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Bis-amino maleimides: a new class of dual hydrogen bond donor 
for anion binding and transport 

Evelyn R. Morton, Michael J. Porter, James R. Baker, Vijay Chudasama and Cally J. E. Haynes* 

Dual hydrogen bond donor scaffolds are used in the design of numerous supramolecular receptors and play an important 

role in the specific recognition, reaction and transport of anionic guests. In this work, we detail the synthesis of symmetrical 

and unsymmetrical bis-amino maleimides as dual hydrogen bond donors and report their anion recognition and transport 

properties. DFT studies provide insight into the conformational preferences and binding properties of these receptors. 

Compared to existing dual hydrogen bond donors, the bis-amino maleimide motif contains an additional handle for synthetic 

functionalisation and thus offers the opportunity to tune the substituent properties to fit a desired function. 

Introduction 

The design of synthetic receptors for the supramolecular 

recognition of anions is important for a range of applications in 

biology, medicine, and environmental remediation. 1-4 Using 

receptors as anionophores – to transport ions across cell 

membranes – is one such application, with potential utility in 

combating channelopathies like cystic fibrosis which results 

from faulty chloride transport across the cell membrane, as well 

as novel treatments for cancer and microbial infections. 5-19 In 

recent years, there has been a concerted effort to design and 

develop biocompatible anionophores to act as therapeutics 

with the key properties of lipophilicity, highly selective and 

strong complexation to the anion of interest, and non-toxicity. 

20-23 Hydrogen bonding is arguably the most commonly utilised 

approach to anion recognition, leading to the development of a 

class of molecules termed ‘dual hydrogen bond donors’ 

containing two convergent hydrogen bond donors that can 

effectively chelate an anion. (Thio)ureas24, 25 and members of 

the cyclic oxocarbon family, including squaramides, 20, 26-29 

deltamides  and croconamides, 30, 31 have proved extremely 

effective in selective anion recognition. In 2023, Costa and co-

workers reported that photochemically transforming 

squaramide anion transporters into bis-amino maleic 

anhydrides effectively switched off their transport activity. 32 A 

common characteristic of these established motifs is that they 

each contain two substituents (R groups – Figure 1) for synthetic 

diversification, which offers the potential to fine-tune the 

binding strength (e.g. through electronic considerations) 

solubility/ lipophilicity33 and mobility, 34  as well as opportunities 

to append a broad array of functional units  

 

Figure 1 Structures of existing dual hydrogen bond donors  alongside the potential 
maleimide scaffold. R groups denote positions for potential synthetic 
functionalisation. 

 

such as  fluorophores, 35 organelle targeting groups, 36 chiral 

groups, 37 stimuli-responsive groups13, 14, 38-42 and tethers to 

solid supports. 43, 44 Increasing the opportunity for the synthetic 

diversification of functional anion receptors is therefore a 

valuable target.  

 

The maleimide motif is an important building block in organic 

synthesis and its use in peptide and protein bioconjugation has 

been widely reported. 45-47 However, to our knowledge bis-

amino maleimides have not previously been investigated as 

dual hydrogen bond donor receptors. We hypothesised that the 

rigid five-membered electron-deficient ring structure of the 

maleimide core, combined with two projecting hydrogen bond 

donors could make these molecules a promising scaffold for 

anion recognition and transport. Compared to the other 

scaffolds in Figure 1, they offer an additional synthetic handle 

on the imide nitrogen, allowing for further diversification and  
Department of Chemistry, University College London, 20 Gordon Street, London 
WC1H 0AJ, UK. Email: cally.haynes@ucl.ac.uk 
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Figure 2 Library of unsymmetrical and symmetrical bis-amino maleimides (1–6). 

 

for the electron density of the ring to be tuned. In this report, 

we discuss the synthesis, anion recognition and anion transport 

properties of six novel symmetrical and unsymmetrical bis-

amino maleimides (1–6, Figure 2) to study the impact of the 

additional synthetic handle on their ability to function as anion 

receptors and transporters.  

Design and synthesis 

We conceived that the series of bis-amino maleimides 1–6, 

shown in Figure 2 would enable us to establish the effects of key 

substituent choices. Building on previous work on substituent 

effects of dual hydrogen bond donors, 21 we chose to 

incorporate aryl rings containing electron-withdrawing and 

lipophilic trifluoromethyl substituents (-CF3) at various positions 

within the scaffold to examine the effect on anion recognition 

and transport processes. A direct comparison can be drawn 

between bis-amino maleimides 3 and 4 with 5 and 6, 

respectively, where the N-methyl group is replaced by an N-aryl 

group. This substitution enables us to probe how the 

introduction of an electron-withdrawing group (the aromatic 

ring) can alter the electronics of the maleimide ring and 

therefore, potentially, adjust its anion binding properties. 

Analogous unsymmetrical bis-amino maleimides, 1 and 2, were 

included in the series to examine the effects of substituting 

aromatic substituents for aliphatic substituents. 

 

The synthesis of bis-amino maleimides has previously posed a 

challenge. 48-51 Following amine addition to the 

dibromomaleimide starting material, the increase in electron 

density within the maleimide core makes the carbon bearing 

the bromine substituent less susceptible to nucleophilic attack 

of a second amine and, as a consequence, symmetrical bis-

amino maleimides have so far remained elusive. Here, 

unsymmetrical bis-amino maleimides, 1 and 2, were prepared 

through a facile two-step synthesis from commercially available 

2,3-dibromo-N-methyl maleimide (Scheme 1a). An initial 

reaction with a poorly nucleophilic aniline (4-

(trifluoromethyl)aniline or 3,5-bis(trifluoromethyl)aniline) 

allowed simple precipitation of the mono-aminated maleimides 

7 and 8 from MeOH, avoiding the need for subsequent time-

consuming purification steps. A second nucleophilic addition of 

n-butylamine to 7 or 8 in DMF under more forcing conditions 

formed bis-amino maleimides 1 and 2 in 22% and 34% yield, 

respectively. While the synthesis of symmetrical bis-amino 

maleimides remained elusive using this approach, in 2023 Costa 

and co-workers reported the synthesis of bis-aminated maleic 

anhydrides (such as 11 and 12, Scheme 1(b)) via the 

photochemical ring opening of squaramide precursors. 32 We 

envisaged that 11 and 12 could be suitable precursors to 

symmetrical bis-amino maleimides, and correspondingly found 

that their treatment with either methylamine hydrochloride or 

an aniline in refluxing AcOH yielded maleimides 3–6. Working 

concurrently we also discovered an alternative approach to 

synthesise bis-amino maleimides starting from intermediates 7 

and 8. By acetylating the first amine substituent, we were able 

to overcome the problem of maleimide core deactivation thus 
allowing for nucleophilic addition of a second aniline (see SI 

section S2.3 for further synthetic details). 
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Scheme 1 Synthesis routes to the bis-amino maleimides reported in this work. (a) Route to unsymmetrical bis-amino maleimides (1 and 2); (b) Route to symmetrical 
bis-amino maleimides (3–6).

Previous studies have found that mono-amino substituted 

maleimides can exhibit a range of different fluorescence 

properties and mechanisms, including twisted intramolecular 

charge transfer (TICT) and aggregation induced emission (AIE). 

48, 49, 52, 53 O’Reilly and co-workers have previously reported that 

mono-aminated maleimides with aliphatic and benzyl amine 

substituents exhibit fluorescence properties, 48, 49 although 

derivatives with aromatic (aniline) substituents, where the 

maleimide was directly conjugated to the aromatic ring, were 

found to be non-fluorescent. 49 They suggested that the 

fluorescence originates from the amino group on the C=C 

double bond acting as the donor moiety in a donor–acceptor 

skeleton, with the aryl substituted nitrogen atoms having less 

electron donating capacity resulting in reduced fluorescence. 

Other reports suggest that the fluorescence emission properties 

and mechanism of similar derivatives can be influenced by 

factors including conformation, intermolecular hydrogen bond 

formation and the electronic effects of substituents on the 

maleimide ring. A more in-depth discussion of earlier studies 

can be found in the SI section S4.3.3. 

 

Interestingly, our symmetrical bis-amino maleimides 3–6 

bearing two or three aromatic substituents were shown to 

exhibit weak orange-yellow fluorescence (Figure 3), unlike their 

unsymmetrical counterparts 1 and 2. In an acetonitrile solution, 

all of the symmetrical molecules exhibited an emission 

maximum between 500–600 nm after excitation at 430 nm. The 

fluorescence emission of 5 displayed a 30 nm red-shift in 

emission compared to 6, highlighting the effect of varying the 

number of electron withdrawing -CF3 substituents on the 

aromatic rings. Further analysis of the fluorescence of these 

molecules in various solvents is shown in the SI section S4. Given 

the variety of different fluorescence mechanisms exhibited by 

other amino-substituted maleimides plus the key differences 

between these literature compounds and our bis-amino 

maleimides in terms of their conformation (see Density 

Functional Theory (DFT) analysis), intermolecular hydrogen 

bond formation (see Anion binding) and the electronic effects 

of substituents on the maleimide ring, we do not propose a 

specific mechanism of fluorescence within our series at present, 

but further photophysical characterisation may enable this in 

the future. 

Figure 3 Solutions of 1–6 in MeCN emitting fluorescence under UV light (365 nm). 

Anion binding 

To investigate the halide binding capabilities of 1–6, 1H NMR 

spectroscopic titration experiments were performed with tetra-

n-butylammonium chloride, bromide and iodide (TBACl, TBABr 

and TBAI) in MeCN-d3 at 298 K. For all of the receptors 

investigated, the addition of Cl– caused significant downfield 

shifts were observed for the N–H maleimide protons (Figure 4) 

which is indicative of hydrogen bond formation and Cl– binding. 

In the case of the unsymmetrical receptors 1 and 2, a smaller 

overall change in chemical shift was observed for the aliphatic 

N–H (Ha) compared to the aromatic N–H (Hb), indicating that 
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this N–H may contribute less to the anion binding. This could be 

rationalised by considering the relative acidity of the two N–H 

groups.  

 

Figure 4 1H NMR titration studies of symmetrical and unsymmetrical bis-amino 
maleimides. Plot showing the change in chemical shift of NH protons upon 
addition of aliquots of TBACl in MeCN-d3 at 298 K. (a) Unsymmetrical bis-amino 
maleimides (1–2); where Ha and Hb represent alkyl and aryl NH protons, 
respectively); (b) Symmetrical bis-amino maleimides (3–6). 

 

The Cl– binding data was analysed using both BindFit54 and 

Musketeer, 55 and different binding models were systematically 

assessed based on the fit quality, random distribution of 

residuals, errors associated with each fit and root mean squared 

error (RMSE) analysis as appropriate. 56, 57 Fitting to a 1:1 binding 

model produced binding constants in the range 22-42 M-1 

(errors produced by Bindfit < 1% in all cases) with good 

agreement between Bindfit and Musketeer; however, close 

inspection of the fitting with both software packages revealed 

signs that the fit to a 1:1 model was not ideal; in particular the 

residual analyses showed a sinusoidal distribution, which 

suggests a systematic error in the fitting. In some cases, close 

analysis of the normalised fits in Musketeer showed systematic 

deviation between the experimental data and fitted models. 

Attempts to fit the Br– binding data produced binding constants 

in the range 6–14 M-1, but with similar indications of an 

imperfect fit to the 1:1 binding model. The titrations with I- 

yielded only very small changes in chemical shift, and thus we 

did not attempt to derive association constants from this data. 

 

Attempts to fit the Cl– and Br– titration data to a 1:2 or 2:1 

binding model also did not provide satisfactory results, with the 

residual analyses producing sinusoidal distributions and the 

RMSE analyses showing less well-defined minima than the 1:1 

fitting. This may suggest that a mixture of different binding 

modes or other equilibria co-exist in solution (SI section S5.3). 

We conclude, however, that weak Cl– and Br– binding is evident 

across the series. In contrast, squaramide 9 has been previously 

reported as a strong Cl– receptor that binds with a 1:1 

stoichiometry in both DMSO-d6/ 0.5% H2O (Ka = 458 M-1 by 1H 

NMR titration) and MeCN (Ka = 8.2 × 105 M-1 by UV/ vis titration). 

29, 58 

 

To investigate the binding affinity of 1–6 towards various anions 

of different sizes and geometries, we also performed 1H NMR 

spectroscopic titrations with oxoanions (AcO−, H2PO4
−, BzO−), 

added as their respective TBA salts in MeCN-d3. Within these 

titrations, the peak corresponding to the N–H protons initially 

disappeared, which could be indicative of deprotonation; 

however other changes in the spectra of unsymmetrical 1 and 2 

were observed. In many cases, we observed the emergence of 

small new peaks in the 1H NMR spectrum when a high 

equivalence of the more basic anions was added (SI Section 

S5.4). Maleimides are known to be susceptible to base-

mediated hydrolysis which results in opening of the five-

membered ring structure, commonly yielding maleamic acids 

via hydrolysis at the imide position. 45, 59 The titration of 1–6 

with a strong base (TBAOH) resulted in a complex 1H NMR 

spectrum which, along with an accompanying colour change 

from orange to colourless, could signal a breakdown of the core 

maleimide structure. The isolation and attempted 

characterisation of one such breakdown product led us to 

propose the formation of an oxalamide under basic conditions 

in organic solvents (see SI section S5.7). Given the poor 

solubility of these derivatives in aqueous solutions, we could 

not directly monitor their stability in buffers, but we note that 

aminothiomaleimides are stable to hydrolysis in phosphate 

buffered saline solutions.45 We also note that the 

nucleophilicity of OH– is likely to be much higher in organic 

solution (eg. CD3CN) than in the aqueous buffered conditions 

relevant to our later transport studies or putative biological 

applications. 

 

We briefly investigated the application of symmetrical bis-

amino maleimides as fluorescent anion sensors but minimal 

fluorescence quenching was observed upon the addition of 

TBACl (100 eq.) in MeCN (SI Section S5.8). 

 

Density Functional Theory (DFT) analysis 

To better understand the binding properties of the 

bisaminomaleimides, computational studies were undertaken. 

For these studies, the butyl groups in 1 and 2 were truncated to  

methyl groups (giving 1Me and 2Me). An initial conformational 

search was performed for all six maleimides using the 

Conformer-Rotamer Ensemble Sampling Tool (CREST) 

developed by Grimme, 62, 63 and the geometries of all 

conformations identified by CREST were then optimised in 

ORCA 5.064, 65  using the r2SCAN-3c composite method, 66-69 with 

solvation effects incorporated through the SMD model. 70 For 
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comparison, the equivalent calculations were also carried out 

for squaramide 9, the precursor to 3 and 5 and an established 

receptor with good affinity for Cl–.29, 71   

 

For the symmetrical bis(arylamino)maleimides 3–6, the 

conformations located fell into three classes. In each case, the 

lowest energy conformation was one in which the N-aryl rings 

were stacked and the N–H bonds pointed away from one 

another (depicted in Figure 5a for 3).  We label this 

conformation syn, syn where the syn designation refers to the 

disposition of the N-H bond relative to the adjacent maleimide 

carbonyl group. The next-lowest energy conformations had an 

anti, syn arrangement (Figure 5b), with the anti, anti-

conformation (Figure 5c), which would be required for 

chelation to a Cl– ion, still higher in energy. All syn 

conformations had dihedral angles OC–C–N–H in the range || 

< 25°, while anti conformations had || > 130°. The alkylamino-

substituted unsymmetrical maleimides 1Me and 2Me fell into four 

conformational classes, with both the arylamino and alkylamino 

N–H bonds adopting either syn or anti orientations. For these 

compounds, the alkylamino N–H bond was always near-

coplanar with the maleimide ring, while the arylamino N–H 

bond was closer to perpendicular to the maleimide than for the 

bis(arylamino) compounds.  

 

For all of the maleimide ligands 1–6, the anti, anti-conformation 

lay between 2.5 kcal/mol and 6.8 kcal/mol higher in free energy 

than the lowest energy conformation (Table 1). By contrast, for 

squaramide 9 the corresponding difference was only 0.7 

kcal/mol (values for all conformers are in the SI Section S6). 

 

Mono-chloride complexes of the six maleimides and of 

squaramide 9 were also modelled. For every maleimide, it was 

possible to find both monodentate and bidentate complexes, 

with the monodentate complex having the lower free energy. 

The lowest energy mono- and bidentate conformations of 3–Cl– 

are shown in Figures 5d and 5e. For the unsymmetrical 

maleimides 1Me–Cl– and 2Me–Cl–, the Cl– was bound to the aryl 

N–H in the monodentate complexes. 

 

For squaramide 9, the bidentate complex was markedly lower 

in energy than the monodentate complex. This bidentate 9–Cl– 

complex was essentially planar (Figure 5f), with OC–C–N–H 

dihedral angles of ±178° (for comparison, the crystal structure 

of this complex with a tetrabutylammonium cation29 has 

dihedral angles of +169.4° and –174.8°) while the bidentate Cl– 

complexes of 3–6 were twisted away from planarity with 

dihedral angles in the 140°–160° range. The bidentate 

complexes of 1Me and 2Me showed the alkyl N–H close to 

coplanar with the maleimide ring and the aryl N–H at ca. 140° 

 
Figure 5 (a,b,c) Three main conformations of receptor 3. The energy values are Gibbs energies relative to the syn, syn-conformation; (d) Lowest energy conformation 
of 3–Cl–; (e) Lowest energy bidentate conformation of 3–Cl–; (f) Monodentate conformation of 9–Cl–. Figures (d)–(f) also show the isosurface of the reduced density 
gradient in the vicinity of the Cl– ion, coloured by sign(2). Strongly attractive interactions are shown in blue, with weaker attractive interactions in green. This figure 
was created using the VMD program. 67, 68
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from planarity. Further details of the modelled geometries, 

including higher energy conformations, are in SI Section 6. 

 

The Cl– complexes were also subjected to analysis using the 

QTAIM (Quantum Theory of Atoms in Molecules) method. 74-76 

Bond critical points were located for all the expected NH–Cl 

interactions; in each case a positive value of 2  was found, 

consistent with a hydrogen-bonding interaction. For each of the 

monodentate maleimide complexes, a further CH–Cl bond 

critical point was found, involving the methyl group of 1Me and 

2Me, and an ortho-CH of the bis(arylamino) compounds. Figures 

5d and 5e show the monodentate and bidentate 3–Cl– 

complexes with the isosurface of the reduced density gradient77  

coloured according to sign(2) – the stronger NH–Cl 

interaction is shown in blue, with the weaker CH–Cl interaction 

in green. 75, 76 The bidentate squaramide complex 9–Cl– 

displayed two such CH–Cl interactions (Figure 5f), but none 

were found in the bidentate maleimide complexes. C-H 

hydrogen bonds have previously been suggested to play a role 

in binding of trifluoromethylated arylamino groups to Lewis 

basic substrates. 78 Hydrogen bond strengths EHB were also 

calculated from the potential energy density at the critical point 

of each H–Cl bond; 79 these, together with the calculated free 

energies of binding in kcal mol-1 for the monodentate and 

bidentate Cl– complexes and the energy differences between 

the syn,syn- and anti, anti-conformations of the ligands, are 

shown in Table 1. 

 

The data in Table 1 suggest that the binding of the maleimide 

receptors to Cl– is markedly weaker than that of squaramide 9, 

and that all of the maleimides have similar binding affinities, 

which is in line with our experimental binding analysis. 

Furthermore, a monodentate binding mode was found to be 

most favourable for the maleimide receptors, in contrast to the 

squaramide.  

 

A large portion of the difference between the binding of the 

maleimides and the squaramide can be accounted for by the 

stronger preference of the maleimides for the syn,syn-

conformation; in addition, the NH–Cl hydrogen bonds formed in 

bidentate 9–Cl– are stronger, and there are also contributions 

from two CH–Cl hydrogen bonds.  

 

The favourable nature of monodentate chloride binding for the 

maleimide receptors also opens the possibility that these 

ligands could bind to two chloride ions, one for each N–H, 

although this was not explored computationally. The presence 

of multiple potential, low energy binding modes and 

conformations for the maleimide receptors could explain the 

imperfect fit to simple binding models observed in our attempts 

to fit our experimental titration data, particularly the difficulty 

in assigning the binding stoichiometry. 

 

Table 1 Calculated binding data for model receptors 1Me and 2Me, receptors 3–6, and squaramide 9. All calculations were at the r2SCAN-3c/SMD(MeCN) level.  

Receptora Gbind /  

kcal mol–1 

Gconf /  

kcal mol–1 b 

EHB (NH-Cl)/ 

kcal mol–1 c 

EHB (CH-Cl)/   

kcal mol–1 c 

1Me monod –0.4  –9.5 –3.8 

bi –0.1 2.7 –8.6, –8.2 e 

2Me monod –1.8  –10.2 –3.8 

bi –0.9 2.5 –8.8, –8.1 e 

3 mono –0.4  –9.8 –3.6 

bi 0.8 5.3 –9.6, –9.5 e 

4 mono –0.4  –9.8 –4.4 

bi 1.4 6.8 –9.0, –8.4 e 

5 mono –1.1  –10.1 –3.8 

bi –0.2 3.7 –9.8, –9.7 e 

6 mono –1.9  –10.1 –3.7 

bi 0.3 5.9 –10.3, –9.9 e 

9 mono –1.3  –10.9 –3.6 

bi –5.6 0.7 –10.2, –10.2 –3.1, –3.1 

 

a mono and bi refer to the monodentate and bidentate mono-chloride complexes. b Free energy difference between the lowest-energy syn, syn and anti, anti 

conformations of the unbound receptor. c Hydrogen bond strengths calculated from the potential energy density at the bond critical point. 79 d The Cl– ion is coordinated 

to the aryl N–H. e No CH–Cl bond critical points were identified.

Anion transport activity 

The anion transport activity of 1–6 was initially investigated 

using a Cl–/NO3
– transmembrane exchange assay using a Cl– ion 

selective electrode (ISE) (depicted in Figure 6a). Unilamellar 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

vesicles were prepared containing NaCl buffered to pH 7.2. The 

vesicles were suspended in NaNO3 (pH 7.2). Addition of the 

transporter as a DMSO solution (10 mol% transporter to lipid) 

initiated the experiment, and the resulting Cl– efflux was 

monitored using an ISE. At the end of the experiment, detergent 

was added to lyse the vesicles for calibration of 100% Cl– 

release. The results are shown in Figure 6b. These studies found 

that 5 was the only bis-amino maleimide to display any 

anionophoric potential. By comparison, the other five bis-amino 
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maleimides all showed minimal Cl– transport (<10% efflux; 

Figure 6b, Table 2).  

 

When designing a successful anion transporter, lipophilicity is 

highly significant. Previous studies have shown that there is a 

fine balance between a molecule being highly lipophilic to 

partition readily into the lipid bilayer and being sufficiently 

soluble in the aqueous phase to enable delivery to the 

membrane. 80-82 As the shape of our transport activity curve for 

5 was sigmoidal after transporter addition (indicating a lag 

phase before effective transport was observed), we sought to 

further investigate whether the poor deliverability of bis-amino 

maleimides 1–6 could be inhibiting the transport process. We 

found that addition of 5 and 6 from a more dilute DMSO 

solution yielded increased Cl– efflux (SI section S7.3), which 

could indicate that the delivery of the transporter to the 

membrane is improved by the larger quantity of DMSO and is 

thus a limiting factor. The other derivatives 1–4 remained 

inactive under these conditions (SI section S7.3). The key 

structural difference between 5 and 6 vs the other derivatives 

is that they contain an electron poor aryl substituent in the 

imide position (vs a methyl group); this demonstrates the 

significant potential in fine-tuning the anion transport function 

of this class of molecules based on our new functional handle. 

The anion transport activity of 5 in the Cl–/NO3
– antiport assay 

was quantified by Hill analysis, allowing the EC50 value, defined 

as the concentration of transporter (mol% transporter to lipid) 

required to obtain 50% efflux at 270 s, to be calculated as 4.1 

mol% w.r.t. lipid. By comparison, squaramide 9 is a more potent 

anionophore (EC50 0.06 mol%),29 although it can be challenging 

to deliver due to solubility issues. 83 

 

We carried out further mechanistic studies into the anion 

transport action of 5. Firstly, we conducted a Cl–/HCO3
– antiport 

assay using a Cl– ISE (SI section S7.5). The results demonstrated 

that 5 is capable of mediating low levels of Cl–/ HCO3
– exchange 

(EC50 = 10.1 mol% w.r.t. lipid), and also confirmed that no 

transport is observed in the absence of an external anion that 

can be readily transported – this implying that 5 functions as an 

anion antiporter. We then conducted a cationophore-coupled 

transport assay (depicted in Figure 6 c-d), used to investigate if 

an anionophore is capable of functioning by an electrogenic or

 

 
Figure 6 (a) A schematic representation of the Cl–/NO3

– antiport assay; (b) Cl– efflux facilitated by receptors 1–6 (10 mol% transporter to lipid) in the Cl–/NO3
– antiport 

assay; (c-d) a schematic representation of the cationophore-coupled transport assay with valinomycin  and monensin; (e) Cl– efflux (%) facilitated by 5 (5 mol% 
transporter to lipid) only and in the presence of valinomycin (Val, 0.1 mol%) and monensin (Mon, 0.1 mol%) in the cationophore-coupled transport assay. At the end of 
each transport assay, the vesicles were lysed with detergent to calibrate 100% efflux. Error bars represent the standard deviation of three experiments. 

 

electroneutral transport processes. 84 In this assay, the efflux of 

Cl– from KCl containing vesicles suspended in KGlu (where Glu = 

gluconate, a hydrophilic anionic species assumed not to be 

transported under these experimental conditions) is monitored 

using a Cl– ISE. The transport efficiency in the presence and 

absence of two different cationophores – valinomycin and 

monensin – is compared. Enhanced transport in the presence of 

valinomycin (a potassium uniporter) implies that the 

transporter is capable of electrogenic transport (a transport 

process that would lead to a build-up of charge), while 

enhanced transport in the presence of monensin (a K+/H+ 

antiporter) implies that the transport is capable of 

electroneutral transport (an overall charge neutral transport 

process such as H+/Cl– co-transport). 

 

Page 7 of 11 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
2/

20
25

 7
:4

6:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5OB01392E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob01392e


ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Table 2 Summary of the anion transport properties of bis-amino maleimides, 1-6, including calculated LogP values. 

Transporter Cl– effluxa (%) LogPb EC50, 270s
c 

(mol%) 

nd 

1 7.0 2.0 -e -e 

2 3.4 2.9 -e -e 

3 3.6 3.2 -e -e 

4 1.9 4.9 -e -e 

5 67.2 5.7 4.12f 3.13f 

6 6.2 8.3 -e -e 

a Maximum Cl– efflux values taken at 270 s after transporter addition (10 mol% transporter to lipid). b Predicted LogP values obtained from ChemAxon lipophilicity 

calculator. c EC50, 270s defined as the concentration of transporter (mol% transporter to lipid) required to obtain 50% Cl– efflux at 270 s. d n defined as Hill coefficient. e Hill 

analysis could not be performed due to low transport activity. f Values for EC50, 270s and n determined from Hill analysis using a 1.25 mM stock solution. 

Our results, shown in Figure 6e, show a significant acceleration 

in the rate of Cl– efflux facilitated by 5 when in the presence of 

both valinomycin and monensin compared to 5 alone, indicating 

that 5 is capable of both electrogenic and electroneutral Cl– 

transport. Finally, we conducted a preliminary investigation into 

the selectivity of 5 for transporting Cl– vs H+ or OH– using a 

fluorescence assay involving 8-hydroxypyrene-1,3,6-trisulfonic 

acid (HPTS), 85 a ratiometric, pH responsive fluorescent probe 

coupled with the proton channel gramicidin (SI section S7.7). 

Vesicles were prepared containing HPTS in NMDG-Cl buffered 

to pH 7 (where NMDG = N-methyl-D-glucamine, a monovalent 

and highly hydrophilic cation assumed not to be transported 

under these experimental conditions). The external solution 

contained NMDG-Cl buffered to pH 7, and after the addition of 

the transporter(s), the experiment was initiated by adding a 

base pulse to create a pH gradient. Subsequent changes in the 

ratiometric HPTS fluorescence was indicative of an increase in 

the pH inside the vesicles. The results showed that 5 is able to 

dissipate the pH gradient both in the absence and presence of 

gramicidin, and that the rate of transport is slightly elevated in 

the presence of gramicidin. This further implies that 5 is capable 

of both electroneutral (H+/Cl– symport or Cl–/OH– antiport) and 

electrogenic Cl– transport, potentially with some selectivity for 

electrogenic transport.  

Conclusions 

In this study we have demonstrated the successful synthesis of 

a series of symmetrical and unsymmetrical bis-amino 

maleimides that are able to function as anion receptors for Cl–. 

Weak Cl– binding in MeCN-d3 was observed via 1H NMR 

titration, and imperfect fits to simple binding models may imply 

that multiple binding modes or equilibria exist in solution. DFT 

analysis indicated that multiple conformations of these 

receptors exist, meaning that (i) the receptors need to re-

organise from their lowest energy conformation in order to 

form a bidentate cleft for anions, and (ii) monodentate binding 

may also be possible. These findings could explain the 

apparently weak anion affinity and difficulties in fitting the 

titration data to simple binding models. This trend is similar to 

that displayed by other five-membered dual hydrogen bond 

donors and demonstrates the limitations of using this rigid (N-

containing) five membered ring structure in a receptor, as a 

conformational change is required to bind an anion in a 1:1 

binding mode. The anion transport activity of bis-amino 

maleimides was investigated using the Cl−/NO3
− antiport assay 

and receptor 5 (and to a limited degree, 6) were found to display 

anionophoric activity, with Hill analysis showing a EC50 value of 

4.1 mol% w.r.t lipid for receptor 5. This finding demonstrates 

that substitution at the imide nitrogen can tune the function of 

this class of receptors. Overall this work has established the 

utility of the bis-amino maleimide scaffold in anion recognition 

and transport, and demonstrated key design principles that can 

influence binding strength, pre-organisation and transport 

activity. By comparison to squaramides, which are established 

anion receptors and transporters, our bis-amino maleimides 

show lower activities at present but offer more opportunities 

for synthetic diversification. 
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