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Sharing the salt bowl: counterion identity drives
N-alkyl resorcinarene affinity for pyrophosphate
in watert
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N-Alkyl ammonium resorcinarene chloride receptors, NARX,, have been shown to act as high-sensitivity
detectors of pyrophosphate (PPi), a biomarker of disease, in aqueous media through the chloride-to-PPi
exchange [NAR(Cl), to NARPPI]. The nature of the anion of the macrocyclic NARX, (X = CL7, Br~, triflate
OTf7) receptor greatly influences the PPi-affinity in aqueous media. The binding affinity for [NAR (Cl)4] is
3.61 x 10° M™%, while the NAR (Br)4 and NAR (OTf), show stronger binding of 5.30 x 10° M™%, and 6.10 x
10° M7, respectively. The effects of upper rim ammonium cation, —N*H,R substituents (R = 3-hydroxy-
propyl, cyclohexyl, benzyl, or napththalen-1-ylmethyl), of the macrocyclic resorcinarene hosts have also
been evaluated. The highest affinity was obtained using 3-hydroxypropyl groups due to the additional
hydrogen bonds and the naphthyl upper-rim group that provides a larger hydrophobic surface area and
favorable stacking interaction (i.e., n—x and CH-x). We note that two PPi molecules can bind to the more
selective receptors through an additional interaction with the lower rim hydroxyls, making the resorcinar-
ene a divalent binder. Comparing PPi with other phosphate anions (PO4>~, AMP, ADP, and ATP) shows
that the receptors are more selective for PPi due to the size and charge complementarity. Experimental
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rsc.li/frontiers-organic trends for PPi selectivity even in highly competing aqueous media.

Introduction

A significant challenge in supramolecular chemistry is devel-
oping high-affinity receptors for anions in biologically relevant
solvents," > and the design of such receptors has elicited con-
siderable effort from the research community.®® Primarily,
this challenge has been addressed by leveraging the coopera-
tive effect of non-covalent attractions.'®™® One such anion is
pyrophosphate (PPi), produced as a side product during ATP
metabolism."* Physiological levels of PPi are used as a clinical
indicator for disease diagnosis and prognosis."?* For
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example, low PPi levels are common in hemodialysis patients>*
as it correlates inversely with the levels of vascular calcification
in patients with chronic kidney diseases.>* As a result, con-
siderable effort has gone into developing chemosensors for
analytical detection of anions. Most of these sensors are based
on metal complexes of europium,* palladium,*® iron,>
copper,”® cadmium,”® and iron.*® Other classical receptors
based on polyammoniums are also used for the anion reco-
gnition in water. A naphthalimide-based receptor has been
reported for pyrophosphate anion sensing in buffered solu-
tions with around 10°-10° M™" affinities.**

Our preliminary contributions reported on N-alkyl
ammonium resorcinarene salts (NARX,), consisting of a
macrocyclic resorcinarene tetra-ammonium cation and four
anions. Chloride, viz. NAR (Cl),, is preferred for resorcinarene
conformational stability in organic media over the bromide,
nitrate, triflate, or picrate.**** This binding preference is due
to the chloride’s suitable size, the snug fit between two adja-
cent ammonium moieties, and the strong hydrogen bond cir-
cular seam [NH,"---~CI™---NH,"--~Cl™---], along the upper rim
of the macrocycle that holds it in place. The tetra-cationic
NARX,s are, on even a cursory inspection, excellent potential
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hosts for tetra-anionic pyrophosphate due to size-charge com-
plementarity and chelate cooperativity. In 2018, we reported
that an N-alkyl ammonium resorcinarene chloride receptor is
capable of selective high-affinity (10” M~") binding of PPi in
pure water.>> Binding is driven by the entropically favorable
displacement of the four chloride counter ions upon com-
plexation of PPi. Based on the mechanism, we recognized the
potential to improve the receptor’s affinity by employing more
weakly coordinating counter ions. The upper rim of the
ammonium salt receptor is available for structural modifi-
cation. In our previous study, a seemingly minor change,
incorporating an additional methylene group converting the
chain from ethanol to propanol, greatly improved PPi
affinity.® In these cooperative systems, even minor differences
can drastically affect the thermodynamics of complexation.

We now report the application of less strongly coordinating
counter anions, intending to significantly increase NARX,’s
affinity towards PPi. We synthesized ten new R-NARX,’s (R =
upper rim substituent, X = counter anion) receptors with three
different counter anions: chloride, bromide, and triflate (OTf);
and four different upper rim substituents: one with a flexible
terminal hydroxyl propyl group (C30HNARX,, X = Cl, Br, and
OTY), the second with a rigid cyclohexyl group at the upper rim
(CyNARX,, X = Cl and Br), the third with a flexible benzyl
group (BnNARX, X = Cl and Br), and the fourth with a flexible
and fluorescent napththalen-1-ylmethyl group (NpNARX,, X =
Cl, Br and OTf, Fig. 1). In addition to PPi, the binding pro-
perties of the receptors towards a tribasic monophosphate
(K3PO,), and a dibasic monophosphate (AMP), diphosphate
(ADP), and triphosphate (ATP) are also investigated (Fig. 1).

N-Alkyl Ammonium Resorcinarene Salt Receptors, R-NARXs
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Fig.1 The resorcinarene salt receptors C3OHNARX,; CyNARX,,

BNNARX4, NpNARX, (X = Cl7, Br~ and CF3SO37), and the phosphate
guests KzPO,4, Na4PPi, Na,AMP, Na,ADP, and Na,ATP.
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Binding was confirmed through "H and *'P NMR experiments.
Quantifying the thermodynamics of binding was accomplished
using a series of isothermal titration calorimetry (ITC) and
computational studies. The binding modes were justified
using density functional theory (DFT) at the (WB96XD/6-311-G
(d,p)) level of theory which was supported by molecular
dynamic (MD) simulations.

Results and discussion

The Mannich condensation between aliphatic amines and
C-hydroxyr'Tesorcinarene in the presence of excess formaldehyde
generates tetrabenzoxazines.’® Ring-opening of the six-mem-
bered tetrabenzoxazine ring is effected by refluxing in the pres-
ence of an acid (HCIl, HBr, and triflic acid) to provide crude
R-NARX,s (Fig. 1); these are purified through recrystallization
to give the final products in 50-85% yields (see ESI} for
details).

Isothermal titration calorimetry (ITC)

Thermodynamic parameters (K, AH, AS, and AG) between the
R-NARX, receptors and the different phosphate anions were
measured by a series of ITC experiments in 90% H,0/10%
DMSO. A mixed solvent system was necessary to ensure the
complete dissolution of the variable hydrophobic groups on
the different R-NARX, receptors at the concentrations used for
the study (0.25 mM).

Probing different functionalization of the upper rim alkyl
(R) substituent was necessary to underscore its importance in
defining phosphate anion affinity (Table 1). The switch to a
combination of solvent systems is a likely explanation for
lower K, values than we earlier reported.>® The NARX, with
naphthalene groups show higher binding when compared to
benzyl or cyclohexyl analogs, potentially due to the presence of
a series of stacking interactions (Table 1). However, our pre-
vious C30H chains provided the best affinity constant due to
the extra hydrogen bond potential of the hydroxyl groups. On
all scaffolds, counter anion identity showed the same trend;
the K; value for the complexation of PPi to Np-NARX,
increased by 52.5% and 68.2% (Table 1) upon switching the
chloride counterion to bromide and triflate, respectively. The
same trend remained when the water was replaced with pH 7.4
Tris buffer, confirming that the observed isotherms do not
arise from (de)protonation but host-guest binding processes.
Negative AG values in all cases confirm that association is
spontaneous at 298 K. The AH and TAS results also indicate
the first binding event is both enthalpically and entropically
favorable. This is slightly unexpected; entropically-driven com-
plexation is the norm as solvent and counterions are liberated
upon binding, but the energy of dehydrating pyrophosphate
was expected to be substantial. The favorable AH term hints at
the significant strength of the salt bridges formed in the
binding pocket.>””*® Affinity is maintained in these new recep-
tors: the K; values for PPi are generally more than for AMP,
ADP, and ATP (Fig. S23-S33 and Tables S1-S11%).

This journal is © the Partner Organisations 2022
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“ITC was done in H,O (90%) /DMSO (10%) at 298 K. K; and K, represent the first and second binding constants.
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All the data, with few exceptions, were fitted to a two-set-of-
sites binding model. As the cavity is committed to binding the
first PPi molecule, the second interaction in C30H-NARX may
be allosteric exo binding with the hydroxyls of the top rim, as
we previously speculated.>® However, as the other hydrophobic
R-NARXs, lacking these hydroxyl hydrogen bond participants,
present a similar two binding site event in this solvent
mixture, this seems unlikely. There is, however, another allo-
steric binding site formed from the four dangling hydroxyl
chains of the lower rim. To investigate this possibility, we
turned to NMR spectroscopy.

NMR spectroscopy

To probe these receptors’ binding capability, we performed a
series of '"H NMR measurements on the phosphate guests
alone. The methylene (Ar-CH,N) signals of the host alone
confirm that a host-guest interaction between the NARX,s and
the PPi occurs when the two compounds are mixed (Fig. 2 and
Fig. S35-43t). We used the same solvent mixture of D,0/[Ds]
DMSO (90%/10%) at 298 K. The binding processes are fast on
the NMR timescale; however, clear changes in the hosts’
signals demonstrate that binding occurs. Hydrogen/Deuterium
exchange in this solvent mixture prevents the -OH and -NH,
signals from being monitored. However, we observed changes
in the chemical environment of the non-exchangeable methyl-
ene protons (Ar-CH,N) closest to the -OH and -NH, groups.
We also observed, by NMR, that the resorcinarene core distorts
its bowl conformation as observed from the Ar-H signals to
accommodate PPi better. We first performed a representative
NMR titration with C30OH-NAR(OTf), and C30H-NAR(Br), in
D,O to confirm the binding event. A Job’s plot of the Aryl-H
and R-CH,-NH, proton signals that participate in the cavitand
binding pocket reveals a 1:2 stoichiometry (Fig. $34t).*°
Moreover, a careful examination of the proton R-C(H,)OH
signals of the lower rim reveal a gradual shielding due to this
secondary binding event (Fig. S357). From the NMRs, the -OH
and -NH, protons of the cationic core of the receptors form
hydrogen bonds with the counter anions. When the R-NARX,
receptors bind to PPi, the counter anions are displaced to
accommodate PPi. This reorganization produces observable
differences in the 'H resonances of the -OH, -NH,, and neigh-
boring -CH,- protons.

Taking the binding of PPi by C3OHNARX,s as an example,
up to 0.09 ppm upfield shifts are realized by the methylene
protons, and up to 0.22 ppm upfield shifts are observed for
the aromatic protons of the resorcinarene core. The changes in
the host’s signals support the host re-organizing the cavity
during the binding process. No significant differences in the
'H NMR of the receptor in PPi@R-NAR(X), complex was
observed between the chloride, bromide, or triflate counter
ions once the counter anions are displaced to accommodate
pyrophosphate. The final assembly is expected to be the same
PPi@C30HNAR(X),, where X represents the initial counterion
that has now been fully displaced (Fig. 2 and Fig. S36-5437).
An even better way to access the binding process is to monitor
the *'P NMR signals of the phosphate guests upon complexa-

Org. Chem. Front, 2022, 9,1267-1275 | 1269
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Fig. 2 Sections of the *H NMR spectra in D,O/[Dg]DMSO (90/10 v/v) at 298 K of (a) C3OHNARCI, and (b) the equimolar mixture C3OHNARCI, and
PPi, (c) C3OHNARBTr,, and (d) the equimolar mixture C3OHNARBr,4 and PPi, (e) C3OHNAROTTf, and (f) the equimolar mixture C3OHNAROTf and PPi.
The dashed lines indicate the signal changes in ppm. Star represents the residual D,O solvent.

*
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Fig. 3 Sections of the 3'P NMR spectra in D,O/[Dg]DMSO (90/10 v/v) at 298 K. (a) Equimolar mixtures of PPi and NpNARX,s (X = Cl, Br, and OTf) as
compared to pure PPi. (b) Equimolar mixtures of PPi and CyNARBr,4, PPi and C3OHNARBr,4, PPi and BnNARBr,4, PPi and NpNARBr, compared to pure
PPi. The dashed lines indicate the signal changes in ppm. Star represents the residual Hz;PO,4 as an external standard. Note on nomenclature: for

clarity, the original counter anion is indicated in parenthesis.

tion with the NARX, receptors. A series of *'P NMR experi-
ments of the phosphate anions and equimolar concentrations
of pure phosphates and receptors were used to qualitatively
probe the binding processes (Fig. 3 and Fig. S44-S567). The
magnitude of the upfield shift of the phosphorus isotopic
signals upon binding the R-NARX, receptors qualitatively
infers how deep the guests’ sit in the host’s binding pocket. Of
the different R-NARBTr, receptors, PPi experienced the most sig-
nificant upfield movement with R = naphthalene (Fig. 3). This
was followed closely by the benzyl (Bn)-NARBr, receptor and
1-propanol (C30H)-NARBr,. Qualitatively, the absence of an
aromatic environment or a hydrogen bond potential of
hydroxyl groups in the cyclohexyl upper rim modification may
explain why it has the smallest effect on the PPi resonance
(Fig. 3, Table 1 and Fig. S44-S56%).

1270 | Org. Chem. Front,, 2022, 9, 1267-1275

Additionally, it is evident how the different counter ions
contribute to the shielding of the pyrophosphate anions. The
PPi signal was shielded by 1.14 ppm with C30HNAR(Cl),,
1.76 ppm with C30OHNAR(Br),, and 1.85 ppm with C3OHNAR
(OTf),. Larger upfield shifts of 2.42, 2.50, and 2.72 ppm were
observed upon switching from chloride to bromide or triflate
with the NpNARX, receptors. The magnitude of these shifts is
a qualitative representation of the different affinities. As the
product is identical in each case, the changes are better inter-
preted as a measurement of the population ratios between
bound (upfield shifted) and free (unchanged) PPi. This is
further complicated by the second binding interaction of the
guest (NaPPi) with the lower rim. Computational results
suggest that PPi phosphorous atoms in the cavity have a
higher point-charge electron density (Natural charge = 2.53¢)

This journal is © the Partner Organisations 2022
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than a PPi bound to the lower rim (Natural charge = 2.48e,
Fig. S577). The weaker the coordinating anion, the greater the
binding affinity for the upper rim. Thus, one would expect the
instantaneous relative population of PPi in the upper vs. lower
binding sites to grow as the anion coordinating ability drops.
The increased shielding observed for phosphorus in the tri-
flate pro-receptor compared to the chloride or bromide
strongly supports this inference. The most significant shifts
are observed for largely dissociative triflate as this counterion
is easiest to displace. This same differential effect is not
immediately apparent in the "H NMR spectra, where we note
that the absolute shifts are similar. But they start from
different starting points: the chemical shift of the indicated
resonances in the parent resorcinarenes are not identical
(although the peak shapes are), but upon binding, we do see
differences in peak broadness, suggesting that although the
PPi-bound complexes are expected to be all identical, we might
be observing indicators of the dynamism of the binding
process.

Similar *'P experiments were used to probe the binding of
the receptors towards other phosphates: PO,*~, AMP, ADP, and
ATP. PO,*>” showed similar but much weaker upfield move-
ment than PPi, while AMP showed greater field changes than
PPi. Moderate but measurable deshielding was observed for
ADP and ATP. The interaction of ADP and ATP with the host
might be through an exo-binding mode, explaining the weaker
effects; their larger size could be the main factor in this behav-
ior. Table 1 summarizes the *'P signal changes upon com-
plexation with the different R-NARX,s receptors.

Computational studies

The structural features of selected host-guest complexes,
NpNARX,, C30HNARX,, PPi@NpNAR, PPi@C30HNAR, were
then computationally evaluated in a 90% H,0/10% DMSO
(SCRF = SMD solvation model) using ®B97X-D/6-311-G(d,p)
method.”® For details of the methods, please see the ESLf
When X = Cl, the four chlorides position between the four-
upper rim NH, " groups, forming a plane parallel to the resorci-
narene base (Fig. 4) as expected. Both C30HNARCIl, and
NpNARCI, adopt superficially similar conformations but with
different energetic behavior. The calculated binding energy of
the host-counterion complex in this solvent system shows that
the Cl in NpNARCI, (AE, (1DMSO : 9H,0) = —62.4 kcal mol ")
is far less tightly bound than those in C3OHNARCl, ((AE,
(1DMSO : 9H,0) = —88.1 kcal mol™"). This would imply that
NpNARX should more readily lose its counterions, allowing for
easier binding with the incoming phosphate, all else being
equal. In the OTf-coordinated complexes, the bulky counter-
ions distort the host geometry, forcing it further open, a decid-
edly unfavorable conformation. The C30HNAROTf, complex
has a positive host-anion binding energy (AE}, (1IDMSO : 9H,0)
= 7.6 kecal mol ™), suggesting that it should spontaneously dis-
sociate. This unfavorable form was highlighted for the
NpNAROTf, complex, where all attempts to optimize the struc-
ture failed: the ions simply do not form a defined, stable salt
complex. This can be due to the high hydration energy in the

This journal is © the Partner Organisations 2022
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Fig. 4 The optimized geometries and the calculated binding energies
of three representative complexes of the chloride and triflate salts.
NpNARTf, could not be converged.

1DMSO/9H,0 solvent system and strong competition between
the host and the solvent for the counterions’ attention. To
better understand this relationship, a molecular dynamics
(MD) simulation was performed on NpNAROTf, using
OPLS-2005>%?° for the counterions and the receptor to reflect
the experimental conditions.*' The optimized geometry of the
counterion-coordinated host system was initially relaxed, then
the relaxed structure was immersed within the solvent box
using the system builder implemented in
Schrodinger’s Materials module.>® This solvent coordinated
system was then subjected to MD simulations, with an initial
production run of 5 ns (see ESIf for more details). The
dynamic behavior of the counterion was then traced through
four replicate MD simulations of 5 to 10 ns, each with
different starting vectors. Due to this observed dynamic behav-
ior of the counterion in the solvent system, the MD sampling
was further extended with four more replicates of 20 ns each.
The starting point and end result of representative MD trajec-
tories are shown in Fig. 5. In all the simulated trajectories, two
of the four OTf anions displace from their original positions
between the pendant upper arms of host, leaving all the ions
to be stabilized by solvent instead of each other. This explains
why we were unable to optimize the structure using DFT
method. This also prophesizes an incredibly favorable dis-
sociation of triflate and helps explain the high affinity for PPi.
This arrangement is maintained throughout the full 20 ns
of our MD sampling. This bulky and more weakly coordinating
counterion, by readily dissociating, should greatly increase the
binding affinity of incoming PPi for the host. With this initial

disordered

Org. Chem. Front,, 2022, 9,1267-1275 | 1271
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AG BE AEzpe TAS
PPi@NpNARCY =35.3 -4.7 -3.4 =27.3
PPi@C,OHNARCY -37.1 -2.4 0.7 -35.5

Fig. 5 MD simulation cell of the system containing disordered DMSO,
H>0, and two Np-8OTf systems, showing the position and displacement
of the OTf counteranions in the beginning (left) and at the end of the
equilibration state (right). The 2Np-80Tf complexes are shown in space-
filling mode, and the solvent systems are shown in lines.

view of host-counteranions, we next investigated the complex
formation with PPi.

The relative value of the predicted solvated binding energy
of complex formation for PPi@C30HNAR was found to be
1.8 keal mol™" (AAG) more favorable than for the PPi@NpNAR
complex. The very strong hydrogen bonds in the former are
met by the formation of new intra-host upper rim n-n inter-
actions between the naphthyl groups. It can be seen from the
calculated host-guest and intra-host bond lengths (Fig. 7) that
in PPI@NpPNAR, four of PPi’s oxygen atoms sit deep in the
NpNAR cavity, forming strong interactions with the trimethyl
ammonium and phenols, leaving only two PPi oxygen atoms to
face the solvent. In PPi@C30HNAR, the oxygen atoms of PPi
are also immersed in the C30OHNAR host cavity, but less
deeply and potentially more easily interrupted by the solvent.
The deeper positioning of the guest in the PPi@NpNAR
complex facilitates the intra-host interactions between upper
rim OH---OH and the n-= interactions between the Np groups,
which are obviously not available to the PPi@C3OHNAR
complex. The interactions block solvent from almost half of
the circumference of the complex, protecting the host-guest
interactions from interference.

However, all these calculations simply look at the 1:1
system. With it becoming increasingly clear that a 2:1

1272 | Org. Chem. Front., 2022, 9, 1267-1275
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Initial minimization 1n

NpNAROTf

Fig. 6 The optimized geometry of PPi@NpNAR, and PPi@C30HNAR
complexes. BE is binding energy, Ezpe is the zero-point energy; these
terms together equate to AH.
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Intra-Host
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b, <= Host-Guest
/ : ; INTs

/
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N*Hipnary-+O pi 1.65 OHinonan)--Oanas) 212
N*HinenagyOippi) 164 OHinpnag)+Onpnag) 1.84
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OHnpna)--O'(esiy 1.66

Fig. 7 The predicted structural parameters of the optimized

PPi@NpNAR, and PPi@C30HNAR complexes.

PPi: host stoichiometry exists, we reoptimized the trimeric
complexes (Fig. 8). As we had considered, the optimal struc-
ture does have the second PPi unit, in the form of Na,PPi, loca-
lized to the bottom rim of the cavitand. It does not adopt the
same conformation for both systems; with C30OHNAR, it sits
perpendicular to the axis of the cavitand, roughly parallel with
the PPi in the upper cavity, while for NpNAR it sits aligned

This journal is © the Partner Organisations 2022
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AG BE AEzpe Tas
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2PPi@C,0HNARCY -60.3 -1.7 2.0 -60.6

Fig. 8 The optimized geometry of 2PPi@NpNAR and 2PPi@C30HNAR
complexes. Side view, top-down view, bottom-up view. BE is binding
energy, Ezpe is the zero-point energy; these terms together equate
to AH.

with the cavitand’s axis. This difference is likely because these
are both low-lying interactions, and in neither case can all four
rim hydroxyls engage with the PPi. However, it would be sensi-
ble that the degree of entropic contribution (provided by PPi
and cavitand desolvation) would drive this forward. The overall
AG of binding to form this ternary complex, —60.6 kcal mol™*
for C3OHNAR and —61.6 kcal mol™' for NpNAR, is roughly
double that of the dimer above; binding to the lower rim is
less favorable than the initial interaction with the cavity but is
still highly exogenic. The reaction actually becomes endother-
mic on the AH term (sum of the binding energy and the zero-
point correction energy), with the dimer (Fig. 6) being more
favorable than the trimer; trimer formation is driven entirely
by entropy. The entropy terms are overestimated in these calcu-
lations. This binding could likely be further improved through
cooperative anion-cation interactions.

In all, the computational data parallels the relative results
of the experimental ITC data: binding is favorable for a two-
site model, and the NpNAR forms the stronger interactions
with PPi.

Conclusions

In conclusion, an extensive study in solution of ten N-alkyl
ammonium resorcinarene salts with varying counter anions
using 'H and *'P NMR, and ITC show the resorcinarene salts
to be high-affinity receptors for PPi in aqueous media. The

This journal is © the Partner Organisations 2022
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receptor with the terminal propyl hydroxyl groups C3OHNAR
(X)4 and the napththalen-1-ylmethyl group at the upper rim,
both with weakly coordinating triflate counter anions, gave the
best results with PPi. The results show that both the nature of
the upper rim substituent and the coordinating strength of the
counter anions play crucial roles in determining binding
affinity. The C30OHNAR(X), receptors provide an extra hydro-
gen bond for enhanced binding, while the NpNAR(X), provides
a larger surface area for binding. Weakly coordinating counter
anions such as triflate enhanced the binding affinity over more
coordinating anions such as chloride. Our results also show
good binding for AMP while PO,*>~ due to its smaller size was
only weakly bound. The larger sizes of ADP and ATP suggest
the binding to the receptor to be exo-cavity.

A detailed series of molecular dynamic simulations (MD)
and the density functional theory (DFT) study highlighted the
significance of the upper rim substituents and the counter
anion as crucial factors for establishing the high binding
affinity. These results show that modifying the upper rim and
counter anions of the R-NAR(X), enhances their affinity and
sensor ability towards PPi. Similarly, they support the conten-
tion that the second binding interaction with PPi is competi-
tive and occurs with a specific conformation with the lower
rim hydroxyls rather than as an exo-interaction with the cavity,
as we had previously speculated. These results pave the way to
using a supramolecular approach using cavity containing
resorcinarene salts receptors as qualitative sensors for PPi in
biological media.
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