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SUMMARY
Hydrophobic molecules lost in water systems can have significant impacts on local ecology. Notably, the
discharge of unmetabolized medications, specifically hormones, and hygiene products into effluent waste-
water is a pressing environmental challenge. While selective capture of these molecules has been demon-
strated by metal-organic cages (MOCs), these studies typically employ an organic solvent system that
does not reflect aqueous environmental conditions. In this study, we report a rare, water-soluble, tetrahedral
MOCbearing hydrosolvating sulfonatemoieties alongside an aromatic naphthyl spacer. TheMOC encloses a
large (657 Å3) cavity that can bind a range of polycyclic structures in aqueousmedia. Isothermal titration calo-
rimetry measurements support guest binding being an enthalpically driven hydrophobic binding process.
The synthetic strategy employed to prepare the MOC is extensible and thus serves as a promising route
to a range of large, water-soluble MOCs containing hydrophobic binding cavities with exciting prospects.
INTRODUCTION

Contamination of natural waterways by exogenous, hydropho-

bic pollutants is known to have an adverse effect on the local

ecology.1 In particular, there has been growing concern over re-

sidual hormone levels rising due to unmetabolized medications

entering wastewater streams and causing unintended biological

consequences to both humans and animals.2 Similarly, chemi-

cals such as tonalide, a base scent in perfumes, are increasingly

entering waste streams and are now widely recognized to

harm the surroundings.3–5 Selective binding6,7 and subsequent

removal of these marginally water-soluble molecules provides

an attractive route to ameliorate the environmental impact of

these compounds.8

Water-soluble coordination cages are a promising approach

for selective binding,9,10 having previously demonstrated the

capture and storage of the greenhouse gas SF6 and chemical

warfare agents.11–13 Significantly fewer examples of water-solu-

ble metal-organic cages (MOCs) have, however, been reported

to date compared with their organo-soluble counterparts.14

This reflects challenges with the aqueous solubility of the aro-

matic paneled ligands, which are typically employed to span

the metal vertices in these complexes.15–18 Through prescient

ligand design, the structure of MOCs and their associated void

spaces has been tuned, leading to the development of a wide

range of applications, including catalysis,19 molecular recogni-

tion,20 and labeling.21 There are, however, clear additive benefits

to the synthesis of water-soluble cages, namely the ability to uti-

lize the hydrophobic effect for the binding of a broad range of
Cell Reports Physical Science 6, 102404, Febr
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molecules with high affinity,22 as well as the potential application

of water-soluble cages in bioimaging and drug delivery.23–25

Current strategies for the development of aqueous cages rely

heavily on the use of kinetically inert metal ions26,27 or the retro-

active induction of water solubility to convert organic soluble

complexes, through anion exchange, into water-soluble cages,

which have limited stability over longer timescales.28 There are

few consistent methods of invoking aqueous solubility as a

part of MOC design.29 In this study, we report the synthesis of

a water-soluble MOC designed with solvating groups and em-

ploying a synthetic approach that may be transferred to other es-

tablished ligand systems. We show that the [Fe4L6]
4� tetrahe-

dron (C1) formed can bind a range of hydrophobic guests,

including manmade pollutants recognized to have significant

detrimental effects upon introduction into wastewater streams

(Figure 1).

RESULTS AND DISCUSSION

To ensure the formation of a water-soluble MOC, the solubility of

the precursor ligandwas actively considered from the outset.We

also estimated that an M4L6 cage with a void cavity of approxi-

mately 527 Å3, corresponding to an M–M distance of 16.5 Å,

was required based on a 55% fill volume30 when targeting the

binding of progesterone, ethinylestradiol, and tonalide in water

(Note S4.1.2). Evaluation of the literature,31 alongside the avail-

ability of 1a as a commercial precursor, identified L1 as a poten-

tial subcomponent synthetically accessible via a sultone ring-

opening reaction. Sulfonate-based ligands have previously
uary 19, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. Subcomponent self-assembly of

C1
Synthesisoccurs fromL1 (6 equiv), 2-formylpyridine

(12 equiv), and iron(II) sulfate (4 equiv) in water. The

initial guests targeted for encapsulation (proges-

terone, ethinylestradiol, and tonalide) are repre-

sented by the green general polycyclic structure.
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been shown to have good aqueous solubility and be compatible

with iron(II)-based self-assembly strategies.32 Moreover, once

formed, the iron(II) structure displays versatile applications due

to the well-defined hydrophobic binding pocket. The impact of

this approach has, however, been limited by the commercial

availability of ligands, which has restricted its generalization.

Here, we overcome this limitation, demonstrating the facile

installation of sulfonate moieties on hydroxyl-functionalized

ligand precursors.

Sulfonate ligand synthesis
Synthesis of the diamino ligand (L1) was achieved following a

two-step procedure (Scheme 1) comprising a ring-opening addi-

tion of 1,3-propanesultone33 with 1,5-dibromonaphthalene-2,6-

diol (1a). The subsequent dibrominated spacer (1b) underwent

a Pd-catalyzed Suzuki-Miyaura cross-coupling with commer-

cially available 4-aminophenylboronic acid pinacol ester under

standard conditions34 to produce the diamino ligand (L1). The

disodium sulfonate salt (L1) was water soluble and easily purified

by recrystallization, facilitating larger gram-scale synthesis

without the need for scale- and time-limited purification tech-

niques such as high-performance liquid chromatography

(HPLC).35 Following recrystallization, the formation of L1 was

confirmed by conventional nuclear magnetic resonance (NMR)

and mass spectrometry (MS) analyses, and the purity was

confirmed by elemental analysis (Figures S5–S9).

Assembly and characterization of MOC C1
We next explored the self-assembly of the C2-symmetric ligand,

L1, with iron(II) sulfate. Given its structural similarity to the re-

ported ligands, we predicted that an Fe4L6 tetrahedron would
2 Cell Reports Physical Science 6, 102404, February 19, 2025
form, noting that the horizontal orienta-

tion of the naphthyl spacer reduces the

likelihood of M2L3 helicates being formed

as a side product.36 Immediately upon

mixing 4 equiv of iron(II) sulfate heptahy-

drate, 12 equiv of 2-formylpyridine, and

6 equiv of L1 in D2O, a turbid purple solu-

tion was generated. After heating at 70�C
for 12 h, a clear purple solution was ob-

tained, indicative of low-spin iron(II) pyri-

dylimine bond formation. The 1H-NMR

spectrum (Figure S11) also supported

the formation of a diamagnetic complex

with multiple environments observed

per ligand resonance. Closer inspection

of the 1H-NMR spectrum and deconvolu-

tion of the proton resonances in the 9–9.5

ppm region supported the formation of a
mixture of Fe4L6 tetrahedra in T (20%), C3 (35%), and S4 (45%)

configurations (Figure S11). The formation of diastereoisomeric

mixtures of tetrahedra is frequently observed when an extended

organic linker, which has more degrees of freedom, is em-

ployed.34,37 More flexible ligands facilitate the incorporation of

a mixture of Ʌ- and D-isomers around the octahedral metal cen-

ters, and in solution, an equilibrium of achiral S4 (ɅɅDD), hetero-
chiral C3 (ɅDDD/DɅɅɅ), and homochiral T (ɅɅɅɅ/DDDD) sym-

metric cages can be observed.38 Further support for the

formation of a diastereoisomeric mixture of Fe4L6 tetrahedra

(C1) was obtained by MS and diffusion-ordered spectroscopy

(DOSY), neither of which provided any indication for the forma-

tion of an M2L3 helicate (Figures S13 and S17). A single diffusion

coefficient (D) corresponding to all the proton resonances was

found for C1; at 1.62 3 10�10 cm2s�1, this corresponds to a hy-

drodynamic radius of 15.1 Å and is comparable with analogous,

organic-soluble systems reported in the literature.34C1 could be

isolated in high yields as a purple powder, which can be readily

redissolved in water. A comparison between 1H-NMR spectra

of C1 made in situ and C1 redissolved following isolation indi-

cates no significant changes between the structures of C1

(Figure S11).

Following the slow diffusion of dioxane into an aqueous solu-

tion of C1, suitable single crystals for X-ray diffraction were ob-

tained (Figure 2). Refinement of the diffraction data revealed

that the predicted Fe4L6 tetrahedron had formed, with the achiral

S4 symmetric structure incorporating two Ʌ and two D coordi-

nated metal centers, exclusively observed in the crystal struc-

ture. The alkyl sulfonates are orientated away from the central

cavity, which is a hydrophobic binding pocket bounded by the

aromatic naphthyl units. As the sulfonates orientate to maximize



Scheme 1. Stepwise synthesis of water-soluble ligand L1 from a dibromonaphthalene derivative, 1a, via dibromo spacer compound, 1b
Compounds within the blue dashed box all show sulfonate-aided solubility in water.
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hydrogen-bonding interactions with the solvent water of crystal-

lization, the alkyl chains narrow the cage pore (Figure S56),

increasing the degree of enclosure of C1.34 Void space calcula-

tions on C1 using VOIDOO39 revealed a cavity volume of 657 Å3,

which, like the average M–M bond length (17.2 Å), is slightly

larger than our initial target (Figure 2B). While many tetrahedra

with similarly sized internal cavities have been reported,34

exceptionally few are water soluble and incorporate dynamic

metal bonds.29 Cage C1 is thus an exciting water-soluble host

molecule with the capacity to bind polycyclic guests through

p–p stacking and hydrophobic interactions. The single-crystal

structure gives insight into the internal and interfacial environ-

ments ofC1 and how it may interact with guests and bulk media.

Host-guest binding studies
Having confirmed the structure of C1, we next tested its potential

for guest binding against our target molecules—progesterone,

ethinylestradiol (the estradiol derivative employed in contracep-

tives41), and tonalide. Based onprevious data analysis of a smaller

water-soluble iron(II) pyridyl imine cage that identified logP as the
Figure 2. Single-crystal X-ray structure of C1
(A) Hydrogen atoms, solvent, and disorder have been omitted for clarity. Fe(II) ions

evidence of sodium counter cations was observed in the crystal structure, leadi

during crystallization.

(B) VOIDOO40-calculated void space (shown using green mesh) within the struct
primary factor for guest binding and volume as a secondary

parameter, we predicted that C1 would act as a suitable host for

each of the hydrophobic molecules targeted (Note S4). The initial
1H-NMRspectra,whereprogesterone,ethinylestradiol, or tonalide

hadbeenadded toseparatesolutionsofC1, supportedeachof the

guests’ binding (Note S5). Each of these potential guests is insol-

uble in pure D2O (Figure S20) but could clearly be observed

through a new set of peaks in the�2 to 1.5 ppm regionwhen in so-

lution withC1. The upfield shift of the alkyl proton signals, relative

to each of the guests in acetonitrile-d3 (Figure S20), is indicative of

binding inferred to be stabilized between the encapsulated guests

and thenaphthyl panelingof thecavitywithinC1.Moreover, exam-

ination of the specific resonances for each host-guest complex

suggests changes in the diastereomeric mixture of the cages

upon binding. For progesterone3C1, the imine region appears

to simplify, while for tonalide3C1, close examination of the tona-

lide resonances reveals more 1H-NMR peaks than expected for

the guest, which is indicative of tonalide binding within a lower

symmetry cage. Host-guest binding was also supported by the

consistent diffusion coefficients seen between the host and guest
(purple), O atoms (red), S atoms (yellow), N atoms (blue), andC atoms (gray). No

ng us to postulate that four of the twelve sulfonate moieties were protonated

ure of C1.
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Figure 3. Characterization of host-guest complex between C1 and progesterone

(A) 1H-NMR (500 MHz, D2O, 298 K) of C1 and progesterone3C1; peaks in the dashed box have been scaled 10-fold for clarity and correspond to the proton

environments of encapsulated progesterone. In the absence of C1, no progesterone could be detected by 1H-NMR under any conditions.

(B) Hydrophobic guests tested for binding within C1: guests in the green box were shown to bind, while those in the red box did not show evidence of binding.

(C) 1H DOSY analysis of progesterone3C1 (400MHz, D2O, 298 K). A diffusion coefficient of 1.923 10�10m2s�1 was recorded across host and guest resonances,

giving a hydrodynamic radius of 12.8 Å.
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resonances in DOSY NMR (Figure 3). Additionally, changes were

observed in the 1H-NMR spectra in the imine region (9.5–8.9

ppm) consistent with host-guest formation, and nuclear Over-

hauser effect (NOE) peaks between the 1H resonances of each

of the guests and protons on the naphthyl ring of C1 (Note S5)

were observed. Finally, evidence for host-guest formation was

also obtained by MS, where m/z peaks correlating with

[guest3C1]4� were observed. Property analysis of progesterone,

ethinylestradiol, and tonalide revealedpredicted logPvaluesspan-

ning 3.61–4.72 and volumes of between 259 and 320 Å3, reflecting

percentage fill volumes of 39%–49%. Based on these values, we

expanded our potential range of guests further to include testos-

terone (predicted logP = 3.87; vol = 292 Å3), estradiol (predicted

logP 3.61; vol = 269 Å3), cholesterol (predicted logP = 7.39; vol =

423 Å3), fluorescein (predicted logP = 3.66; vol = 276 Å3), griseo-

fulvin (predicted logP = 2.81; vol = 297 Å3), and fluticasone propi-

onate (predicted logP = 4.43, vol = 435 Å3) (Table S1). Potential

guests were chosen based on similarities in their structures and

properties to progesterone, as well as their recognized status as

pollutants. Analysis of reactionmixtures of each of these potential

guests with C1 revealed that estradiol, testosterone, and choles-

terol also bound, being both hydrophobic and of an appropriate

size. Interestingly, progesterone has previously been reported to

bind within a MOC in acetonitrile; however, that system did not

bind cholesterol.42

In contrast, griseofulvin, an antifungal medicine with a low logP

value, was not observed to bind, nor were fluorescein (pH 7.45)

or fluticasone propionate, a common antiinflammatory drug.43,44

While the lack of binding of fluticasone propionate, which has a

similar polycyclic ring system to progesterone and an appro-

priate logP value, can be attributed to the increased volume of

the guest, the observation that fluorescein does not bind is not

predicted based on logP and volume calculations. The lack of

fluorescein binding within C1most likely reflects that progester-
4 Cell Reports Physical Science 6, 102404, February 19, 2025
one has a planar ring system, while fluorescein does not, and

thus volume is too trivial a descriptor when polycycles are

included as guest molecules. The initial model was based on a

smaller cage, which did not accommodate polycyclic guests.

Next, we set out to determine the binding constants for pro-

gesterone, ethinylestradiol, tonalide, testosterone, and estradiol

within C1. Due to the complexity of the 1H-NMR spectra, which

were not simplified by heating or inclusion of the guest, we

explored the use of isothermal titration calorimetry (ITC; Figure 4;

Note S6) to extract binding constants. Due to the hydrophobic

nature of the guests, binding could not be assessed in a pure

aqueous solution and titrations had to be completed in a 1:1

water:methanol solution to ensure full solvation of the guest mol-

ecules throughout the titration. Cholesterol displayed limited sol-

ubility even when in a mixed 1:1 water:methanol solution in the

absence of C1, and so no binding constant was obtained. Anal-

ysis of the ITC data for each of the host-guest systems revealed

binding constants ranging from 1.4 to 283 104 M�1. For each of

the titrations, binding was also found to be enthalpically driven

(supplemental notes; Table S2), consistent with behavior

observed for other water-soluble supramolecular hosts employ-

ing hydrophobic binding.45,46 Thus, while practically, the use of a

1:1water:methanol solutionwas required for ITCmeasurements,

higher binding constants are predicted in pure water.

In conclusion, we have successfully synthesized a water-solu-

ble MOC using a simple, high-yielding ring-opening addition to

introduce water-soluble sulfonate moieties into the ligands prior

to complexation. The water-soluble MOC (C1) incorporates a

large cavity that is able to bind a range of polycyclic molecules

in water with high affinity. Among the guests investigated, ethiny-

lestradiol and tonalide are particularly noteworthy due to their

recognized status as environmental pollutants. Our results thus

highlight how a solubility-first approach to ligand design can

allow access to water-soluble cages with large cavities and



Figure 4. ITC data for host-guest binding of C1
(A) Isothermal titration calorimetry (ITC) spectra recording the host-guest binding of progesterone (top left) and ethinylestradiol (top right) with C1 in water:

methanol (1:1 v/v). The integrated heat of encapsulation plotted against the H:G molar ratio enabled the extraction of the binding constant, Ka (bottom).

(B) Guests and their respective binding constants, logP values, volumes, and percentage fill of C1. All binding constants were measured in triplicate. Data are

represented as mean ± standard error.
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strong hydrophobic driving forces and supports ongoing efforts

to develop clean supramolecular catalysts as well as biological

applications for MOCs.

METHODS

All synthesis and characterization can be found in the supple-

mental notes. For complete synthetic and experimental proced-
ures, alongside further details regarding themethods, refer to the

supplemental notes.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and

will be fulfilled by the lead contact, Imogen A. Riddell (imogen.riddell@

manchester.ac.uk).
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Materials availability

Request for materials generated in this study should be sent to the lead con-

tact, Imogen A. Riddell.

Data and code availability

d Single crystallographic data have been deposited at the Cambridge

Crystallographic Data Center as deposition number CCDC: 2373788

and are publicly available as of the date of publication. This deposition

number contains the supplementary crystallographic data for this pa-

per. These data are provided free of charge by the joint CambridgeCrys-

tallographic Data Centre and Fachinformationszentrum Karlsruhe Ac-

cess Structures service.

d All original code has been deposited at Zenodo at https://doi.org/10.

5281/zenodo.14599103 and is publicly available as of the date of pub-

lication.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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