
1635

Sulfated prism[6]arene binds one guest internally and
one guest externally
Emmanuel A. Bazan-Bergamino1, Steven Ayoub2, David L. Mobley*2 and Lyle Isaacs*1

Full Research Paper Open Access

Address:
1Department of Chemistry and Biochemistry, University of Maryland,
College Park, Maryland 20742, United States and 2Department of
Pharmaceutical Sciences and Department of Chemistry, University of
California, Irvine, CA 92697, United States

Email:
David L. Mobley* - dmobley@uci.edu; Lyle Isaacs* -
LIsaacs@umd.edu

* Corresponding author

Keywords:
host–guest systems; macrocyclic arene; prismarene; ternary complex

Beilstein J. Org. Chem. 2026, 22, 1635–1648.
https://doi.org/10.3762/bjoc.22.132

Received: 27 August 2026
Accepted: 26 October 2026
Published: 11 November 2026

This article is part of the thematic issue "Physical organic chemistry of
new materials".

Guest Editor: J. D. Tovar

© 2026 Bazan-Bergamino et al.; licensee
Beilstein-Institut.
License and terms: see end of document.

Abstract
We report the synthesis of sulfated prism[6]arene (Pr[6]AS) by reaction of (HO)12Pr[6] with SO3·pyridine in 35% yield. Pr[6]AS
has very good solubility in water (>30 mM) and does not undergo self-association according to 1H NMR dilution experiments.
Qualitative 1H NMR investigations show that guest resonances shift dramatically upfield and become significantly broadened upon
complexation with Pr[6]AS. Isothermal titration calorimetry (ITC) experiments show that Pr[6]AS forms ternary complexes
(Pr[6]AS·guest2) with hydrophobic ammonium ions in phosphate buffered saline with β-values (Ka1 × Ka2) values up to
6.84 × 1013 M−2. Molecular dynamics simulations show that Pr[6]AS firmly binds one guest (6q, Me4Bipip) within its cavity and a
second guest (6q, Me4Bipip) on the convex region of Pr[6]AS in close proximity to the externally directed sulfate substituents.
Uncomplexed Pr[6]AS holds 7.6 ± 1.9 H2O and one Na+ ion within its cavity. Formation of the 1:1 and 1:2 Pr[6]AS–6q complexes
results in expulsion of the Na+ ion and approximately five of the solvating H2O molecules. Intriguingly, the combination of larger
naphthalene walls and sulfate ionic groups that are conformationally restricted creates a secondary guest binding site on the exte-
rior of Pr[6]AS which suggests a route toward the design of high molecularity complexes.
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Introduction
Modern supramolecular chemistry relies on the ready availabili-
ty of building blocks that can be used to create functional
systems like biological imaging agents, drug delivery systems,
separations materials, chemical sensors, and stimuli-responsive
materials [1-6]. Macrocycles constitute an important class of
supramolecular building blocks that most commonly form

binary macrocycle·guest complexes. Some of the most popular
macrocyclic host families include cyclodextrins, crown ethers,
cavitands, calixarenes, cyclophanes, metal-organic cages, cucur-
biturils, and most recently pillararenes (Figure 1a) [7-15].
Macrocycles that form binary complexes with ultrahigh binding
affinity (e.g., CB[n]) and high selectivity are particularly prized
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Figure 1: a) Structures of selected water-soluble host systems. Depictions of different geometries of host·(guest)2 complexes: b) in-in, c) in-portal,
d) in-outaxial, and e) in-outequatorial.

for non-covalent latching, surface immobilization, and even in
vivo sequestration [16-18]. Consequently, a subset of supramo-
lecular chemists seek to understand the design principles
governing ultrahigh affinity complexation in water [19,20].
Conversely, macrocycles that display moderate affinity and
selectivity (e.g., cyclodextrins) are more appropriate as solubi-
lizing excipients for insoluble drugs and as components of
sensing arrays [21]. Within a homologous family of macro-
cycles, the larger ring sizes are sometimes capable or forming
not only binary, but also ternary or even quaternary complexes
[22-24]. For example, the ability of CB[8] to form homo-
ternary and hetero-ternary complexes has been used to construct
self-assembled materials, stimuli-reponsive molecular switches,
and promote protein dimerization [25-27]. Other capacious

cyclindrical hosts have been used to promote reactions and
interactions between encapsulated guests [11,28-32]. For exam-
ple, Fujita’s earliest tetrahedral metal-organic cage cooperative-
ly binds four equivalents of adamantanecarboxylic acid and
later tubular variants even template the assembly of tetramolec-
ular donor–acceptor π-stacks for electron transport [23,33,34].
In the above-mentioned systems, the two or more guests bind
inside the cavity of the host (Figure 1b). Other hosts, particular-
ly water-soluble macrocycles featuring large aromatic walls
form ternary complexes where one guest is bound inside the
macrocyclic cavity and a second guest binds to the outer π-sur-
face of the host (Figure 1d). For example, Badjić’s molecular
bowls form ternary complexes with methotrexate and phen-
ethylamines [35,36].
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Scheme 1: a) Structures of various prism[n]arenes (n = 5, 6) and the synthesis of Pr[6]AS. Conditions: a) pyridine·SO3 (30 equiv), pyridine, 60 °C,
1.5 days, 35%.

Within this context, our group sought to use our understanding
of the ultrahigh binding affinity of cucurbiturils (e.g., electrosta-
tically negative portals; release of high-energy waters) to
improve the binding affinity of water-soluble pillararenes
(WP[n], Figure 1a) [37]. Accordingly, we removed the hydro-
phobic CH2-linker to prevent self-inclusion and swapped
CO2Na for OSO3Na to ensure complete deprotonation at all pH
values to create pillar[n]MaxQ (P[n]AS) [38]. P[n]AS display
ultrahigh binding affinity in water and bind preferentially to
quaternary ammonium ions. We have investigated the origins of
the ultrahigh binding affinity of P[n]AS and used P[6]AS as an
in vivo reversal agent for drugs of abuse and neuromuscular
blockers [39-44]. Other researchers have applied P[n]AS
directly along with related sulfated macrocyclic arenes in a
variety of applications [45-49].

In 2020, the work of Gaeta on organic soluble prismarenes
based on 2,6-dialkoxynaphthalene monomers caught our eye
[50] as a way to increase macrocycle depth and volume and
perhaps enhance the π–π and hydrophobic contributions to
aqueous binding free energy. Thereafter, Gaeta’s group
published the synthesis of water-soluble prism[n]arene
(Scheme 1, WPr[n], n = 5, 6) and our group published a direct
cyclization route toward WPr[5] and demonstrated its
high binding affinity toward hydrophobic dications [51,52].
Naturally, we sought to apply our sulfate trick to the pris-
marene scaffold and recently reported the synthesis of Pr[5]AS
and showed that it binds significantly more strongly than
WPr[5] toward a common guest [53]. Very recently, Gaeta re-
ported the synthesis of Pr[6]AS from (HO)12Pr[6] and showed
that it is a very effective host for the environmental pollutants
methylene blue and rhodamine B [54]. Herein, we report our
synthesis of Pr[6]AS and its ability to form ternary
Pr[6]AS·(guest)2 complexes with hydrophobic diammonium
ions.

Results and Discussion
This Results and Discussion section is organized as follows.
First, we describe the synthesis and characterization of Pr[6]AS
along with the determination of its inherent aqueous solubility
and its low propensity for self-association by 1H NMR dilution
experiments. Next, we study the binding of Pr[6]AS with a
panel of hydrophobic guests by 1H NMR spectroscopy at differ-
ent Pr[6]AS:guest ratios. Thereafter, we present the results of
isothermal titration calorimetry (ITC) experiments that estab-
lish the formation of ternary Pr[6]AS·(guest)2 complexes. Mo-
lecular dynamics simulations were then used to study Pr[6]AS
alone and in combination with one or two equivalents of guest.
Finally, we offer some conclusions.

Design, synthesis, and characterization of
Pr[6]AS
As described above, swapping of CH2CO2H solubilizing arms
for strictly hydrophilic and ionic solubilizing sulfate groups
effectively enhances binding affinity of Pr[5]AS relative to
WPr[5] and of P[6]AS relative to WP[6] [38,53]. Given that
WPr[6] displays only modest affinity toward neutral and
cationic guests in water (log Ka up to 3.5) [51,55,56], we saw an
opportunity to greatly enhance binding affinity via host sulfa-
tion. Accordingly, we synthesized (HO)12Pr[6] according to the
procedure of Gaeta [57]. Next, we reacted (HO)12Pr[6] with
30 equivalents of pyridine·sulfur trioxide complex in pyridine at
60 °C for 36 hours to give Pr[6]AS as a crude solid. Pure
Pr[6]AS was obtained in 35% yield after basification with
NaHCO3 followed by reprecipitation from water using acetone
(Supporting Information Information File 1). The water solu-
bility of Pr[6]AS was determined as ≥30 mM by standard gravi-
metric and volumetric methods. The 1H NMR spectrum re-
corded for Pr[6]AS (Figure 2a) displays a pair of doublets in the
aromatic region of the spectrum and a singlet for the bridging
CH2-groups; the spectrum is equivalent to that reported by
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Gaeta [54]. This pattern of resonances is consistent with
Pr[6]AS adopting a time-averaged D6-symmetric conformation.
It is known that prism[6]arenes are planar chiral and can adopt
eight different conformations [58] which may explain the small
resonances seen in the baseline of Figure 1a. The 13C NMR
spectrum recorded for Pr[6]AS (Figure 2b) shows five aromatic
resonances for the symmetry-equivalent naphthalene walls and
one resonance for the bridging CH2 groups at 20.4 ppm as ex-
pected for time-averaged D6-symmetry. The electrospray
ionization (ESI) mass spectrum recorded in the negative ion
mode for Pr[6]AS (Supporting Information File 1, Figure S3)
displays a prominent ion at m/z = 718.89 which can be assigned
as [Pr[6]AS − 8SO3Na + 6H}2− (calcd for C66H42O24S4Na4

2−,
719.03) and less intense ions at m/z = 668.04 and 789.90 which
correspond to [Pr[6]AS − 9SO3Na + 7H}2− and [Pr[6]AS −
8SO3Na + 6H + Na2SO4}2−, respectively.

Figure 2: a) 1H NMR spectrum (600 MHz, D2O, 298 K) recorded for
Pr[6]AS, and b) 13C NMR spectrum recorded (150 MHz, D2O, 298 K)
for Pr[6]AS.

After having firmly established the structure of Pr[6]AS spec-
troscopically, we set out to determine whether Pr[6]AS under-
goes self-association in aqueous solution that might impinge
upon the measurement of host·guest-binding thermodynamics.
For this purpose, we performed 1H NMR dilution experiments
and monitored the chemical shifts as a function of [Pr[6]AS]
from 50 μM to 5 mM (Supporting Information File 1, Figures
S5 and S6). We observed only very small (Δδ ≤ 0.03 ppm)
changes in chemical shifts which indicates that Pr[6]AS does
not undergo significant self-association in water. We also per-
formed variable-temperature 1H NMR experiments (Supporting
Information File 1, Figure S4) for Pr[6]AS over the 293–343 K
temperature range, but did not observe sharpening of the spec-
trum relative to Figure 2a suggesting that Pr[6]AS dynamics are
slow on the chemical shift timescale.

Qualitative investigation of the molecular
recognition properties of Pr[6]AS by 1H NMR
spectroscopy
Next, we investigated the molecular recognition properties of
Pr[6]AS toward a panel of guests (Figure 3) by 1H NMR spec-
troscopy at different Pr[6]AS:guest molar ratios. The guest
panel was selected to include guests of gradually increasing
cross-sectional area and hydrophobicity as well as include pri-
mary and quaternary ammonium ions. Figure 4a and 4f show
the 1H NMR spectra recorded for Pr[6]AS and 6q (Me4Bipip)
separately. Figure 4b–e show the 1H NMR spectra recorded at
1:1, 1:2, 1:3, and 1:4 host:guest molar ratios. At a 1:1
Pr[6]AS:6q molar ratio (Figure 4b), the guest resonances
broaden dramatically and shift significantly upfield upon com-
plexation with the following Δδ values for Ho (−2.28), Hp
(−2.36), and Hq (−2.58) located in the center of 6q. The reso-
nances for Hk–Hn located nearer the ends of 6q undergo smaller
changes in chemical shift (Hk: −0.42; Hl: −0.92; Hm: −1.08; Hn:
−1.39). This pattern of resonances indicates that on a time-aver-
aged basis the center of the 6q guest is located within the
anisotropic magnetic shielding region of one or more of the
naphthalene walls of Pr[6]AS. Related 1H NMR stack plots for
the other guests are given in Supporting Information File 1
(Figures S7–S19). Table 1 presents the Δδ values observed for
each guest at a 1:1 Pr[6]AS:guest ratio. Similar Δδ patterns are
observed for other guests which indicates they adopt related
geometries with the central hydrophobic regions of the guest lo-
cated near the magnetically shielding naphthalene walls and the
ammonium groups located closer to the sulfated portals. At
higher 6q:Pr[6]AS ratios (Figure 4c–e) the guest resonances
shift gradually back toward the location of free 6q (Me4Bipip)
which indicates that the kinetics of guest exchange are in the
intermediate to fast exchange regime on the chemical shift
timescale. However, the magnitude of the backshifting of reso-
nances was less than would be expected for a simple 1:1 com-
plex. For example, the Δδ value for Hq of 6q at a 1:1 ratio is
−2.58 ppm, at a 1:2 ratio is −2.42 ppm, at a 1:3 ratio is
−2.37 ppm, and is −1.93 ppm at a 1:4 ratio. For a hypothetical
1:1 mixture of Pr[6]AS·6q and 6q under fast exchange, a 50%
reduction in the Δδ value from −2.58 to −1.29 ppm would be
expected, but we only see a 6% reduction to −2.42 ppm. Related
changes in chemical shifts at 1:2 and 1:4 molar ratios are seen
with the other guests. These results suggested that Pr[6]AS is
capable of binding at least two guest molecules at the concen-
tration of Pr[6]AS (100 μM) used for 1H NMR. We also moni-
tored the chemical shift of Pr[6]AS (Hb) upon titration with 2q,
3q, 5q, and 6q (1, 2, 3, and 4 equiv). A plot of Δδ versus guest
concentration (Supporting Information File 1, Figure S20)
shows that the change in chemical shift plateaus at an approxi-
mate 1:2 Pr[6]AS:guest ratio which provides additional support
for a 1:2 binding model.
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Figure 3: Structures of guests used in this study and proton labelling.

Figure 4: 1H NMR spectra (600 MHz, D2O, rt) recorded for: a) Pr[6]AS (100 μM), b) a mixture of Pr[6]AS (100 μM) and 6q (Me4Bipip) (100 μM), c) a
mixture of Pr[6]AS (100 μM) and 6q (200 μM), d) a mixture of Pr[6]AS (100 μM) and 6q (300 μM), e) a mixture of Pr[6]AS (100 μM) and 6q (400 μM),
and f) 6q (400 μM).
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Table 1: Complexation-induced changes in chemical shifts (Δδ) for indicated guest resonances at a 1:1 Pr[6]AS:guest molar ratio.

Guest k l m n o p q

1, NMe4 −0.32 – – – – – –
2p, C6DA – – −1.69 – −1.99 −2.74 –
2s, Me2C6DA −0.63 – −1.89 – −1.97 −2.72 –
2t, Me4C6DA −0.62 – −1.96 – −2.17 −2.88 –
2q, Me6C6DA −0.64 – −1.75 – −2.42 −2.97 –
3p, PXDA – – −1.14 – −1.42 – –
3q, Me6PXDA −0.85 – −1.30 – −2.08 – –
4, MV −0.15 – −0.80 – −2.65 – –
5p, CHDA – – −0.72 – −0.82 −0.77 –
5q, Me6CHDA −1.05 – −1.86 – −2.21 −2.30 –
6s, Bipip – – −0.92 −1.54 −2.32 −1.77 −2.62
6q, Me4Bipip −0.42 −0.92 −1.08 −1.39 −2.28 −2.36 −2.58

Quantitative investigation of the molecular
recognition properties of Pr[6]AS by
isothermal titration calorimetry
As described above, the upfield shifts in chemical shift upon
complexation persist at higher guest:Pr[6]AS stoichiometries
which suggested the formation of ternary Pr[6]AS·guest2 and
potentially higher molecularity complexes. We expected that
Pr[6]AS would form tight complexes with hydrophobic dica-
tions and therefore we selected ITC as our analytical method
since it is able to easily determine Ka values up to 1012 M−1 by
direct and competitive ITC titrations along with ΔH and stoichi-
ometry (N-value). Figure 5a shows the thermogram recorded
when a solution of Pr[6]AS (10 μM) in phosphate-buffered
saline (PBS) in the ITC cell was titrated with a PBS solution of
6q (Me4Bipip, 200 μM) from the ITC syringe. The peaks in
Figure 5a were integrated to obtain the heat evolved per injec-
tion and then a plot of ΔH versus molar ratio was created
(Figure 5b). The data exhibits a clear inflection point at a molar
ratio of ≈2 which indicates the formation of the Pr[6]AS·6q2
ternary complex. The data in Figure 5b could be fitted equally
well to either a single-set-of-sites binding model with N = 2 or
to a sequential binding with the PEAQ ITC data analysis soft-
ware. The molecular dynamics simulations reported below
show two distinct binding sites and therefore support the
application of a sequential binding model. The solid line in
Figure 5b represents the best fit of the data to the sequential
binding model implemented within the PEAQ data analysis
software with Ka1  = (1.28 ± 0.11) × 106  M−1  and
ΔH1 = −12.33 ± 1.15 kcal mol−1 and Ka,2 = (6.48 ± 0.31) × 105

M−1 and ΔH2 = −12.63 ± 1.42 kcal mol−1 (Table 2). Related
direct ITC titrations (Supporting Information File 1, Figures
S20–S29) were performed at a fixed concentration of Pr[6]AS
(10 μM) with the remainder of the guest panel (Figure 3) and
the thermodynamic parameters are reported in Table 2. Two of

Figure 5: a) Plot of DP versus time from the titration of a mixture of
Pr[6]AS (10 μM) in the cell with 6q (200 μM) from the syringe. b) Plot of
ΔH versus 6q:Pr[6]AS molar ratio. The solid line represents the best fit
of the data to a sequential binding model implemented in the PEAQ-
ITC data analysis software with Ka1 = (1.28 ± 0.11) × 106 M−1 and
ΔH1 = −12.33 ± 1.15 kcal mol−1 and Ka2 = (6.48 ± 0.31) × 105 M−1 and
ΔH2 = −12.63 ± 1.42 kcal mol−1.

the primary ammonium ion guests (3p, (PXDA) and 5p,
(CHDA)) and the quaternary monoammonium guest (1, NMe4)
did not evolve sufficient heat when a Pr[6]AS concentration of
10 μM in the ITC cell was used due to low Ka values and/or low
ΔH values. We avoided working at higher Pr[6]AS concentra-
tions due to the potential differential impact of ion pairing as
the concentration of the host is raised [59]. However, the
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Table 2: Binding constants (Ka, M−1) and thermodynamic parameter (ΔH, kcal mol−1) for the various hosts and guests.

Pr[6]AS
Ka1 (M−1); ΔH1 (kcal mol−1)
Ka2 (M−1); ΔH2 (kcal mol−1)
β (M−2); ΔH1 + ΔH2 (kcal mol−1)b

Pr[5]AS [53]
Ka1 (M−1); ΔH1 (kcal mol−1)

P[6]AS [53]
Ka1 (M−1); ΔH1 (kcal mol−1)

1, (NMe4) i.h.e.c (7.88 ± 0.09) × 105; −1.60 ± 0.04 (7.73 ± 0.19) × 105; −6.95 ± 0.03

2p, C6DA (3.58 ± 0.55) × 105; −4.05 ± 0.83
(4.00 ± 1.17) × 104; −9.62 ± 1.80
(1.43 ± 0.47) × 1010; −13.67 ± 1.98

(3.91 ± 0.31) × 107; −2.83 ± 0.04 (3.23 ± 0.21) × 108; −9.38 ± 0.03

2s, Me2C6DA (1.59 ± 0.02) × 106; −7.35 ± 0.09
(8.27 ± 0.23) × 104; −14.23 ± 0.33
(1.31 ± 0.04) × 1011; −21.58 ± 0.34

(8.61 ± 0.70) × 108; −10.38 ± 0.10 (3.78 ± 0.10) × 109; −12.10 ± 0.02

2t, Me4C6DA (8.45 ± 1.00) × 105; −9.35 ± 1.11
(3.40 ± 0.18) × 105; −12.37 ± 1.35
(2.87 ± 0.37) × 1011; −21.72 ± 1.75

(1.39 ± 0.11) × 109; −5.29 ± 0.06 (4.870 ± 0.001) × 1010; −14.47 ± 0.03

2q, Me6C6DA (6.42 ± 0.37) × 105; −10.57 ± 0.83
(9.49 ± 0.23) × 105; −11.47 ± 1.04
(6.09 ± 0.38) × 1011; −22.14 ± 1.33

(5.29 ± 0.62) × 109; −4.72 ± 0.06 (2.97 ± 0.04) × 1011; −16.41 ± 0.03

3p, PXDA i.h.e.c (8.40 ± 0.47) × 105; 0.52 ± 0.07 (3.09 ± 0.11) × 107; −7.42 ± 0.02
3q, Me6PXDA (1.15 ± 0.17) × 106; −5.78 ± 0.83

(2.00 ± 0.28) × 105; −8.49 ± 0.63
(2.30 ± 0.47) × 1011; −14.27 ± 1.04

(1.92 ± 0.22) × 109; −10.04 ± 0.07 (1.68 ± 0.01) × 1011; −14.30 ± 0.02

4, MV (4.48 ± 0.04) × 107; −15.03 ± 0.08
(1.55 ± 0.02) × 106; −13.77 ± 0.09
(6.94 ± 0.12) × 1013; −28.80 ± 0.12

(8.61 ± 0.70) × 108; −10.38 ± 0.10 (1.92 ± 0.03) × 1010; −13.17 ± 0.02

5p, CHDA i.h.e.c (8.04 ± 0.64) × 105; −5.13 ± 0.05 (3.38 ± 0.22) × 107; −6.01 ± 0.02
5q, Me6CHDA (1.41 ± 0.03) × 106; −6.36 ± 0.05

(2.57 ± 0.04) × 105; −7.56 ± 0.22
(3.62 ± 0.08) × 1011; −13.92 ± 0.23

(4.13 ± 0.45) × 109; −6.33 ± 0.05 (5.89 ± 0.02) × 1010; −12.33 ± 0.01

6s, Bipip (1.11 ± 0.01) × 106; −5.23 ± 0.02
(2.09 ± 0.02) × 105; −7.64 ± 0.14
(2.31 ± 0.03) × 1011; −12.87 ± 0.14

(7.32 ± 0.78) × 109; −8.22 ± 0.06 (1.46 ± 0.07) × 1010; −10.33 ± 0.03

6q, Me4Bipip (1.28 ± 0.11) × 106; −12.33 ± 1.15
(6.48 ± 0.31) × 105; −12.63 ± 1.42
(8.29 ± 0.82) × 1011; −24.96 ± 1.83

(1.51 ± 0.10) × 1012; −13.75 ± 0.21 (9.17 ± 0.28) × 1011; −14.63 ± 0.07

7, PPCP (1.02 ± 0.08) × 106; −9.08 ± 0.82
(1.04 ± 0.13) × 105; −15.77 ± 0.69
(1.06 ± 0.16) × 1011; −24.85 ± 1.07

–d –d

aConditions: PBS buffer, pH 7.4, 298 K; bβ is the composite binding parameter (Ka1 × Ka2, units M−2); ci.h.e.: insufficient heat evolved at [Pr[6]AS] =
10 μM; dnot reported/determined.

1H NMR spectra for mixtures of Pr[6]AS and either 3p
(PXDA), 5p (CHDA), or 1 (NMe4) (Supporting Information
File 1, Figures S7, S8, and S10) show broadening and upfield
shifting of guest resonances indicating that binding does occur.

Discussion of trends in the thermodynamic
parameters
Table 2 shows that Pr[6]AS exclusively forms ternary
Pr[6]AS·guest2 complexes. The Ka values for the stronger
binding event, presumably within the cavity of Pr[6]AS range
from 3.58 × 105 M−1 for 2p (C6DA) up to 4.48 × 107 M−1 for 4
(MV). This binding event is driven by favorable enthalpic
changes with Ka values ranging from −4.05 kcal mol−1 (for 2p
(C6DA)) to −15.03 kcal mol−1 for 4 (MV). The second binding

events are only slightly weaker (maximum of 29-fold for 4) and
are also driven by favorable enthalpic changes (ΔH from −7.56
to −14.23 kcal mol−1). These favorable enthalpic changes
suggest that the binding processes are driven by the non-clas-
sical hydrophobic effect [60,61] involving the release of encap-
sulated water molecules as has been established previously for a
variety of macrocycles including prismarenes [56,62,63].
Overall, Pr[6]AS displays low levels of selectivity between the
different quaternary ammonium ion guests as is highlighted by
the composite binding parameter β (Ka1 × Ka2, units M−2) given
in Table 2. Previous studies of sulfated pillararenes and Pr[5]AS
showed high levels of selectivity for quaternary diammonium
over primary diammonium ions [53]. In contrast no clear trends
are seen in the Ka1 values for Pr[6]AS with 2p (C6DA), 2s
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(Me2C6DA), 2t (Me4C6DA), and 2q (Me6C6DA), although a
gentle 43-fold increase in the composite β-values from 2p
(C6DA) to 2q (Me6C6DA) is observed (Table 2). Similarly, the
β-value for 6q (Me4Bipip) is 3.6-fold larger than for 6s (Bipip).
In contrast, the ITC and 1H NMR data show that the quaternary
diammonium ions 3q (Me6PXDA) and 5q (Me6CHDA) bind
substantially stronger than their primary diammonium ion ana-
logues 3p (PXDA) and 5p (CHDA) as has previously been ob-
served for Pr[5]AS [53]. The thermodynamic data in Table 2
also allows a comparison between Pr[6]AS and the previously
reported sulfated hosts Pr[5]AS and P[6]AS [38,53]. Quite
clearly, the Ka1 values increase as the host is changed from
Pr[6]AS to Pr[5]AS to P[6]AS which likely reflects: a) a better
host:guest size match with this panel of guests, b) the presence
of residual water molecules within the binary Pr[6]AS·guest
complexes (vide infra), and c) the lower net charge of Pr[5]AS
(−10 versus −12) compared to P[6]AS. In this regard, it is note-
worthy that 6q binds slightly tighter to Pr[5]AS than P[6]AS
despite its lower charge.

Molecular dynamics simulations of Me4Bipip (6q)
binding to Pr[6]AS
The ITC results described above (Figure 5, Table 2) clearly
establish that Pr[6]AS forms ternary Pr[6]AS·guest2 complexes.
However, the broadening observed in the 1H NMR spectra of
1:1 and 1:2 mixtures of Pr[6]AS and guests (Figure 4 and Sup-
porting Information File 1, Figures S7–S19) do not allow us to
elucidate the geometry of the Pr[6]AS·guest2 complexes
(Figure 1b–e). Accordingly, we performed molecular dynamics
simulations of the interaction of 6q with Pr[6]AS. We simu-
lated three systems in explicit TIP3P water [64] with 137 mM
NaCl [65] to match the experimental ionic strength: 1) uncom-
plexed Pr[6]AS (50 ns), 2) Pr[6]AS·6q (1:1, 500 ns), and
3) Pr[6]AS·6q₂ (1:2, 500 ns). We parametrized both host and
guest with the OpenFF Sage 2.3.0 force field [66,67], using
NAGL machine-learned AM1-BCC [68] charges for Pr[6]AS
and AM1-BCC charges [69,70] for 6q, and ran unbiased NPT
production in OpenMM [71] at 300 K. Full simulation and anal-
ysis protocols are given in Supporting Information File 1. The
position and orientation of 6q, Pr[6]AS eccentricity, inter-
sulfate distances, cavity hydration, and cation–water–sulfate
bridges were computed with MDTraj [72] in a Pr[6]AS body
frame defined independently for each frame. The body-frame
axis was defined as the normal to the mean plane of the macro-
cycle. Guest positions were calculated by projecting the guest
center of mass, relative to the host center of mass, onto this axis
(z) and the perpendicular plane (r). The simulation involving the
Pr[6]AS and 6q at a 1:2 ratio was simulated from three differ-
ent starting configurations: a) two molecules of 6q at the edges
of the simulation box, b) one molecule of 6q inside Pr[6]AS and
one bound at the sulfated portal (Figure 1c, Supporting Informa-

tion File 1, Figure S31), and c) two molecules of 6q inside
Pr[6]AS (Figure 1b). Throughout these simulations, the macro-
cyclic scaffold maintained a radius of gyration 7.36–7.37 Å.
This metric indicates that the host does not undergo large-scale
collapse or expansion during the simulations while still
sampling conformational changes in the macrocycle and sulfate
groups.

Geometrical features of uncomplexed Pr[6]AS and
the Pr[6]AS·6q and Pr[6]AS·6q2 complexes
Figure 6a shows a snapshot from the MD simulation of uncom-
plexed Pr[6]AS. Rather than assuming an idealized regular hex-
agonal geometry, Pr[6]AS assumes the more rectangular struc-
ture shown in Figure 6a. The longest distance between the
opposing S-atoms amounts to 19.2 ± 0.4 Å. In the Pr[6]AS·6q
complex (Figure 6b), 6q binds along the cavity axis of Pr[6]AS:
its center of mass sits close to the center of the host (|z| = 1.68 ±
0.04 Å, r = 1.26 ± 0.02 Å) and its N–N axis is tilted 35.1 ± 0.7°
from the macrocycle normal. Here z and r measure displace-
ment along and perpendicular to the macrocycle normal, both
relative to the center of mass of Pr[6]AS, and the tilt is the angle
between that normal and the N–N axis of 6q. One of the quater-
nary N-atoms of 6q is located near three sulfates where it
engages in NC–H···O interactions. Conversely, the other quater-
nary N-atom is located inside the cavity of Pr[6]AS where it
engages in quaternary ammonium cation–π interactions with
one of the naphthalene walls of Pr[6]AS. Figure 6c shows a
snapshot (at 250 ns) from the MD simulation of Pr[6]AS·6q2.
Additional snapshots at t = 0, 16, 50, and 500 ns are shown in
Supporting Information File 1, Figure S32. In the MD trajec-
tory, the Pr[6]AS (−12) host binds the 6q guests to its convex
equatorial region followed by one 6q entering the cavity at
t = 16 ns; this guest remains bound for the remaining 484 ns of
the simulation. In the 250 ns snapshot, one 6q guest is bound
inside the cavity of Pr[6]AS with a geometry that is quite simi-
lar to the 1:1 Pr[6]AS·6q complex (Figure 6b). The second 6q
molecule is located outside the cavity along the equatorial
region of Pr[6]AS where it interacts with one naphthalene wall
and two sulfate substituents; the overall geometry resembles
that depicted in Figure 1e. At other timepoints in the simulation
(16 and 50 ns) the second 6q guest binds to the exterior naph-
thalene wall with the alternate axial-type geometry depicted in
Figure 1d (Supporting Information File 1, Figure S32b,c). In
this geometry, the 6q guest interacts with three sulfate substitu-
ents. The 6q guest binding at the equatorial region of Pr[6]AS is
dynamic and visits ≈5–8 of the 12 sulfates and exchanges
among them on the ≈100 ns timescale. The cavity guest is
dynamic in a different sense. It does not leave the cavity over
484 ns, but the integrated autocorrelation time of its tilt angle is
5.3–8.9 ns, so it reorients within the cavity many times over
each 500 ns trajectory.
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Figure 6: Cross-eyed stereoviews of the most representative solvation clusters from the MD simulations of: a) Pr[6]AS, b) Pr[6]AS·6q, and
c) Pr[6]AS·6q2. First-shell H2O molecules and inner-sphere Na+ ions (d(Na+···O) < 3.15 Å) are shown; bulk H2O, Cl−, and remaining Na+ are omitted
for clarity. Color code: C atoms of Pr[6]AS, gray; C atoms of 6q, aqua; H, white; N, blue; O, red; S, yellow; Na+, purple; Na···O and HOH···O, gray
dotted lines.

In none of the MD simulations were any Pr[6]AS·6q2 com-
plexes observed that possessed geometries of the type shown in
Figure 1b. To further verify whether such a geometry might be
possible, we deliberately forced two guests into the host cavity

via docking and then minimized energy using three restraint
protocols. Unrestrained minimization expelled both guests
through opposite portals. With a flat-bottom restraint confining
each guest's center of mass to within 4 Å of the host center,
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minimization drove both guests to the cavity edges rather than
to a deep-cavity minimum. With harmonic position restraints on
all guest heavy atoms, which hold the docked geometry rigid,
minimization converged to a strongly positive potential energy
of +4 × 104 kJ/mol, and NVT dynamics started from that struc-
ture produced NaN immediately. The force field therefore
admits no local minimum with both 6q (Me4Bipip) inside the
cavity. In fact, when a Pr[6]AS·6q2 complex with an initial ge-
ometry similar to Figure 1c was used for the MD simulation, the
complex transformed into that depicted in cartoon form in
Figure 1e (e.g., Figure 6c).

Water-mediated interactions and cavity desolvation
We used the MD simulations discussed above to quantify the
water-mediated interactions between Pr[6]AS and 6q. Each
cavity bound 6q interacts with roughly three first-shell H2O
molecules via N+CH2–H···OH2 interactions; these three H2O
molecules also form H-bonds to a terminal sulfate oxygen atom
(Figure 6b). The number of first-shell H2O molecules is the
same in both Pr[6]AS·6q and Pr[6]AS·6q2 complexes. A
histogram of the number of H2O molecules located in the cavity
of Pr[6]AS, Pr[6]AS·6q, and Pr[6]AS·6q2 is given in Support-
ing Information File 1 (Figure S33). Uncomplexed Pr[6]AS
holds 7.6 ± 1.9 water molecules and one Na+ ion in its cavity,
whereas Pr[6]AS·6q holds 3.1 ± 1.1 and the two Pr[6]AS·6q2
simulations each hold 2.9 ± 1.1. Thus, binding of 6q displaces
approximately five molecules of water and one Na+ ion from
the cavity of Pr[6]AS. Mapping the water density around
Pr[6]AS·6q2 in a reference frame fixed to the host (Supporting
Information File 1, Figure S34) shows where that water is lost
and where it is retained. Binding of 6q inside Pr[6]AS results in
cavity desolvation (decreases to ≈10% of bulk water density)
whereas the twelve sulfate groups retain discrete bridging
hydration shells at 2–3 times bulk water density. Overall, 6q
binding desolvates the hydrophobic cavity (loss of ≈60% of
water) but not the anionic sulfated portal (loss of only ≈7% of
water) because 6q inserts into a preexisting sulfate hydration
shell rather than displacing it.

Previously, the deficiency of H-bonds of water molecules inside
the cavity of CB[n] hosts was shown to play an important role
in their ultratight binding [62,63,73]. Uncomplexed Pr[6]AS
binds 7.6 ± 1.9 water molecules in its cavity, and in 92% of the
frames a Na+ ion is also present, coordinated by about four of
these waters. Using the criteria of Biedermann, Nau, and
Schneider [63] (donor–acceptor ≤ 3.5 Å, D–H···A ≥ 130˚) we
find that the remaining cavity waters form approximately 3.1
H-bonds which is slightly less than the bulk water (3.66
H-bonds) in our simulations. In 8% of the frames (42 events)
the cavity of Pr[6]AS is occupied by 9.5 ± 0.1 waters which
form 2.95 ± 0.1 H-bonds (Supporting Information File 1, Figure

S36) which results in a deficiency of H-bonds (Z = 9.5 × (3.62 −
2.95) = 6.4 H-bonds). This Z-value lies between those previ-
ously calculated for CB[6] (3.3 cavity waters, 1.71 H-bonds,
Z = 6.3) and CB[8] (13.1 cavity waters; 3.06 H-bonds; Z = 7.3)
both of which are ultratight binding hosts [63]. However,
Setiadi, Biedermann, Nau, and Gilson recently showed that
structural measurements of cavity water, such as water density,
do not necessarily correlate with its energetics [73]. Our simula-
tions, therefore, cannot establish whether the waters inside the
cavity water of Pr[6]AS are high-energy. The MD simulations
do show that when no Na+ is present, the cavity waters form
fewer hydrogen bonds than bulk water and releasing such water
could favor binding. While expulsion of under-coordinated
cavity water is consistent with the enthalpy-driven bimolecular
association to give Pr[6]AS·6q (ΔH1 = −12.3 kcal/mol,
−TΔS ≈ +4 kcal/mol), our simulations cannot determine what
fraction of the measured binding enthalpy comes from release
of the cavity Na+ from the cavity versus release of cavity water.

Counterion release and sodium coordination
Binding displaces counterions which have ordered around the
host, as well as water. Pr[6]AS has a charge of −12 and carries a
sodium atmosphere comprising ≈3.5 inner-sphere Na+ contact-
ion pairs at the sulfated portal and roughly one Na+ located in
the center of the cavity of Pr[6]AS (Figure 6a). Complexation
of dicationic 6q by Pr[6]AS results in the translocation of the
cavity Na+ ion to the sulfated portal (Figure 6c). The average
number of inner-sphere Na+ ions at the sulfated portal decreases
to 2.3 in Pr[6]AS·6q and to 1.9 and 1.5 in the two Pr[6]AS·6q2
simulations (Supporting Information File 1, Figure S35a). The
Na+···sulfate contact distance is ≈2.4 Å (Supporting Informa-
tion File 1, Figure S35b) as expected. Overall, 6q binding is an
exchange process that involves expulsion of cavity Na+ and
some cavity water. Chloride counteranions are not observed
interacting with the cavity bound 6q guest.

Host conformational analysis
To gain insight into the conformational flexibility and struc-
tural characteristics of the host, we analyzed two key structural
parameters: 1) the S···S distances between the sulfate groups of
Pr[6]AS, and 2) the distortion away from circularity of both the
sulfate groups and the CH2 groups of the macrocyclic core as
measured by the eccentricity parameter (e). We define two S···S
distances: dadj measures the separation between sulfate groups
on adjacent naphthalene rings on the same portal (12 such
pairs), and dopp measures the distance between sulfate groups of
the same naphthalene ring located on opposite portals (6 pairs).
The dadj distance averages 8.20 ± 0.03 Å for Pr[6]AS and
decreases to 7.86 ± 0.03 Å upon binding 6q whereas the dopp
distance is invariant at 9.50 ± 0.03 Å (Figure 7a). The quoted
error is the standard error across the complexes; the frame-to-
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Figure 7: Conformation of Pr[6]AS upon complexation of 6q. a) Distributions of the inter-sulfate distances dadj (top) and dopp (bottom); dashed vertical
lines mark the mean of each distribution. b) Violin plots of the eccentricity, e = √(1 – λ2/λ1), of the sulfate S-atoms (S, ionic) and the bridging CH2
C-atoms (C, macrocyclic core); horizontal bars and inset values give the means. Columns, left to right: Pr[6]AS (black), Pr[6]AS·6q (blue), Pr[6]AS·6q2
(orange, starting from the geometry of Figure 1c), and Pr[6]AS·6q2 (green, starting from uncomplexed 6q).

frame standard deviation of dadj is 0.9 Å. The 12 sulfate groups
of uncomplexed Pr[6]AS do not sit at a common distance from
the macrocycle axis. They occupy three shells at 4.1, 7.5, and
9.4 Å. Upon binding 6q, the four sulfates of the innermost shell
move outward by 0.6 to 1.7 Å and the remaining eight move
inward by 0.5 Å or less. The average sulfate distance from the
axis is 7.01 Å for uncomplexed Pr[6]AS and 7.15 Å for the
complexes, and the root-mean-square displacement over the
12 sulfates is 0.7 Å. The decrease of dadj, therefore, reflects a
rearrangement of the sulfate groups and not a compression of
the host.

Finally, we examined the eccentricity of both the sulfate groups
and the CH2 carbon atoms of the macrocyclic core to quantify
the overall structural asymmetry and the degree of deformation
of Pr[6]AS upon complexation (Figure 7b). Eccentricity
measures how much an ellipse deviates from being a perfect
circle, with 0 being circular and 1 being the extreme where an
ellipse opens into a parabola. Here, the ionic-group eccentricity
falls from e(sulfates) = 0.70 for uncomplexed Pr[6]AS to 0.62
upon complexation to form Pr[6]AS·6q. In contrast to the
sulfated pillar[5]arenes whose macrocyclic core was found to
retain its circular shape [40], the bridging CH2 groups of
Pr[6]AS are not rigid. The CH2 group eccentricity of Pr[6]AS

drops from e(CH2) = 0.62 for Pr[6]AS to 0.51 for Pr[6]AS·6q
which amounts to a shift of 19 standard errors further support-
ing the notion that the macrocyclic backbone of Pr[6]AS
tightens upon 6q complexation. The simulations of the
Pr[6]AS·6q and Pr[6]AS·6q2 all converge to the same geome-
try (Δ ≤1 SEM on each metric) which indicates that the second
guest binding does not further distort or symmetrize Pr[6]AS
host. The first molecule of 6q induces all the structural changes
in the same way that the first 6q binding event triggers desolva-
tion. Overall, 6q binding changes the conformation of Pr[6]AS
without changing its size measured in several different ways.
That is, the radius of gyration (7.37 Å), the average sulfate dis-
tance from the axis, and the dopp distance are all the same
(within error) in the uncomplexed versus the bound host. The
size-preserving conformational changes are thus of two kinds.
First, the sulfate groups rearrange: in uncomplexed Pr[6]AS
four of the 12 sulfates sit 4.1 Å from the axis and partially block
the cavity, and 6q displaces these four outward by 0.6 to 1.7 Å
while the other eight move inward, which leaves the 12 sulfates
at more similar distances from the axis. Second, the macro-
cyclic backbone itself changes shape, as shown by the drop in
e(CH2) from 0.62 to 0.51. Both the sulfate groups and the CH2
core are more circular in the complex than in the free host.
Pr[6]AS remains flexible in both states: dadj fluctuates by
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±0.9 Å and e(sulfates) by ±0.04 over the course of the simula-
tions, so binding shifts the average conformation of Pr[6]AS
rather than rigidifying it.

Conclusion
In summary, we report the synthesis of Pr[6]AS which displays
good water solubility (≥30 mM) and low self-association ac-
cording to 1H NMR dilution and variable-temperature experi-
ments. ITC experiments established that Pr[6]AS forms ternary
host–guest complexes with β-values (Ka1 × Ka2) values up to
6.84 × 1013 M−2 in PBS. Quaternary ammonium ion guests bind
more tightly than the analogous primary ammonium ion form.
1H NMR spectroscopy of the host–guest complexes of Pr[6]AS
show upfield shifting upon complexation, but dramatic broad-
ening prevents structural elucidation. Molecular dynamics
simulations showed that Pr[6]AS binds one 6q in its cavity
whereas the second guest binds on the convex face in close
proximity to the externally directed sulfate substituents. The
formation of 1:1 and 1:2 Pr[6]AS·6q complexes results in the
expulsion of the cavity-bound Na+ ion and much of the cavity
waters. In conclusion, the work shows that ionic sulfate groups
are not merely spectators around a hydrophobic cavity, but
rather active participants that shape the exterior of the host and
promote ternary complex formation.

Supporting Information
The electronic data that support this publication can be
freely downloaded from the Digital Repository at the
University of Maryland (https://drum.lib.umd.edu/home)
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data from the molecular dynamics simulations can be
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