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Abstract:  Core-fluorescent  cavitands based on  2-(2-
resorcinol)benzimidazole fluorophores (RBIs) merged with the
resorcin[4]arene skeleton were designed and synthesized. The
cavitands, due to the presence of intramolecular hydrogen bonds
and increased acidity, show excited state intramolecular proton
transfer (ESIPT) and readily undergo deprotonation to form dianionic
cavitands, capable of strong binding to organic cations. The changes
in fluorescence are induced by deprotonation and binding events
and involve huge Stokes shifts (due to emission from anionic double
keto tautomers) and cation-selective enhancement of emission
originating from the restriction of intramolecular motion (RIR) upon
recognition in the cavity. Ab initio calculations indicate that the
macrocyclic scaffold stabilizes the ground state tautomeric forms of
the fluorophores that are not observed for non-macrocyclic analogs.
In the excited state, the emitting forms for both macrocyclic scaffolds
and non-macrocyclic analogs are anionic double keto tautomers,
which are the result of excited state intramolecular proton transfer
(ESIPT) or excited state double proton transfer (ESDPT).

Introduction

Fluorescence (FL), due to great sensitivity, superior temporal
and spatial resolution, easy operation, biocompatibility, and high
safety, is the most widely used optical signal for chemical
sensing and biological imaging. For these applications, the
Stokes shift and sensitivity of fluorophores to the stimulus are
intrinsic features that determine their usability as emitting
antennas. 2-(2'-hydroxyphenyl) benzimidazoles (HBls, Fig. 1a)
exhibit large Stokes shifts due to different absorbing and
emitting forms (enol and keto tautomers, respectively) induced
by excited state intramolecular proton transfer (ESIPT); HBI
emissions are highly sensitive to the environment because of the
presence of a rotatable bond between the phenol and
benzimidazole parts. With these features, HBIs constitute great

emitting antennas, provided that the binding is tuned by
additional groups. Macrocyclic compounds, e. g. calixarene-type,
are privileged scaffolds for selective binding because they
provide a restrictive cavity to recognize guest molecules.
Integration of various fluorescent units with these macrocycles is
a common strategy for the construction of fluorescent molecular
receptors, M whose selectivity and sensitivity depend crucially on
the distance between signaling and binding sites, and typically,
the closer distance provides stronger and more selective
responses.?

In this paper, we present a new type of core-fluorescent
macrocycles, - tetrakis(2-benzimidazole)resorcin[4]arenes, (T-
RBIs, 1la-1g Fig. 1c). We hypothesize that (2-(2-
resorcinol)benzimidazole units, RBIs, resembling ESIPT-type
fluorophores, will provide large Stokes shift and sensitivity to the
surroundings, while their core positions enable selectivity and
further increase sensitivity. As an additional advantage, we
envisioned the possibility of recognition-induced enhanced
emission (RIEE) due to the restriction of intramolecular rotation
(RIR) caused by binding in the cavity. Here, we suggest that the
RIR mechanism may also lead to in solution. Quite unexpectedly,
further benefits of the designed molecules stemmed from the
enhanced acidity that enabled selective deprotonation that
turned on excited-state double proton transfer (ESDPT) which
led to exceptionally large Stokes shifts of emission and greatly
enhanced binding affinity.

It should be noted that macrocyclic compounds exhibiting
either ESIPT or enhanced emission (mainly though processes
involving aggregation-induced/enhanced emission, AIE, or
AIEE) have been reported.® ¥ However, to the best of our
knowledge, macrocyclic compounds that exhibit a combination
of these features and, particularly, macrocyclic compounds that
respond to the recognition process by RIEE and ESIPT have not
been known before.

This article is protected by copyright. All rights reserved.

85101 SUOLLLOD BAIERID) 2[edtjdde Uy Aq peusenob a1 SB1LE YO 88N J0 S3IN. 10} ALRIG1T BUIIUD /3|1 UO (SUORIPUOD-PUE-SULBYLY"AB| 1M AT Jdifou 1 |U0//STL) SUORIPUOD PUR SULBLBU) 38 * [220Z/TT/E0] U0 A1 8UIUO A8 |1 *AISILBYD 21UBBI0 JO U5 Vd Ad 9TTE0ZZ0Z LRUD/Z00T OT/10p/W00™AB| M Aseiq) Ul juoado.ne-A LS Leyo// sy WwoJy pepeojumoq ‘! ‘59/€TzGT


mailto:agnieszka.szumna@icho.edu.pl
mailto:mrode@ifpan.edu.pl

Chemistry - A European Journal

a) ESIPT mechanism c) This work

E*(S,)
_ ™ ESIPT
5 N
8 5|18 w__xy
HN N, 3| B|E Keto  HN,_N.
H e _cg o emission | H
O u <||2 ."‘—K(S) 20
w " Reverse 0
»"  proton
HBI transfer HBI
enol ESo) keto
tautomer tautomer

b) Previously known di-hydroxybenzimidazoles

4

H
H

RBI

ARy

HN._N HN__N HN__N HN__N HN__N

v
HO OH HO OH OH
OH OH

1a R', RZ, R?, R*=H R®=i-Bu
1b R'=-CH,-, R?, R?, R*= H R%=i-Bu

R® R
RS
NN
o. OH
R'=H, R% R®=H, R* = C(NH)NH,, R® = H
1= 2 3 4 5 i 0
iy R' = OH, R% R* R*, R® = various substituents 1c R'=H, R?, R%= Vi \\! RY=H, R°=i-Bu
B
Q 1d R'=-CH,-, R?, R®= 4 \\, R'= H, R®=i-Bu

1e R', R?=H, R?, R*= />, R®=i-Bu

1f R'=-CH,~, R?=H, R%, R*= , R°=i-Bu
Vs
1gR', R? R?, R*=H R°=Me

10.1002/chem.202203116

WILEY-VCH

3
R RBI 2a - f

2aR'", R?=0OH,R% R\, RS =H
2b R', R%=0OMe, R®, R*, R%=H

2¢ R, R=0H, R? R‘= 4 \\, R5=H
2d R!, R>=OMe, R®, R*= 4/ \\, R%=H

26 R, RP=OH, R¥=H, R\, R%=1 )
2R, R=0Me, Ri=H, R% R'=( )

HBI 2g - |

T-RBI1a-g

2g R'=H, R?=0H, R?, R*, R®=H
2h R'=H, R?%=0Me, R?, R*, R®=H

2iR'=HR*=0H, R*, R=7 "\ R*=H
2JR'=H, R2=0Me, R¢, =7\ Ro=H

2k R'=H, R?>=0H, R%=H, R* R%= />
21 R'=H, R?=0Me, R*=H, R*, R%= />

Figure 1. a) The mechanism of the ESPIT process; b) previously known, closely related derivatives, ¢) the compounds synthesized in this work (for synthesis see

ESI).

Results and Discussion
Design, synthesis, and photophysical properties of cavitands

Resorcin[4]arenes feature two OH groups at each aromatic ring,
therefore, we assumed that the formation of 2-(2-
resorcinol)benzimidazole units (RBIS) by attaching
benzimidazoles to their walls, would create a system of
hydrogen bonds that is similar to HBIs (Fig. 1a, c). Several non-
macrocyclic di-hydroxybenzimidzoles are known so far (Fig. 1b),
however, RBIs have only been tested for biological activity,®
and their photophysical properties remain  unknown.
Photophysical properties have been only reported for
di-hydroxybenzimidzoles with different substitution patterns (Fig.
1b, lower row).© To obtain tetrakis(2-
benzimidazole)resorcin[4]arenes (T-RBIs), e.g. 1a, reactions of
resorcin[4]arene tetraaldehyde!” & with 1,2-diaminobenzene
were performed. The reaction wunder typical conditions
(chloroform or ethanol, 2 days, Scheme S1) lead to imines as
main products and subsequent oxidative ring-closing reaction
(spontaneous for non-macrocyclic HBIs)® proved troublesome.

2

Optimization of the condition (time, solvents, and addition of
oxidants, Table S1) lead to the formation of la as the main
product (84% vyield) in the reaction in EtOH, with Na,S,0s as an
oxidant after 3 days. Reactions using I, H.O, or DCQ gave
either unreacted substrates or products of decomposition. The
optimized conditions were employed for the synthesis of a set of
macrocyclic T-RBIs involving OH-derivatives 1a (84%), 1c (89%),
le (91%), O-bridged derivatives 1b (27%), 1d (76%), 1f (74%),
non-macrocyclic RBls 2a-2f (41-97%) and HBIs 2g-2I (52-79%).
'H and *C NMR spectra of 1a, 1c, and le in [Dg]THF or
[D6]DMSO reveal their C4 symmetry (Fig. 2e and Sl). In [Dg]THF
the signals of OH appear as two wide singlets at ca. 14.4 and
10.2 ppm. The signal at 10.2 ppm is typical for the OH group
involved in an inter-unit H-bond, stabilizing C4 symmetric vase
conformations, while the signal at 14.4 ppm indicates
involvement of the OH group in a strong intra-unit H-bond, being
the prerequisite for efficient ESIPT. Indeed, the FL spectra
confirm the presence of ESIPT for macrocyclic and non-
macrocyclic derivatives featuring OH groups, e.g. 1la and 2a (the
Stokes shifts of emission bands are ca. 170 nm, Figs. 2a, S74,
S80) but not for the derivatives with OAIk groups, (e.g., exhibit
Stokes shifts of ca. 50 nm for 2b). A comparison of macrocyclic
compounds with their non-macrocyclic analogs (e.g. 1la and 2a,
Fig. 2a) reveals that the absorption and emission bands have
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similar energies. The intensity of absorption bands (per unit)
remains similar for macrocyclic compounds and non-macrocyclic

analogs, while the emission quantum yield for macrocyclic
compounds is reduced (Fig. S74-S91).
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Figure 2. Properties of T-RBIs and RBIs. UV/vis and fluorescence (FL) spectra in THF of: a) 1a, 1b, 2a, 2b, 2g and 2h; b) 1a (C=4x10° M) with But,;NX (3 eq.) or
t-BUOK (6 eq.); €) 2a (C=1.6-10" M) with ButsNX (2 eq.); d) titration of 1a (C=4-10"° M) with Eth,NAcO. e) 'H NMR spectrum of la (C=2x10"° M, [Dg]THF).
Chemical shift changes of various 'H NMR signals during titrations of 1a (C:2><10'3 M) with: f), g) ButsaNAc; h) t-BuOK. i) Solutions of 1a (C:8-1O'4 M) with various
guests (6eg. t-BuOK or 2eq. of Alk4NX, all in THF) under 356 nm light. j, k) Changes in FL intensity at 572 nm upon titration of [1a—2H]2' (1a, C=4x10°M + 6 eq.

t-BuOK) with various guests in THF.
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Recognition properties

Resorcin[4]arenes are known to bind cations in their electron-
rich cavities™ and/or complex anions between the arms or in
their lower rims.!' Both types of interactions can generate FL
changes for T-RBIs. Initial screening of binding properties of 1a
was performed using various ButsNX salts in THF. The most
pronounced changes in emission spectra were observed upon
the addition of ButsNAcO and ButsNF, and, quite unexpectedly,
these changes involved a large red shift of the emission band (+
100 nm, Fig. 2b). The titration experiment shows that the
maximum FL response is reached after 3 equivalents of the
ButsNAcO or ButyNF added (Figs. S93e, f, S94e, f). The
plausible hypothesis is that AcO™ and F cause deprotonation,
forming a negatively charged cavitand. The hypothesis was
confirmed by *H NMR titration of 1a with ButzNAcO (Fig. 2f, g).
Upon addition of ButsNAcO the signals of 1a and AcO  are
shifted, and the changes in the slope of the titration curve for 1a
were observed at 2 eq. of ButsNAcO added, while for the signals
of ButsN* the changes in the slope of the titration curve were
observed at 1 eq. of ButsNAcO added. This is consistent with the
process that involves di-deprotonation of 1a by AcO" to form [1a-
2H]?, accompanied by binding of single But,N* in the cavity. The
'H NMR spectrum shows dynamically averaged Cs-symmetry of
[1la-2H]* at 298 K. Upon lowering the temperature down to
222 K) the spectra reflect C; symmetry of [la-2H]*> with two
bridge signals, Hq (Fig. S117). The binding of ButyN* causes
upfield shifts of all its aliphatic protons, but the most affected

protons are those next to positively charged nitrogen, *NCH, (Fig.

2g). DOSY spectrum of the sample containing 1a and 1 eq. of
ButsNACO, shows that in ButsN" diffuses at the same rate as
[1a-2H]* (D=5.0x10""m?s™), while AcOH exhibits higher
diffusion rate (D=20.0x10"°m?s™), characteristic for free species.
Upon further addition of ButsNAcO (2 eq.), the D value for
But;N" increases, in agreement with dynamic equilibrium
ButsN"pound / ButsN*free. Thus, the DOSY results confirm that the
addition of ButsNAcO to la in THF results in the formation of
complex [1a-2H]* o AlksN*, with AcO™ acting mainly as a base,
which does not constitute an integral part of a complex. Notably,
the deprotonation followed by complexation of the cation is very
efficient - the response is linear and quantitative at 4x10° M
concentrations (typically used for FL measurements).

10.1002/chem.202203116
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Deprotonation of 1a and other RBIs was further studied
using various bases. It was found that the acidity of RBIs (Figs.
S108, S109, S110) is greatly increased in comparison to HBIs

(Figs. S112, S113, S114) or unsubstituted resorcinol (Fig. S115).

For la at a concentration of 4x10® M in THF deprotonation
requires 3 eq. ButyNAcO or ButyN*F and 6 eq. of t-BuOK (Figs.
2b, S93, S94) while EtsN (Fig. S92a, b) does not cause any
changes. Di-deprotonation of 1a to [1a-2H]?, irrespective of the
type of the base used, is accompanied by the formation of an
absorption shoulder at 365 nm, quenches emission at 470 nm
and leads to the formation of a very weak and broad emission
that spans from 450 to 700 nm (Fig. 2b). Further addition of the
bases does not induce changes, indicating that higher
deprotonation states are not accessible at this concentration.
However, at concentration 2x10° M (used for NMR titrations)
and t-BuOK as a base two deprotonation steps are observed
(Fig. 29). [1a-2H]* dominates between 3 and 6 eq. of t-BuOK.
The second form was obtained after the addition of 8 eq. of t-
BuOK (Fig. 2h) and has a well-resolved *H NMR spectrum
reflecting the C., symmetry of the molecule, therefore it was
attributed to [1a-4H]*.

It is expected that recognition of the guest in the cavity
should lead to restriction of intramolecular motion and increase
of FL intensity. To test this hypothesis, the guests bearing
ammonium ‘cationic groups of different sizes were added to
samples containing [1a-2H]* in THF (generated by using 6 eq.
of t-BuOK, Fig. 2}, k). Indeed, the cation-dependent
enhancement of emission was observed. The largest increase in
FL intensity was observed after the addition of EthsNCI, while
larger and smaller cations (ProsN*, But;N*, Hex;N", OctyN*,
Dodec,N*, Met;N*) exert considerably smaller effects (Fig. 2j).
For EthsNCI the increase of FL is linear suggesting high Kass
(>10” M1) and enabling quantitative detection of this cation.
Although numerous receptors responding to AlksNX salts are
known,"%*? the size-dependent selectivity and FL response
involving large Stokes shift and intensity enhancement is
unprecedented. Importantly, [1la-2H]* binds also biologically
active choline derivatives, however, remains insensitive to
analytes bearing structurally identical trimethylammonium
terminal group, but having a zwitterionic character (betaine and
L-carnitine), pointing out to the crucial role of electrostatic
interactions in the binding event (Fig. 2K).
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Figure 3. Calculations of photophysical and binding properties of 2a and 2g in neutral and anionic forms. Minimum potential energy profiles of the ground (Sy) and

the lowest nn* excited singlet (S;) states as a function of proton-transfer coordinates for: a) 2a; b) [2a-H]" c¢) 2D minimum potential energy surface for S; (nn*)

state as a function of two OH distances for [2a-H] (MP2 for So and CC2/cc-pVDZ for S; in a vacuum, e Sy, m lowest singlet state S;, o Sp computed using the

geometry of S;). d) Comparison of experimental and calculated UV/Vis spectra for [2a-H]. e) Energy-optimized structure of 2g and f) comparison of calculated

UV/Vis spectrum of 2g and 2a. g) Energy-optimized lowest energy tautomer of [1g-2H]2' and h) comparison of calculated UV/Vis spectra with the experimental

spectrum of [1a-2H]*. Energy-optimized structures of: i) [1g-2H]> > Met,N" , and j) [1g-2H]* > Eth,N" [1g-2H]* (grey — neutral units, green — anionic units, all

geometry optimizations for cavitands and all UV spectra at Sy state by TD-DFT WB97XD/dgdzvp in THF).

The hypothesis that deprotonation and size-dependent
cation bhinding are both crucial for the generation of the new FL
band with the increased intensity was verified by a series of
control experiments. The O-bridged derivative 1b, which is not

S98-S102).

This article is protected by copyright. All rights reserved.

derivative,

capable of deprotonation does not show notable changes in the
FL or NMR spectra upon the addition of various guests (Fig.
Non-macrocyclic
guantitative monodeprotonation upon addition of ButsNAcO or t-

2a, undergoes
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BuOK, which is accompanied by quenching of emission at 470
nm and formation of very weak 570-670 nm emission band with
cation-independent intensity (Fig. 2c, S108-S110). Titration of 1a
with ButsNAcO in [D¢]DMSO (the solvent which eliminates
complexation in the cavity and diminishes ion-pairing) monitored
by 'H NMR reveals di-deprotonation (Fig. S120) and lack of
cation’s complexation (|AS|< 0.2 ppm for ButsN*, EthsN* or
Mety;N¥). Accordingly, the titration of 1a with ButyNAcO in DMSO
monitored by UV and FL revealed quenching of the emission
band at 470 nm and formation of a new wide emission at 570
nm, in agreement with deprotonation (however, the
deprotonation process requires more base than the analogous
process in THF, Figs. S93e, f, S96¢c, d), that has a low cation-
insensitive intensity in DMSO. These experiments confirm that
the recognition of cations, which is unique for the macrocyclic
skeleton is responsible for the enhancement of emission.

Further experiments indicate that not only the type of the
guest but also the geometrical parameters of the cavity exert
large effects on binding and emission. For example, 1c, which
has a deeper cavity than la, exhibits similar di-deprotonation
characteristics but no response to the size of AlksN* (emission
intensity remains low for all Alks;NX, Fig. S104, S105).
Apparently, a larger cavity is less tightly filled with the cations
and therefore the RIR mechanism is less efficient. For 1e, with
the cavity that is distorted by conformational effects the low-
intensity red-shifted emission band emerges upon addition of 2
or more eq. of Alku/NAcO containing small cations, while for
larger cations the blue-shifted FL band with low intensity
emerges (Fig. S106). These experiments illustrate the high
sensitivity and selectivity of the emission to the recognition
process and geometrical parameters.

Calculations of photophysical properties and modes of
interactions

The unusually large Stokes shift, observed upon deprotonation
of RBIs and T-RBIs, has not been known before for any of the
HBI derivatives: either having a single ortho-OH group (e.g. HBI
shows blue-shift after deprotonation according to the previous
reports,™ confirmed also in THF, Fig. S111-S114) or for analogs
with two OH groups at different positions (e.g. 2-(2'4'-
dihydroxyphenyl)benzimidazole exhibits quenching of = the
fluorescence upon pH increasel™). The origins of such large
Stokes shifts for RBIs were examined by theoretical ab initio
calculations for 2a and [2a-H] in the ground state, So, and in the
excited state, S; (MP2 for, So, and CC2 for S, in vacuum), and
analysis of the minimum potential energy profiles along the
proton transfer OH stretching coordinates (crucial for ESIPT)
and torsional angles (important for RIR mechanism). Based on
the optimized structures of the monomers the models of
macrocyclic tetramers: neutral 1g (a homolog of 1a with CHs;
alkyl lower rim tail), anionic [1g-2H]* and complexes [1g-2H]* >
Met;N* and [1g-2H]* > EthsN* were constructed, optimized (So)
and their absorption spectra were calculated (TD-DFT
WB97XD/dgdzvp).*™

For neutral 2a the lowest energy structure in the Sy state is
planar enol-enol tautomer, ee-2a, which is stabilized by two
intramolecular hydrogen bonds: OH--N and NH--O (Fig. 3a).
Photoexcitation of ee-2a populates the nn* excited state S;, ee-
2a(S;1) (see Table S2) and molecule then evolves along the
barrierless intramolecular proton transfer (ESIPT) pathway
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towards the planar enol-keto tautomer, ek-2a (S1), which is also
stabilized by two hydrogen bonds. According to CC2/cc-pvVDZ
calculations, ek-2a (S;) emits at 2.70 eV (460 nm) and this value
agrees well with the experimentally observed emission at 480
nm (2.59 eV, in THF). After the emission, the barrierless back
proton transfer occurs in the Sy state, repopulating the ee-2a
form. The non-planar conformations of 2a either in the Sy or S
state are higher in energy (much larger in the So than the S;
state, Fig. S124, S125) due to double bond interunit connection.

Macrocycle 1g, constructed by bridging four ee-2a units
(lowest energy tautomer of 2a), has all hydrogen bond donors
and acceptors saturated and its vase conformation is stabilized
by four hydrogen bonds between the units (Fig. S129). The
geometry optimization retains C, symmetry and the vase
conformation of 1g with a hydrogen bond system that facilitates
ESIPT (Fig. 3e). The model agrees with **C NMR spectra that
show C, symmetry of 1la and demonstrate ee tautomeric forms
of all units. The calculated UV spectrum for this model agrees
well with the experimental UV spectrum of 1a in THF (Fig. 3f).

For the anionic monomer, [2a-HJ, in the Sy state the lowest
energy tautomer is planar ee-[2a-H], with protons located at
oxygen atoms and forming two intramolecular hydrogen bonds:
OHj--N; and OHz--N; (Fig. 3b). The ek-[2a-H] tautomer (one
proton located at the oxygen atom, two intramolecular hydrogen
bonds: O---HN and OH---N), is unstable. Upon photoexcitation of
ee-[2a-H] to the S; (nn*) state, both single and double ESIPT
processes are possible leading to the tautomers: ek-[2a-H](S1)
and Kkk-[2a-H](S1), respectively. The lowest S; state energy
tautomer is kk-[2a-H] (S1) with the emission energy Eg. of 2.05
eV (605 nm), while the emission from ek-[2a-H](S:) has the
energy of 2.99 eV (415 nm). These calculations suggest that the
experimentally observed emission (570 nm, 2.18 eV) originates
from kk-[2a-H] the tautomeric form that is a result of the excited-
state double-proton transfer (ESDPT). The analysis of the 2D
energy surface as a function of the two OH distances indicates
that ESDPT proceeds asynchronously and both steps are
hindered by low-energy barriers (+0.041 eV and +0.188 eV,
respectively, Fig. 3c). ESDPT as a rare photophysical process
can lead up to three emission bands with the large Stokes shifts
(observed also here). It was previously reported for quinoline—
benzimidazoles,™ 3-hydroxy-picolinic acid,™” bipyridine-diols,*®
benzoxazole-thiophenediol,*¥ 2-hydroxyphenyl-triazoles.”® An
intermolecular ESDPT was also induced by guest binding in a
bis-acridine supramolecular receptor.? However, ESDPT—type
fluorophores have not been previously incorporated into a
macrocyclic structure or served as sensitive probes for
recognition.

Di-deprotonated macrocycle [1g-2H]* was constructed
using units 2a and [2a-H] positioned alternatively. Considering
the number of possible tautomeric forms, conformations, and
hydrogen bonding patterns, the prediction of the structure of [1g-
2H]* is challenging. We have constructed 16 tautomers of [1g-
2H]* with C, symmetry (suggested by NMR) and optimized their
geometries (DFT B3LYP/dgdzvp, Table S6, Fig. S130). In none
of the structures, the fully complementary system of hydrogen
bonds is possible. The lowest energy structure (among the
tested ones) is taut1-[1g-2H]* with neutral units as ee tautomers
and anionic units as ek tautomers (Fig. 3g). Thus, the
calculations suggest that anionic units stabilized within a
macrocyclic scaffold have different tautomeric forms (ek) than
the lowest energy tautomer, found for monomeric [2a-H] (ee).
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Taut3-[1g-2H]* with anionic unit as ee tautomer has energy
higher by 41.4 kJ/mol. Most likely this difference originates from
stabilization of phenolate negative charge by hydrogen bonds
from the neighboring neutral unit. Different tautomeric forms of
anionic units of the monomer and in the macrocycle were further
confirmed by comparison of calculated and experimental UV
spectra. For the monomer, the experimental UV spectrum [2a-
H] is reproduced well with the calculated spectrum of ee-[2a-H]
but not ek-[2a-H] (Fig. 3d) while for the macrocycle the
experimental UV spectrum of [1a-2H]* is reproduced well with
the calculated spectrum for tautl-[1g-2H]* but not taut3-[1g-
2H]* (Fig. 3h). Despite the differences in the tautomeric forms in
the Sy state, the emission energy for monomer [2a-H] and
macrocycle [la-2H]* is similar, indicating that the emitting
tautomers in the S, state are the same - kk. This tautomer is the
result of the excited-state double-proton transfer (ESDPT) for
[2a-H] while for [1la-2H]* only single excited state proton
transfer (ESIPT) occurs because the first proton transfer
proceeds already in the ground state induced by intramolecular
interactions.

The lowest energy structure, tautl-[1g-2H]*, has a Ca-
symmetrical vase conformation with anionic units positioned
more vertically than the neutral units (the opposite arrangement
is higher in energy by 1.4 ki/mol (tautla-[1g-2H]?). Such a
conformation possesses a cavity that is perfectly preorganized
to bind cationic guests in proximity to negatively charged walls.
The optimized models of the complexes [1g-2H]* > Met,N* (Fig.
3i) and [1g-2H]* > EthsN* (Fig. 3i) show the size of Eth,;N" is
optimal for the binding in the cavity and the restriction of
intramolecular rotation (RIR) about phenolate-benzimidazole
bonds of the anionic units. These features are responsible for
strong binding and enhancement of emission. In the case of
Met,N*, RIR is less effective due to the smaller guest’s size and
this conclusion is in line with the experimentally observed
weaker enhancement of emission.

Conclusion

In conclusion, we have designed and synthesized new core-
fluorescent cavitands, T-RBIs, based on 2-(2"-
resorcinol)benzimidazole fluorophores (RBIs). T-RBlIs show
effective ESIPT resulting in a red shift of their emission bands.
Moreover, they undergo selective deprotonation to form
dianionic cavitands capable of very strong binding of
alkylammonium cations. Size-selective FL response generated
during this process involves a further red shift of emission and
its enhancement. Detailed analysis by computational methods
revealed that the mechanism of the response involves the
emission from the double keto forms (causing large Stokes
shifts) and recognition-induced restriction of intramolecular
motion due to complexation in the cavity (causing FL
enhancement). The FL enhancement is cation-selective and
reflects the size match between the cation and the cavity.

The generation of FL response by core-fluorescent macrocycles
through the recognition-induced restriction of intramolecular
motion proved to be highly selective and sensitive, which opens
the way for the construction of other turn-on type receptors
based on similar assumptions. Additionally, the newly revealed
photophysical properties of RBIs, exhibiting large, protonation-
dependent Stokes shifts, together with their relatively easy
synthesis make them great candidates as new ESIPT or ESDPT
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fluorophores for various applications in supramolecular
chemistry, biology, and materials science.

Experimental Section

Synthesis of la: The synthesis was based on an optimized general
procedure (Sl). Tetraformylresorcin[4]arene S4 (100 mg, 0.106 mmol)
and 1,2-diaminobenzene derivative (45.9 mg, 0.426 mmol) were
dissolved in ethanol (5 ml), then Na,S,0s solution (0.34 ml, 2.85 M) was
added. The reaction mixture was stirred for 3 days at 80°C. Then 1M
solution of HCI (2.12 ml) was added. The precipitate was collected and
washed with water and diethyl ether. Product 1a was obtained as orange
solid, yield 78% (98 mg, 0.083 mmol). *H NMR (600 MHz, [D¢g]DMSO,
298 K) 5=7.80 (s, 1H), 7.69 (d, J=6.2, 2H), 7.28 (d, J=6.1 Hz, 2H), 4.74 (t,
J=7.8 Hz, 1H), 2.35 (t, J=7.1 Hz, 2H), 1.57-1.49 (m, 1H), 1.04 (d, J=6.6
Hz, 6H). *C NMR (150 MHz, [Ds]DMSO, 298 K) 5=153.2, 150.3, 134.1,
127.3, 124.2, 123.1, 1145, 100.3, 41.2, 31.2, 26.2, 22.8. Diffusion
coefficient (DOSY) 1.6x10m?™ in [Dg]DMSO, diameter 1.25 nm.
HRMS (ESI): m/z caled for CiH7,NgOg+H:1177.5551[M+H]"; found
1177.5566.

Synthesis of 2a: The synthesis was based on an optimized general
procedure (Sl). 2,6-dihydroxybenzaldehyde? (11.1 mg, 0.08 mmol) and
1,2-diaminobenzene (8.7 mg, 0.08 mmol.) were dissolved in ethanol (1
ml), then Na,S;0s solution (0.07 ml, 2.85 M) was added. The reaction
mixture was stirred for 3 days at 80°C. Then 1M solution of HCI (0.5 ml)
was added. The precipitate was collected and washed with water and
diethyl ether. Product 2a was obtained as brown solid was obtained, yield
66% (12 mg, 0.053 mmol). *H NMR (500 MHz, [D¢]DMSO, 298 K)
06=12.79 (brs, 1H, NH), 7.82-7.81 (m, 2H), 7.42-7.40 (m, 2H), 7.28 (t,
J=8.26 Hz, 1H), 6.60 (d, J=8.2 Hz, 2H). *C NMR (125 MHz, [Ds]DMSO,
298 K) 5=158.2, 147.2, 133.6, 124.2, 114.4, 107.0, 99.3. HRMS (ESI):
m/z calcd for C13H10N202+H: 227.0821[M+H]"; found 227.0811.

General procedure for UV and FL titrations: To the solution of la
(C=4x10° M, 0.00001 mmol) in THF or DMSO (2.5 ml) a solution
containing a guest (C=0.001 M, 0.005 mmol) and the macrocycle
(C=4x10"° M, 0.00002 mmol) in THF or DMSO (5 ml) was added. UV and
FL spectra were recorded at room temperature on U-1900
Spectrophotometer (UV/Vis) and F-7000 FL Spectrophotometer.
Excitation was at isosbestic points (UV spectra) and experiments were
repeated twice.

General procedure for *H NMR titrations: To the solution of la
(C=0.002 M, 0.003 mmol) in [Dg]THF or [Dg]DMSO (0.5 ml) a solution
containing a guest (C=0.045 M, 0.045 mmol) and the macrocycle
(C=0.002 M, 0.001 mmol) in [Dg]THF or [Dg]DMSO (1 ml) was added. *H
NMR spectra were recorded at 303 K using Bruker 400 MHz.
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* core-fluorescent macrocycle
* enhancement of FL upon recognition due to RIR
* Excited State Double Proton Transfer (ESDPT)

ESIPT-type resorcin[4]arenes are capable of guest-binding in the cavity and generate FL response with large Stokes shift and size-
selective enhancement of emission via the mechanism that involves (a) selective di-deprotonation, (b) generation of emissive double
keto tautomeric forms, and (c) recognition-induced restriction of intramolecular motion.
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