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ABSTRACT: We designed, prepared, and characterized three cup-shaped ) GEEs
cavitands 1—3 for trapping organophosphonates (O=PR(OR’),, 118—197 A?) { \ﬁ} é s
whose shape and size correspond to G-type chemical warfare agents (132—186 2 e

A%). With the assistance of computational (molecular dynamics) and experimental
("H NMR spectroscopy) methods, we found that host [1—H,]** orients its
protonated histamine residues at the rim outside the cavity, in bulk water. In this
unfolded form, the cavitand traps a series of organophosphonates 5—13 (K,
87 + 1to 321 + 6 M™" at 298.0 K), thereby placing the P—CH, functional group
in the inner space of the host. A comparison of experimental and computed 'H
NMR chemical shifts of both hosts and guests allowed us to derive structure—
activity relationships and deduce that, upon the complexation, the more sizable

pp ~

4

CHEMICAL WARFARE AGENT

ARTIFICIAL HOST

P—OR functional groups in guests drive organophosphonates to the northern

portion of the basket [1—H;]**. This, in turn, causes a displacement of the guest’s P—CH; group and a contraction of the cup-
shaped scaffold. The proposed induced-fit model of the recognition is important for turning these modular hosts into useful
receptors capable of a selective detection/degradation of organophosphorus nerve agents.

B INTRODUCTION

Sarin (GB), soman (GD), tabun (GA), and VX agents are
organophosphorus (OP, Figure 1) compounds, developed in
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Figure 1. Chemical structure of G- and V-type nerve agents (top),
along with their van der Waals surface (Chimera). Note that the sizes
and shapes are changing in the series (MMFFs, Spartan).

the last century as chemical warfare agents (CWAs)."* These
substances® are highly toxic to humans™® due to their ability to
inhibit the action of the enzyme acetylcholinesterase (AChE) in
the postsynaptic membrane at neuromuscular junctions.®”®
Markedly, the loss of AChE function causes an accumulation of
the acetylcholine neurotransmitter, which upon a prolonged
exposure to nerve agents leads to respiratory malfunction
(asphyxiation) and death; for instance, it has been estimated
that inhalation of 50—100 ppb of sarin gas for 1 min is lethal!’
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Since G- and V-type agents (Figure 1) are stored in vast
quantities around the world,"® there is a potential for their use
in terrorist attacks against both military and civilian personnel.
A method for the rapid detection of small amounts'" of OPs in
the gas (as vapor), liquid (as in water), or solid (as in ground)
phase is therefore essential'> for preventing the occurrence of
tragic events. The development of effective degradation and
decontamination procedures'>~"> has been a priority for years,
yet there is also a need for catalytic methods for the hydrolysis/
oxidation'®""® of OP nerve agents. Currently, the unambiguous
detection of CWAs requires expensive instrumentation such as
gas chromatography, mass spectrometry, and/or NMR spec-
troscopy, and portability is an additional challenge."”~>*
Correspondingly, analytical methods based on color changes
are particularly attractive toward developing a versatile
chemosensor of CWAs.>*7! In essence, the substitution of a
good leaving group (X = F, CN, SR; Figure 1) on the
electrophilic phosphorus with a strong nucleophile®” is typically
utilized to give a distinctive optical signal and thereby indicates
the presence of toxic materials.”> >° Most colorimetric
chemosensors are, however, prone to “false alarms” due to
the absence of selectivity by which the “chemical activation”
takes place: any good electrophile present in the area may
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trigger the desired response of current chromogenic chemo-
sensors. Indeed, discriminating nerve gases with an array of
colorimetric molecules®® (optoelectronic nose)*”** could, in
principle, address the problem of chemoselectivity, yet this
powerful methodology will certainly benefit from incorporating
molecular recognition® as an element of design in the
system.** In accord with this reasoning, trapping CWAs with
a concave host*' is likely to provide a desired chemoselective
discrimination for creating suitable sensing devices. Still, there
is insufficient fundamental understanding of the recognition of
CWAs with cavitands*** to impede further developments in
the field. Early studies with cyclodextrins** have shown that
these concave hosts have an ability to promote a degradation of
sarin (a-cyclodextrin)***® and soman (f-cyclodextrin)*”*® via
encapsulation. Moreover, pf-cyclodextrin derivatives with
nucleophilic groups at the wide and narrow rims of the host
were found to react with paraoxon, cyclosarin (GF), and tabun
(GA) at an accelerated rate (faster than background
reactions).*” ™' Importantly, Dalcanale and co-workers have
recently reported®® a solid-state structure of a calix[4]arene
cavitand hosting dimethyl methylphosphonate (DMMP, Figure
2) as a guest and with one OCHj; group forming an attractive
C—H---7 interaction with the host’s cavity. Furthermore, these
calixarene hosts were immobilized on various surfaces for
permitting selective detection of DMMP vapors with excep-
tional sensitivity.> Thus, complexation of a nerve agent by a
functional cavitand may allow for unambiguous detection of
these toxic substances, along with the prospect of promoting
their effective degradation. An objective of our study is to
elucidate details of the complexation of a series of organo-
phosphonate compounds with modular basket-like**~® hosts
(Figure 2A). Will a cup-shaped cavitand of type [1—-H;]*
(Figure 2A) bind to OP compounds in water, and if so, what is
the nature of that interaction? Using methods of computational
and experimental chemistry, we hereby establish that our
molecular baskets (Figure 2A) are complementary to OP
compounds and have a disposition for entrapping these
chemicals. The mode of the interaction is unique, with both
theory and experiment suggesting: (a) the importance of P—
CH, functionality for the binding and (b) an induced-fit

mechanism of the inclusion complexation.

B EXPERIMENTAL SECTION

General Information. All chemicals were purchased from
commercial sources and used as received, unless stated
otherwise. All solvents were dried prior to use according to
standard literature procedures. Chromatography purifications
were performed using silica gel 60 (SiO,, Sorbent Technologies
40—7S pm, 200 X 400 mesh). Thin-layer chromatography
(TLC) was performed on silica-gel plate w/UV254 (200 pm).
Chromatograms were visualized by UV-light and stained using
20% phosphomolybdic acid in ethanol, if needed. Al NMR
samples were prepared in J. Young Valve NMR Tubes
purchased from Norell. 'H and “C NMR spectra were
recorded, at 400 and 100 MHz, respectively, on a Bruker
DPX-400 spectrometer, unless otherwise noted. They were
referenced using the solvent’s residual signal as an internal
standard. NMR samples were prepared using CDCl;, CD,Cl,,
and CD;O0D and used as purchased from Cambridge Isotope
Laboratories. The chemical shift values are expressed as &
values (ppm), and the couple constant values (J) are in Hertz
(Hz). The following abbreviations were used for signal
multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet;
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and br, broad. For NMR measurements, the temperature was
corrected with neat methanol as a standard. HRMS (ESI) were
measured on a Micromass Q-Tof II spectrometer. Micro-
calorimetric experiments were performed with an isothermal
titration calorimeter (Nano-ITC). The heat of the reaction was
corrected for the dilution of the guest’s solution. Computer
simulations (curve fitting) were performed with simulation
software provided by TA Instruments.

Synthetic Procedures. To a suspension of tris-anhydride
(5.0 mg, 7.9 mmol) dissolved in 0.5 mL of dimethyl sulfoxide
(DMSO), histamine (2.3 mg, 23.7 mmol) was added. After an
addition of 50 uL of anhydrous pyridine, the solution was kept
at 125 °C for 12 h. The mixture was concentrated under
reduced pressure, and the residue was purified with thin-layer
chromatography (SiO,, CH;OH) to yield basket 1 as a white
solid (3.0 mg, 42%). "H NMR (400 MHz, CD;0D, 300 K): § =
7.63 (s, 6H), 7.42 (s, 3H), 6.69 (s, 3H), 4,71 (s, 6H), 3,74 (t, ]
= 7.2 Hz, 6H), 2.81 (t, ] = 7.2 Hz, 6H), 2.59 (m, 6H); *C
NMR (100 MHz, CD,0D, 300 K): § = 169.8, 158.9, 139.5,
136.1, 131.7, 117.0, 66.9, 50.3, 38.9, 26.7 ppm; HRMS ESI: m/z
caled for CgHyoNoOg4: 910.3102 [M+H]", found: 910.3122.

Tris-anhydride (3.0 mg, 4.8 mmol) and f-alanine (1.3 mg,
14.4 mmol) were added to 0.5 mL of DMSO. The mixture was
kept at 125 °C for 2 h and then concentrated under reduced
pressure. The solid residue was purified with thin-layer
chromatography (SiO,, CH;0H:CH,Cl, = 1:1) to yield basket
2 as a white solid (2.1 mg, 52%). "H NMR (400 MHz, CDCl,/
CD,0D, 300 K): § = 7.54 (s, 6H), 4.58 (s, 6H), 3,79 (s, 6H),
2.62 (m, 12H); *C NMR (150 MHz, CDCl,/CD,0D, 300 K):
0 =168.5,157.1,138.1, 130.5, 116.3, 65.3, 33.7, 32.7, 29.8 ppm;
HRMS ESI: m/z caled for C,sH;3N30,,: 866.1962 [M + Nal*,
found: 866.1986.

To a suspension of tris-anhydride (5.0 mg, 7.9 mmol) in 0.5
mL of DMSO was added ethanolamine (1.5 uL, 23.7 mmol).
After an addition of 50 4L of anhydrous pyridine, the solution
was kept at 125 °C for 12 h. The mixture was concentrated
under reduced pressure, and the residue was purified with thin-
layer chromatography (SiO,, CH;OH:CH,Cl, = 1:7) to yield
basket 3 as a white solid (3.8 mg, 63%). "H NMR (400 MHz,
CDCl,/CD,0D, 300 K): & = 7.63 (s, 6H), 4.69 (s, 6H), 3.63
(m, 12H); C NMR (100 MHz, CDCl,/CD,0D, 300 K): & =
168.8, 157.0, 138.0, 130.3, 116.1, 65.3, 59.7, 40.0 ppm; HRMS
ESL: m/z caled for C,sHy3N;Oy: 7822114 [M + Nal*, found:
782.2108.

Generation of Conformational Ensemble. A Monte
Carlo computational protocol was used to generate random
structures, which were optimized with the AMBER* force field
included in the MacroModel software. From these structures,
10 were chosen for additional geometry optimizations: the five
lowest energy structures were examined first, then five
additional conformations were chosen to adequately represent
the conformational space by examining the orientation of the
histimine arms of the basket. For nine of the ten conformations
(one conformation could not be optimized), partial atomic
charge calculations were performed using the Merz—Kollman
scheme (B3LYP/6-31+G*//B3LYP/6-31+G*); charges were
averaged over all conformations. Solvated molecular dynamics
(MD) simulations were run for S ns in explicit TIP3P water on
the 9 conformations with averaged charges using the sander
module in the AMBER program (starting coordinates are
included in Supporting Information). A three-step equilibration
scheme was performed: an initial minimization step where only
the positions of solvent molecules were relaxed was followed by
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Figure 2. (A) van der Waals surfaces of [1—H;]** and dimethyl methylphosphonate 5 (DMMP, Spartan/MMFFs) demonstrate shape
complementarity of this host/guest pair. (B) Baskets 1—3 were prepared by condensation of tris-anhydride®” and functionalized amines.

minimization of the system as a whole; the system then
underwent a heating phase from 0 to 300 K with a small
restraint on the basket to prevent drastic fluctuations in
structure. The volume was kept constant, and the SHAKE
algorithm was used to constrain bonds involving hydrogen
atoms. Production dynamics were run over S ns using NPT
conditions. Long-range electrostatic interactions were calcu-
lated using the particle mesh Ewald (PME) algorithm with a
cutoff of 10 A. The energy trajectories for each of the MD runs
are shown in Figure S17.

Molecular Docking Simulations. The resulting MD
trajectories were aligned and combined, and a clustering
analysis was done using the ptraj module of AMBER. Ten
clusters were obtained, and these snapshots (coordinates
follow) were used for our rigid docking simulations, which
were completed using Autodock 4.0, where all rotatable bonds
on the guest molecules were allowed to rotate and the basket
remained rigid. Molecular dynamics simulations of the lowest
energy pose and/or most populated pose of each guest from
each of the 10 docking simulations were performed for 8 ns in a
box of TIP3P water molecules. We monitored the dynamics of
the guest—basket complex as a function of time. Initially, we
looked at the dynamics of dimethyl methylphosphonate guest
(5) within each of the different basket snapshots and found that
regardless of the starting orientation, the guest eventually
equilibrates to have the P—Me group pointing toward the base
of the basket. This can be seen clearly by monitoring the
distance between the center of the basket base and the alkyl
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group carbon (Figure $20). Guests with larger alkyl groups also
preferred to have these groups pointed toward the hydrophobic
base of the basket, and as the size of the alkyl group increases,
the propensity for the guest to be in this orientation also
increases.

NMR Calculations. A series of structures were created by
varying the dihedral angle @ of the basket (2° increments up to
28°, Figure S21/Figure 6A). Each structure was optimized at
the mPW1PW91/6-31G* level of theory while retaining Cj;,
symmetry of the host (energy profile is shown in Figure S22).
Single point energies and NMR parameters were computed on
these optimized structures using the mPWI1PW91/6-311+G**
level of theory. These calculations were carried out in the gas
phase as well as with the polarizable continuum model for
chloroform. Isotropic chemical shift values and coupling
constants were extracted from the output files, and the changes
in chemical shift (Figure $23, A) and coupling constant (Figure
$23, B) are plotted as a function of increasing cavity size. There
were no differences found between the calculations in the gas
phase and chloroform (<0.3 Hz differences).

B RESULTS AND DISCUSSION

Working Hypotheses. Molecular baskets of type [1—-H,]**
are C; symmetric hosts®’ > that are complementary to
tetrahedral organophosphonate guests (Figure 2A).° In a
polar, aqueous environment, the guest is anticipated to place
one of its hydrophobic groups inside the nonpolar basket’s
interior, and with the remaining three units pointing to the side

dx.doi.org/10.1021/jp401841w | J. Phys. Chem. B 2013, 117, 3240—3249
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Figure 3. (A) Chemical structure of model compound [4—H]* and the Newman projections of its rotamers about y, (red square) and y, (blue
square) torsion angles. Examination of 33 structures from the Cambridge Structural Database shows preferred orientations about y; and y, torsions
within various Pht—CH,—CH,—R molecules. (B) Molecular dynamics (AMBER 11) calculations of [4—H]"* in water suggest an almost statistical

distribution of anti/gauche conformers.

apertures of the host (Figure 2A). Desolvation of the
organophosphonate guests, in addition to the cup-shaped
inner space, should serve as a driving force for the complexation
(via the hydrophobic effect).’’~** Furthermore, only properly
sized groups can fit in the hydrophobic pocket so as to impart
selective recognition. The functional appendages at the rim
(Figure 2A) may assist the complexation by forming
supplementary noncovalent interactions with the guest. In
our study, however, these groups were envisioned to enable the
basket’s solubility in water. To test our working hypotheses, we
decided to investigate the interaction of baskets 1—3 (Figure
2B) with a series of differently sized alkyl dialkylphosphonates
(vide infra) in water. Baskets comprise basic (1, R = C;H;N,),
acidic (2, R = CO,H), and neutral (3, R = OH) groups at the
periphery, resembling amino acids histidine (His), aspartic acid
(Asp), and serine (Ser), respectively. Phosphonate guests (5—
13, 118—197 A% Figures 8 and 9) were chosen so that their size
and shape correspond to G-type nerve agents (132—186 A?,
Figure 1).

Synthesis. The condensation of tris-anhydride®” with
histamine, 3-aminopropanoic acid, or ethanolamine gave
baskets 1—3, respectively, in 42—63% yield (Figure 2B).
Model compound 4 (Figure 3) was obtained by condensation
of phthalic anhydride and histamine in toluene.”* Organo-
phosphonate guests 7,% 9, 11, and 12°7% were synthesized in
accord with literature protocols.

Aqueous Solubility and Conformational Analysis. All
three baskets 1—3 were found to be soluble in CD,Cl,/
CH;0H, but practically insoluble in water. We attempted to
dissolve these compounds by adjusting the pH of the water
solution (from 1 to 14), but even after a prolonged sonication
of the heterogeneous mixture, there was no desired dissolution.
Ultimately, we added an excess of trifluoroacetic acid (TFA) to
1 in CH,Cl,/CH;OH. Upon evaporation of the solvent, the
presumed compound [1-H;]** [CF;CO,]; was subsequently
dissolved in 10.0 mM phosphate buffer (pH = 2.5 + 0.1). The
F NMR spectrum of the solution showed the presence of ~4
equivalents of trifluoroacetate (Figure S1). We found that an
excess of TFA would remain despite the solid being kept at a
high temperature and under vacuum for a prolonged period of
time. Markedly, the described method did not give satisfactory
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results with baskets 2 and 3; thus, we studied the recognition
behavior of [1—H,]*.

To understand the conformational characteristics of basket
[1-H,]* and its preorganization,”” we first examined the
model compound [4—H'] (Figure 3A). This molecule is
virtually a double rotor with two torsional degrees of freedom
21 and y, (Figure 3A). The examination of solid-state structures
of 33 phthalimide derivatives of type Pht—CH,—CH,—R
(Cambridge Structural Database, CSD) revealed a conforma-
tional bias about the 6-fold y; torsion: the variation of the y,
angle from 60 to 92°, with a disposition toward y; = 80 + 8°
(mean + standard deviation), indicates a rather small energetic
penalty for the formation of eclipsed or staggered geometries
(Figure 3A). The conformational isomerism about the CH,—
CH, bond is, within the examined 33 structures, unbiased with
an almost equal population of gauche (y, = 60°, Figure 3A) and
anti (y, = 180° Figure 3A) states. Interestingly, the X-ray
structure of N-(2-imidazol-4-ylethyl)phthalimide 4 has an anti
conformation (y, ~ 180°) in the solid state.> A molecular
dynamics (MD) simulation (10 ns, AMBER) of [4—H'] in
water suggested a preference for gauche (y, = 60/300°, Figure
3B) conformers at equilibrium (69%, Figure 3B). The '"H NMR
spectrum of [4—H*] showed a single set of resonances
(CD,Cl,, 400 MHz), even at low temperatures (206—301 K,
Figure S2). A rapid rotation of the molecule about its three
central bonds would average out the "H NMR resonances of
the phthalimide and imidazole rings. Two CH, groups in [4—
H*], however, each gave a triplet characterized with the
apparent scalar coupling of J = 6.6 Hz (Figure S2). Importantly,
the '"H NMR appearance of AA’XX’ spin systems® is, in the
X—CH,—CH,—Y fragments, a function of the anti/gauche ratio
of the conformers: for a mixture of the two states,”®”" it has
been computed’” that Jyy approaches Jyx (via averaging the
coupling constants) so that the signal pattern simplifies into a
pair of triplets (A,X,, Avyy > Jux). While the appearance of a
more complex NMR pattern, corresponding to the X—CH,—
CH,—-Y fragment, would manifest a great dominance of either
anti or gauche conformers,”” we conclude that the experimental
result is in line with our theoretical studies.

The two torsional degrees of freedom (y; and y,)
determining the position of the imidazole ring in model
compound [4—H"] are also present in basket [1—H;]*" (Figure

dx.doi.org/10.1021/jp401841w | J. Phys. Chem. B 2013, 117, 3240—3249
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Figure 4. (A) Three imidazole rings in [1—H,]*" adopt different positions with respect to the cup-shaped platform: the rotation about the CH,—
CH, bond (y,) gives anti (UP) and gauche (DOWN) conformers, while the rotation about the N—CH, bond (y;) gives IN and OUT conformers.
(B) Ten major conformational states of [1—H,]** were identified by a clustering analysis of molecular dynamics (MD) trajectories based on an
RMSD protocol using the ptraj module of AMBER. (C) The contour plot depicts a computed conformational distribution of [1—H;]* in water
(MD, AMBER); in the third dimension, the white designates the absence of conformational states, while the red correspond to the highest
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Figure 5. "H NMR spectra (600 MHz, water suppression) of (a) basket [1—H;]*" (1.0 mM), (b) DMMP § and (c) their mixture (8.0 mM of §) in
10.0 mM phosphate buffer at pH = 2.5 + 0.1. Nonlinear least-squares analysis of the binding data (298.0 K, 1:1 binding stoichiometry) gave the
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=321 + 6 M (R? = 0.999, SigmaPlot).

4): (a) the rotation about the central CH,—CH, ¢ bond places
the imidazole below (DOWN, Figure 4) or above (UP, Figure
4) the phthalimide, while (b) the rotation about the N—CH,
linkage positions this same ring on the outer (OUT, Figure 4)
or inner (IN, Figure 4) side of the basket’s cavity. MD
simulations (10 ns each) of [1—H,]*" inside an octahedral box
of TIP3P”* water molecules placed within 10 A of the basket
gave numerous conformers that were all clustered into 10
principal groups (Figure 4B) by root-mean-square deviation
(RMSD) procedures. The occurrence of different conformers is
summarized with a contour plot comprising y, and y, torsions
along the horizontal and vertical axis, respectively (Figure 4C);
in the third dimension, the white designates absence while the
red excess of the corresponding conformational states. In brief,
the computational study suggests a greater abundance of
baskets [1—H;]*" with three imidazole moieties assuming UP/
OUT, UP/IN and DOWN/OUT forms (Figure 4). The 'H
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NMR spectrum of [1—H,]** showed a set of signals (600 MHz,
298.0 K) corresponding to a C; symmetric molecule (Figure
5); note that the assignment of proton resonances was assisted
with NOE correlations (2D NOESY, Figure S3). Presumably, a
rapid interconversion of different conformers of [1—H;]*" on
the NMR time scale’* contributed to the signal averaging. The
CH,—CH, fragments in [1—H,;]*, however, appeared as two
triplets with an averaged coupling constant of J = 6.3 Hz (H./
H; protons, Figure S). As in the case of [4—H], this result
supports the existence of anti/gauche conformers and is in
agreement with our MD computational study (Figure 4). At pH
= 2.5 + 0.1, all three imidazoles (pK, ~ 6.9) are protonated
with (presumably) the positive charge keeping the residues
apart; increasing the pH of water solution (pH > S) resulted in
the precipitation of the basket.

The chemical shift of signals corresponding to imidazole
protons H, ;, in [1-H;]** (6 = 7.0 and 8.4 ppm, Figure 5) are

dx.doi.org/10.1021/jp401841w | J. Phys. Chem. B 2013, 117, 3240—3249
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Figure 6. (A) A segment of the 'H NMR spectra (600 MHz) of basket [1—H;]** (1.0 mM), obtained upon an incremental addition of DMMP 5 to
its solution (10 mM phosphate buffer, pH = 2.5 + 0.1). (B) Computed "H NMR chemical shifts of the bridge H,/H}, protons as a function of the

dihedral angle a (top) as well as a variation in relative energies (AE, right) of these cup-shaped frameworks. (C§
chemical shift of bridge Hy/H, protons as a function of the concentration of DMMP S.

A plot showing a change in the

comparable to the corresponding resonances in the model
compound [4—H'] (6 = 7.1 and 8.4 ppm, Figure S2). The
absence of a strong magnetic shielding of these resonances in
[1-H;"] suggests that the imidazole moieties reside outside the
basket’s cavity. Furthermore, further dilution of a 1.0 mM
aqueous solution of [1—H;"] caused a small, but consistent,
shift of all proton resonances (Figure S4). We reason that
basket [1—H,*], having a hydrocarbon framework, undergoes a
self-aggregation in water to form labile assemblies in the
examined range of concentrations (0.1—1.0 mM, Figure S4).

The Entrapment of DMMP 5. The incremental addition of
dimethyl methylphosphonate 5 (DMMP) to basket [1—H,"]
(1.0 mM) dissolved in phosphate buffer (pH = 2.5 + 0.1)
caused a perturbation of the basket’s '"H NMR signals (Figure
Sa—c). Specifically, all of the basket’s resonances shifted
downfield with the signal of H, experiencing the greatest
change (AS ~ 0.13 ppm, Figure S). The titration data were
subjected to nonlinear least-squares analysis using a model
describing the formation of a 1:1 host—guest complex at a fast
rate.”> The computed binding isotherm (at 298.0 K) fit well to
the experimental data with the association constant of K, =
321 + 6 M~ (Figure 5);”® the 1:1 binding stoichiometry was
also corroborated with the method of continuous variation
(Figure $5).”””® Importantly, the addition of DMMP guest
(60.0 mM) to an aqueous solution of model compound [4—
H'] (143 mM) did not cause any change in its '"H NMR
spectrum (Figure S6).
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Since there was no measurable interaction between the arm,
[4—H"] (Figure 3), and DMMP, we conclude that the cavity in
[1—H,]*" must be critical for the observed recognition. What is
the nature of the interaction between [1—H;]** and DMMP?
First, one notes that the "H NMR signal corresponding to the
bridge protons Hg/, from the host would decoalesce from a
broad signal into an AB quartet with increasing amounts of
DMMP guest (Figure 6A). The formation of the host—guest
complex is, evidently, accompanied by structural/electronic
changes to affect the magnetic environment of the bridge Hy,
protons. In particular, we surmised that docking of § inside [1—
H;]*" might require a small expansion/contraction of the
basket’s framework; indeed, flexing of the cup-shaped cage was
previously computed®® to create a small van der Waals strain
(see Figure 6B), and this structural change is suggested to be
potentially useful for an induced fit mechanism of the
recognition.””®® In a series of DFT calculations
(mPW1PW91/6-311+G**//mPW1PW91/6-31G*), we ex-
plored an alteration of the basket’s dihedral angle a (Figure
6A) changing from 124° to 95° in 2° increments. This created a
series of increasingly “open” cages, for which we computed 'H

NMR chemical shifts of Hgy, protons (Figure 6C).*" The
calculations suggested a greater deshielding of one proton
nucleus (Figure 6B) with the expansion of the basket’s
framework. The result is consistent with our experimental
measurements, whereby the resonances of two bridge protons
underwent a disproportionate change with the addition of guest
5 (Figure 6C). Despite steric contacts, the complexation of
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DMMP could also cause an electronic perturbation of the
basket’s framework to bring about the splitting of the bridge
H,,, resonances. The magnitude of the electronic/steric effects
in promoting the spectroscopic change is, at present, difficult to
estimate, although our computational study is unequivocal
about the basket’s flexing contributing to the downfield 'H
NMR spectroscopic shift of the bridge protons.

As noted earlier, tetrahedral DMMP § could position one of
its four groups in the cavity of [1-H;]** with the three
remaining units pointing to the side apertures. Upon the
complexation of this guest, the magnetic environment of P—
CH, (A8 ~ 0.55 ppm, Figure 7A) was apparently perturbed to
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Figure 7. (A) "H NMR chemical shift of resonances corresponding to
P—CHj; and P—OCH; protons as a function of DMMP § titrated to
[1-H;]* (1.0 mM). (B) 'H NMR chemical shift of H,/H,, protons in
[1-H,]* (left) and *'P NMR shifts in DMMP 5 (right) as a function
of the concentration of § titrated to [1—H;]** (1.0 mM).

a greater extent than that of P-OCH, (A ~ 0.22 ppm, Figure
7A). A more considerable shielding of the CHj protons
suggests the positioning of this group in the cavity of [1—H,]*"
against the surrounding aromatic rings. In accord with this
binding scenario, two methoxy groups reside between the
carbonyl groups to, perhaps, experience their magnetic
anisotropy. Furthermore, a small upfield shift of the phosphorus
atom from DMMP 5 (AS ~ 0.6 ppm, *'P NMR; Figure 7B) is
in line with P being magnetically shielded by the host. Finally, a
small but measurable perturbation of the imidazole resonances
H,/H, (A8 = 0.02—0.05 ppm, Figure 7B) is an indication that
these aromatic rings are barely interacting with the guest.
Perhaps, a solvation shell of water molecules around the polar
imidazolium groups is efficient in preventing their interaction
with organophosphonate 5. The formation of the [1-H,]** C
S complex is followed by favorable enthalpy (AH® = —1.60 +
0.08 kcal/mol, 298.0 K) and entropy (AS° = 6.3 + 09 eu,
298.0 K) as determined by calorimetric measurements (ITC,
Figure S16). The enthalpy-driven interaction (AH® < 0) could
be in line with an already proposed notion®* that a hydration of
apolar/concave surfaces is an unfavorable process contributing
to the inclusion complexation (encapsulation) of organics in
water.

To get more insight into the entrapment of DMMP § with
[1—H;]**, we docked this guest into 10 unique conformational
states of the host (from MD simulations, see Supporting
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Information for additional details). Importantly, this protocol
allowed us to assess a variety of docking poses and their
favorability. Upon identifying 12 preferred modes of binding
from molecular docking efforts, we resolvated each structure
into an octahedral box of TIP3P water and then subjected each
structure to an additional MD simulation (8 ns). Surprisingly,
11 out of 12 simulations gave rise to a complex whereby
DMMP § places its P—CH, group inside the cavity of [1—
H,]*" and toward the aromatic base of the host (Figure 8A, see
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Figure 8. (A) Three different structures of [1-H;]** C § complex
computed with molecular dynamics. (B) The interaction of 5—8 and
[1-H,]*" was examined with 'H NMR spectroscopy (600 MHz) to
give a series of apparent binding constants K, (M™1,298.0 K) in 10.0
mM phosphate buffer (pH = 2.5 + 0.1).

also a movie clip in Supporting Information). The computed
orientation of the guest is in line with our NMR spectroscopic
results, validating the importance of P—CH; functionality for
the recognition.

To further probe the entrapment of P—R alkyl groups from
organophosphonates, we examined the affinity of guests 5—8
toward [1—H;"] (Figure 8B). In particular, these guests carry
increasingly larger R groups at the phosphorus center (Figure
8B). For this series of guests, the apparent binding affinity
(KQPP, Figure 6B) drops as the size of the R group increases!
Evidently, the shallow cavity of basket [1—H;*] accommodates
CH; more effectively than bulkier alkyl groups; the available
data may also imply that methoxy groups in 7/8 start
populating the host’s cavity to a greater extent. The self-
aggregation of [1—-H;*] (Figure S4) complicates the binding
analysis, and these additional equilibria must be taken into
account for obtaining binding constants (K,). To simplify the
matter, we kept the concentration of host [1-H;]** at 1.0 mM
in all '"H NMR titration experiments (Figure 8). To a first
approximation, the measured apparent binding constants (K,
Figure 8B) can now be compared, as the initial state is the same
in all cases.

The Entrapment of Organophosphonates 9—13. The
presence of the P—CH; functionality within an organo-
phosphonate guest is evidently important for the recognition.
The remaining P—OR groups, however, would also need to be
complementary to the host for forming a stable complex. To
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Figure 9. Energy-minimized structures of organophosphonates 5/9—13 (MMFFs, Spartan). The apparent binding affinities (K, M™") of 5/9—13
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toward [1-H,]** (1.0 mM; 10.0 mM phosphate buffer at pH = 2.5 + 0.1) were determined with '"H NMR spectroscopy at 298.0 K.

assess the effect of the alkoxy substituents on the entrapment,
we measured the affinity of guests 9—13 toward [1—H;"]
(Figure 9). Importantly, each guest in the series comprised an
increasingly larger P—OR group (Figure 9). The apparent
affinity descends in the series with DMMP $ having the greatest
(Kypp = 321 + 6 M, Figure 9) while DIMP 13 (K,,, = 87 + 1
M, Figure 9) has the lowest propensity for complexation with
[1-H;*]. In essence, larger and more flexible alkoxy groups
seem to impede the host—guest interactions to contribute to
the binding trend; as we demonstrated in an earlier study,83 this
particular observation could have both enthalpic (AH®, van der
Waals strain) and entropic (AS°, limited internal rotations)
origins. When the 'H NMR chemical shift of the P—CH, group
in 5/9—13 was plotted against the amount of each guest
titrated to the solution of [1—H;"] (Figure 10A), an intriguing
trend was observed: the stronger the host—guest interaction
(K, Figure 10A), the more perturbed the magnetic
environment of the methyl group in the guest (Figure 10A).
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Figure 10. (A) 'H NMR chemical shift of P-CH, in 5/9—13 as a
function of the concentration of guest compounds titrated to 1.0 mM
solution of [1—H,;]* (10 mM phosphate buffer, pH = 2.5 + 0.1). (B)
"H NMR chemical shift of bridge H, proton (see Figure 6) in [1—
H,]* as a function of 5/9—13 added to its 1.0 mM solution. (C) It
appears that smaller organophosphonate $ has a greater access to the
basket’s inner space than bigger 13 causing a disproportionate
expansion of the cup-shaped framework.
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To explain this observation, we further considered relative 'H
NMR chemical shifts of the bridge H, proton (Figure 6) in [1—
H;"] entrapping 5/9—13 (Figure 10B). As noted earlier, 'H
NMR chemical shifts of the host’s bridge nuclei signify a degree
of the basket’s expansion/contraction. In the 5/9—13 series,
larger alkoxy guests caused a smaller change in the chemical
shift of the host’s bridge H, proton (Figure 10B). We surmise
that the host undergoes a different conformational adjustment
to each particular organophosphonates as a guest. Specifically,
guest § with smaller methoxy units (Figure 10C) accesses the
southern portion of [1—H;]** more effectively by placing its
P—CH; group in the cavity, and directly at the aromatic base of
the host. This, in turn, causes the cup-shaped platform to
expand its arms. On the contrary, organophosphonate 13 with
larger alkoxy units (Figure 10C) could not effectively reach the
inner space of [1—H,;]**, causing a smaller expansion of the
cup-shaped platform (Figure 10C) and thereby a smaller
disturbance of the magnetic environment of the P—CHj,
moiety.

H CONCLUSION

Modular basket-like hosts entrap a variety of organophospho-
nate compounds with shape and size corresponding to chemical
warfare agents. The binding takes place in water with
structure—activity relationships that stress the importance of
steric interactions for fine-tuning the chemoselectivity.
Interestingly, experimental methods suggest an induced-fit
mechanism of the recognition whereby the basket’s framework
is flexing to a variable degree for accommodating the P—CHj;
group from the guest compound. The stage is now set for
improving the selectivity and affinity of baskets toward CWA's.
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