm of one
anthracene and the opposing anthracene and vice versa (labelled
*); C-Hesen-plane distances: 2.890, 2.878, 2.679 A). Finally, two
pairs of Ar-H groups on the tips of the n—= stacked pair anthracene
rings (pair labelled @) undergo C-Heesnt interaction (labelled #)
with the face of one anthracene ring of the other pair (labelled $,
C-Heeen-plane distances = 2.792, 2.941, 2.628, 2.697 A). These
sheets of molecules in the xy-plane point their SO3™ groups in the
z-direction. The sheets of W2 stack in the z-direction held
together by the Na* counterions (not shown).
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Figure 3b shows the x-ray crystal structure of uncomplexed M3.
Several features of the geometry of M3 and its packing in the solid
state are noteworthy. Most striking is that the anthracene
sidewalls are skewed out of plane with respect to the equator of
the glycoluril tetramer backbone; the angle between the mean
planes of the anthracene sidewalls amounts to 94.34°. Extension
of the aromatic sidewalls from M1 to M2 to M3 requires this out-
of-plane skewing to prevent serious steric interactions between
the sidewalls and results in an overall helical chirality of M3 in the
solid state. One molecule of isopropanol is included in the cavity
of M3 and forms a H-bond to a ureidyl C=0 group on the portal of
M3 (C=0eesH distance: 2.143 A; OO distance: 2.930 A,
C=0-+H-0 angle: 155.92°). Two of the (CH2);SOsNa sidearms
partially invade the cavity of M3 by packing against the face of the
opposing anthracene sidewall assisted by CHeesn interactions
(marked +). Figure 3b shows that molecules of M3 form tapes of
alternating helical chirality packed along the x-axis assisted by
two different types of interactions between the anthracene
sidewalls. One pair of anthracenes (marked =) forms an offset
n— stacked geometry with the mean interplanar separation of the
anthracene sidewalls of 3.259 A. The second pair of anthracenes
(marked =) are roughly coplanar with one other but have a mean
interplanar separation of 3.805 A which is beyond the usual n—n
stacking distance. Instead, each anthracene sidewall engages in
C-He«*rt interactions with the CHz and CH2 groups on the opposing
M3 molecule (CHzesen-plane: 2.671 and 2.847 A; CHsesen-plane:
2.621 A).B1 The overall 4- charge of M3 is counterbalanced by
four sodium ions in the solid state. These sodium ions and
associated waters coordinate to the ureidyl C=0 portals of M3 and
form bridges between tapes that assemble along the y- and z-
axes (not shown).

We also obtained single crystals of the complex between M3 and
(-)-sparteine (CCDC 2003753, Figure 3c,d). In the x-ray crystal
structure, there are four molecules of M3 (A, B, C, D), two
molecules of isopropanol, and four fully occupied sparteines and
one sparteine with 50% occupancy in the asymmetric unit. All of
the sparteines exist in their dicationic forms and assume the trans
A/B, chair-chair — trans C/D, boat-chair conformation in accord
with literature precedent.®® This conformation points the N-H
groups in opposite directions rather than converging as is seen in
metal complexes of sparteine free base. An enlarged stereoview
of the asymmetric unit is given in the Supporting Information
(Figure S104). Figure 3c and 3d only show stereoviews of M3-A
and M3-C which are illustrative of the interesting aspects
observed. All four molecules of M3 display helical chirality in the
crystal (A and B: M-helicity; C and D: P-helicity). M3-A and M3-D
each contain a sparteine molecule in their cavity; the sparteine
inside M3-D is completely disordered and accordingly M3-D is not
discussed in detail. In contrast, M3-B and M3-C contain one
encapsulated isopropanol and one partially encapsulated
sparteine; both structures are similar, so we do not discuss M3-B
in depth. We observe that the angle between the mean planes of
the anthracene sidewalls is dependent upon the encapsulated
guests. M3-A (85.0°) and M3-D (80.9°) which fully encapsulate a
large sparteine display more acute angles than M3-B (96.1) and
M3-C (93.0°) which fully encapsulate the smaller isopropanol
molecule. The framework of M3 can twist and flex to
accommodate the guest. In M3-C, the isopropanol forms a
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Figure 3. Cross eyed stereoviews the structures of: a) W2 and b) uncomplexed M3. Cross-eyed stereoviews of selected molecules from the crystal structure of
M3+20 complex: c) 20°M3-A and d) 20-M3-C with bound isopropanol. Color code: C, gray; H, while; N, blue; O, red; S, yellow; H-bonds, red-yellow striped.

® | @ n @I N - o
MegHaN S gmMen SNE N ONOND Ne () (O] R "NRs
1(m=3), (n=0) 2C" 421 (n=0) - Ne ® 10-2CI (R O OMe
m=2),(n=1) 521 (n=1) 7l
m=1), (n=2) n=2)

11-21 (R = Me
8:Br N@
o n O,
-~ © _Ne ®f oopr  12:2CN(R=H)
=
@]

A
A

P4

@

pd

I
w

15-CI' (R=H) 20- 2CI —)Sparteine | _

161 R Me)  1s-Cr NHz H2N_<
B, ONHa ®NH;

0
o
\N ® NH3 §
(R,R)-21-2CI"
0
14-2C1 _
ON j’\ | 22.cr OZQ_\
N
©) -

17 CI 19-Cr 24 of  ©NH,
23 2CI OAc 26-2CI

27-Br

0 28-Br
A (vec)

Figure 4. Chemical structures of guests and neuromuscular blocking agents used in this study.

sidewall to effectively fill the cavity. The sparteine guest of M3-C

engages in an N-He+«O=C H-bond with M3 (N0 distance: 3.027

hydrogen bond to the ureidyl C=O of M3 (HO+*O=C distance:  A; N-H++O distance: 2.064 A; N-H++«O=C angle 160.395 A). In
3.057 A; OHe0O=C distance: 2.272 A; O-H«+O=C angle: addition, the polarized CH and CH groups adjacent to the other
156.025°). As described above, the O(CH2)3SOsNa sidearms of ~ammonium group position themselves nearby the portal O=C
M3-C engage in CHeeert interactions (C-Hnon-p|ane distances: groups (C“'O=C distance: 3042, 3218, 3.44 A) In contrast, the
2.691, 3.254, 3.083, 3.237 A) with the opposing anthracene larger cavity bound sparteine guest of M3-A obviates the need for
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its sidearms to engage in CHee+x interactions with the anthracene
sidewalls and also does not form an N-Hes«O=C H-bond. M3-A
does, however, display CHe+*x contacts (2.972, 2.707 A) between
a polarized N*-CH2CH2 group and the anthracene sidewalls.
Overall, the X-ray crystal structures establish that n-extension of
the aromatic sidewalls results in helical chirality and that the
nature of the guest influences the angular orientation of the
anthracene sidewalls with respect to one another.

Qualitative Study of Host-Guest Recognition by 'H NMR
Spectroscopy. Having firmly established the structure of M3 and
gained some insight into its propensity for self-association and
helical chirality, we turned our attention to the host-guest binding
properties of M3 toward guests 1 — 24 (Figure 4) by '"H NMR
spectroscopy. This panel of guests was selected to assess the
influence of guest charge (mono versus diammonium, e.g. 6
versus 7, 8 versus 9), guest length (e.g. 4 — 6), methylation state
and nature of cationic headgroup (e.g. 1 — 3, 6, 9), guest size
(carbon number and width), and guest chirality. Figure 5a shows
the '"H NMR spectra recorded for uncomplexed 14 as well as 1:1
and 1:2 mixtures of M3 with 14. At a 1:1 ratio of M3:14, we
observe significant upfield shifting for the Hg, Hr, and Hs
resonances of guest 14. Additionally, the resonances belonging
to M3 become nicely resolved upon formation of the M3¢14
complex. Full assignment of glycoluril resonances of M3¢14 in
D20 are detailed in Figure 5b. A comparison of the complexation
induced changes in chemical shift of guest 14 in the M2¢14%°! and
M3+14 complexes (AS values: Hq: 0.99 ppm (M2), 1.22 ppm (M3);
Hr: 1.51 ppm (M2), 1.63 ppm (M3); Hs: 0.25 ppm (M2), 0.60 ppm
(M3)) reveals the stronger anisotropic shielding effect of the larger
anthracene n-systems of M3 compared to the naphthalene
sidewalls of M2. The upfield shift observed for the (CH3)s (0.59
ppm), which should reside near the ureidyl C=0 portal of M3,
suggests that the anthracene sidewalls adopt a helical
conformation that brings them in close proximity to the (CHs)s. In
the 1:2 spectra, the signals for free and bound 14 display one set
of broadened signals indicating intermediate kinetics of exchange
on the chemical shift timescale. Similar qualitative M3eguest
binding studies were performed for the remainder of the guests
(Figures S34 — S57). As expected, the signals corresponding to
the hydrophobic domains of each guest exhibits obvious upfield
shifting upon complexation due to the shielding effect of the
glycoluril cavity as well as the anisotropic shielding effect of the n-
surfaces of the anthracene walls of M3.

In contrast, Figure 5d-f shows the 'H NMR spectra recorded for
the very wide guest 23, the M3+23 complex, and a 1:2 mixture of
M3 and 23. In Figure 5c, we observe separate sharp resonances
(Ht, Hy, Hv and Hw) for free guest 23 and the M3+23 complex which
establishes slow kinetics of guest exchange on the chemical shift
timescale. Guest 23 exhibits dramatic upfield shifting of the
resonances for its diamantane hydrophobic domain (Ad values:
He 1.72 ppm; Hu: 1.73 ppm; Hv: 2.25 ppm; Hw: 2.52 ppm;)
indicating inclusion in the M3 cavity. Previously, we have found
that CB[7] and CBI[8] form complexes with 23 (CB[7]°23: Ka =
2030 M"; CB[8]+23: Ka = (3.3 £ 0.8) x 10" M") and that CB[7]
does so with fast kinetics of exchange whereas CB[8] displays
slow kinetics of exchange.”? Similarly, the smaller acyclic CB[n]
host M2 displays fast kinetics of guest exchange with 23. These
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observations, in accord with the results from x-ray crystallography
suggest that M3 is able to expand the size of its cavity by flexing
its methylene bridged glycoluril tetramer backbone to
accommodate guests typically observed to bind well to CB[8]. As
such, the thermodynamics of guest binding of M3 may prove to
be distinct from previous acyclic CB[n]-type receptors such as M2.
Chiral and enantiomerically pure guests (=)-sparteine (20) and 21
were included in the guest panel in hopes of observing a mixture
of the two possible diastereomeric complexes ((M)-M320 and
(P)-M3-20; (M)-M3+21 and (P)-M3¢21) arising due to the helical
chirality of M3. Unfortunately, guests 20 and 21 do not display
slow kinetics of guest exchange on the chemical shift time scale
that is required to observe the diastereomeric complexes by 'H
NMR spectroscopy. Other guests that display slow kinetics of
exchange in their complexation with M3 include 1 and 13. (Figure
S30 & S42). Intermediate kinetics of exchange are observed for
the complexes between M3 and 2, 3, 6, 11, and 12.

HOD

d)

HOD

1 0 ppm‘

Figure 5. "H NMR spectra recorded (600 MHz, RT, D20) for: a) 14 (0.4 mM), b)
an equimolar mixture of M3 and 14 (0.2 mM), c) a mixture of 14 (0.4 mM) and
M3 (0.2 mM), d) 23 (0.4 mM), e) an equimolar mixture of M3 and 23 (0.2 mM),
and f) a mixture of 23 (0.4 mM) and M3 (0.2 mM).

Measurement of the thermodynamic parameters of complex
formation via ITC. After qualitatively analyzing the hosteguest
binding preferences of M3, we decided to gain insight into the
thermodynamics of complexation. For this purpose, we turned to
direct and competitive ITC measurements because the Ka values
for acyclic CB[n]sguest complexes typically exceed the range
accessible by 'H NMR titrations (e.g. Ka > 10* M"). In addition,
ITC directly provides the enthalpy of complexation (AH) and the



stoichiometry of binding. To assess the impact of the linear
extension of aromatic sidewall from M2 to M3, we first decided to
measure the thermodynamic parameters of complexation
between M2 and a panel of typical (di)cationic guests (1 — 24) for
CBI[n]-type receptors (Table 1 and Figures S58 — S74). The Ka
values for the M2¢1 — M2+24 complexes range from (1.02 £ 0.02)
x 108 (M) for M2#2 to (1.33 + 0.23) x 10"° (M"") for M2+24. The
M2 complexes are uniformly driven by favorable enthalpic
changes which is in accord with the known presence of high
energy H20 molecules in the cavity of CB[n]-type receptors that
are released upon complexation.®3 Expectedly, the use of ITC to
measure the binding of guests by M3 was more difficult given that
M3 undergoes significant self-association (Figure 2) at room
temperature and the determination of the M3-guest binding
constants required additional precautions. Accordingly, we first
conducted ITC experiments between M3 and weak binding guest
26 at elevated temperatures (35 — 55 °C) where the effects of self-
association of M3 are minimized to determine Ka and AH as a
function of temperature. A standard van’t Hoff analysis allowed
extrapolation of the Ka and AH values for M3¢26 to obtain values
at 298 K (Figure S102). Subsequently, we performed competition
ITC experiments with 26 as competitor to measure the
thermodynamic parameters of binding for M3-guests that were
both slightly tighter than M3+26 and had significantly different AH
values to provide sufficient heat upon guest exchange.*!! For the
tighter M3+guest complexes and those with AH values similar to
that of M3+26 different competitors were selected. For example,
Figure 6a shows the thermogram recorded for the competitive
titration of a solution of M3 (100 uM) and 4 (500 puM) in the cell
with 24 (1.03 mM) in the syringe. Figure 6b shows the fitting of
the integrated heat values to a 1:1 competitive binding model to
extract Ka = (2.63 £ 0.1) x 10" M and AH = (-17.3 % 0.02) kcal
mol'. The Ka and AH values for the remaining M3-guest
complexes are given in Table 1 and the data is presented in the
Supporting Information (Figure S75 — S106). This dataset allows
a dissection of the structure—binding constant relationships as
described below.
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solid line represents the best non-linear fit of the data to the single set of sites
model (Ka = (2.63 £ 0.10) x 10" M- and AH = (-17.3 + 0.02) kcal*mol').

Table 1. Thermodynamic parameters (Ka (M), AH® (kcal/mol) determined for
the M2-guest and M3-guest complexes by ITC. Conditions: 298 K, 20 mM

NaH2PO; buffered H20, pH = 7.4.

M2 K, (M M3 K, (M
Guest AH° (kca(llmgl) AH° (kca(I/mczl)
; (7.19 £ 0.19) 1000 (194 20.1) x 1090
(-7.36 £ 0.02) (-10.8 + 0.04)
) (1.02 £ 0.02) x 10°¢! (2.72.+0.2) x 10800
(-9.40 £ 0.01) (-11.4 £ 0.05)
5 (1.59 + 0.06) x 10°¢! (4.22 +0.3) x 101
(-8.23+ 0.01) (-12.1 + 0.05)
4 (5.59 + 0.17) x 107l (8.33£0.9) x 1071
(-9.70 £ 0.02) (-12.2+0.1)
s (1.55 £ 0.04) x 108¢! (1.79 £ 0.2) x 10800
(-9.84 +0.02) (-13.0 £ 0.17)
6 (4.59 + 0.09) x 10861 (7.63 £ 1.0) x 10800
(-10.6 £ 0.15) (-14.2 % 0.12)
; (169 £0.11) x 107 (6.58 + 0.4) x 1071
(-8.96 + 0.05) (-13.6 + 0.07)
8 (6.06 + 0.18) x 1066 (8.77 + 0.4) x 1071
(-9.86 £ 0.02) (-13.1 £ 0.05)
0 (7.04 + 0.24) x 10°¢] (2.15 £ 0.3) x 10%]
(-10.9 £ 0.02) (-14.1£0.07)
10 (1.77 £ 0.09) x 1061 (1.67 £0.1) x 10
(-5.54 0.03) (-7.29 + 0.05)
» (3.00 £ 0.07) x 109l (3.75+0.1) x 10
(-13.3£0.02) (-16.1£0.01)
12 (Z-Ofﬁ_%fg_g;)"““ Insoluble Complex
" (2.53 +0.12) x 109l (1.45 £ 0.1) x 10100
(-14.3 £ 0.04) (-17.4 + 0.05)
“ (2.14 + 0.09) x 109l (4.26 +0.2) x 10°0
(-13.9 + 0.04) (-17.2 % 0.06)
s (2.92 +0.09) x 1071 (7.63£0.1) x 10
(-6.74 + 0.03) (-5.73 + 0.04)
" (7.09 £ 0.21) x 108¢li (2.87 +0.1) x 10800
(-11.5 £ 0.02) (-11.0 £ 0.03)
i (6.54 + 0.09) x 1061 (1.49 £ 0.1) x 1070
(-7.31£0.01) (-8.96 + 0.09)
18 (1.88 + 0.04) x 107 (3.23%0.1) x 1070
(-8.51+0.01) (-10.6 + 0.04)
10 (3.15 + 0.08) x 1061 (3.76 +0.2) x 10801
(-8.11 £ 0.02) (-10.8 + 0.03)
2 (1.96 + 0.04) x 108¢! (1.24 +0.1) x 100
(1.4 £0.02) (-11.3£0.02)
1 (2.68 + 0.35) x 10°¢] (4.48 + 0.6) x 10800
(-13.2 £ 0.15) (-15.4 + 0.16)
» (2.87 + 0.20) <106 (3.22 + 0.4) x 10800
(-4.32 £ 0.10) (-8.33 £ 0.03)
o (1.33 £ 0.23) x 107061 (2.63%0.1) x 10100
(15.2 + 0.15) (-17.3%0.02)
6.31 x 10501
26 n.d. o

[a] Direct ITC titration, [b] Direct ITC titration at elevated temperature by van’t
Hoff analysis, [c] measured by competitive ITC titration with 10, [d] 13, [e] 6, [f]
26, [g] 1, [h] 4, and [i] 16. [j] Literature values.B3

Discussion of the Trends in the Thermodynamic Parameters
of Binding. The data in Table 1 shows that M3 displays high
affinity toward the panel of (di)cationic guests (1-21, 23, 24, 26)
with Ka values from 6.31 x 10° M"' (M3+26) to 2.63 x 10" M (for
M3+24). The Supporting Information (Figure S10) presents a bar
graph comparing the binding affinity of M1, M2, and M3 toward
the guest panel. The M3-guest complexes are uniformly driven
by favorable enthalpic changes as is common for CB[n]-type
receptors.®¥ The Ka values for a given guest toward M3 are
generally larger than those toward M2 and M1. Given that M2



has already been used as an in vivo sequestration agent for
neuromuscular blockers and drugs of abuse,?® ! the availability
of the higher affinity M3 variant may result in improved in vivo
performance. Below, we analyze some of the trends in binding
affinity as a function of guest structure that show that M3 retains
the essential binding characteristics of macrocyclic CB[n].

Influence of Guest Length. The length of the carbon linker
between ammonium ions of diammonium ion guests (e.g. 4 — 6)
has been shown to have a significant effect on binding affinity
toward CB[n] type receptors.#?l Guests with five or six carbon
atom spacing between N-atoms have been found to display
highest affinity due to a matching of the Ns++N distance with the
separation between the two electrostatically negative portals of
CBI[n]-type receptors. For hosts M2 and M3, we observe a similar
trend despite their ability to undergo out-of-plane skewing with Ka
values increasing from 4 to 5 to 6. Hosts M3 and M2 bind 6
significantly stronger than 4 (M3: 9.1-fold; M2: 8.2-fold).

Influence of Guest charge. It is known that each ammonium ion
contributes significantly (up to 10%) to CB[n]-guest binding affinity
due to ion-dipole interactions.33¢ 42 As such, we selected two
pairs of guests (6 and 7; 8 and 9) that feature a common central
hydrophobic binding domain and either one or two cationic N-
atoms to assess their importance for acyclic CB[n]-type receptors
M2 and M3. We find that M3 (M2) binds diammonium ions 6 11.6-
fold (27.1-fold) and 9 24.5-fold (116-fold) tighter than
monoammonium ions 7 and 8. The 10 — 100-fold preference for
the diammonium ions displayed by M2 and M3 is somewhat less
than observed for CB[n] and suggests that the conformational
flexibility of M2 and M3 and the presence of anionic SOs
solubilizing groups may make the ammonium ion binding site
more diffuse.

Influence of guest methylation state and headgroup identity. It is
known that increasing the methylation state of ammonium ions
can increase the binding affinity toward CB[n] receptors, although
the magnitude is quite guest dependent. The quaternary
ammonium ions are thought to more uniformly spread the positive
charge of the ammonium ion to the ureidyl C=0 portals enhancing
electrostatic contributions to binding free energy or increasing the
hydrophobicity of the guest. As part of our guest panel, we
selected 1 — 3, and 6 that feature primary — quaternary
hexanediammonium ion binding domains. Table 1 reveals that
the binding affinity of M3 toward guests 1 — 3 and 6 increases
monotonically as the methylation state increases with a 3.9-fold
difference between M3+1 and M3+6. Host M2 displayed a non-
monotonic trend, but larger differences in affinity (63.8-fold)
between M2¢1. and M2+6. Within our guest panel, other
comparisons can be made between analogous pairs of primary
and quaternary ammonium ion guests (10 and 11; 12 and 13; 15
and 16). Similarly, we find a preference for the quaternary over
the primary ammonium ion guest (M3: 10/11 2245-fold; 15/16
37.6-fold; M2: 10/11 1694-fold; 12/13 12.3-fold; 15/16 24.3-fold).
Finally, we can make a comparison between 6 and 9 that differ in
the nature of the headgroup (quaternary ammonium versus
pyridinium). We find that M3 and M2 bind pyridinium ion 9 slightly
stronger than 6 (M3: 2.81-fold; M2: 1.53-fold).
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Influence of carbon number, size, and width of the guest
hydrophobic moiety. An examination of Table 1 reveals that the
number of carbon atoms in the hydrophobic moiety of the guest
has a direct influence on guest affinity. For example, the
cycloalkyl ammonium ions 17 (C7), 18 (C8), 19 (C12) show
increased affinity toward M3 as the number of carbons and the
size of the guest increases; M3 binds 19 25.2-fold tighter than 18.
Interestingly, M2 binds most tightly to 18 (6.0-fold selective over
19) probably because the size of the cyclododecyl ring begins to
exceed the size of the uncomplexed M2 cavity. A related trend
can be seen in the binding behavior of 6 (C6) and 24 (C10) which
both contain a six-carbon spacing between N-atoms. M3 (M2)
displays higher affinity toward 24 than 6 (M3: 34.5-fold; M2: 29.0-
fold). A consideration of the homologous series of guests (6, 13,
11, 14, and finally 23) that contain hydrophobic moieties of
different size and width is also instructive. Across this series, M3
is a more potent host than M2 (6: 1.7-fold; 13: 5.7-fold; 11: 1.25-
fold; 14: 2.0-fold; 23: 112-fold) and the selectivity becomes higher
as the size / width of the guest exceeds the volume of the smaller
M2 hosts cavity. CB[8] was previously observed to bind 23 much
stronger than CB[7] due to a more pronounced cavity size
mismatch.“?l Overall, we conclude that M3 retains the essential
features of CB[n]-type receptors and that linear extension of the
aromatic sidewalls from M1 to M2 to M3 enhances binding affinity.

Binding towards Neuromuscular Blocking Agents (NMBA).
Previously, we have investigated the use of M1 and M2 as in vivo
reversal agents for the neuromuscular blocking agents
rocuronium (roc, 27), vecuronium (vec, 28), and cisatracurium (cis,
25).[26a.26¢,43] | these applications, the abiotic receptor competes
directly with the biological receptor and lowers NMBA
concentration by a pharmacokinetic strategy. It is important that
new reversal agents for NMBAs display high affinity to the
neuromuscular blockers, but discriminate against acetylcholine
(ACh, 22) which is also present in the neuromuscular junction.
Accordingly, we measured the binding constants of M3 toward 22,
25, and 27 — 29 by ITC (Table 2). The dissociation constants for
the M3+27 — M3+29 are in the low pM range. Significantly, M3
displays higher affinity than M2 toward 25 (69-fold), 27 (7.4-fold),
28 (11.2-fold), and 29 (25-fold). Equally importantly, M3 only
binds 2.8-fold tighter to ACh 22 than M2. High selectivity for the
NMBA versus ACh is crucial to the in vivo function of the reversal
agent. Accordingly, M3 holds promise as a next generation agent
for in vivo reversal of neuromuscular block.

Table 2. Thermodynamic parameters (Ka (M"), AH" (kcal/mol) determined for
the M2NMBA and M3+NMBA complexes by ITC. Conditions: 298 K, 20 mM
NaH2PO; buffered H20, pH = 7.4.

Guest Mﬂz Ka (M) M3 Ka (M)

AH’ (kcal/mol) AH’ (kcal/mol)

22 (1.79 £ 0.05) x 10 (5.0 £ 0.2) x 1050
(-7.27 £ 0.04) (-10.7 £ 0.03)

25 (1.28 £ 0.18) x 10% (8.85 +0.72) x 108
(-13.3 £ 0.793) (-14.4 £ 0.16)

27 (5.78 + 2.68) x 109 (4.3 +£0.1) x 100l
(-13.5+ 0.03) (-17.2 £ 0.03)

28 (4.02 +0.32) x 109 (4.5 +0.8) x 100l
(-9.33 £ 0.03) (-13.1 £ 0.03)



(8.0 0.69) x 108
(-9.33 £ 0.03)

(2.0% 0.1) x 1010
(-12.6 £ 0.03)

29

Measured by competitive ITC titration with: [a] 23, [b] 6, [c] 26. [d] Reported in
the literature. 43!

Fluorescence Sensing Array Based on M3. Given the change
in angle, orientation, and potentially helicity of the two anthracene
chromophores upon guest binding as shown by x-ray
crystallography and the brighter chromophore of M3 relative to M2
and analogues/®”! lead us to consider if M3 would function as a
versatile component of sensing arrays.'*®> 1 As a proof-of-
concept, we used the fluorescence response of M3 (Figure 8) to
discriminate among the very similar members of our guest panel.
Experimentally, we used a 96-well plate format to excite M3 at
260 nm and measure the fluorescence of M3 (2.0 uM, 5.0 uM,
10.0 pM) alone and when mixed guests 1 — 21, 23, 24, and 26
(6.0 uM). The fluorescence intensities were extracted from the
spectra (every 5 nm from 415 to 460 nm) to create the dataset
used as input for the dimensionality reduction and classification
method linear discriminant analysis (LDA).*®  Because the
fluorescence intensity depends on not only concentrations and
binding constants, but also on complex geometry (e.g.
chromophore orientation) and guest structure, the dataset is
information rich. Accordingly, we used LDA to find new variables
that more efficiently explained the data by using a linear
combination of the measured spectral intensities (Figure 7).
Classification of the analytes by LDA using only the first two linear
discriminants (LD) was found to be 91 + 2 % accurate after
randomly splitting the data into 10 sections and using k-fold cross
validation. Given the structural similarity between members of the
guest panel, we find such levels of discrimination to be
encouraging. For example, the array distinguishes efficiently
based on the degree of alkylation of ammonium ions (e.g. 1 — 3
and 6; 10 and 11; 12 and 13; 15 and 16) presumably due in part
to differences in M3eguest Ka. Discrimination between
diammonium guests with different hydrophobic moieties (e.g. 6,
11, 13, 14, 23) is also efficient. One subset of guests that cannot
be discriminated are compounds 8, 9, and 14 which contain
electronic deficient pyridinium units which fully quench and
therefore eliminate the difference in fluorescence of those
M3-guest complexes. It is worth emphasizing that the LDA plots
were created using a single host (M3) at only 3 concentrations.
We believe that sensing arrays comprising M3, other hosts, and
auxiliary chromophores will greatly extend the range of sensing
applications that can be tackled. Finally, the observed helical
chirality of M3 suggests that circular dichroism will be a powerful
method to distinguish between chiral analytes and determine
enantiomeric excess values.[138: 230, 461
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Figure 7. a) LDA plot of the first two linear discriminants (95.8% of overall
variance) showing the separation and classification of analytes 1-20, 23, 24. b)
Expanded region from the grey boxed area of panel a). Three different
concentrations of M3 (2.0 uM, 5.0 uM, and 10.0 pM) were mixed with 5 uM
analyte in separate wells of a 96-well plate and analyzed for changes in
fluorescence across each spectrum (415 nm — 460 nm at intervals of every 5
nm.

Conclusion

In summary, we have reported the linear extension of the aromatic
sidewalls of acyclic CB[n]-type containers from benzene to
naphthalene to anthracene in the form of M3. We find that M3 is
nicely soluble in aqueous solution (= 30 mM) but does undergo
noticeable self-association in water. X-ray crystallography
(Figure 3) shows that linear extension of the aromatic sidewalls
forces M3 and the M3<20 complex to assume a helical
conformation to alleviate steric interactions between the sidewalls.
'H NMR studies indicates fast kinetics of guest exchange and
host helicity inversion for most M3+guest complexes, but one of
the largest guests (23) displays slow exchange kinetics. The
thermodynamics of binding for the M2eguest and M3-guest



complexes were determined by ITC and found to be uniformly
driven by favorable enthalpic changes. We find that M3 with its
extended aromatic walls generally exhibits higher binding
constants towards the panel of guests. Of particular interest is
the enhanced binding affinities displayed by M3 toward the
neuromuscular blockers roc, vec, and cis compared to M2 which
functions as an in vivo reversal agent for this important class of
drugs. Finally, the enhanced optical properties of anthracene
walled M3 and the dependence of fluorescence intensity upon
anthracene-anthracene orientation (e.g. M3eguest geometry),
guest structure, and binding constants renders M3 a powerful
component of sensing arrays. In conclusion, the work shows that
linear m-extension of the aromatic sidewalls endows M3 with
enhanced binding affinity toward cationic guests including
clinically important neuromuscular blockers, enhances their
optical characteristics, and results in helically chirality. As such,
M3 and analogues possess great potential as in vivo reversal
agents and as components of sensing arrays for the analysis of
achiral and chiral analytes.
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Twist and Shout: Linear extension of the walls of acyclic CB[n]-type receptors from M1 to M2 to M3 results in helical chirality.
Anthracene walled M3 displays superior binding affinity compared to M1 and M2 toward hydrophobic (di)cations including the
clinically important neuromuscular blockers. The fluorescence output of M3 is sensitive to sidewall orientation, guest identity and

concentration, and Ka which renders M3 a versatile component for sensing arrays.
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