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Anion Transport  w ith Chalcogen Bonds 
Sebastian Benz, Mariano Macchione, Quentin Verolet, Jiri Mareda, Naomi Sakai, and Stefan Matile* 
Department of Organic Chemistry, University of Geneva, CH-1211 Geneva, Switzerland 
 

ABSTRACT.  In this report, we introduce synthetic anion 
transporters that operate with chalcogen bonds.  Electron-
deficient dithieno[3,2-b;2’,3’-d]thiophenes (DTTs) are identi-
fied as ideal to bind anions in the focal point of the σ holes on 
the co-facial endocyclic sulfur atoms.  Anion binding in solu-
tion and anion transport across lipid bilayers are found to in-
crease with the depth of the σ holes of the DTT anionophores.  
These results introduce DTTs and related architectures as 
privileged motif to engineer chalcogen bonds into functional 
systems, complementary in scope to classics such as 2,2’-
bipyrroles or 2,2’-bipyridines that operate with hydrogen 
bonds and lone pairs, respectively. 

Synthetic transport systems1-3 have emerged as an attractive tool 
to elaborate on the functional relevance of interactions that are 
otherwise less recognized.3  Leading examples for such unortho-
dox interactions at work in lipid bilayer membranes include halo-
gen bonds and anion-π interactions.3  Here, we report the first 
example for anion transport with chalcogen bonds. 
 Chalcogen bonds originate from σ holes on electron-deficient 
sulfur, selenium or tellurium but not oxygen atoms (Figure 1A).4-6  
With the σ* orbitals of the two C-X bonds accounting for the σ 
holes, chalcogen bonds extend co-linear to these bonds, i.e., Φ1 ~ 
180º.  This resulting angle between a chalcogen bond and the 
other, co-planar C-X bond is, with Φ2 ~ 70º, relatively small.  It is 
perhaps this small Φ2 that has limited the use of chalcogen bonds 
in functional systems mostly to intramolecular conformational 
control and solid-state crystal engineering.4,5  Anion binding with 
telluradiazoles in solution has been realized recently.6 

 2,2’-Bithiophenes7 were considered as conceptually innovative 
motif for the design of chalcogen-bond transporters and beyond 
(Figures 1B).  On the one hand, they are nicely complementary to 
2,2’-bipyridines, the classical motif to bind cations rather than 
anions with the two nitrogen lone pairs (Figure 1C).8  On the 
other hand, they complement 2,2’-bipyrroles (Figure 1D).  This 
classical motif to bind anions with conventional hydrogen rather 
than unorthodox chalcogen bonds is present also in biological 
anion transporters such as prodigiosin and synthetic mimics in 
many variations.2 

 Density functional theory (DFT) modeling at the M062X/6-
311G** level of theory9-11 in the gas phase supported 2,2’-
bithiophenes as operational anionophores.  Dithieno[3,2-b;2’,3’-
d]thiophenes (DTTs)5,12-14 appeared particularly attractive be-
cause the orientation of the co-facial σ holes is preorganized, and 
their bite angle is enlarged.  The chalcogen-bond angle in chlo-
ride complexes was found to increase correspondingly from Φ1 = 
149º in 2,2’-bithiophenes (Figure 1F) to Φ1 = 177º in DTT 1 (Fig-
ures 1F, G).  The S-Cl distances decreased correspondingly to 
end up far below the sum of the VdW radii (3.7 Å; Figures 1F, 
G).  Computed anion binding energies in 1:1 complexes increased 
with the depth of the σ holes, achieved by oxidation of the bridg-
ing “sulfide donors” in DTT 1-2 to “sulfoxides” in DTT-S-oxides 
3-4 and “sulfone” acceptors in DTT-S,S-dioxides 5-10 (Figure 
1E, Table 1).5,12-16  DFT models confirmed that one or two vicinal 
acceptors can further increase anion binding (e.g., 5-7, Table 1, 
Figure 1H; 7:  Φ1 = 179º, S-Cl = 2.9 Å).  The addition of hetero- 

 
Figure 1.  Design of chalcogen-bond anionophores.  (A) Directionali-
ty of chalcogen bonds (dashed arrows) of sulfur atoms:  Φ1 ~ 180º, Φ2 

~ 70º.  (B-D) Envisioned anion complexes with 2,2’-bithiophenes (B) 
compared to classical complexes with 2,2’-bipyridines (C) and 2,2’-
bipyrroles (D).  (E) Structure of the new transporters 1-10 (compare 
Table 1).  (F-G) M062X/6-311G** optimized structures of chloride 
complexes of 2,2’-bithiophenes (F) and DTT 1 (G).  (H) Electrostatic 
potential surface (EPS) computed at MP2/6-311++G**//M062X/6-
311G** level of theory for DTT 7 (R3 = Me, blue:  electron poor, 
red:  electron rich).11 

 
atoms in the thiophene ring produced deep σ holes together with 
strong computed binding.  However, all bithiazoles tested were 
inactive as anion transporters, presumably because they are too 
hydrophilic to partition into the membranes, and were thus not 
further investigated (not shown). 
 DTTs 1-10 were easily accessible by adapting previously re-
ported synthetic procedures (Scheme 1).13,14  All details on DTT 
synthesis can be found in the Supporting Information (Schemes 
S1-S3).17 
 The absorption spectra of DTT 7 in THF showed a maximum 
at λabs = 376 nm (Figure 2A).  Chloride binding caused apprecia-
ble hypo- and bathochromism, whereas the emission at λem = 444 
nm did not shift but was almost completely quenched (Figure 
2B).  Analysis of dose response isotherms for 1:1 complexes gave 
a KD = 1.13 ± 0.03 mM (Figures S1, S2, Table S1).  The Job plot 
supported formation of a 1:1 complex (Figure S3).  Consistent 
with anion recognition by operational chalcogen bonds, binding 
of nitrate (TBANO3) was clearly weaker (KD = 6.2 ± 0.4 mM, 
selectivity Cl–/NO3

– = 5.6, Figure S4, Table S1).  Binding of PF6
- 

was not detectable (Figure S5). 
 Compared to 7, chloride binding by 6 with only one cyano 
acceptor was clearly weaker (KD = 14.4 ± 0.7 mM).  Anion bind-
ing by all DTTs with shallower σ holes was not detectable.  Sub-
stitution of two cyano acceptors in 7 by sulfones in 10 did not 
much affect anion binding in THF (KD = 4.9 ± 0.2 mM, Cl–/NO3
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Scheme 1.  (a) 1. BuLi, THF, –78 °C, 2 h, 69%; 2. Na2Cr2O7, H2SO4, 
H2O, acetone, rt, 16 h, 68%; (b) EtONa, EtOH, reflux, 2 h, 86%; (c) 
1. DIBAL-H, THF, –78 °C, 30 min, quant; 2. Dess-Martin perio-
dinane, CH2Cl2, rt, 2 h, 71%; (d) 1. NaN3, TfOH, CH3CN, 50 °C, 1 h, 
71%; 2. mCPBA, CHCl3, rt, 3 h, 77%; (e) mCPBA, CHCl3, rt, 3 h, 
36%; (f) 1. LiOH, EtOH, reflux, 16 h, 95%; 2. Ag2CO3, AcOH, 
DMSO, 120 °C, 16 h, 73%; (g) several steps, see SI.17 

 
= 2.6, Table S1).  With two aldehyde acceptors DTT 8, absorp-
tion (λabs = 389 nm) and emission (λem = 472 nm) increased with 
TBACl (Figures 2C, D).  This hyperchromic response was con-
sistent with competition from intramolecular chalcogen bonds in 
8b (Scheme 1).  The theoretically predicted decrease in chloride 
affinity of 8 (Table 1, entry 8) was confirmed experimentally (KD 
= 6.7 ± 0.7 mM). 
 Transport activities were assessed in large unilamellar vesicles 
(LUVs) composed of egg yolk phosphatidylcholine (EYPC) and 
loaded with 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS), a pH 
sensitive fluorescent probe.18  With a base pulse, a pH gradient 
was applied first, then the transporters were added and their abil-
ity to accelerate the dissipation of the pH gradient was measured 
(Figures 3A, S6, S7).  Activities were described by the effective 
concentration EC50 needed to reach 50% of the maximal activity 
Ymax (Figures S8, S9).  For DTTs with methyl groups as substitu-
ents R3, transport activities were poor.  With one sulfone acceptor 
in 9, EC50 = 27 ± 2 µM could be measured (Table 1, entry 9), 

Figure 2.  Absorption (A, C) and emission spectra (B, D, excitation 
at maxima) of 7 (A, B) and 8 (C, D) in THF in the presence of in-
creasing concentrations of TBACl, from 0 mM (blue) to 20 mM 
(red). 

DTT 10 with two sulfones was inactive (Table 1, entry 10).  With 
evidence for comparably strong anion binding in THF secured 
(above), undetectable transport activity of DTT 10 was likely to 
originate from poor partitioning. 
 With isobutyl solubilizers as R3, DTTs 1-4 with weak σ holes 
delivered nondescript EC50 around 20 µM (Table 1, entry 1-4). 
With the most powerful “sulfone” bridges in 5-7, activities in-
creased gradually with one and two additional cyano acceptor 
(Table 1, entries 5-7).  The best EC50 = 1.9 ± 0.2 µM obtained for 
7 coincided with the best KD = 1.13 ± 0.03 mM for chloride bind-
ing in THF and the highest theoretical binding energy Eint = –34.6 
kcal mol-1, that is the deepest σ hole. 
 Hill coefficients were near n = 1 for all transporters (Table 1).  
Supported by curve fits and Job plots for anion binding in solu-
tion, this could suggest that DTTs transport anions as mono-
mers.19  Consistent with anion-selective transport, presumably 
anion/OH– antiport,18 the exchange of extravesicular anions af-
fected transport activities overall more than the exchange of 
 

Table 1.  Anion Binding and Transport with Chalcogen Bonds. 

cpdsa bridge  R1  R2  R3 Eint (kcal mol-1)b
 EC50 (µM)c

 nd Cl–/NO3
– e 

1 S H H i-Bu –9.9 16 ± 3 1.3 – 
2 S CHO CHO i-Bu –21.3 (–14.7)f –g – – 
3 SO H H i-Bu –16.6 19 ± 2 1.1 3.4 
4 SO CN H i-Bu –24.0 22 ± 4 1.2 2.3 
5 SO2 H H i-Bu –20.1 9.4 ± 0.6 1.5 2.2 
6 SO2 CN H i-Bu –27.4 7 ± 2 1.4 2.0 
7 SO2 CN CN i-Bu –34.6 1.9 ± 0.2 1.2 2.1 
8 SO2 CHO CHO i-Bu –30.9 (–24.8)f –g – – 
9 SO2 SO2Et H Me –26.8 27 ± 2 1.4 1.2 
10 SO2 SO2Et SO2Et Me –32.7 –g – – 
         

aCompounds, see Figure 1E for structures; bridge:  Atoms bridging the two peripheral thiophenes in [3,2-b;2’,3’-d]-DTTs.  bInteraction energies for 
1:1 chloride complexes computed at M062X/6-311G** level and BSSE corrected; R3 = Me.  cEffective concentration needed to reach 50% of max-
imal transport activity Ymax in the HPTS assay.  dHill coefficient of dose response curves in the HPTS assay.  eTransport activity in the HPTS assay 
with extravesicular chloride compared to extravesicular nitrate.  fValue in parenthesis for conformer b with competing intramolecular chalcogen 
bonds (Scheme 1).  gNot detectable (fluorescence overlap, precipitation). 
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Figure 3.  (A) Change in HPTS fluorescence (λex1 = 400 nm, λex2 = 
450 nm) upon addition of 1, 3, 5 and 7 (10 µM) to EYPC LUVs with 
internal HPTS and a transmembrane pH gradient, calibrated to I = 1.0 
after final lysis.  (B) Dependence of transport activity Y of 7 on the 
nature of extravesicular anions (100 mM NaX, inside 100 mM NaCl).  
(C) Change in CF fluorescence (λex = 492 nm) upon addition of 1, 3, 
5 and 7 (10 µM) to EYPC LUVs with internal CF, calibrated to I = 
1.0 after final lysis. 

external cations (Figures 3B, S10).  The obtained apparent anion 
selectivity sequences should not be overinterpreted because of the 
complexity of the assay (results for Ac– and F–, for example, are 
influenced by passive diffusion of their conjugate acids, Figure 
3B).  The consistently moderate activity with external nitrate was 
noteworthy because transporters that operate with anion-π interac-
tions show high activity with external nitrate (Figures 3B, Table 
1).3,16,20  Relatively high LUMO energies down to ELUMO = –3.70 
eV obtained for DTT 7 from differential pulse voltammetry 
(DPV) firmly excluded any contributions for anion-π interactions 
to anion transport with chalcogen bonds (Figure S12; naphtha-
lenediimide (NDI) anion-π transporters:  ELUMO < –4.00 eV, NDIs 
with –3.70 eV are π neutral3,21).  The electrostatic potential con-
firmed that the π surface of the tricyclic moiety is not suitable for 
anion-π interactions, and that anion binding in the focal point of 
the σ holes on the proximal endocyclic sulfur atoms is clearly 
preferred (Figure 1H). 
 All new chalcogen-bond transporters were inactive in the CF 
assay (Figure 3C).  These routine controls, operating on fluores-
cence recovery upon export of self-quenched 5(6)-
carboxyfluorescein from CF-loaded EYPC LUVs,18 excluded that 
more significant membrane damage from detergent effects and the 
like account for the activity observed in the HPTS assay. 
 In summary, the reported results provide compelling experi-
mental and theoretical evidence for existence and significance of 
anion transporters that operate with chalcogen bonds and intro-
duce DTTs as privileged motif to install chalcogen bonds in func-
tional systems.  Studies are ongoing to elaborate on these perspec-
tives, particularly with regard to catalysis.16 
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