Expedient decagram-scale synthesis of robust
organic cages that bind sulfate strongly and
selectively in water

Emer M. Foyle,* Rosemary J. Goodwin,* Cameron J. T. Cox,12 Bailee R. Smith,* Annie L.
Colebatch, and Nicholas G. White1.3*

1Research School of Chemistry, The Australian National University, Canberra, ACT, Australia
2EaStCHEM School of Chemistry, The University of Edinburgh, Edinburgh, Scotland, UK
3Lead contact

*Correspondence: nicholas.white@anu.edu.au

Selective anion recognition remains a key challenge in supramolecular chemistry: only a very small
number of systems that can function in water are known, and these nearly always preferentially bind
hydrophobic anions. In this work, we report three robust hexa-cationic cages that can be prepared on
scales up to 14 g in two simple and high-yielding steps from commercially-available materials. One of
these cages displays unusually strong sulfate binding in water (Ka = 12,000 M-1), and demonstrates high
selectivity for this anion over HoPO4-/HPQ42- in DMSO/buffer mixtures. These results demonstrate that
relatively large, three-dimensional supramolecular hosts can be prepared in high yields and on large
scales, and can be highly potent receptors.

INTRODUCTION

One of the major challenges in the field of supramolecular anion recognition is to achieve selective recognition in
water to facilitate a range of biological, environmental and industrial applications.1-3 Water is an inherently
competitive solvent that can interact favourably with both receptors and anions, which have notoriously high
solvation energies, however functioning in water is absolutely necessary for nearly all proposed applications. While
there have been notable examples of receptors that can function in neutral water,4-12 the majority of receptors are
unable to do so. Furthermore, in addition to difficulties binding anions in water, achieving selectivity remains a
Herculean challenge. Systems have been reported that display a selectivity preference for more highly charged
anions over those with a lower charge,1314 or based on anion hydrophobicity,415 but systems that show significant
selectivity between similar anions such as SO42- and HPO42- are extremely rare.12.16-18 A notable exception is a very
recent report from Deplazes, Wu and co-workers who showed that neutral urea-based cage 1 could achieve selective
S042- recognition, with an association constant of 66 M- in water, and 990 M-1 in a micelle-based system (Figure
1).12 A recent pre-print from the same group has reported new cages that can bind sulfate even more strongly, with
association constants of up to 8,400 M-1.19

Many of the anion receptors that are capable of functioning in competitive media take advantage of a complex 3D
architecture to encapsulate the guest, with prominent examples including interlocked catenanes/rotaxanes20-22
and organic cage molecules.23-31The well-defined internal cavity in these systems offers the potential to isolate an
anion from a competitive solvent, as well as achieving size and shape-based selectivity, but even then selective
anion recognition in media containing a significant amount of water is very unusual. Additionally, preparing complex
3D receptors often requires lengthy multistep syntheses and difficult purification, with the consequence that many
high-performing hosts are typically only prepared on the milligram scale.

In order to make these kinds of 3D hosts on larger scales, it would be ideal to use dynamic covalent chemistry as
this incorporates an “error checking” process that arises from the reversibility of the reaction. The imine formation
reaction is the most popular choice and has been used to prepare a range of cages32-35 and interlocked
molecules,36-39 and in some cases imine cages have been prepared on impressively large scales.4041 While imines
have proved useful, they are often (but not always#2-45) hydrolytically unstable in water and this limits their use in
many applications including anion recognition in agueous media. One approach to overcome this is to form a cage
by imine bond formation and then to use an additional reaction to convert the imine bonds to a more robust
linkage,3546-48 and a notable example of this approach on a 2.1 g scale was recently reported by Andrews.49

Hydrazones are structurally similar to imines and can be prepared using reversible reactions in water, usually in the
presence of an acid catalyst.50 The hydrazone formation reaction has been used to synthesise macrocycles,51-53
interlocked structures,54-58 and knots,>° and a small number of hydrazone cages have been reported in the last
decade.®0-64 More recently, Schneebeli demonstrated that a hydrazone cage could be prepared on a 2.6 g scale
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over eight steps.%5 Typically hydrazone formation is reversible in the presence of acid and heat, meaning that it
potentially offers the best of both worlds in that it is reversible under the reaction conditions leading to error
correction, but largely irreversible in most other conditions, resulting in more robust products.

The ease of synthesis of hydrazone cages, coupled with their potentially high stability, makes them an attractive
candidate for use as anion receptors. Well-defined three-dimensional cavities for selective anion recognition could
potentially be prepared quickly in high yield. Indeed, Li and Sessler have reported the hydrazone cage 26+*,63 which
binds two anions simultaneously in the polar organic solvent acetonitrile and forces them within van der Waals radii
of each other, while Li has used hydrazone self-assembly to prepare cage 38+ that can bind iodide strongly in water
(Ka = 4,300 M-1). The cage shows a selectivity for this halide over more hydrophilic anions,28 presumably due to its
lower hydration energy (AGnyg for I- = -275 kJ mol-1, AGny for CI- = -340 kJ mol-1; for comparison, AGnys for
S042- = -1080 kJ mol-1).66

In this report, we describe the synthesis of robust hydrazone cages in a simple two-step procedure from
commercially-available reagents, including the preparation of one on a 14 g scale. Purification is by simple
precipitation in both steps. We show that the resulting cages can bind sulfate remarkably strongly and selectively in
water, thus demonstrating that it is possible to recognise anions selectively in water with readily-preparable hosts.
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Figure 1. Previously-reported anion binding cages relevant to this work.

Compound 1 was reported by Deplazes, Wu and co-workers and binds sulfate in water;12 compound 26+ was reported by Li and Sessler and binds
two anions closer than the sum of their van der Waals radii in acetonitrile;63 36* was reported by Li and binds iodide in water.28 In all cases, only
one "arm" of each cage is shown, with the others simplified to bold or dotted lines.

RESULTS AND DISCUSSION
Synthesis of cages

The cages were synthesized through a simple two-step process. Reaction of commercially-available
tris(bromomethyl) species 4 and 4-pyridinecarboxaldehyde in DMF gave pure 5-Brs in very high yield (Scheme 1).
The initially isolated solid contains a mixture of aldehyde and hydrated gem-diol form. However, simply suction-
drying the compound in air for several hours resulted in essentially complete conversion of the aldehydes to gem-
diols (see Sl for extensive studies optimising the preparation of 5-Brs). Using the optimised procedure, 5-Brs can be
readily and reproducibly prepared on a 12 g scale in 96% yield. With this key hydrated tris-aldehyde building block
in hand, we subsequently investigated the synthesis of cages from this and dihydrazides. We selected the three
hydrazides 6 - 8, of which 6 and 7 are commercially-available (and inexpensive); 8 is commercially-available but is
expensive, and so was readily prepared from the reaction of the analogous ester and hydrazine hydrate.6?

Initial studies of cage formation were conducted on NMR scales by heating D20 solutions containing 4.0 mM of 5Brs
and 6.0 mM of the appropriate dihydrazide at 80 °C. In all cases, significant amounts of cage formation were
observed: in the case of cageurea 6+ the cage was the major product but significant amounts of other products were
also observed. Adding an acid catalyst increased the amount of cagevrea 6+ formed, such that it was the dominant
product in solution (> 90% based on integration of the *H NMR spectra). In the cases of cagerh é* and cagery &+, the
cages were the dominant products in solution (> 90%) whether or not an acid catalyst was used. Interestingly, the
cages also formed at room temperature in D20 without the addition of a catalyst, although this was very sluggish
(months).

We next investigated preparative scale reactions to form the cages. If these reactions were conducted at relatively
low concentrations (4.0/6.0 mM of 5Brs/dihydrazide), all material stayed dissolved and then high yields of cages
could be isolated by adding NH4PFs to precipitate the PFs- salts of the cages. This gave high yields of cages (typically
~ 70%), with reasonably high purity (typically 90 - 95% purity), although it was difficult to further purify the cages.
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Instead we found that by carefully selecting reaction concentrations, it was possible to find conditions where the
starting materials were soluble but the cages precipitated from solution during the reaction as the bromide salts.
While the bromide salts of these cages do dissolve in water, their solubility is low enough (1 - 3 mM) that significant
yields of precipitated cages can be isolated. Using this approach, very high purity cages were obtained and were
isolated by simple filtration and washing (*H NMR spectra are shown in Figure 2).
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Scheme 1. Multi-gram synthesis of hydrazone cages.
In all cases, only one "arm" of each cage is shown, with others simplified to bold or dotted lines.
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In the case of cagem-Brs, this reaction proceeded smoothly without addition of a catalyst and it was possible to
prepare this cage on a large scale and in good yield (8.4 g, 84%). Conducting the reactions to form cageureaBrs and
cagePBrs without acid did result in precipitation of clean product after optimisation of reaction concentration,
however yields were relatively low (~ 50 and 30%, respectively). We therefore investigated the use of acid catalysts
to improve the yield. Typically, trifluoroacetic acid (TFA) is used as a catalyst in these kinds of hydrazone formation
reactions,° and we found that it does indeed improve product formation in NMR-scale, low concentration reactions
(SI). However, it is not ideal in this case due to the likelihood of forming mixed trifluoroacetate/bromide salts of the
cages. We instead studied the use of 2-bromopyridinium bromide, i.e. the HBr adduct of 2-bromopyridine, as the
pKa of this salt is similar to TFA.6889 This compound is a crystalline salt and can be conveniently prepared on multi-
gram scales from 2-bromopyridine and HBrq) (see Sl). Adding catalytic amounts of 2-bromopyridinium bromide to
the reactions to form cagevreaBre and cagerBrs resulted in precipitation of clean cage products in good yields (*H
NMR spectra of all three as-isolated cages are shown in Figure 2A).70 These reactions were amenable to scale-up,
and we were able to prepare cagePhBrson a 6.7 g scale in 67% isolated yield, and cageveaBre on a 13.7 g scale in
81% isolated yield.

Pleasingly, we have not observed any reduction in yield upon increasing reaction scale, and we are confident that
even larger scale preparations would be similarly easy. The conditions reported give multiple grams of all cages in
two steps from commercially-available materials and the reactions are operationally simple with no purification
needed beyond filtering and washing the precipitated products. All three cages were characterised by 1H and 13C{1H}
NMR spectroscopy, high resolution mass spectrometry, X-ray crystallography and DOSY NMR spectroscopy, which
gave diffusion coefficients consistent with the expected size of the cages.
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Figure 2. Characterisation of hydrazone cages.

(A) Partial tH NMR spectra of cages; labelling: py* = pyridinium, py = pyridyl, ph = phenyl, im = imine (ds-DMSO, 400 MHz, 298 K).

(B) X-ray crystal structures of cager™Brs, cager¥Brs and cageureaBre; only Br- anions located inside the cage cavity are shown, a dotted line indicates
a close contact shorter than the van der Waals’ radii of H and Br. Disorder is omitted for clarity, PLATON-SQUEEZE"3 or OLEX274 mask feature
was used in all cases.
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We were able to obtain crystals of cagerh-Brs, cagerBrs and cageurea-Bres suitable for X-ray diffraction experiments
(Figure 2B, several crystal structures of other salts of the cages were also obtained and are presented in Figure 4
and the Sl). The single crystal structures of these cages show considerably different cage shapes. Cagevrea-Bre is
relatively compact, and takes on a “buckled” geometry, resulting in a relatively small cavity (~ 6 A across). In
contrast, cagePh-Bre and cage®-Bres have much larger cavities (~ 15 A at the widest part). In the case of cager¥Brs,
this appears to be aided by N-H---N hydrogen bonds between hydrazone N-H groups and the pyridine nitrogen atom
preorganising this part of the molecule.” In some cases, there appears to be more than one possible position for
some of the bromide anions, but in all structures bromide anions sit in both of the pockets formed from three
pyridinium rings, with each anion receiving two or three C-H---Br- hydrogen bonds (H---Br- distances: 2.66 - 3.05 A,
86 - 100% of the sum of van der Waals radii’2). We were able to obtain a crystal structure of cagevrea-Cle (Sl), and
interestingly in this structure only two chloride anions are located inside the cage, where they hydrogen bond to urea
N-H donors, with the remainder outside of the cage cavity. While these are solid state structures so may not be
representative of solution behaviour, it is interesting to note that Cl- anions are not located in the pyridinium
pockets, which may be related to observed preferential solution phase binding of Br- over CI- to the cage (see later).

Stability of cages

Given the facile preparation of the cages (including in water at room temperature), we were worried that they may
be prone to degradation/rearrangement. We therefore tested the stability of the cages to a range of stimuli and in
a range of solvents. Full details are given in the Sl, but in short, it appears the cages are surprisingly stable.
CagerP™Bre and cagery-Brs do not show significant degradation even after heating at 80 °C for seven days in D20, de-
DMSO or in acidic buffer (acetic acid/acetate buffer, pH = 4.0). Studies in basic buffer could not be conducted for
these cages due to limited solubility. Urea cage cagevrea-Bre does not show any observable degradation on prolonged
standing (14 days) at room temperature in either D20 or de-DMSO, or in the presence of acidic (acetic acid/acetate
buffer, pH = 4.0), neutral (tris buffer, pH = 7.2) or basic buffer (borate buffer, pH = 10.5). Minor degradation (~ 1
- 2% per day) is observed upon heating at 80 °C in water, DMSO, or acidic buffer, while degradation upon heating
at 80 °C in basic buffer is more rapid (~ 50% degradation after 24 hours). The cages decompose in strongly acidic
or basic conditions (pH = 1, 14), although we do not think this will be an issue for any likely uses of the cages.

NMR and ITC solution anion binding studies

Initial sulfate binding studies in 1:1 D20:ds-DMSO

All three cages have 6* charges and contain potential C-H hydrogen bond donors from the cationic pyridinium rings
as well as amide N-H groups. We therefore studied the anion recognition properties of the cages, initially as their
bromide salts. We first studied the binding of SO42- to all three cages using H NMR titration experiments in 1:1
D20:de-DMSO, as this is a highly competitive solvent and all cages have high solubility in this mixture. Addition of
sulfate results in downfield shifts of C-H resonances (Figure 3): in the case of cageurea6+, the largest shifts occur for
the pyridinium resonance meta to the nitrogen atom. In the case of cagerh &+ and cage® 6+, negligible shifts are
observed for the pyridinium peaks, or the external phenylene/pyridine peaks, but relatively large shifts are observed
for the imine peak, and in the case of cagerh 6+, the internal phenylene C-H resonance. Fitting the imine peak
movements to 1:1 binding isotherms using Bindfit’> revealed moderately strong binding for cagerh ¢+ and cagery 6+
(Ka = 690 + 90 and 280 * 10 M-1, respectively, Table 1; these and all subsequent + values represent 95%
confidence intervals). In contrast, cageurea6* appears to bind S042- very strongly, although it was difficult to quantify
binding at 298 K in this solvent mixture due to the NMR peaks broadening and becoming inequivalent upon anion
addition (Figure 3A). Given that almost no movement of peaks is observed after addition of one equivalent of anion,
we believe that the association constant is > 104 M1. To obtain more reliable association constants, we repeated
the study of sulfate binding to cageurea 6+ at 333 K as peaks are relatively sharp and in fast exchange at this
temperature. This experiment confirmed that Ka was indeed > 104 M-1,

Presumably cagevrea €+ binds more strongly than the larger phenyl and pyridyl cages as its smaller size can effectively
protect the anion from bulk solvent, while holding it relatively close to the six positive charges from the pyridinium
rings. This is consistent with tH NMR experiments where the pyridinium peaks moving significantly, and is supported
by X-ray crystallographic analysis, see later. In contrast, the larger sizes of cagerh 6* and cagery 6+ mean that the
anion can “rattle around” in the cage, and binding appears to occur more at the central phenyl/pyridyl part of the
cage.
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Figure 3. tH NMR shifts upon sulfate binding.

(A) Partial *H NMR spectra of cagevrea.Brs upon addition of SO42- at 298 K and 333 K showing significant peak broadening at 298 K (1.0 mM in
cage, 400 MHz, 1:1 D20:de-DMSO). Digijtal de-noising has been applied to the spectra (see Sl Section 4.1).

(B) Movement of imine or pyridinium resonances upon addition of SO42- to cages in 1:1 D20:de-DMSO. Imine peak was followed for cagerh 6+ and
cagem &+ pyridinium peak was followed for cageurea 6+, Different peaks were followed for different cages as these showed the largest changes,
which we attribute to different anion binding locations (see Sl for more details). Data for cagerh 6+ and cagery 5+ were recorded at 298 K, data for
cagevrea 6+ were recorded at 333 K. Points represent observed data, lines represent fitted 1:1 isotherms calculated in Bindfit;”5 no isotherm could
be determined for cageurea 6* as binding was too strong to quantify by *H NMR titration experiments. Cagerh 6+ precipitated at 2.5 equivalents of
anion.

Table 1. Sulfate association constants for cagerhBrs, cager¥-Bre and cagevreaBre determined by *H NMR titration
experiments in 1:1 D20:de-DMSO.

Host Temp. (K) Ka(M-1)
CagerhBre 298 690 + 90
CageryBre 298 280 + 10
Cageurea-Bre 298 stronga

Cagevurea-Brg 333 > 104

Association constants calculated using Bindfit,’> the + value represents the asymptotic error’¢ at the 95% confidence interval.

a Due to peak broadening and desymmetrisation upon addition of SO42- to cageurea6+ at 298 K, it was not possible to determine accurate
association constants at this temperature. Qualitatively, binding appears to be very strong (> 10* M-1), as evidenced by little change in the 1H
NMR spectrum after addition of more than one equivalent of anion.

Binding of sulfate to cageurea 6* in water

Based on our initial studies that showed that cageurea 6+ binds sulfate much more strongly than the other two cages,
we focused on this cage for more detailed investigation, and conducted these experiments in water. tH NMR titration
experiments were conducted in D20 at 333 K to give sharp peaks that could be followed reliably, and we also
conducted isothermal calorimetry (ITC) studies in H20 at 298 K. The X-ray crystal structure of cageureaBrs (Figure 2B)
suggests the possibility of favourable interactions between the cage and Br- anions, so we attempted to measure
the extent of this interaction in solution. A dilution experiment’? was conducted to quantify the extent of ion-pairing
in cageurea.Bre in D20 and this revealed a Kion pairing for bromide of 4,800 + 200 M-1in D20 at 333 K. This value
suggests quite strong interactions between Br-and the “free” cage, although in itself is not particularly meaningful
as free cage cannot be physically obtained. We therefore prepared other salts of cagevrea 6+ namely the PFe-, Cl-
and NOs- salts using simple and high-yielding precipitation reactions (see Sl). We conducted quantitative NMR
titration experiments to determine Br- binding to cageurea.Cls and cagevrea.(NOs)s in D20 (cagelrea(PFe)s did not have
sufficient solubility to conduct these experiments). While values are relatively inexact due to small peak shifts in this
competitive solvent (see Sl), Ka values Br- relative to Cl- and NOs- were measured as 250 + 25 and 87 + 9 M-1,
respectively (Table 2). Stronger binding of Br- than ClI- in water is expected based on the relative hydration energies
of the anions,%6 although it is interesting that Br- binds more strongly than less hydrophilic NO3-. We suspect that
this arises because Br- can fit close to all three cationic pyridinium groups, while larger NOs- cannot.

Quantitative NMR titration experiments at 333 K revealed strong sulfate binding to cageureaBre in D20, with a Ka
value of 9,600 + 2,600 M-1. Given that sulfate has to compete with the presence of six equivalents of bromide,
which itself can bind to the cage, this value is likely a significant underestimate. Indeed accounting for ion pairing,
we can estimate the binding of sulfate to the free cage as approximately 260,000 M-1 (See S| 4.5.5), although we
note this value has little practical meaning. To determine sulfate affinity in water more accurately, we conducted
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ITC titrations in water at 298 K studying anion binding to cageureaBre and cageureaCls (attempts to measure sulfate
binding to cageurea(NO3)s were hampered by precipitation).

ITC determination of sulfate binding to cageurea-Bre gave a slightly lower association constant than that estimated
from 1H NMR titrations (Ka = 3600 + 600 M-1), although we note that the values were recorded at different
temperatures (333 K for NMR experiments, 298 K for ITC). As expected based on the *H NMR studies, binding to
the chloride salt of cageurea 6+ is significantly stronger than binding to the bromide salt (Ka for cageureaCle = 12000
+ 3200 M-1). This is a remarkably high association constant for binding a highly hydrophilic anion in water. While
the 6+ charge of the cage undoubtedly provides electrostatic attraction for sulfate, it also hinders binding as sulfate
recognition has to compete with the halide anions. In both cases, sulfate binding is entropically-driven and slightly
enthalpically unfavourable (AH = 5.5 + 0.6 kJ mol-1, —-TAS = -25.7 + 0.2 kJ mol-1 for sulfate binding to cageureaBres;
AH = 2.7 £ 0.4 kJ mol-1, -TAS = -25.9 + 1.2 kJ mol-1 for sulfate binding to cageureaCls). The favourable entropy
component presumably arises from the release of ordered water molecules from the cage cavity. We note that Kubik
has shown that binding of sulfate to a neutral bis-cyclopeptide receptor in water is entropically-driven,”® and Severin
has shown that chloride binding in water by a tetra-cationic Pd(ll)-based cage is also enthalpically unfavourable.10

Table 2. Sulfate association constants and cageveaBrs in watera determined by *H NMR titration experiments.

. AH -TAS
-1
Host Guest Technique Temp. (K) Ka (M-1) (k) mol-1) (kJ mol-1)

CageureaCls Br- 1H NMR 333 250 + 25 - -
Cage":a'(NOS) Br- 1H NMR 333 87 +9 - -

Cageure-Brg S042- 1H NMR 333 9600 + 2600 - -

Cageurea-Bre S042- ITC 298 3600 + 600 55+0.6 -25.7+0.2

2- -
CagewresCle S04 ITC 598 1%%%(())1 2.7+0.4 259+ 1.0

1H NMR titrations were conducted in D20; association constants were calculated using Bindfit,’> the * value represents the asymptotic error7®
at the 95% confidence interval. ITC studies were conducted in H20; association constants were calculated using NanoAnalyze,”® the + value
represents the 95% confidence interval with errors calculated based on the variance in multiple experiments.

Sulfate/hydrogenphosphate selectivity

Cagevurea 6+ binds sulfate very strongly in water while interacting less strongly with monovalent anions. We next
attempted to compare the selectivity of cageurea 6+ for sulfate with closely-related HPO42-, however we found that
addition of HPO42- resulted in deprotonation of cageurea 6+, To usefully compare binding strength without titrations
being complicated by guest-induced deprotonation, we next studied binding in tris buffers. Unfortunately, cageurea 6+
precipitates upon standing in tris buffers and so titrations were carried out in 1:1 tris buffers:de-DMSO .The structure
of the precipitate obtained from aqueous tris buffer was determined by X-ray crystallography, which showed a very
similar cage conformation to that in the crystal of cagevea6Br (see Sl). NMR studies in 1:1 tris buffers:de-DMSO
indicated that the cage remained fully protonated when buffer at pH 7.2 or 7.5 was used, but some deprotonation
was evident in pH = 8.0 buffer, and significant deprotonation at higher pH values.

In 1:1 pH = 7.2 tris buffer:ds-DMSO, sulfate binding is very strong (Ka > 104 M-1 at 333 K), while phosphate binding
is much weaker (Ka = 34 £+ 1 M-1 at 333 K). demonstrating a remarkable selectivity between sulfate and
hydrogenphosphate at approximately neutral pH (at this pH, half of the phosphate anion will be present as H2PO4-
and half as HPO42-). Interestingly, the cage still shows significant sulfate binding in 1:1 pH = 9.0 tris-buffer:de-DMSO,
despite the fact that the cage is significantly deprotonated under these conditions (Figure S66). While binding is not
as strong as at neutral pH, an association constant of 970 + 30 M-1 was determined at 333 K. Presumably, partial
deprotonation of the urea N-H groups does not completely prevent binding in the cage cavity, and the polar solvent
medium and high positive charge on the cage can overcome repulsion between the anionic urea group and the
anion. Unfortunately, at this pH phosphate causes precipitation and so binding could not be quantified.

Conformational flexibility of cages, and effect of anion binding

At room temperature, both cagevrea-Brs and cagerh-Brs have somewhat broadened *H NMR spectra, while cage-Brs
has a relatively sharp spectrum. We attribute this to conformational flexibility of the arms of the cage, particularly at
the amide groups which can adopt either anti or syn conformations (Figure 4A), and where exchange between these
conformations causes broadness of the 1H NMR spectra. For both cageurea-Brse and cagerh-Bre, increasing the
temperature to 333 K results in sharp spectra. In the case of cage-Bre, favourable hydrogen bonds between amide

7

https://doi.org/10.26434/chemrxiv-2021-qqhs8-v2 ORCID: https://orcid.org/0000-0003-2975-0887 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2021-qqhs8-v2
https://orcid.org/0000-0003-2975-0887
https://creativecommons.org/licenses/by-nc-nd/4.0/

N-H groups and the pyridine nitrogen atom appear to favour the syn-syn conformation and thus minimise
conformational flexibility. X-ray crystallographic studies support this hypothesis with crystal structures obtained of
cagerh 6+ and cageurea 6+ containing both syn-syn and syn-anti amide/urea conformations. In contrast, two different
crystal structures for cagery 6* show only the syn-syn conformation for all cage arms (see Sl for all crystal structures).

In the interests of brevity, we will focus the rest of this discussion on cageurea 6+ as this shows the most interesting
anion binding properties. This cage has quite a broad *H NMR spectrum at 298 K that sharpens with increasing
temperature; decreasing the temperature to 258 K results in a sharper, but lower symmetry spectrum (Figures S24
and S31). Sulfate binding at 298 K in 1:1 D20:de-DMSO results in significant broadening and evidence of a reduction
in symmetry (Figure 3A). We attribute this reduction in symmetry in 1:1 D20:de-DMSO to sulfate “locking” the cage
into the “buckled” conformation shown in Figure 4B where all urea groups are syn-anti and the cage has reduced
symmetry caused by this arrangement. We note that all aromatic resonances show clear movement upon sulfate
addition (Figure 2A) suggesting that spectral broadening is not caused solely by slow exchange between free cage
and complexed cage. Binding in D20 causes peak broadening but does not cause an obvious reduction in symmetry.
We attribute this to weaker binding in pure water, resulting in the “locking” effect of the anion being less pronounced.

(A) (0) (0] o]
N )J\ N& )J\ Ns )J\
R~ N N R HN N R HN NH
H H | H | |
N N Ny
anti-anti syn—anti syn-syn

Figure 4. Urea geometries and their effect on cage conformations.

(A) Possible geometries of diiminourea groups.

(B) X-ray crystal structure of cagevree-S04:(NOs)s. Disorder and nitrate anions are omitted for clarity. Dotted lines indicate a close contact shorter
than 90% of the sum of the van der Waals radii of the H and O. PLATON-SQUEEZE was used.”

(C) X-ray crystal structure of cageure(HnPQ4)3. The data are not of sufficient quality to determine if some urea groups are deprotonated, or the
protonation state of the anions (see Sl for full details). PLATON-SQUEEZE was used.”?

We obtained single crystals of cageureaS04(NQ3z)a by slow evaporation of a solution of cagevea(NQOsz)s and one
equivalent of Na2S04 in water and were able to characterise these by X-ray crystallography. Crystals of
cagevreaS(04-Bra were almost identical but the data are quite poor (see Sl). As shown in Figure 4B, the sulfate anion
binds inside the cage, which adopts a buckled conformation with all urea groups adopting the syn-anti
conformation. The anion receives three relatively short hydrogen bonds from a pyridinium, imine and urea group
(H-O distances: 2.07 - 2.41 A) as well as a short hydrogen bond from a water molecule that itself forms short
hydrogen bonds with the cage. It is likely that the anion receives additional hydrogen bonds from further water
molecules within the cage cavity, but unfortunately these could not be resolved and so the PLATON-SQUEEZE
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routine’ was used to include these solvent molecules in the refinement. Interestingly when crystals were obtained
by adding an excess of HPO42- to cageurea 6+ in water, the cage adopts a linear conformation with all urea groups in
an anti-anti conformation and the anion binding outside the cage (Figure 4C). While the quality of the data are not
high enough to determine the protonation state of the anions or urea groups (see Sl for further details), it is
interestingly that this weakly-binding anion is located outside the cage cavity, while sulfate binds inside. Very small
crystals were also obtained by adding KH2PO4 to cageureaBrs in water; while diffraction data collected from these
using synchrotron radiation were too poor to allow full structure refinement, these crystals also have an anti-anti
conformation and appear to have hydrogenphosphate anions located outside the cage cavity (see Sl).

NMR spectroscopy and X-ray crystal structures both demonstrate that anti-anti and syn-anti arrangements of the
urea group are possible in cageurea6*, A previous survey of the Cambridge Structural Database (CSD)8° revealed that
diarylurea groups have an overwhelming preference for the anti-anti conformation, with more than 99% of single
crystal structures showing this conformation.8 We surveyed the CSD for the diimino-urea motif present in cageurea
&+ and found that only 35% of these structures adopt an anti-anti conformation with the remaining 65% adopting a
syn-anti conformation (see Sl). Further insight into the possible behaviour of cageurea 6+ was obtained using
computational calculations with the semi-empirical tight-binding method GFN2-xTB.82 Molecular dynamics (MD)
simulations were conducted for the 6* cage in implicit water starting from either a geometry where all urea groups
had syn-anti conformations (such as that shown in Figure 4B), or where all urea groups had anti-anti conformations
(such as that shown in Figure 4C). While the cage showed considerable flexibility in sampling different geometries,
it was notable that anti-anti conformations were rarely seen, with syn-anti and syn-syn conformations occurring
far more frequently.

Taken together, experimental data from NMR spectroscopy and X-ray crystallography in conjunction with
computational calculations clearly demonstrate that these cages are dynamic and able to adopt numerous
conformers in solution. It appears that this might contribute to the observed sulfate/hydrogenphosphate anion
binding selectivity, and in the case of cageureaé+ allows the cage to contract to bind sulfate in a relatively small cavity
locating the anion close to six cationic pyridinium rings. Future studies will investigate how further control over cage
dynamics and conformation can be obtained with the aim of using this adaptive behaviour to gain conformation
control over guest binding and reactivity.

CONCLUSIONS

We have reported a simple, high yielding, and scalable route to a small family of highly cationic hydrazone-based
organic cages, and shown that these can be readily prepared on multigram scales. The resulting cages are highly
robust and are stable to heating in water, DMSO or buffer solutions for extended periods. All three cages bind sulfate
in highly polar DMSO/water solvent mixtures, and cageurea 6* binds this anion strongly in water, even at elevated
temperatures and even in the presence of bromide anions, which are themselves favourably bound by the cage.
High selectivity was obtained for sulfate over hydrogenphosphate anions in DMSO/aqueous buffer. The simple and
modular nature of the synthesis suggests that a wide range of related cages should be readily accessible, including
cages with greater water-solubility and those with cavities that can be tuned to bind a wide range of guest molecules.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact

Further information and requests for resources should be directed to the lead contact, Nicholas White
(nicholas.white@anu.edu.au).

Materials availability
Requests for materials generated in this study should be sent to the lead contact, Nicholas White
(nicholas.white@anu.edu.au).

Data and code availability

Crystallographic data are available from the Cambridge Crystallographic Data Centre (Reference codes: 2123004
- 2123006 and 2363366 - 2363373). Detailed experimental procedures, characterization data, and
computational data are available in the SI.

Synthesis of cages

Solid 5-Brs (1.00 equiv.) and the appropriate dihydrazide compound (1.50 equiv.) were heated to 80 °C in water for
24 - 72 hours during which time precipitates formed (reaction concentrations = 10, 40 and 50 mM in 5-Brs for
reactions to form cagerh 6+, cagery 6+ and cageurea 6+, respectively). In the case of the reactions to form cageureaBrs
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and cagePhBrs, 2-bromopyridinium bromide (1.00 equiv., i.e. 33.3 mol% per reaction site) was also added. The cage
precipitates were isolated by filtration, washed with water and then methanol, and then vacuum-dried. This gave
pure cageP™Bre, cagery-Brs and cagevreaBrs in 67, 84 and 81% yields, respectively on 6.7 - 13.7 g scales.

SUPPORTING INFORMATION
Supporting Information is available online
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