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Steric control of metal cation selectivity in curved n-systems based
on sumanene scaffold is reported. In comparison to variety of
examples of Cs*-oriented sumanene receptors, herein we show that
increasing the steric hindrance of the receptor part enables tuning
the recognition of metal cations, including the unprecedented
design of sumanene-based lead(ll) receptor.

Buckybowls are emerging class of molecules not only as
scaffolds of organic materials with attractive bowl-shaped
structures and unique properties, but also in terms of designing
functional organic molecules for various applications.~7 One of
the leading examples of buckybowls is a Cs-symmetric
sumanene?®? (1; Fig. 1) composed of four hexagonal and three
pentagonal rings, which was first synthesized (2003) almost 40
years after Csy,-symmetric corannulene'®1!, In the last 15 years,
chemistry and properties of sumanene were intensively
explored, revealing attractive possibilities of this scaffold for -
expanded bowl-shaped organic molecules!?-16, and as a ligand
in organometallic complexesl’-2t
materials22-24,

During the last 7 years, our group reported on the attractive

and organized organic

properties of sumanene for designing molecular receptors of
metal cations, mostly for cesium cations (Cs*) optical or
electrochemical detection.25-32 This non-covalent interaction is
driven by the formation of dynamic cation-mt interactions
between a metal cation and m-electrons from a sumanene
bowl.33-3¢ The selective detection of Cs* by sumanene receptors
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results from the site-specific non-covalent interactions between
concave site of sumanene bowl, which size matches perfectly
with the Cs* van der Waals radius.3” Only several sumanene
derivatives monosubstitued at the aromatic position with 1,2,3-
triazole skeletons38, 1,1,2,2-tetraphenylethene wunits3® or
bis(terpyridine)ruthenium(ll) complexes?® featured exclusive
lithium cations (Li*) selectivity, which was hypothesized to
include sumanene’s convex-oriented complexation.

We identified tuning metal cation selectivity of sumanene
receptors by means of careful steric control of the cation-nt
interactions of the receptor side as an attractive concept to
further advance sumanene receptors science. Inspired by the
structure of the bis-sumanene derivative monosubstituted at
the aromatic position with the 1,2,3-triazole moiety, which
featured lithium cations (Li*) selectivity3® (2; Fig. 1), as well as
taking into account the easiness of introducing triazole moieties
by means of click reaction, herein we report on the synthesis of
series of triazole-functionalized sumanenes (3-6; Fig. 1),
differing in the steric hindrance of the receptor part of the
molecule (sumanene bowl in conjunction with the 1,2,3-triazole
skeleton). By extensive spectrofluorimetric and potentiometric
studies, we demonstrated that thanks to the steric tuning and
the direct conjunction of receptor properties of triazole and
sumanene scaffolds in the molecule, these newly designed
receptors featured enhanced selectivity towards small alkali
cations (lithium, Li*) up to d- (copper(ll), Cu%*) and p-block metal
cations, with the first lead(ll) (Pb2?*) oriented sumanene
receptors (Fig. 1). As a result, this study constitutes a valuable
contribution to the further growth of curved m-conjugated
receptors science with tunable affinity properties.

The synthesis of target sumanene receptors 3-6 (Fig. 1) was
based on the 1,3-dipolar copper-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction between 2-ethynylsumanene
(7)?” and respective aromatic azides bearing the 1,3,5-
triphenylbenzene motif (8-11; refer to Electronic Supporting
Information (ESI), Sections S1-S3, for the full experimental
details and compounds characterization data). Azides 8-11 were
synthesized conditions from corresponding

under mild
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Fig. 1 Synthesis of receptors 3-6 and the presentation of the contents of this work.

aromatic amines by means of the diazotization reaction4%42
(NaNO,, HCI) followed by the treatment with sodium azide (Fig.
1). Starting aromatic amines were synthesized using the Suzuki-
Miyaura cross-coupling between (i) 2-([1,1":3",1"-terphenyl]-5'-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane*?® and 2,6-disubsti-
tuted 4-bromoanline derivatives (in the case of azides 9-10) or
(ii) phenylboronic acid and 2,4,6-tribromoanline** (in the case
of azide 11; see ESI, Section S1, for the reaction schemes).

In brief, the conditions for the synthesis of receptors 3-5
included the usage of copper(l) thiophene-2-carboxylate (CuTC)
as the copper source, and N,N-diisopropylethylamine (DIPEA) in
dry N,N-dimethylformamide (DMF) under argon atmosphere
(24 hours, 55°C), providing the target products in good vyields
(40-60 %) after chromatographic purification. Interestingly,
translating such conditions to the synthesis of receptor 6, or
using other widely employed catalytic systems (see
optimization table in ESI, Section S1), did not provide the target
product (no triazole product was formed). We concluded that
the most plausible reason is the steric hindrance related to the
azide group within the starting material 11 structure. To
overcome this severe limitation, we used tris((1-benzyl-1H-
1,2,3-triazol-4-yl)methyl)amine (TBTA) as a ligand for the
process, taking into account previous reports on its usage in
CuAAC reactions.*>46 To our delight, employing CuTC, DIPEA in
dry DMF (argon atmosphere, 24 hours, 55°C) provided target
receptor 6 in good yield (60%; chromatographic purification on
neutral alumina (Al;03) as the stationary phase was required).

Additionally, to provide structural reference to the designed
sumanene-based molecules 3-6 for further receptor assays, our
synthetic studies also included the preparation of respective
molecules featuring the presence of the phenyl substituent at
the 4-position the 1,2,3-triazole skeleton (molecules 12-15; Fig.
1) instead of the sumanenyl group. These molecules were
synthesized in high yields (70-94%) under similar conditions as
those for their sumanene analogs. Similarly to the synthesis of

2 | J. Name., 20xx, 00, 1-3

structural references for receptor studies -------

13 (71%)

sumanene receptor 6, the successful synthesis of reference
compound 15 also required the usage of TBTA as a ligand for the
process, suggesting the general reactivity profile for starting
azide 11 in the studied CuAAC process.

Successful isolation of all synthesized molecules was
confirmed by 1D and 2D NMR, as well as HRMS. In brief, the
most diagnostic change in terms of target receptors 3-6 was the
presence of the signal coming from the C-H proton of the 1,2,3-
triazole moiety, along with the disappearance of the -C=C-H
signal from the parent 2-ethynylsumanene (7).

Regarding photophysical characterization, absorption (Aaps)
and emission (Aem) maxima for molecules 3-6 (in THF) were
located between 240-330 nm and 388-390 nm, respectively (see
ESI, Section S4, for the spectra). HOMO and LUMO were located
mainly on the sumanene bowl and triazole-triphenylbenzene
parts, respectively (see ESI, Section S7, for DFT-computed
HOMO and LUMO distributions).

DFT computations (B3LYP47/6-311g(d,p)*?) enabled the
visualization (Fig. 2) of the increasing steric hindrance of the
receptor part in molecules 3-6 (sumanene bowl in conjunction
with the triazole moiety) in the following order (a substituent in
the bracket refers to the group marked in light pink in Fig. 1): 3
(H) < 4 (CHs) < 5 (CH(CH3)2) < 6 (CgHs). Discussed increase in
steric hindrance also resulted in slightly higher bow! depth for
molecule 6 (1.14 A) in comparison to other sumanene
derivatives (1.11-1.12 A). Additionally, judging from the DFT-
computed electrostatic surface potential (ESP) distributions for
receptors 3-6 (Fig. 2), in general, triazole part features relatively
similar ESP value for all molecules (ca. -58 kJ-mol-1), whereas
the ESP value for the convex site of sumanene bowl is ca. 5
kJ-mol-1 higher for the receptor 6 (-35 kJ-mol-1) in comparison
to other molecules. Therefore, DFT computations revealed that
the most steric tuning of the receptor part in molecule 6 also
influenced its electronic properties.

This journal is © The Royal Society of Chemistry 20xx
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The selectivity of cation recognition by the studied receptors
was first studied in a heterogeneous system, i.e., the derivatives
3-6 were introduced into polymeric membranes made of
plasticized poly(vinyl chloride), used as ion-sensitive layers in
potentiometric  sensors. This method enables the
determination of the potentiometric selectivity coefficients
shown in Fig. 3 and collected in Table S3 (refer to ESI, Section
S1.3, for experimental details). The presence of a small methyl
substituent (receptor 4) or its absence (3) in receptor structure
did not significantly alter the selectivity patterns of the
membranes. However, the derivatives 3 and 4 provided an
enhanced selectivity towards Li* over the remaining alkali metal
cations, compared to blank membranes. Similar potentiometric
and spectroscopic results were previously reported for a 1,2,3-
triazole-linked bis-sumanene derivative 238, which confirm that
the direct linkage of sumanene to the triazole ring favours
lithium cation binding. Structural modification with isopropyl
moieties in receptor 5 yielded an unprecedented and significant
gain in Pb?* and Ba2* affinity of the membranes, simultaneously
suppressing their selectivity towards lipophilic alkali metal
cations. Furthermore, receptor 6 featuring a larger, sterically
hindering phenyl substituents, displayed even higher affinity for
PbZ* cations, comparable to that of the highly lipophilic Cs*
cation, while achieving superior Pb%* selectivity over other
transition metal cations relative to blank membranes.

ESP value
triazole

. ﬁu ,v,. !...\ ’ﬁtﬁ

ESP value
sumanene

‘ -58 kJ-mol~" -58 kJ mol~ 59 kJ-mol~" 58 KJ mol-"

[-35 ky-mol-

\ 40 kJ-mol-1

mwéq

steric tuning of the receptor site (sumanene bowl! in conjunction with the 1,2,3-triazole skeleton)

[-41 kJmol [-41 kJmol

convex
site

Fig. 2 DFT-computed (B3LYP/6-311g(d,p)) ESP plots for sumanene receptors 3-6
together with ESP values for triazole concave site and sumanene convex site.

Different selectivity pattern of receptors 3-6 might suggest
that steric tuning resulted in an increased affinity towards Pb?*
which is a softer Lewis acid with a larger ionic radius, and which
also features a stereochemically active 6s? lone electron pair
accessible for coordination.*® The most notable preference of
binding soft Pb?* cations by receptor 6 in the series of tested
receptors 3-6 might be supported with the highest ESP value for
the convex site of the sumanene bowl for this receptor (Fig. 2).
It is hypothesized that the combination of steric shielding of the
concave site with the steric bulk, which is most significantly
increased for 6 (see Fig. 2), enhanced the accessibility of the
convex m-surface of the sumanene bowl, thereby favouring
larger, more polarizable cations. This outcome suggests new
modes of interaction for receptor 6 in comparison to variety
examples of reported of Cs*-selective sumanene receptors.

Additional experiments were carried out to evaluate the
role of the sumanene bowl in cation binding by the receptors 3-
6. The selectivity coefficients of membranes doped with

This journal is © The Royal Society of Chemistry 20xx
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reference, truncated derivatives 12-15 of the,.studied
sumanene-based receptors were similaPtd: tR38896F tHeDBIZ Ak
membranes (see Fig. S52 and Table S4, ESI). Thus, the presence
of the bowl-shaped sumanene motif in the receptor structure is
crucial to tune the selectivity of the ion-sensitive layers. The
only effect that could be attributed to coordination properties
of the 1,2,3-triazole moiety was a slightly elevated affinity
towards lithium and some divalent metal cations, notably in the
case of derivative 13. Based on the comparison of the selectivity
of membranes containing 3-6 and 12-15 derivatives, it can be
concluded that drastic changes in the membrane selectivity can
be only obtained by introducing the curved sumanene unit to
the truncated derivatives functionalized with bulky substituents
exhibiting unique binding environment.
blank 3 4 5 6 15

—_—Cs

Iog K Ma, Me

Fig. 3 Graphical presentation of the selectivity (values of log K ya, me) of PVC/o-
NPOE membranes formulated with receptors 3-6 and 15 (10 mol% KTFPB) and
without receptor (blank membrane); mean values were calculated for 3 electrode
specimens.

The binding properties of the studied receptors 3-6 were
further examined in solution (H,O:THF = 1:1 v/v) using
spectroscopy. Taking into account the
potentiometric results, fluorescence spectra titrations were
performed against selected metal cations, namely: Li*, Cu?* and
Pb2* (refer to ESI, Section S1.4, for details of the
spectrofluorimetric experiments). A systematic enhancement
of fluorescence intensity was observed upon the addition of
increasing molar equivalents of metal cations, however, the
signal increase varied depending on the specific cation and the
receptor studied (see Fig. 4 for the titration for 6-Pb2* system;
for other titrations see ESI, Figs. S53-573).

Benesi-Hildebrand linear fitting of fluorescence titration
data demonstrated a 1:1 stoichiometry of the metal cation
complexes of receptors 3-5 and provided the estimation of
respective association constants (K; Table S5, ESI). The receptor
3 exhibited increased affinity towards Li* and Cu?*, whereas the
derivative 5 towards Cu?* and Pb?* cations. Moreover, while
derivative 3 exhibited the highest association constants overall,
an exception was noted for Pb?* cations; in this case the Pb2*
affinity progressively increased in the order of derivatives 3 < 4
< 5. Notably, a similar enhancement of the Pb?* selectivity was
reflected during the potentiometric experiments.

The titration of receptor 6 with Li* cations resulted in no
detectable changes in the emission signal, suggesting no
interaction occurred. The loss of Li* potentiometric selectivity
was also remarked for the membrane doped with this derivative
(affinity for Li* cations matched the level observed for the blank

fluorescence

J. Name., 2013, 00, 1-3 | 3
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membrane). Moreover, only minor changes in the fluorescence
signal were measured during the titration of receptor 6 with K*
or Cs* cations, indicating a low binding affinity toward both ions
(Figs. S80-S81, ESI). On the other hand, the highest changes in
intensity of the fluorescence signal of 6 were observed upon
addition of Pb2* cations (Figs. S74-S77, ESI). These results
suggest that increase in steric hindrance of the binding site
favours the complexation of bigger cations (Pb2*) as opposed to
smaller cations (Li*). Furthermore, given the unsatisfactory
fitting provided by the Benesi-Hildebrand plot, the titration data
for receptor 6 were subsequently analysed using the non-linear
data analysis (global fitting) tool Bindfit,5°-52 which revealed a
good fit of the experimental data for 2:1 receptor-cation
binding model (Figs. S78-5S81, ESI), with comparable K values on
the level of 10> M for both Cu?* and Pb?* cations. Although
deciphering the exact binding mode is not possible at this stage
of the project, highly consistent potentiometric and
fluorometric experimental data demonstrate emerging
recognition mode for receptor 6. This mechanism differs from
those of known Cs*-selective sumanene probes, which prefer
Cs* coordination at the concave face of the bowl. Instead, for
receptor 6, it may involve a convex-oriented, sandwich-type
binding mode driven by steric constraints, which aligns with the
DFT-predicted convex-oriented interaction based on ESP
distribution (Fig. 2) and interaction energies for concave- and
convex-oriented 6-Pb2* systems.

4000 6-Pb?*: convex-oriented ~ AG

10 equiv Pb?*
(ref)

]

5 3000 -
® experimental
— fitting

thermodynamically preferred

0 2 4 6 8 10
Equiv Pb?*

K =(0.87 £0.13)-10° M™" o kJ/mol

T T T EE ;
350 400 450 500 550 &

Wavelength [nm] -

6-Pb?*: concave-oriented  AG
+124

Emission intensity [a. u
N
o
o
o
|

1000 4

Fig. 4 (left) Emission spectra of receptor 6 in the presence of various amounts
(equivalents = eq) of Pb?* cations (Aex = 292 nm; THF:water = 1:1 v/v, G = 0.02
mM). The inset shows global fitting (Bindfit) regarding these interactions (K =(8.66
+1.33)-10* M™%, model: 2:1 non-cooperative, covariance = 5.43-1073); (right) DFT-
computed 6-Pb2* systems with compared interaction energies (AG).

In conclusion, our work revealed the possibility of switching
cation selectivity through steric modulation of curved m-
surfaces of molecular receptors. In this regard, we
demonstrated that triazole-functionalized sumanene receptors
3-6 featured distinct selectivity patterns attributed to the
combined effect of the sumanene binding site and the specific
substitution of the triazole-adjacent phenyl ring, increasing the
steric hindrance of the binding site. Our approach resulted in
the first, unpreceded lead(ll) selectivity of sumanene receptor 6
with the most sterically hindered receptor site. We believe this
work will highly stimulate future advances in programmable
tuning ion selectivity in molecular receptors based on curved -
systems.
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