Robust organic cages prepared using hydrazone condensation
display sulfate/hydrogenphosphate selectivity in water
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ABSTRACT: Two robust hexacationic cages incorporating either urea or isophthalamide motifs were synthesized via a short and
high-yielding synthetic pathway using hydrazone condensation reactions in water for the cage forming step. Stability testing revealed
that the cages are stable to a range of stimuli in water and in organic solvents. The urea containing cage can bind anions in pure
water, and displays strong and selective binding of SO4*~ over HPO4>~. The isophthalamide containing cage binds SO4>~ only weakly
in 1:1 D,0:d¢-DMSO but displays strong and cooperative binding of two HPO,>~ anions. Combined quantum mechanical/annealed
molecular dynamics simulations suggest that the remarkable differences in anion selectivity are largely a result of the differing flex-

ibilities of the two cages.

INTRODUCTION

One of the challenges for synthetic anion receptors to go from
academic laboratories to real world applications is that the ma-
jority of receptors are unable to function in aqueous solu-
tions.! 2 Binding of anions in water is a challenge due to the
intrinsic nature of both water and anions. Water is a highly
competitive solvent that can hydrogen bond to anions, there-
fore any receptor must out-compete this interaction in order
to bind the guest. Anions themselves are harder to bind then
their equivalent cations due to their larger size,3 which leads to
weaker electrostatic interactions with hosts, while also having
high solvation energies. While there have been some notable
examples of receptors that can function in water, the majority
of receptors are unable to do so.#6 In addition to difficulties
binding in water, selectivity is a major challenge. Systems have
been reported that display a selectivity preference for more
highly charged anions over those with lower charge,”-8 or based
on anion hydrophobicity,’-!! but systems that show significant
selectivity between similar anions such as SO42- and HPO42- are
extremely rare.!2-14

Dynamic covalent chemistry has been used to synthesize a
range of organic supramolecular architectures: the reversible
nature of the bond formation reactions means an “error check-
ing” process can occur's leading to the formation of complex
structures in high yields that would be very challenging to syn-
thesize otherwise.!¢ The imine formation reaction is the most
popular choice leading to a range of architectures including
cages,'”23 interlocked molecules?430 and covalent frame-
works.3!.32 While imines have proved useful, they have a major
drawback as they are typically not stable in the presence of
water and this limits their applications in biological or real
world settings. There are notable exceptions where imine
based structures have been synthesized in water, but these
structures tend to be unstable or hard to isolate.33-3¢ On the
other hand, hydrazones are stable in water and can form easily
and reversibly in aqueous solutions, usually in the presence of
an acid catalyst37 The hydrazone reaction has been used to
synthesis interlocked structures,3-40 macrocycles4-3 and

knots.# Currently only a small number of cages have been re-
ported.+5-48 The first of these, 16+, reported by Yang and Li, was
synthesized on an NMR scale and could bind large aromatic
guests in water but is not stable in the solution phase over
extended periods.#s Recently, Li and Sessler reported 26+,
which binds two anions simultaneously in acetonitrile, and
forces them within van der Waals radii of each other.# We
reasoned that hydrazone condensation reactions could be used
to assemble similar polycationic cages that would be capable of
selective anion recognition in water due to their highly charged
and organized three dimensional cavities. In this work, we re-
port two new cages, and demonstrate that they are highly ro-
bust, and capable of selectively binding either SO42- or HPO42-
anions in water or water/DMSO mixtures.
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Figure |. Previously-reported hydrazone cages 1" and 2%* (only one
“arm” of each three-fold symmetric cage molecule is shown for clarity).



RESULTS AND DISCUSSION

Synthesis and X-ray crystal structures of cages The new
hexacationic cages 36* and 46é* were prepared via short syn-
thetic sequences: tripodal aldehyde 5 was synthesized in one
step from commercially available I,3,5-tris(bromomethyl)-
2,4,6-triethylbenzene (6) and 4-pyridinecarboxaldehyde in 88%
yield (Figure 2). The known hydrazides 7 and 8 were readily
synthesized from isophthalic acid or dimethylcarbonate using
literature procedures.# 4% 50 To test if the synthesis of these
cages through hydrazone formation was viable, NMR scale re-
actions were initially conducted at 80 °C in D2O with TFA as
an acid catalyst. When the urea hydrazide 8 was used, the 'H
NMR spectrum showed the reaction had gone to completion
after 15 hours with no further changes in the spectrum after
this (Figure S21). When isophthaloyl hydrazide 7 was used,
NMR spectroscopy showed that the cage formation reaction
went to completion after 48 hours but further heating of the
solution led to degradation of the cage (Figure S20). The reac-
tions were then scaled up (100-200 mg scale) so that the de-
sired cages could be isolated from the reaction solution by pre-
cipitation as the PF¢ salts. This gave cages 3+(PFs)s and
4-(PF¢)s in yields of 68 and 74%, respectively.

The water-soluble cages, 3:Cls, 3(NOs)s, 4:Cls and
4-(NO:s)s were isolated by precipitation by adding TBA-Cl or
TBA-NO:; in acetonitrile to acetonitrile solutions of 3+(PFe)s

DOSY NMR spectroscopy, as well as high resolution mass
spectrometry. Additionally, both cages were characterized by
X-ray crystallography, with crystal structures obtained for
3-(PFs)s'Br, 4-(NO3)s and 4-(HPOu)s (Figure 2). Crystals of
3:(PF¢)s'Br were obtained when crystallizing what was be-
lieved to be 3+(PFs)s implying that traces of Br- remained after
anion exchange. Quantitative 'F NMR spectroscopy against an
internal standard indicated 6.0 equivalents of PF¢- per cage, sug-
gesting that only minute traces of Br- are present! Interest-
ingly, two of the three isophthalamide motifs in 3:Br+(PFe)s
adopt a syn-anti conformation with one N-H group on each of
these pointing into the cage cavity and another pointing out-
wards. The third isophthalamide adopts a syn-syn conformation
with both N—H groups hydrogen bonding to a bromide anion
located within the cage cavity. In the structure of 4:(NO3)s, all
urea groups adopt a syn-anti conformation. Crystals of
4:(HPOu)3 were obtained from a solution of 4:(NO3)s and
ten equivalents of TBA2"HPO4, and in this structure all urea N-
H groups point out of the cage cavity, with the anions being
coordinated exterior to the cage. It is notable that there is
considerable conformation flexibility associated with the cages,
and with the geometries of the hydrazide groups.

Stability of hydrazone cages Until now the stability of hy-
drazone cages in the solution phase has not been fully investi-
gated so we examined the stability of the two cages (these re-
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Figure 2. Synthesis of new cages 3 {PFes)s and 4 {PFs)s (only one “arm” of each cage molecule is shown for clarity) and X-ray crystal structures of a)
3-Br(PF¢)s, b) 4-(NOs)s and c) 4-(HPO4); (anions, solvent molecules, and most hydrogen atoms omitted for clarity).



summarised in Table SI). We investigated stability to both low
and high temperatures as well as to acid and base, and con-
ducted both sets of tests in both water and organic solvent . All
stability tests were carried out using 'H NMR spectroscopy at
a concentration of 5.0 mM in either D20 for 3:Cl¢ and 4-Cls or
de-DMSO for 3+(PFs)s or 4:(PFs)s. None of the cages showed
changes in their 'H NMR spectra at room temperature after 42
days in either D20 or d¢-DMSO. The same samples were then
subjected to heating for 48 hours at 80 °C. No evidence of de-
composition was observed for either the CI- or PFs- salt of 3¢+,
while 4-Cl¢ remained stable after heating in D20 but 4+(PFe)s
showed some evidence of decomposition after heating in de-
DMSO (~ 20% after 48 hours heating, see Figure 528). Li and
co-workers reported that 16+ decomposed completely upon
standing in cold water,* therefore we tested the stability of our
cages at low temperatures (approx. 4 °C). Solutions of 3:(PFs)s
and 4+(PFe)e in CD3CN (de-DMSO could not be used as it
freezes at these temperatures) and solutions of 3-Cls and 4-Cls
in D20 showed no change in their NMR spectra after 42 days,
indicating good stability at low temperatures.

The stability of 3:Cls and 4-Cls in both aqueous acidic (DCI)
and basic (NaOH) conditions was also investigated. Due to sol-
ubility issues the pH for stability testing could not be lower than
2 or higher than [0 as this resulted in precipitation.
Isophthalamide cage 3 Cls showed no change after 42 days at
pH 10 while at pH 2 some decomposition (~ 30%, see Figure
S34) was observed after 42 days. This is not surprising as it was
seen when studying cage formation (which used an acid catalyst)
that if the reaction was left on longer than 48 hours other peaks
started appearing in the in the reaction mixture. The urea cage
4 Clg is stable at pH 2 and pH 10 over 42 days.

Anion binding properties of 36+ and 4¢+*. As the cages have
a high positive charge and are soluble in water as their chloride
or nitrate salts, we reasoned that they may be able to bind ani-
ons through a combination of hydrogen bonds and electrostatic
attraction. Anion binding was investigated using 'H NMR titra-
tion experiments in conjunction with combined polarisable mo-
lecular dynamics simulations and density functional theory
(DFT) calculations. Briefly, simulated annealing of each cage in a
I:] DMSO:water mixture was performed to generate realistic
initial configurations, with lower energy configurations ex-
tracted from subsequent 10 ns NVT simulations. In order to
increase sampling of possible interactions between the cage and
added anions, three anions (either HPO42- or SO42-) were in-
cluded with both cages, 3¢+ and 46*. These calculations maintain
the neutrality of the cage charge when three anions are added,
which is important to achieve meaningful results.52 These struc-
tures were further interrogated using M06-2X calculations to
compute interaction energies between the cage and anions (see
Supporting Information for details).

Initially, the binding of anions (added as their sodium salts)
to the urea cage 4 {NO3)s was investigated in D2O. These ex-
periments revealed that the cage showed no response to mon-
ovalent OAc- or H,POs. Addition of divalent HPO42- caused
upfield shifts in the pyridinium ring proton resonances,’3 and
analysis of the titration data using Bindfit>4 indicated a |:1 binding
stoichiometry with an association constant of 280 + 30 M-!.55
Addition of sulfate resulted in precipitation after approximately
two equivalents of anion, but before this point the data were
consistent with very strong (>104 M-!) binding of sulfate. Due
to the precipitation observed in pure D,O, we repeated these
titrations in |:1 D20:de-DMSO, which were again consistent
with very strong sulfate binding and a high SO42-:HPO42- selec-
tivity (Table I).

Table 1. Association constants® (M™) for binding of anions to 4-(NO3)s.

HPO.2- SO
D0 2.8(3) x 102 > 104
I:1 D20:de-DMSO 6.3(8) x 102¢ > 104

@ Determined using Bindfit,>* anions added as Na* salts in DO titrations and
as TBA" salts in |:1 D20:de-DMSO titrations. The asymptotic error® at the
95% confidence interval is given in parentheses. ® Precipitation after 2.0
equivalents of anion. ¢ Precipitation after 3.0 equivalents of anion.

Interestingly, while we could obtain crystals of 4 {HPOu4)3
from a solution containing 4 {NOs)s and ten equivalents of
NazHPO4, in these crystals the anions bind outside of the cage’s
cavity (Figure 2c and S63), consistent with the relatively weak
binding of this anion. This is also observed in the simulations: no
entry of HPO42- to the cage’s cavity is observed with these ani-
ons remaining persistently far (> 5 A) from the cage during the
simulations (Figure 3a). The cage adopts a relatively long and
thin (~ 18 x |1 A) configuration similar to that seen in the crys-
tal structure of 4<(HPOu4);3 (Figure 2c) and it appears that there
is insufficient space to accommodate the HPO42- anion, presum-
ably due to the extra size and electropositive region provided
by the anion’s hydrogen atom.

a)

b)

Figure 3. Simulated annealing structures of 4* in the presence of three
ions showing that a) in the case HPO4?~ one anion is bound to the outside
of the cage and the other two anions remain unbound and b) in the case of
SO+ all three anions remain strongly bound on the outside. Solvent mole-
cules are shown in the background. Water molecules forming a hydrogen-
bonded network between SO4* anions are explicitly shown.

In contrast, the SO42- simulations show that all three anions stay
close to the cage and can at times enter the cage, and we suggest
that this explains the surprisingly high selectivity exhibited by
46+ In the lowest energy conformation, two anions perch
slightly outside of the cage cavity forming a hydrogen bonded
water network connecting two anions (Figure 3b). In the NMR



studies, the pyridinium C—H proton resonances move in differ-
ent directions upon the addition of HPO42- (upfield) and SO42-
(downfield), which is consistent with the different binding
modes of these two anions observed in the simulations.

Interaction energy calculations further support these obser-
vations. In general, relatively moderate binding energies were
obtained, consistent with the relatively weak nature of supra-
molecular anion recognition and the highly competitive solvent.
On average, values of —4.5 kcal mol-' were obtained for HPO42-
, whereas stronger binding of —5.3 kcal mol-! was observed for
SO42-, although we note that there will be considerable errors
associated with these values. The interaction is as expected pre-
dominantly attractive electrostatic as further supported by elec-
trostatic potential maps (Figures S68-S71).

Attempts to probe the binding of anions to phenyl substi-
tuted cage 3 {NOs)s using NMR titration experiments in D,O
were hampered by precipitation upon addition of HPO42- or
SO42-. Conducting the titrations in D2O containing 10% (v/v)
de-DMSO allowed us to obtain binding data for HPO42-, which
indicated relatively strong binding of this guest — although there
was evidence of more than one binding stoichiometry (see Sup-
porting Information). Addition of SO42- resulted in precipitation
so we were unable to calculate an association constant.

Given the difficulties resulting from precipitation in D20 and
9:1 D20:ds-DMSO, we conducted further anion binding studies
in I:1 D20:ds-DMSO, which revealed modest I:| binding of
SO42- (Ka: 430 £ 20 M-, Figure 4). When HPO42- is added to
3 (NO:s)s in this highly competitive medium, initially very little
peak movement is observed (< 0.01 ppm shift in the imine peak
after 1.0 equivalents of anion), but this is followed by much
larger shifts on increasing anion concentration (Figure 4). This
kind of binding isotherm is consistent with cooperative binding,
and indeed the data are consistent with a |:2 binding isotherm
with K. = < | M- and Ki2 > 104 M-!). DOSY NMR showed no
increase in the size of the species in solution upon addition of
HPO42-, suggesting cooperative binding within the cage cavity,
rather than anion-linked assembly of cages into larger assem-
blies.’” We note that this is very different binding behaviour to
that observed for urea cage 4¢+, which showed a strong prefer-
ence for sulfate and unambiguous I:1 binding stoichiometries for
both anions.

Simulations of HPO42-and SO42- binding to 36* are again
consistent with the observed binding selectivity. Two of the
three HPO4- anions tend to aggregate together and bind inside
the cage (Figure 5). Interestingly, sulfate anions do appear to
associate with each other to some extent, forming solvent
bridged anion aggregates®® but these are located outside the
cage cavity. While the HPO42- anions associate’® and bind to-
gether within the cage, this does not appear to be a classical
antielectrostatic hydrogen bond as the anions are located fur-
ther than 3.3 A (O...O distance) away from each other,% and
instead solvent molecules seem to facilitate this anion clustering
(see Figure 5a).

a) Addition of SO,2-
5.0equivaa_  N__ _
NN, a\

30equiv. ~ ~N\__
Y )

2.0 equiv. JLM\ JL SN
N o
N\ o N E——
LJ“\—
S S— | — —

E— ) S M
) O A

M
0 equiv. .y
Py Ph Im Py Ph
93 92 91 90 89 88 87 86 85 84 83
ppm
b) Addition of HPO 2~
10 equiv.
5.0 equiv.
B

3.0 equiv. AN, N\

2.0 equiv. AN AN

N
JJ:\LJ\/\ M
1.0 equiv. AN ) Y U

0 equiv. A\ M
Py Ph Im Py Ph
93 92 91 90 89 88 87 86 85 84 83
ppm
C) 0.50
045
2=

ano 304
a L ]
2035
& °
%030 HP042_
®
ke
£025
@
S
2020
o
Do.15
H
4
©Co.10

005

0.00

00 10 20 30 40 50 60 7.0 80 90 100

Equivalents of anion

Figure 4. Binding of anions by 3:(NO3)sin |:1 D;0:ds-DMSO. a) Partial 'H
NMR spectra of 3:(NO3)s on addition of SO42~ (298 K, 600 MHz), b) partial
'H NMR spectra of 3-(NO3)s on addition of HPO4* (298 K, 600 MHz), c)
movement of imine proton resonance upon addition of anions; square/cir-
cles represent datapoints, line represents |:1 binding isotherm fitted using
Bindfit. Due to the strong binding constant obtained for HPO4%, it was not
possible to fit the data quantitatively, but qualitatively the data are consistent
with Ki.i < 1 M7, Ki2> 10* M. Labelling for NMR spectra: Py = pyridinium,
Ph = phenyl (i.e. the isophthalamide ring), Im = imine.

Binding energy per anion results suggest stronger binding for
SO+ (4.5 kcal mol') over HPO42- anion (3.7 kcal mol-'),
which is not consistent with the experimental data. The anion
aggregation is rather strong between the two HPO42- anions, as
evidenced by a single water molecule bridging these (Figure 5a).
Since water molecules were not explicitly included in the bind-
ing energy calculations, this aggregation is more likely to intro-
duce a repulsive electrostatic component, thus resulting in arti-
ficially weakened binding for HPO42- over SO42-. It has to be
noted that the presented binding energies do not account for
entropic effects due to computational infeasibility of calculating
vibrational frequencies. It is expected that these entropic con-
tributions will further favour the thermodynamic binding due to



a positive change in the overall entropy, thus making the result-
ing binding energy stronger than currently reported.

a)

b)

Figure 5. Simulated binding of a) three HPO4> anions and b) three
SO+ anions to 3%". Bridging water molecules between anions are explicitly
shown.

CONCLUSIONS

Two hexacationic water soluble cages have been synthesized
using hydrazone condensation reactions in high yields. Studies
of the solution phase stability of both cages revealed surprisingly
high stability to a range of conditions. The urea-based cage binds
sulfate very strongly (Ka > 104 M-') in water. Both cages display
very strong anion recognition in 1:1 D20:de-DMSO: importantly
this is not simply unselective binding as might be expected for a
system that functions through electrostatics alone. Instead,
urea-based cage 4¢+ shows a strong selectivity preference for
SO42- over HPO42-, while isophthalamide cage 3¢+ displays co-
operative and strong binding of two HPO42- anions in prefer-
ence to SO42-. High level computational studies are consistent
with favourable host—guest interactions between the cages and
anions in the highly competitive solvents used in the binding
studies. Interestingly, these suggest that amide N—H donors pre-
sent in the cages seem to contribute relatively little to anion
binding. Instead binding strength appears to be dictated by the
ability of the cages to adopt conformations that place the cati-
onic pyridinium rings close to the anion, as well as interactions
between the anions. This suggests that even stronger and more
selective binding may be achievable if cages can be synthesised
with appropriate binding groups located on or close to the pyr-
idinium rings. The investigation of these types of cages, including
more soluble derivatives, are intriguing targets for future study.

EXPERIMENTAL SECTION

Computational Methodology. Polarisable force fields -
OPLS-AA and CL&Pol - were used in molecular dynamics sim-
ulations.6! Water was described using the SWM4-NDP model.62
For hydrazine linkages force field parameters were taken from
LigParGen.63 All simulations were performed with OpenMM.
NpT equilibration simulations at 300 K and | bar were per-
formed to generate correct atomic velocities, with | ns simula-
tions sufficient for molecular densities to converge to .1 g/lem3.
Simulated annealing was performed to generate realistic initial
configurations, with 5 cycles of temperature fluctuation be-
tween 500 K and 10 K, with each annealing cycle lasting for |
ns. The final cooling step was performed over 2.5 ns. For more
detail on the simulation protocol see the Supplementary Infor-
mation. After annealing, NpT simulations were performed for
100 ps to re-generate atomic velocities corresponding to an
overall temperature of 300 K. 10 ns NVT production simula-
tions were then performed at 300 K to locate energetically fa-
vourable structures of each cage with associated anions of in-
terest, with the minimum energy configurations across the sim-
ulation used in subsequent quantum chemical calculations. To
extract geometries for further analysis, potential energies were
studied every 10 ps to match the frequency of the frames in the
trajectory. The frames showing the four or five lowest potential
energies across the |0 ns NVT simulation were extracted. A |:|
mixture of water and DMSO was used as the solvent in all sim-
ulations.

Intermolecular interactions (AEinT) between the cages and ani-
ons were calculated using M062X/6-31+G(d,p) on the geome-
tries extracted from simulated annealing. The universal solva-
tion model (SMD) with water as solvent was applied to account
for solvation effects. AEnT was averaged over the extracted ge-
ometries and re-calculated to per anion in the system using the
following formula:

SMD SMD n -SMD
AE _ Esystem_Ecage_Zi Eanion,i |
INT — N ( )

where n is the number of anions modelled in the system and N
is the number of extracted geometries. All interaction energies
are given in Table S9.

Accession Codes. CCDC 2123004-2123006 contain the sup-
plementary crystallographic data for this paper. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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