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Abstract

The synthesis of new alkyl §@o Gg) bis(naphthylureylbenzamide)-based receptors and
the study of their interaction with anions by UVsyimolecular fluorescence and
NMR were performed. The results suggest both uesybmide units participate in the
complexion with anions due to their inherent flail, which promotes a cooperative
binding effect. The position of the urea and angdeups, as well as, the alkyl chain
length, have an important influence in the fluoesgaesponsenetareceptors present
an ONY/OFF/ON response, whilertho receptor have a®FF/ON response. The most
significant changes were observed with dihydrogemosphate and hydrogen
pyrophosphate due to high affinity for these aniofike '"H NMR studies show
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differences in the interaction sites dependingrétative position of the urea and amide
groups, as wells as, the anion type. Finallyemtétical analysis of complexes by DFT
support the experimental results.

Keywords: Anion recognition; fluorescent receptors; bis-yutsnzamide
Introduction

The selective recognition of anions has been studieer the last two decades and is
subject of important research in the supramoleathamistry field focused to selective
recognition of anions with biological importanteAnions play an important role in a
range of biological processds’ They are essential in the formation of a variety o
enzyme-substrate and enzyme-cofactor complexegelaas, in the interaction between
proteins and nucleic acid$.On the other hand, the poor regulation of aniangport
mechanisms results in serious complications andadiss, such as cystic fibrosis.
Consequently, it is important to develop receptorssensors that can detect the
presence of various anionic species and regulaie titansport in biological systerfis.
One way in which host molecules can recognize aniguests is based on electrostatic
interactions. However, host molecules that operate based orpthisiple often suffer

lack of selectivity due to the non-directional pedjies of electrostatic interactions.

The chromogenic and fluorogenic receptors thatushel urea groups as a binding
subunit have proved to be particularly excellemdidates for recognition of anions,
such as fluoride, acetate, dihydrogen phosphatengmthers:*>* A very important
motif for anion recognition is the hydrogen bondberause of its directionality, which
is extremely useful in design of selective hostsaftions with different geometriés??

Most of the receptors belonging to this class efulerivatives are neutral and contain
a subunit capable to donate H-bonds to the anfmretore, anion recognition occurs
through the H-bonding interaction of urea N-H hygbkos, to give a stable anion-
receptor complex*® The negative charge of anion stabilizes the edcitate of the
chromophore reducing the energy of urea-to-chroramlsharge-transfer transitioh.

15 0On the other hand, deprotonation of one N-H fragnie accompanied by a drastic
electron rearrangement in the receptor, which tesul a significant change of
absorption spectrum, as well as, the patterrttbfNMR signals, which makes the
process unambiguously discernibfe!* Also, some receptors that contain thiourea

groups as hydrogen bond donors offers a greatesrappty for anion recognition than
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urea, due to an enhanced acidity of the N-H botits, readily deprotonates with a
number of anionic species>*?*®These findings demonstrate considerable selegtivit
for specific anions, even in protic medfarhe urea (or thiourea) moiety has been used
as a host attached to-phenylen€;'’ m-phenylene,p-phenylené:** naphthalené®
anthracene, pyrefe®® and anthraquinon&?! However, anion selective systems able to

operate in aqueous media remains as consideratllerge’’

The synthesis of urea-based receptors capabletarhigt selectively with anions is an
important subdiscipline in supramolecular chemistrige anionic recognition by this
type of receptors is mainly based on hydrogen lmuhtion and the functionality and
directionality provided by the N-H gro’p These characteristics play an important role
in selective recognition of anions with differergognetries. An example was reported
by Amendoleet al.,where selective binding of urea with acetate wescdbed as a "Y"
type arrangement, through two hydrogen bonds peavidy the urea in the receptor
giving rise to the anionic recognitiom addition, the selectivity is also related to the
energy of receptor-anion interactidtf* The strongest interactions of hydrogen bonds
are established with the most basic anions sudluasde, carboxylates and inorganic
oxoanions. According to a recent point of view, laldrogen bonds are considered as
proton transfer reactiorfs?’ Therefore, for a receptor containing acid N-H geuthe
selectivity is related mainly with the anion bassicor pKa for the conjugate acid. The

greater basicity of the anion generates a stromggnogen bonding interacticf.

Moreover, Dos Santost al reported receptors with urea and acetamide grous
different relative positiondrtho, meta and para). This investigation showed that the
position affects selectivity and stoichiometry loé tcomplexe&’ In receptors withmeta
and para relative position, the anionic recognition is @drout only through the urea
group, while the amide group participates only whiggre is an allosteric change and
the conformation is favored to establish a hydrogend with the anion, forming a
complex with 1:2 stoichiometry. In addition, theeptor with a relativertho position
forms complexes with 1:1 stoichiometry, and thereaoperativity from the amide in

the complexe$’

The bis(urea) receptors have become good hostthéorecognition of anions with
different size and geometry, this is attribute te tlonation of hydrogens by the N-H
groups present in the receptor. However, thesepterse also fulfil other important

characteristics to increase the viability of molacuecognition as the high structural
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complexity and the preorganization. In the bis(unegeptors, more binding sites are
available to induce cooperativity. This structuealel allows the host to adopt different
conformations in the complexation process to redichvailable sites. In addition, these
receptors exhibit a limited number of stable comfations for binding with the host,
acquiring the most stable forfi*! In case of halides, which are spherical anions, th
nature of the hydrogen bond is the same, whileaathtes show a "Y" type interaction
with 1:1 stoichiometry. Formation of hydrogen bomid®s not change according to the
X-ray diffraction structures shown by Boiocatii al®> *® Hay et al. reported through
theoretical calculations that the geometry of thérbigen bond can have seven possible

viable forms in complexes with tetrahedral anidhs.

In this work, the synthesis of alkyl bis(naphthg@ybenzamide)-based receptors and
the study of their binding properties towards ddéfg anions were performed (Figure
1). All receptors contain two naphthylureylbenzaeiaits connected through an alkyl
chain with different length (£€to Gs) and position @rtho or metaposition). According

to the aforementioned, the electronic absorptiahemission properties, as well as, the
pattern of theH NMR signals, must be sensitive to the H-bond ptmrebehavior and
the basicity of the interacting anion. This reshawas carried out to increase our
knowledge in the relationship between selectivitg ghe number of available binding
sites, as well as, to detect the possibility ofpmrativity and allosteric effects in these
receptors. Therefore, the results obtained shoeilof importance for the rational design

of new receptors with improved selectivity.

O O

SeL RC e LS
H "H
NH HN

HNJ\O o) NYO ©

NH

ortho (o) meta (m)

N=3,4,6,8

Figure 1. New alkyl bis(naphthylureylbenzamide)-basena(3-8)N and m(3-8)N
receptors.



Experimental
Materials and equipment

All reagents and solvents were obtained from coroiaesuppliers and used without
further purification. NMR spectra (400 MHz f&H, 100 MHz for*3C) were recorded
on a Bruker Avance 400 spectrometer in DM&Cat a probe temperature of 23 °C,
with TMS as internal standard. Electronic impactsmapectra were obtained by direct
insertion in an Agilent 5975C mass spectrometed, the intensities were reported as a
relative percentage to the base peak after theegmondingm/z value. FAB mass
spectra and HRMS were recorded in MStation JMS-JOEL. UV-Vis absorption
spectra were obtained using a Cary 100 conc UVblasispectrophotometer.
Fluorescence emission spectra were obtained usinm@ary Eclipse fluorescence

spectrophotometer.
Anion recognition study by UV-Vistitrations

The effect of anions upon the absorbance was exahmdding 6 pL of ax110® M
TBAX solution to a known volume (3 mL) of ax10®> M receptor solution. The
receptors and TBAX stock solutions were preparesgpiectroscopic grade acetonitrile.
A gquartz cuvette was filled with 3 mL of the reaapstock solution, then 6 pL aliquots
of TBAX stock solution were added successively vatlcalibrated micropipette, thus
the ratio of the total concentration [TBAXL]: was in a desired range. The resulting
complex solutions were stirred for 3 min and thecsfa were recorded. The absorption

spectrum was confirmed to be unchanged with tineaah measurement.

Anion recognition study by fluorometric titrations

The effect of anions upon the emission was examauing 7.5 pL of ax10° M
TBAX solution to a known volume (3 mL) of a10° M receptor solution. A quartz
cuvette was filled with 3 mL of the receptor st@kution, and then 7.5 L aliquots of
TBAX stock solution were added successively witbalibrated micropipette, thus the
ratios of the total concentration [TBAX]L]: was in a desired range. The resulting
complex solutions were stirred for 3 min and thec$fa were recorded. The emission

intensity was confirmed to be unchanged with timeaeh measurement.



Anion recognition study by NMR titrations

The effect of anions upon the chemical shifts @& teceptor signals was examined
adding 2 pL of a 0.81 TBAX stock solution to a known volume (0.5 mL) aféx10°

M receptor solution contained in a NMR tube. Thditon was limited to 0.056 mL,
then the dilution effect was insignificant. For tteidies of anion recognition, &8>

M receptor solution was prepared in DM$8g)-and then 2 pL aliquots of a 0.3 M
TBAX stock solution was added with a calibrated nojgpette, thus the [TBAX]/[L]
ratio was in a desired range. The kinetic study'yNMR of anion recognition at

relationship 1:5 was obtained at temperatures 8fk7

Molecular modelling
The molecular optimization of the receptors and glexes geometries were performed
by DFT, the PBEO functional and the DZVP base wese in Gaussian 09

computational prograrif.
Synthesis
Synthesis of alkyl bis(2-aminobenzamide) compounds

In a single neck round bottom flask, the isatoibyanide (2.9 g. 18.3 mmol) was
suspended in 100 mL of dry tetrahydrofuran (THRhvgtirring under Ar atmosphere.
Then, a condenser was connected to the reactisk #lad 8.3 mmol of alkyl diamine
(3, 4, 6 and 8 carbons) were added to the mixiture.reaction was refluxed and stirred
for 24 h. Then, the solvent was removed by heatinder reduced pressure and the
product was washed and filtered as many times adeakto give an analytically pure

solid compound.

N,N-(propane-1,3-diyl)bis(2-aminobenzamideB). White solid. Yield: 40.8%. M. p.
158-160 °C. FT-IR: 3470, 3355, 3294, 3055, 2963129.625, 1576, 1531 ¢n’H
NMR (DMSO-ds, 400 MHz):5 8.21 (s, 2 H), 7.47 (dl = 7.7 Hz, 2 H), 7.13 () = 7.2
Hz, 2 H), 6.69 (dJ = 7.7 Hz, 2 H), 6.51 (] = 7.2 Hz, 2 H), 6.37 (s, 4 H), 3.27 (brs, 4
H), 1.81 - 1.61 (m, 2 H)3C NMR (DMSOds, 100 MHz):5 168.8, 149.4, 131.4, 127.8,
116.2, 114.8, 114.5, 36.5, 29.2. MS (FAB313 [M+H]". HRMS (FAB"): Calculated
for C17H21N4O,: 313.1665; Found: 313.1599.

N,N*-(butane-1,4-diyl)bis(2-aminobenzamide}). White solid. Yield: 72.2%. M. p.
190-192 °C. FT-IR: 3469, 3557, 3284, 3056, 293%0R8.621, 1578, 1534 ¢n’H
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NMR (DMSO-dg, 400 MHz):5 8.19 (t,J = 4.9 Hz, 2 H), 7.46 (d] = 7.85 Hz, 2 H), 7.12
(t, J= 7.4 Hz, 2 H), 6.68 (dl = 7.85 Hz, 2 H), 6.49 (1 = 7.4 Hz, 2 H), 6.36 (brs, 4 H),
3.40 - 3.18 (m, 4 H), 1.59 - 1.49 (m, 4 BC NMR (DMSOds, 100 MHz): 5 168.7,
149.4, 131.3, 127.9, 116.2, 114.9, 114.4, 38.4.24S (FAB): 326 [M+H]". HRMS
(FAB™): Calculated for GgH»aN40,: 327.1821; Found: 327.1820.

N,N*-(hexane-1,6-diyl)bis(2-aminobenzamid@g). White solid. Yield: 54.8%. M. p.
158-160 °C. FT-IR: 3473, 3668, 3292, 3057, 2926881622, 1581, 1538 ¢cm'H
NMR (DMSO-ds, 400 MHz):3 8.16 (t,J = 4.4 Hz, 2 H), 7.45 (d] = 7.9 Hz, 2 H), 7.11
(t, J=7.4 Hz, 2 H), 6.67 (d] = 7.9 Hz, 2 H), 6.50 (] = 7.4 Hz, 2 H), 6.34 (brs, 4 H),
3.28 - 3.10 (m, 4 H), 1.59 - 1.41 (m, 4 H), 1.41.22 (m, 4 H)*C NMR (DMSOds,
100 MHz): 6 169.2, 150.0, 131.9, 128.5, 116.7, 115.6, 115902,329.7, 26.8. MS
(FAB"): 355 [M+H]". HRMS (FAB): Calculated for GgH,7N4O,: 355.2134; Found:
355.2120.

N,N-(octane-1,8-diyl)bis(2-aminobenzamide)8). White solid. Yield: 36.1%. M. p.
164-166 °C. FT-IR: 3475, 3670, 3292, 3057, 292688622, 1581, 1538 ¢n’H
NMR (DMSO-ds, 400 MHz):5 8.15 (t,J = 4.9 Hz, 2 H), 7.45 (d] = 7.9 Hz, 2 H), 7.11
(t,J=7.4 Hz, 2 H), 6.67 (d] = 7.9 Hz, 2 H), 6.49 (] = 7.4 Hz, 2 H), 6.35 (brs, 4 H),
3.19 (q,J = 6.6 Hz, 4 H), 1.56 - 1.41 (m, 4 H), 1.36 - 1(9 8 H).**C NMR (DMSO-
ds, 100 MHz):6 169.2, 150.0, 131.9, 128.5, 116.7, 115.6, 11%9@,39.6, 29.3, 27.0.
MS (FAB"): 383 [M+H]. HRMS (FAB): Calculated for GH3N4O,: 383.2447;
Found: 383.2469.

Synthesis of N,N'-alkyl bis(2-(3-(naphthalen-1-sgyl)benzamide) compounds

In a single neck round bottom flask, 1.0 equivatdrdlkyl bis(2-aminobenzamided3,

04, 06 or 08) was dissolved in 100 mL of dry THF with stirringnder Ar atmosphere
(15 min). Then, a condenser was connected to dwioa flask and 2.2 equivalent of 1-
naphthyl isocyanate was added to the mixture. €hetion was refluxed and stirred for
24 h. Then, the solvent was removed by heating rurdieiced pressure and the product
was washed and filtered as many times as needgd/¢oan analytically pure solid

compound.

N,N*-(propane-1,3-diyl)bis(2-(3-(naphthalen-1-yl)urdghzamide) ¢3N). Pearl solid.
Yield: 80.3%. M. p. 218-220 °C. FT-IR: 3298, 308D,79, 2827, 2852, 1646, 1543 cm



! 'H NMR (DMSO-ds, 400 MHz):3 10.16 (s, 2 H), 9.58 (s, 2 H), 8.74Jt= 5.5 Hz, 2
H), 8.23 (d,J = 8.3 Hz, 2 H), 8.10 (d] = 8.3 Hz, 2 H), 7.90 (d] = 7.8 Hz, 2 H), 7.75
(d,J = 7.3 Hz, 2 H), 7.67 (d] = 8.0 Hz, 2 H), 7.62 (dd] = 7.8, 1.3 Hz, 2 H), 7.53 -
7.38 (M, 8 H), 7.06 (t) = 7.3 Hz, 2 H), 3.45 - 3.37 (m, 4 H), 1.90 - 1(#9 2 H).**C
NMR (DMSO-dgs, 100 MHz):5 168.3, 153.3, 139.3, 134.2, 133.7, 131.0, 1280,7,
127.4, 125.7, 125.4, 123.9, 122.3, 121.0, 120.D.21236.7, 28.7. MS (FAB: 651
[M+H]*. HRMS (FAB"): Calculated for @H3sNgO4: 651.2720; Found: 651.2710.

N,N-(butane-1,4-diyl)bis(2-(3-(naphthalen-1-yl)ureyjizamide) @¢4N). Pearl solid.
Yield: 58.7%. M. p. 242-244 °C. FT-IR: 3296, 323069, 2933, 2861, 1735, 1646,
1606, 1543 ci. *H NMR (DMSO-ds, 400 MHz): 3 10.28 (s, 2 H), 9.62 (s, 2 H), 8.69
(t,J=5.4 Hz, 2 H), 8.19 (dl= 8.3 Hz, 2 H), 8.15 (s, 2 H), 7.92 (s, 2 H), 7-77767 (M,

4 H), 7.62 (ddJ=7.8, 1.3 Hz, 2 H), 7.58 - 7.35 (m, 8 H), 7.02)(t 7.4 Hz, 2 H), 3.35
-3.27 (m, 4 H), 1.70 - 1.52 (m, 4 HfC NMR (DMSO4ds, 100 MHz):5 168.1, 153.5,
139.5, 134.3, 133.8, 131.0, 128.1, 127.7, 125.%.612125.5, 124.1, 122.6, 122.2,
121.0, 120.5, 28.9, 26.3. MS (FAB 665 [M+H]. HRMS (FAB): Calculated for
CaoH37N6O4: 665.2876; Found: 665.3036.

N,N-(hexane-1,6-diyl)bis(2-(3-(naphthalen-1-yl)ure@iizamide) ¢6N). Pearl solid.
Yield: 35.1%. M. p. 220-222 °C. FT-IR: 3298, 325073, 2930, 2862, 1737, 1645,
1606 cnt. *H NMR (DMSO-dg, 400 MHz):3 10.24 (s, 2 H), 9.61 (s, 2 H), 8.64 Jt=
4.8 Hz, 1 H), 8.18 (d] = 8.3 Hz, 2 H), 8.14 (d] = 8.8 Hz, 2 H), 7.91 (m, 2 H), 7.72 (d,
J=7.3Hz, 2 H), 7.69 (d =8.0 Hz, 2 H), 7.59 (d] = 7.0 Hz, 2 H), 7.56 - 7.36 (m, 8
H), 7.03 (tJ =7.5 Hz, 1 H), 3.27 (g1 = 6.3 Hz, 4 H), 1.65 - 1.45 (m, 4 H), 1.44 - 1.25
(m, 4 H).**C NMR (DMSO4ds, 100 MHz):3 168.9, 154.2, 140.2, 135.0, 134.5, 131.7,
128.8, 128.4, 128.4, 126.5, 126.2, 124.8, 123.2,712121.7, 121.3, 41.1, 40.9, 27.2.
MS (FAB"): 693 [M+H]". HRMS (FAB): Calculated for GyHsiNgOs: 693.3189;
Found: 693.3144.

N,N-(octane-1,8-diyl)bis(2-(3-(naphthalen-1-yl)ure@jizamide) ¢8N). Pearl solid.
Yield: 64.4%. M. p. 216-218 °C. FT-IR: 3332, 32@®53, 2922, 1693, 1622, 1614,
1603, 1596, 1526 ¢ *H NMR (DMSO-ds, 400 MHz): 10.23 (s, 2 H), 9.61 (s, 2 H),
8.62 (t,J = 5.3 Hz, 1 H), 8.20 - 8.12 (m, 4 H), 7.95 - 7(89 2 H), 7.73 (d) = 7.5 Hz,
2 H), 7.69 (dJ=8.3Hz, 2 H), 7.59 (dd,= 7.8, 1.5 Hz, 2 H), 7.63 - 7.39 (m, Hz, 4 H),
7.47 (t,J=8.0 Hz, 2 H), 7.44 (dil = 8.5, 4.5 Hz, 2 H), 7.04 (di,= 7.8, 1.3 Hz, 2 H),



3.25 (q,J = 6.5 Hz, 4 H), 1.52 (s, 4 H), 1.41 - 1.22 (m, B HC NMR (DMSO+s, 100
MHz): & 168.1, 153.4, 139.4, 134.3, 133.8, 130.9, 1282%¥,7, 125.8, 125.6, 125.4,
124.0, 122.6, 122.3, 121.1, 121.0, 120.4, 28.97,286.5. MS (FAB): 721 [M+H]".
HRMS (FAB): Calculated for G4H4sNeO4: 721.3502; Found: 721.3603.

Synthesis of alkyl bis(3-nitrobenzamide) compounds

In a single neck round bottom flask, 3.4 g (18.3at)mof 3-nitrobenzoyl chloride were
dissolved in 183 mL of dry THF with stirring unda&r atmosphere for 15 min. Then,
8.3 mmol of alkyl diamine (3, 4, 6 and 8 carbons)l #.3 mL of triethylamine were
added to the solution. The reaction was stirred#bh. Then, the solvent was removed
by heating under reduced pressure and the prodastwashed and filtered as many

times as needed to give an analytically pure smipound.

N,N-(propane-1,3-diyl)bis(3-nitrobenzamideA)( White solid. Yield: 90.5%. M. p.
210-212 °C. FT-IR: 3363, 3098, 2945, 2874, 1634815524, 1471 cth 'H NMR

(DMSO-dg, 400 MHz):6 8.93 (t,J = 5.5 Hz, 2 H), 8.68 (] = 2.0 Hz, 2 H), 8.38 (ddd,

= 8.0, 2.0, 1.0 Hz, 2 H), 8.31 (td= 8.0, 2.0 Hz, 2 H), 7.78 (§,= 8.0 Hz, 2 H), 3.46 -
3.36 (m, 4 H), 1.87 (gnt] = 6.9 Hz, 2 H)!*C NMR (DMSO4ds, 100 MHz): 3 164.0,

147.7, 135.9, 133.5, 130.0, 125.7, 121.8, 37.4.24S (FAB): 373 [M+H]". HRMS

(FAB™): Calculated for ¢H17N4Og: 373.1148; Found: 373.1143.

N,N*(butane-1,4-diyl)bis(3-nitrobenzamiddd)( White solid. Yield: 80.3%. M. p. 242-
244 °C. FT-IR: 3361, 3091, 2937, 2861, 1637, 158823, 1478 cil. *H NMR
(DMSO-ds, 400 MHz):3 8.87 (t,d = 5.4 Hz, 2 H), 8.67 (] = 2.0 Hz, 2 H), 8.37 (ddd,
= 0.7, 2.0, 8.1 Hz, 1 H), 8.29 (td= 1.2, 8.1 Hz, 2 H), 7.77 (§,= 8.1 Hz, 2 H), 3.39 -
3.26 (m, 4 H), 1.66 - 1.56 (m, 4 HYC NMR (DMSOds, 100 MHz):3 163.8, 147.6,
135.9, 133.5, 130.0, 125.6, 121.7, 33.6, 26.4. MSB(): 387 [M+H[". HRMS (FAB):
Calculated for @gH19N4Os: 387.1305; Found: 387.1310.

N,N*-(hexane-1,6-diyl)bis(3-nitrobenzamidel})( White solid. Yield: 59%. M. p. 192-
194 °C. FT-IR: 3309, 3100, 2935, 2873, 1629, 157930, 1478 cm. 'H NMR
(DMSO-dg, 400 MHz):5 8.83 (t,J = 5.4 Hz, 2 H), 8.67 (1] = 2.0 Hz, 2 H), 8.37 (ddd,
=8.1,2.3, 1.0 Hz, 2 H), 8.28 (td= 8.1, 1.3 Hz, 2 H), 7.77 (8, = 8.1 Hz, 2 H), 3.38 -
3.24 (m, 4 H), 1.63 - 1.47 (m, 4 H), 1.46 - 1.3Q @nH). *C NMR (DMSO4ds, 100



MHz): & 163.8, 147.7, 135.9, 133.5, 130.0, 125.6, 121983,28.8, 26.1. MS (FAB:
415 [M+H]". HRMS (FAB'): Calculated for gH23N4Os: 415.4260; Found: 415.1628.

N,N*-(octane-1,8-diyl)bis(3-nitrobenzamidd))( White solid. Yield: 59%. M. p. 178-
180 °C. FT-IR: 3312, 3100, 2932, 2872, 1629, 157530, 1477 cm. 'H NMR
(DMSO-ds, 400 MHz):& 8.81 (s, 2 H), 8.66 (s, 2 H), 8.28 (= 7.3 Hz, 2 H), 8.37 (d,
J=8.1Hz, 2 H), 7.77 (1 = 7.3 Hz, 2 H), 1.55 (m, 4 H), 1.43 - 1.17 (m, B HC NMR
(DMSO-ds, 100 MHz):d 161.9, 148.2, 134.1, 130.5, 126.2, 122.3, 114323 29.4,
29.2, 26.9 MS (FAB): 443 [M+H]'. HRMS (FAB): Calculated for GH,7N4Os:
443.1931; Found: 443.1889.

Synthesis of alkyl bis(3-aminobenzamide) compounds

In a single neck round bottom flask, Pd/C at 10% #re corresponding alkyl bis(3-
nitrobenzamide) A, B, C o D) were placed. The flask was purged with an Ar
atmosphere. Then, dry MeOH (10 mL x 1 mmol) waseddd he Ar atmosphere was
replaced by a hydrogen atmosphere and the reastsnstirred for 24 h. Then, the
mixture was filtered to separate the catalyst dred Solvent was removed by heating

under reduced pressure, to give an analytical proeuct.

N,N*-(propane-1,3-diyl)bis(3-aminobenzamide)3). Brown solid. Yield: 97.8%. M. p.
98-100 °C. FT-IR: 3324, 3226, 3063, 2931, 1622,915528, 1487 cih ‘*H NMR
(DMSO-ds, 400 MHz): 3 8.29 (t,J = 5.7 Hz, 2 H), 7.08 (t} = 7.7 Hz, 2 H), 7.05 (s, 2
H), 6.96 (d,J = 7.7 Hz, 2 H), 6.69 (ddd,= 7.7, 2.4, 1.0 Hz, 2 H), 5.22 (brs, 4 H), 3.35 -
3.20 (m, 4 H).13C NMR (DMSO4s, 100 MHz):d 167.5, 149.1, 136.0, 129.1, 116.8,
114.6, 113.2, 37.2, 29.8. MS (FAB 313 [M+H]'. HRMS (FAB"): Calculated for
C17H21N4O,: 313.1665; Found: 313.1599.

N,N*-(butane-1,4-diyl)bis(3-aminobenzamid&)4). Orange solid. Yield: 69.2%. M. p.
120-122 °C. FT-IR: 3433, 3332, 3222, 3057, 2948628647, 1583, 1547, 1520 ¢m
'H NMR (DMSO-<ds, 400 MHz): 3 8.23 (t,J = 5.5 Hz, 2 H), 7.04 () = 7.5 Hz, 2 H),
7.01 (s, 2 H), 6.94 (ddd,= 7.5, 2.7, 1.1 Hz, 2 H), 6.67 (ddb= 7.5, 2.4, 1.3 Hz, 2 H),
5.21 (brs, 4 H), 3.32 - 3.12 (m, 4 H), 1.52 (br&4}4°C NMR (DMSO«ds, 100 MHz):
166.9, 148.6, 135.7, 128.5, 116.2, 114.2, 112.8,23.9.
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MS (FABY: 327 [M+H]". HRMS (FAB): Calculated for GH»N4Oy: 327.1821;
Found: 327.1820.

N,N*-(hexane-1,6-diyl)bis(3-aminobenzamideh6). Pink solid. Yield: 80.3%. M. p.
100-102 °C. FT-IR: 3390, 3324, 3218, 3054, 2928428625, 1582, 1533, 1489 ¢m
'H NMR (DMSO-ds, 400 MHz): & 8.18 (t,J = 5.6 Hz, 2 H), 7.00 (t) = 7.6 Hz, 2 H),
7.01 (s, 2 H), 6.92 (td] = 7.6, 0.5 Hz, 2 H), 6.66 (ddd,= 7.6, 2.0, 1.0 Hz, 2 H), 5.19
(s, 4 H), 3.31 - 3.08 (m, 4 H), 1.63 - 1.40 (m, ¥} H31 (brs, 4 H)**C NMR (DMSO-
ds, 100 MHz):6 166.9, 148.6, 135.8, 128.5, 116.2, 114.2, 1120§),39.2, 26.3. MS
(FAB"): 355 [M+H]". HRMS (FAB): Calculated for ggH,7N4O,: 355.2134; Found:
355.2143.

N,N-(octane-1,8-diyl)bis(3-aminobenzamiden§). Beige solid. Yield: 90.4%. M. p.
120-122 °C. FT-IR: 3393, 3349, 3208, 3054, 2926328625, 1583, 1538, 1490 ¢m
'H NMR (DMSO-ds, 400 MHz):5 8.17 (t,J = 5.5 Hz, 2 H), 7.15 - 6.85 (d,= 7.8 Hz, 2
H), 7.01 (s, 2 H), 6.92 (dd,= 7.8, 1.2 Hz, 2 H), 6.66 (td,= 7.8, 1.1 Hz, 1 H), 5.19
(brs, 4 H), 3.19 (gJ = 6.5 Hz, 4 H), 1.58 - 1.39 (m, 4 H), 1.28 (s, § HC NMR
(DMSO-ds, 100 MHz): 4 166.9, 148.6, 135.8, 128.5, 116.2, 114.2, 112092,228.8,
26.5. MS (FAB): 383 [M+H]". HRMS (FAB'): Calculated for gH3:N4O,: 383.2447;
Found: 383.24609.

Synthesis of N,N'-alkyl bis(3-(3-(naphthalen-1-sgyl)benzamide) compounds

In a single neck round bottom flask, 2.2 equivaeot 1-naphthyl isocyanate were
added to a stirred solution of an alkyl bis(3-anbeazamide) (1 equivalent af3, m4,
m6 or m8) in dry THF under Ar atmosphere. Then, the reactioxture was stirred for
24 h at RT and the solvent was removed by heatmdemreduced pressure. The
product was washed and filtered as many times adeakto give an analytically pure

solid compound.

N,N-(propane-1,3-diyl)bis(3-(3-(naphthalen-1-yl)urdghzamide) r03N). Purple
solid. Yield: 67.9%. M. p. 218-220 °C. FT-IR: 3273054, 2956, 2935, 1720, 1634,
1585, 1528 cil. 'H NMR (DMSO-ds, 400 MHz):5 9.21 (s, 2 H), 8.78 (s, 2 H), 8.48 (t,
J=5.5Hz, 2 H),8.13 (d1=8.4 Hz, 2 H), 8.02 (d= 7.4 Hz, 2 H), 7.94 (d] = 2.1 Hz,
2 H),7.98-7.89 (m, 2 H),7.70 (d&I= 7.9, 0.9 Hz, 2 H), 7.65 (d,= 8.2 Hz, 2 H), 7.60
(dt,J=7.1,1.0Hz, 2 H), 7.54 (di,= 7.0, 0.7 Hz, 2 H), 7.48 (3,= 7.9 Hz, 2 H), 7.47
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(d,J = 7.8 Hz, 2 H), 7.40 (1) = 8.4 Hz, 2 H), 3.45 - 3.36 (m, 4 H), 1.81 (ght 6.8
Hz, 2 H).13C NMR (DMSO4ds, 100 MHz):6 166.2, 139.8, 135.4, 134.0, 133.6, 128.7,
128.3, 125.9, 125.8, 125.7, 123.0, 121.2, 120.9,22117.5, 117.2, 37.0, 29.2. MS
(FABY): 651 [M+H]". HRMS (FAB): Calculated for guHssNgO4: 651.2720; Found:
651.2735.

N,N*-(butane-1,4-diyl)bis(3-(3-(naphthalen-1-yl)ureyjizamide) §4N). Beige solid.
Yield: 54.7%. M. p. 234-236 °C. FT-IR: 3271, 302861, 2936, 1637, 1585, 1537 tm
! 1H NMR (DMSO-ds, 400 MHz):5 9.21 (s, 2 H), 8.78 (s, 2 H), 8.46 Jt= 5.6 Hz, 2
H), 8.13 (d,J = 8.6 Hz, 2 H), 8.02 (d] = 7.6 Hz, 2 H), 7.98 - 7.90 (m, 4 H), 7.70 (dd,
=8.1,1.2 Hz, 2 H), 7.65 (d,= 8.3 Hz, 2 H), 7.61 - 7.49 (m, 4 H), 7.49 - 7(A8 4 H),
7.38 (t,J = 8.1 Hz, 2 H), 3.33 - 3.23 (m, 4 H), 1.60 (brsH} **C NMR (DMSOds,
100 MHz):0 166.1, 152.8, 139.7, 135.5, 134.1, 133.7, 1328,6, 128.3, 125.9, 125.8,
125.7, 125.6, 123.0, 121.2, 120.3, 117.4, 117.3,21138.9, 26.6. MS (FAB: 651
[M+H]". HRMS (FAB'): Calculated for ggH3sNgO4: 651.2720; Found: 651.2768.

N,N*-(hexane-1,6-diyl)bis(3-(3-(naphthalen-1-yl)uregiizamide) §6N). Pink solid.
Yield: 59.7%. M. p. 222-224 °C. FT-IR: 3282, 30&054, 2932, 2856, 1637, 1629,
1586, 1543 cm. *H NMR (DMSO-ds, 400 MHz):5 9.20 (s, 2 H), 8.78 (s, 2 H), 8.43 (t,
J=5.6 Hz, 2 H), 8.13 (d] = 8.6 Hz, 2 H), 8.02 (ddl = 7.7, 1.1 Hz, 2 H), 7.98 - 7.88
(m, 4 H), 7.69 (ddd) = 8.1, 2.2, 1.0 Hz, 1 H), 7.65 (@= 8.1 Hz, 2 H), 7.61 - 7.49 (m,
6 H), 7.49 - 7.42 (m, 4 H), 7.38 @¢= 7.8 Hz, 2 H), 3.27 (4] = 6.8 Hz, 4 H), 1.55 (s, 4
H), 1.44 - 1.29 (m, 4 H):*C NMR (DMSO+s, 100 MHz):5 166.4, 153.1, 140.0, 135.9,
134.6, 133.9, 133.9, 128.6, 126.2, 126.1, 126.5.012125.9, 123.3, 123.1, 121.6,
121.5, 120.7, 120.5, 117.7, 117.6, 117.5, 39.43,286.5. MS (FAB): 693 [M+H]".
HRMS (FAB'): Calculated for GzH41NO4: 693.3189; Found: 693.3278.

N,N*(octane-1,8-diyl)bis(3-(3-(naphthalen-1-yl)uregjizamide) f8N). Pink solid.

Yield: 69.0%. M. p. 188-190 °C. FT-IR: 3278, 3052830, 2854, 1636, 1628, 1586,
1543 cm'. *H NMR (DMSO-dg, 400 MHz): 5 9.20 (s, 2 H), 8.78 (s, 2 H), 8.41 Jt=

5.6 Hz, 2 H), 8.13 (d) = 8.1 Hz, 2 H), 8.02 (dd,= 7.6, 1.0 Hz, 2 H), 7.98 - 7.88 (m, 4
H), 7.69 (dddJ = 8.1, 2.2, 1.0 Hz, 3 H), 7.65 (8= 8.3 Hz, 2 H), 7.63 - 7.49 (m, 4 H),
7.49-7.41 (m, 4 H), 7.38 @,= 7.8 Hz, 2 H), 3.25 (4] = 6.1 Hz, 4 H), 1.61 - 1.42 (m,
4 H), 1.32 (s, 8 H)}*C NMR (DMSO4ds, 100 MHz): 5 165.9, 152.7, 139.6, 135.4,
134.1, 134.0, 133.5, 133.5, 128.5, 128.2, 125.8.712125.6, 125.5, 122.8, 122.7,
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121.2, 121.1, 120.3, 117.3, 117.2, 117.1, 39.09,288.6, 26.3. MS (FAB: 721
[M+H]". HRMS (FAB'): Calculated for GuH4sNgO4: 721.3502; Found: 721.3503.

Results and discussion
Synthesis

The synthetic routes fa(3-8)N andm(3-8)N receptors are shown in Scheme 1. First,
2.2 equivalents of isatoic anhydride were treatéth &.0 equivalent of alkyl diamine
(3, 4, 6 and 8 carbons) to obtain the alkyl bisfireobenzamide)®(3-8). Then, the
alkyl bis(2-aminobenzamide)x3-8), were treated with 2.2 equivalents of 1-naphthyl
isocyanate to afford the(3-8)N receptors. In other synthetic route, 2.2 equivaler
mnitrobenzoyl chloride were treated with 1.0 eqlewh of alkyl diamine to obtain the
corresponding alkyl bis(3-nitrobenzamide}sD. Then, a nitro-reduction ofA-D
compounds under Hatmosphere gave the alkyl bis(3-aminobenzamid€8), and
finally the addition of 2.2 equivalents of 1-napjithsocyanate led tom(3-8)N

receptors.

All receptors inortho and meta position were characterized by infrared spectrpgco
(FTIR), nuclear magnetic resonancé (and **C NMR) and fast atom bombardment
mass spectrometry (FAB-MS), and their chemical cositppn was verified by high-
resolution mass spectrometry (HRMS). The IR spesticaved vibrations corresponding
to the urea and amide N-H stretching between 3280800 crit'. Also, two stretching
vibrations for urea and amide carbonyls were foan#i640-1720 and 1620-1650 ¢m
respectively. The typical signal patterns ofatho and metasubstituted aromatic ring
for o(3-8)N andm(3-8)N receptors were observed in th¢ NMR spectra obtained in
DMSO-ds. In addition, the signals for the naphthyl groupo(3-8)N and m(3-8)N

receptors were assigned correctly.

The'H NMR spectra obrtho receptors show singlet signals at 10.29 and 9080 for
urea hydrogens 4d and H, 4, respectively, and a triplet signal in the ran§8.34-8.62
ppm for amide hydrogendd; whereas inmmetareceptors, the urea and amide hydrogens
signals are located at 9.20s¢jiand 8.78 (id4) and 8.48-8.41 (Ek) ppm, respectively.

This difference in chemical shifts for urea and @nhydrogens signals is caused by
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structural features; the relative position of uaead benzamide groups and the resonance
effect provided by the chromophore, are the maictofs. The major effect was
observed over the urea hydrogen, ¢ji directly attached to the chromophore. On the
other hand, the signal;His the most shifted downfield, due to the resoragitect in

the benzamide. Finally, the HRMS analysis confirrttezl chemical composition for all

compounds.
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Scheme 1. Synthesis routes for alkyl bis(naphthylureylbenztehbased(3-8)N and
m(3-8)N receptors.

Anion recognition by UV-Vis

Them(3-8)N ando(3-8)N receptors have broad absorption bands due torésemce of
an amino conjugated naphthyl group, with maximurh2@ and at 301-306 nm,

respectively. These bands correspond to an auxwmehter electronic transition. The
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supramolecular interaction of receptors was evatlatby titration with
tetrabutylammonium salts, TBAX, where X = aceta#kc@), benzoate (BzO),
dihydrogen phosphate (HP), fluoride (F) and hydroggrophosphate (HPP) by UV-
Vis in acetonitrile. The results showed significahanges in the absorption bands of
m(3-8)N receptors. Figure 2a shows the absorption spedtra6N with TBAF at
different concentration. The absorption band at 2é6 shifted to 305 nm with an
increase in absorbance (hyperchromic effect). bhtech, two isosbestic points located
in 275 and 294 nm are present. These changes tedioa supramolecular interaction
between the receptor and the anion.m\{B-8)N receptors underwent a similar behavior
towards TBAX salts (Figures S1-S4). The major resgowas observed with HPP. The
spectral changes and sensibility m{3-8)N towards the different anions were in the
order HPP> F~ HP > AcO> BzO, as seen in the absorbance profiles (FighyeThis
behavior is directly related to the negative chargember and basicity of the anion.
Interestingly, receptor®(3-8)N did not show significant changes with any of the
selected anions for this study (Figures S5-38g behavior oio(3-8)N with TBAX
salts is similar to the observed with a previousiported N-benzyl mono
ureylbenzamide receptdiThe anion interacts with the urea hydrogens aratation of
the amide carbonyl occurs, allowing the interactdrine anion and amide hydrogen.
However, the conformational changes avoids thetreleic conjugation from urea to
naphthyl group, and the absorption band do not gdasuring the titration. The
coplanarity of the naphthyl-urea-benzamide systermonserved im(3-8)N receptors

wheninteract with anions, and the electronic transiiane affected.
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Figure 2. (@) UV-Vis spectra obtained in the titrationm6N [1x10° M] with TBAF in
acetonitrile. (b) Relative absorbance profiles oigd by titration ofm6N with different

TBAX salts,A = 305 nm.

It was possible to estimate the association cotstarfor the complexes using the
absorbance data. A non-linear fit was used forlaifdteraction model, following the

Equation 1 reported by Thordarstn.

Eqgn. (1)

2
{ [H]r + [61r + %= |(H1r + 617 +3) - 41H1, » [G]Tl
[H1r

\ )

Abs,ps = Absy + 0.5AAbs,,
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where Agps is the complexed receptor absorbankg,is the free receptor absorbance,
AAbs, is the maximum absorbance change induced by tbgepce of a given guest,
[G] 1 is the total concentration of gueldt] 1 is the total concentration of receptor, &d
is the association constant. Table 1 lists the aaon constants for the complexes
calculated from absorbance data using Equatiornr & fb:1 interaction model. The
values were in the range of°ltb 1. More refined calculations using HypSpe®
program were performed, to analyze the data thdhihdt fit with the Equation 1. The
program confirmed th& values for 1:1 complexes, and provided khealues for 2:1
and 1:2 complexes (Table 1). The formation of 2inplexes was very interestingly
considering that the typical behavior of the bisaureceptors is the formation of 1:1 and
1:2 complexes. The presence of 2:1 complexes aa® and HPP indicate that the
anions may serve as template for the self-assewnfolywo receptor molecules at low
concentration of anion, but the 1:1 complex is preshant when the anion
concentration increases. Interestingly, only thk f2oichiometry is detected fon8N-
HPP complex (Figures S9 and S10). TWevalues were determined only foneta
receptors due to thertho receptors do not show significant change in tresgmce of
TBAX salts.

Table 1. Association constantK) for m(3-8)N and anion complexes

determined from UV-Vis data.

m3N m4N m6N m8N
X Ratio: R/A K (M™) K (M K (M K(M™
R,A °1.9x10° °1.7x10" ND ND
AcO RA ®3.1x106 b1.1x10 a3.4x10 a3, 7x10
RA, b9 3x1(d° ND ND ND
RA P4.1x10 8.3x10 2.7x10 4.7x10
BzO b
RA, 3.1x10 ND ND ND
F RA ?1.5x10 3 7x106 5 3x1G 47.1x10
HP RA 22 .8x10 4.0x16 3 7x10 22 2x10
R,A ND °6.3x10° b2 5x10’ P1.1x10!
HPP A )
RA ND 3.2x10 6.3x10 ND

ND: Not determinedAccording to the data obtained, a non-linear adjesit was
not achieved, and the association constants catlderdetermined?: Receptor.
A: Anion. ® Determined by Eqgn. f.Determined by HypSpec refined calculation
program. K values have M unit for 2:1 and 1:2 complexes and*Mor 1:1
complexes.
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TheK values are consistent with the experimental restlie highest values correspond
to them(3-8)N complexes with HPP, followed by @&hdHP. However, not all th&
values were determined due to the strong aniorptecenteraction. In general, there is
a tendency oK to decrease as the alkyl chain length increadesKTvalue changes as
the geometry and size of the anion change, buthiege of the anion has a significant
effect. The relative position of the amide and ugeaups is determinant in the anion
recognition and the association stability due ® skeric effect. Moreover, the shape,
size and basicity of the anion have a great infleem the recognition process and

stability of the complexes.

Anion recognition by fluorescence

The fluorescence spectrami{3-8)N ando(3-8)N receptors, as well as, their respective
titrations with TBAX salts were obtained in acetafe (Figure S11-S18). All receptors
showed broad fluorescence bands due to the presaih@e naphthyl fluorophore
attached to the urea group. The emission banah{8r8)N receptors has a maximum
intensity at 370 nm and(3-8)N receptors at 398 nm. Tme(3-8)N receptors are more
fluorescent tharo(3-8)N receptors, due to a greater electron delocalizatiom the
urea towards the naphthyl group, whereasdf88)N receptors display an inductive
effect from the benzamide system over urea and thgblgroups, causing a poor

electron mobility towards the fluorophore.

All m(3-8)N receptorsshow a fluorescent response towards the anions whaidy. In
most cases, the fluorescence emission spectra ghawdecrease in intensity as the
TBAX salt was added, indicating the interactionhatihe anion. The Figure 3(a) shows
the fluorescence spectra obtained in the titrattom6N with TBAF. The fluorescence
profiles showed a@N/OFF response in the order AcOF> HP~ BzO (Figure 3b).
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Figure 3. (a) Emission spectra obtained in the titratiom&N [1x10° M] with TBAF
in acetonitrile. (b) Relative fluorescence profit@gsn6N with different TBAX saltsiex
=302 nmAem = 370 nm.

The fluorescence spectra wi(3-8)N receptors with HPP showed a different behavior
from those observed with other TBAX salts (Figusesand 5). These receptors behave
as ONY/OFF/ON fluorescent probes in presence of HPP. Firsteti®er decrease in
fluorescence intensity om(3-8)N receptors when the addition of HPP reaches 0.5
equivalents (2:1 receptor-anion). Then, a parti@r@ase in the intensity of a new
emission band is observed, reaching its maximumnsity when 1.5 equivalents of

HPP are added. Interestingly, thBNYOFF/ON response in fluorescence is more
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evident in receptors with a shorter spacern#®N and m4N. Figure 4 shows the

fluorescence spectra of4N at different concentrations of HPP.

This fluorescent response may be due to a moredharelectronic process involved in
the anionic recognition. The quenching of fluoreseeis attributed to an electron-
transfer (eT) process from the carbonyl oxygenhaf irea, which assumes a partial
negative charge in the interaction with the anfagjng the excited naphthyl grotp.
Electron density is transferred to the oxygen fritrea coordinated anion through H-
bonds in this stage. Then a new band at 375 nmasp@nd shows an increase of
fluorescence intensity after adding more than @uvalents. The increase of the new
fluorescence band intensity is attributed to a ghdransfer (cT) process, which occurs
by deprotonation of urea. The red shift of the ainis band (7 nm approx.) m(3-8)N

is induced by the complexation, and reflects tlabization of the excited state by the
H-bond interaction with the aniof.The fluorescence profiles @h(3-8)N show an
ONYOFF/ON response with HPP in the ord@8N > m4N > m6N > m8N (Figure 5).
These results evidence the formation of 2:1 congdewith HPP, as well as, by
electronic spectroscopy. The changes of fluoreseimtensity indicate that the
closeness of both ureylbenzamide units has an taporinfluence over the

spectroscopic response.
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Figure 4. Emission spectra obtained in the titratiomefN [1x10° M] with TBAHPP

in acetonitrile.
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The data obtained from the fluorescence titratiomsre used to determine the
association constanks of the supramolecular complexes. A non-lineawtis used for
a 1:1 interaction model, this method is based enséme principle of Equation 1, and

the difference is the use of fluorescence datdepgcted in Equation 2.

Eqn. (2)

2
[H1r + [61r + 5= (1117 + 617 +2) — 411+ 6],
F,ps = Fy + 0.5AF,, i

\ )

whereFqpsis the fluorescence intensity for the compliex,is the fluorescence intensity
of the free receptoyF.. is the maximum fluorescence intensity change ieduay the
presence of a given guefg] 1 is the total concentration of the gudst] 1 is the total

concentration of the receptor, akds the association constant.

Table 2 lists theK values obtained from the emission data using kmuat for a 1:1
interaction model, which were in the range of #0d 16. More refined calculations
using the HypSpec program were performed to analyealata which did not fit with
the Equation 2. The program confirmed Healues for 1:1 complexes, and provided
theK values for 2:1 complexes with AcO and3-8)N receptors. There is a difference
in theK values and stoichiometry estimated from the fittiri UV-Vis and fluorescence

data for some complexes. This is hard to explaut, dne plausible explanation is
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related with the fact of that 2:1, 1:1 and 1:2 ctares have the same emission band,
and as the 2:1 complex is formed first, the tramsédion to 1:1 and 1:2 complexes is
not detected. It is believe th#t values calculated from the UV-Vis data are more

accurate, but the fitting of fluorescence data icors the formation of 2:1 complexes.

It is evident that magnitude &f is influenced by the length of the spacer alkyhinh
For example, there is a clear decrease okthwalue in the complexes with HP as the
alkyl chain length increases, and there is a siméadency with the rest of anions.
Moreover, theK values for supramolecular complexesngf3-8)N and HPP could not
be determined due to the high dispersion in tha,dahile the complexes with(3-8)N
receptors showed values in the range &far 10.

Table 2. Association constantK) for anion interaction withm(3-8)N and o(3-6)N

receptors using the fluorescence data.

m3N m4N m6N m8N 03N 04N 06N

X RIA K K K K K K K
AO RA 5.7x10" P3.3x10' P1.0x13' P1.0x10°

RA  3.8x10 2.8x10 "1.4x10 P"1.5x10 22.0x1d %4.0x16 °3.1x1d
870 RA  °1.0x107 ND

RA  "1.2x10 *.0x16 23.8x16 *2.1x10 ND  *.4x10 3%.2x1d
F RA °1.0x10 7.1x10 24.3x16 3.7x16 %.8x1G ND ND
HP RA 1.7x10 °1.3x16 °3.7x10 °2.0x10 ND °1.3x1d ND
HPP RA ND ND ND ND 24.1x1d °8.3x1d "2.8x10

ND: Not determinedAccording to the obtained data a non-linear adjestnwas not achieved,
and therefore the association constants could eoddterminedR: Receptor.A: Anion. @
Determined by Eqn. 2.Determined by HypSpec refined calculation progratnvalues have M
unit for 2:1 and 1:2 complexes and'Nbr 1:1 complexes.

The 0o(3-8)N receptorsshow an interestingDFF/ON fluorescent response in the
titrations with TBAX salts. A shift of the emissidrand to shorter wavelength (20 nm
approx.) is observed in the course of the titratibmis change is more evident @3N
ando4N with HP and HPP salts (Figure 6 and Figure S1H4js Tesponse is no longer
observed as the length of the alkyl chain increéSggires S13-S16).
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Figure 6. (a) Emission spectra obtained in the titrationo8N [1x10° M] with
TBAHPP in acetonitrile. (b) Relative fluorescenceofpjes obtained with different
TBAX salts,kex = 334 nmMAenm = 398 nm.

The excitation and emission bandso8fand 03N have the same maximum excitation
and emission wavelengtha¢f(—= 334 nm yA¢= 398 nm), although the fluorescence
intensity is lower folo3N (Figure 7). In addition, it was observed thatén@ssion band
of 03N-HPP complex has an emission band similam&N, where the fluorescence is
due to the naphthyl fluorophore. These observatsuggested a photoinduced electron
transfer (PET) process between the naphthyl grbdg?H) and theo-aminobenzamide
fragment (OABA). In a previous work, it was fourttat a PET process occurs if the
OABA is conjugated with another fluorophofe.
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Figure 7. Relative fluorescence profiles obtained for theeptorso3, 03N, m3N, and

the 03N-HPP supramolecular complex.

A theoretical study was carried out with DFT, a PBitnctional and a DZVP base
using the Gaussian 09 progrdhiThe geometry of the receptor was optimized and the
energy of the molecular orbitals (MOs) was caladdt As a result, it was found that
the MOs of naphthylurea flourophore (HOMO-LUM®}" have higher energy than the
MOs of the o-aminobenzamide florophore (HOMO-LUM®B¥* (Figure 8). The
(OABA-NAPH) dyad is irradiated at 334 nm and the B® fluorophore is excited
generating thé(OABA) -NAPH species. A photoinduced electron transferT()PiEom
HOMOY"" to the HOMO”®* is possible due to this MO is located in a superio
position. Then, the OABANAPH® specie is formed, and the energy emission is
inactivated reducing the fluorescence intensitye PET is inactivated in the complex

and the emission of NAPH fluorophore is possible.

LUMO®ABA ‘ ‘ LUMONAPH
-1.43 eV -1.18 eV
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HOMOOC2BA HOMONAPH
-6.57 eV -6.08 eV

Figure 8. Molecular orbitals 063N calculated by DFT.

The MO's energy in the receptor changes when iptexes with anions. The HOMO is
located in the two naphthylurea units and the LUMG@he o-aminobenzamide units in
the free receptor. Instead, the HOMO is locatedhi@ naphthylurea units and the
LUMO orbital in the naphthyl group in the complex¢sen a $—S transition or

energy emission occurs in the naphthylurea fragméms result is consistent with the
emission wavelength observed for the complexes,Alee MO's energy increases with

the basicity and charge of the anion (Figure 9).

-1.43 eV

-6.08 eV

Figure 9. Distribution of the MOs in a) free3N, b) 03N-Ac, ¢) 03N-HP and d)o3N-

HPP complexes.
Anion recognition study by *H NMR

The'H NMR titrations of receptors were performed toab$sh the interaction sites
with different anions. For this purpose, it wasided to analyze two “short receptors”
(m3N ando3N) and two “long receptorsn{6N ando6N) in order to detect an effect
over the anion recognition process by the alkylicHangth. The main idea was to

analyze the interaction of these receptors in a-aoonpetitive solvent, which was
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clearly possible at low concentration (0.01 mM) acetonitrile. However, these
receptors are insoluble in acetonitrile at highasmracion (6 mM), thus the use of a
polar solvent as DMSO was necessary in the stumi¢$! NMR. Them3N andméN
receptors display spectral changes with all anidhg. most affected hydrogens belong
to the urea group, 4d and H, g, at 9.24 and 8.80 ppm, respectively. The recagnif
AcO and BzO anions by3N andm6N show a similar behavior (Figures S20-S22). The
H:r and H 4 signals shift to downfield about 2.67 and 2.48 ppespectively, after the
addition of six equivalents of salt tom3N solution in DMSOds; (Figure 10). The
amide signal He at 8.52 ppm is not affected by AcO and BzO. Thaeefthe amide is
not involved in the anion recognition. Moreoverg tBinglet at 7.94 ppm which
corresponds to §iy hydrogen shows a 0.18 ppm downfield shift. A detibk 8.12 ppm
corresponding to f} shows a 0.19 ppm downfield shift. A 0.24 ppm wdishift of

Hp - signal is due to the loss of the carbonyl effearahis hydrogen once the complex
is formed. This chemical shift is caused by a cleamg the configuration and

conjugation of the naphthyl with the urea groupirgg a protective effect over
hydrogen (Figure 10).
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Figure 10. Partial'H NMR spectra obtained in the titration nf3N [6 mM] with
TBAACO in DMSO-0s.
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The geometry om3N, m3N-AcO andm6N-AcO were optimized using DFT, a PBEO
functional and a DZVP base, in order to visualtze interaction of these receptors with
acetate (Figure 11). The ureylbenzamide units a@dopuasi-orthogonal position to
minimize the distance of AcO and urea hydrogensb@ath complexes. Also, the
naphthyl groups are oriented towards the acetatgtend) an €tndo”orientation to

conserve the coplanatity of the naphtyl-urea-bendarstructure. The amide hydrogens
are oriented to the anion, but the distance is vwanéble for an interaction. These
geometries are consistent with the NMR experimeris, Hyg g, Hda.da, Hnn and H p

signals are the most affected in the interactiain WicO.

Figure 11. Optimized geometries oh3N (a), m3N-AcO complex (b) andn6N-AcO
complex (c) by DFT.

The*H NMR spectra om3N andméN with F show a downfield shift of 41 and H.g
signals. Noteworthy, there is a significant shiftha .- signal. The chemical shift ofd-
signal is constant until one molar equivalent ofadided, then the signal shows a
downfield shift about 1.16 ppm, evidencing the iggyation of the amide hydrogen in
the recognition of a second F unit (Figure 12). Mg hydrogen gradually shifts to up-
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field when F is added from zero to one equivalerigdencing the electron-enrichment
in the aromatic ring. Then, the signal shifts daeddf indicating the interaction of this
hydrogen with F. A previously reportédtbenzyl mono ureylbenzamide receptor does
not show a change in the amide signal, only theraation with the urea hydrogens is
observed. Based on the changes of these signals, it is pespthe formation of a 1:1
complex where only the urea groups participate fégl3a). Then, the closeness of
amide hydrogens in the 1:1 complex favors the aagon with a second F unit, forming
a 1:2 complex, where H- hydrogens also participate (Figure 13b). In féut, shift or
broadening of the signals are less sensitiveéiN-F complex (Figure S23) indicating
an important influence of the alkyl chain lengththre recognition process of F. In
addition, the i, signal is shifted 0.47 ppm downfield from its iaitposition due to
the polarization of the aromatic C-H bond in theogmition of fluoride. The K, Hqk

y Hiy signals corresponding to the naphthyl group alsowslMdifferent chemical

environment produced by electronic and conformatizanges.
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Figure 12. Partial'H NMR spectra obtained in the titrationroBN [6 mM] with TBAF
in DMSO-ts.
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Figure 13. Optimized geometries @n3N-F (a) andm3N-2F (b) complexes by DFT.

The Hy and H, g signals have different chemical shift due to dedlént interaction
strength or the possible formation of a multi-eqlewt complexes with TBAHP. As
depicted in Figure 14, 4d signal shifts downfield more than, i since the first aliquot
added. Then, R signal shifts up-field when more than 2.4 molauieglents are added,
while the H, 4 shifts gradually during the titration. The amidgrgl H ¢ shifts slightly

to downfield from zero to one equivalent of HP, bloén becomes wide and shifts
strongly when more HP is added. Interestingly, thgr signal, that normally shifts
downfield, is constant from zero to 2.4 equivalesft$iP, but then shifts up-field when
more HP is added. All these changes in signalsatéithat probably more than one HP
unit interacts with the receptdt*® The titration ofm6N with HP shows an equal shift
of the urea signals and the amide signal is leflestad than in receptan3N (Figure
S24). The Hg and H, - signals shift to downfield as typically do with thest of the
anions. This is an example were the length of atkyin has a significant influence in
the recognition process. Optimized geometriesn8N-HP and m6N-HP show the
interaction of HP with receptors through multiplgdlogen bonds, where one amide
and two urea groups participate (Figure 15).
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Figure 14. Partial'H NMR spectra obtained in the titration of3N [6 mM] with
TBAHP in DMSO<s.

Figure 15. Optimized geometries ah3N-HP (a) andm6N-HP (b) complexes by DFT.

The signals oim3N andm6N show an interesting behavior in the titration WHRP.

The absence of urea signals since the first aligdded and the change of a colorless
solution to an orange color indicate deprotonabgran acid-base reaction. However,
the H ¢ signal shifts 2.3 ppm to downfield when 1.2 egignts of HPP are added due
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to the interaction of this hydrogen with HPP (Fegur6). In addition, all the signals
remain constant when more equivalents of HPP adeddThis result demonstrates
high affinity and the presence of a 1:1 complexha solution. Similar results were
obtained in the titration ah6N with HPP (Figure S25).
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Figure 16. Partial’'H NMR spectra obtained in the titration nf3N [6 mM] with
TBAHPP in DMSOé.

The optimized geometries of3N-HPP andm6N-HPP complexes show the interaction
of both ureylbenzamide units with the HPP anionnehé. ¢, Hir, Hy g Haoand H p
are oriented to the anion. The flexibility of tH&yh chain inm3N andm6N allows the
conformational changes necessary to maintain ttexaiction with the anion despite
their length (Figure 17).

a) b)
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Figure 17. Optimized geometries ah3N-HPP (a) andm6N-HPP (b) complexes by
DFT.

The urea (kr and H,g) and amide (He) signals ofo3N ando6N show a slight shift to
downfield in the titration with AcO and BzO, indiaag the participation of both groups
in the recognition process (Figures 18, S26-28g dliremical shift of the &} signal to
downfield is more remarkable 08N receptor (0.27 ppm) compareddgN (0.05 ppm).
As can be noted, the chemical shift of amide areh wwignals irortho receptors are
smaller than irmetareceptors, which may indicate a weaker anion-recapteraction.
The aromatic and naphthalic signalgaHHp p, Hik, Hmm sSlightly shift to downfield
and/or up-field, probably due to conformational roipes.
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Figure 18. Partial'H NMR spectra obtained in the titration o8N [6 mM] with
TBAACO in DMSO-ds.

The geometry 063N ando3N-AcO ando6N-AcO complexes were optimized by DFT
at the same theory level tharetacomplexes (Figure 19). The relativgho position of
urea and benzamide group induces the formatiomaht@amolecular hydrogen bond
between the amide carbonyl and thg@ Hydrogen ino3N (Figure 19a). Also, there is
not coplanarity between the naphthyl and urea-baid® structure and the naphthyl
groups adopt amxo position respect to the urea. Noteworthy, the paare adopt a
helical conformation in the complexes in order tinimize the distance with the
carboxylate, and the helical conformation is leissodted as greater is the length of the
alkyl chain. In fact, iro6N-AcO the ureylbenzamide units adopt an antiparalleitjoos
(Figure 19c¢). The naphthyl groups maintain ¢ixe position due to the steric hindrance.
As seen, the carboxylate binds ter HHg - and H e with one ureylbenzamide unit and
interacts with the other ureylbenzamide unit thiouilpe urea-hydrogens. These
interactions are consistent with the changes obseiv the hydrogen signals Bi-
NMR experiments.
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Figure 19. Optimized geometries @3N (a), 03N-AcO (b) ando6N-AcO (c) by DFT.

A strong interaction with fluoride is evidenced blgemical shifts, widening and the
absence of signals corresponding to the urea énd H ) and amide groups ¢d)
(Figure 20). The H and He signals shift downfield 0.78 ppm and 1.36 ppm,
respectively, while iy signal shifts downfield and apparently disappedtsr aone
equivalent of the salt is added. However, thg signal reappears overlapped with the
H¢ ¢ signal at 10.95 ppm. The integration of this signdicates that both hydrogens still
present in the molecule (Figure S29). The signalsesponding to the naphthyl and
phenyl ring are also affected following the sam#goa observed in the titration with
TBAACO. The spectral changes in the titratioro6N are different than those observed
with 03N, the urea and amide signals become broad duringdhrse of the titration,
then disappear when 4.0 equivalents of fluoride adeled, and a triplet signal
corresponding to [F-H-Fpnion appears at 16.1 ppm, indicating an acid-baaetion

at high concentration of F (Figures S30 and S31).
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Figure 20. Partial'H NMR spectra obtained in the titration@8N [6 mM] with TBAF
in DMSO-s.

The chemical shift difference in theHand H, 4 signals is visualized in the optimized
geometry ofo3N-F complex (Figure 21a). The distance of F ag k6 shorter (1.66 A
average) compared with¢H(1.94 A average). Also, the interaction of F wotie of the
amide hydrogens is observed. The optimized geonwtnbN-F complex shows the
interaction of F with both urea groups and theatise with H4 is shorter (1.6 A
average) than f (2.05 A average). If amide hydrogens are too famfF (3.3 A

average), then the effect of fluoride over thisroggn is minimal (Figure 21b).

b)

35



Figure 21. Optimized geometries @BN-F (b) ando6N-F (c) by DFT.

The HP induces a downfield shift and broadeningigaf (0.32 ppm), |4 (0.43 ppm)
and H ¢ (0.71 ppm) signals, suggesting the interactiomarofde and urea groups with
the anion (Figure 22). Again, the effect over theauhydrogens is not equal, due to a
different interaction strength. The naphthyl andempfi signals are also affected
following a pattern previously described. Simildwanges are observed @GN, but the
chemical shift of the signals involved are loweig(FFe S32). The tetrahedral geometry
of HP induces distortion of the helical conformatiof receptors in the optimized
geometry ofo3N-HP and 06N-HP complexes in order to maximize their interaction
(Figure 23). Multiple hydrogen bond interactionghwtihe anion are established, and the
distances with i and H 4 are not equal, indicating a different interactstrength.
Also, the hydrogen bonding distances are larges6id-HP complex due to a longer
alkyl chain in this receptor. All these charactiées are consistent with the spectral

changes observed in thd NMR spectra.
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Figure 22. Partial'H NMR spectra obtained in the titrationa8N [6 mM] with TBAHP
in DMSO-ds
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Figure 23. Optimized geometries @BN-HP (a) ando6N-HP (b) by DFT.

The NMR spectra ofo3N ando6N with HPP show broadening and downfield shift of
Hir, Hgq @and R e signals since the first aliquot added (0.2 eqengl Then, there are
an absence of #f, Hy g and R e signals and change of colorless solution to angea
color indicating a deprotonation due to the higlsitity of the HPP anion and the
acidity of 03N (Figure 24 and S33). The optimized geometriee3df-HPP and 06N-
HPP shows multiple hydrogen bonding interactions betwthe receptor and the anion.
The HPP accommodates in the way that it interadtis the two amide and the four
urea hydrogens as it was observed in the NMR exyaris (Figure 25).
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Figure 24. Partial '"H NMR spectra obtained in the titration 08N [6 mM] with

TBAHPP in DMSO¢.

Figure 25. Optimized geometries ai3N-HPP (a) ando6N-HPP (b) complexes by
DFT.

In general, théH NMR experiments show differences in the recogniprocess due to

the relative position of urea and amide groups,ahiens geometry and basicity. The
participation of both amide and urea groups in téeognition process occur with
fluoride and the tetrahedral anions HP and HPPheami3N and m6N complexes.

Therefore, the interaction of the trigonal AcO @D anions mainly occurs with the
urea leaving out the amide group. In additionp3iN ando6N participate both urea and
amide groups during recognition of all the studagtons, due to the proximity of the

functional groups.

The association constant§)(were calculated from the data obtained from'théMR
experiments. A non-linear fit was used for a 1tknaction model, this method is based

on the principle of Equation 3.

Eqgn. (3)

2
[H]r + (617 + %= |((H1r + 617 +) = 41H1, = [61r
Sops = O + 0.5A8,, iR

\ )

wheredops is the observed chemical shift; is the chemical shift of the free receptor,
Ao, 1s the maximum chemical shift change induced tgyghesence of a given guest,
[G] T is the total concentration of the gueft] 1 is the total concentration of the

receptor, anK is the association constant. Also, more refinddutations using the
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HypNMR program confirmed th& values for 1:1 complexes. Interestingly, a 1:3
complex form3N and HP was identified probably due to interactrath several HP
units and/or the auto-association of the HP. Thesult is consistent with the
experimental observations previously describedlel8dists the association constants

for the complex calculated from the chemical sthéta.

Table 3. Association constantK) determined byH NMR for the anion-
receptor interaction ah3N, m6N, 03N ando6N.

TBAX m3N m6N 03N 06N
K (M) K (M) K (M) K (M)
AcO 44.0 24.6 85.2 75.3
BzO 110.0 60.3 37.8 102.3
F 87.0 190.8 25.6 ND
HP X 199.5 110.4 32.2 46.1
6.3 x 18
HPP ND ND ND °ND

®ND: Not determinedAn acid-based reaction was observed with the anion
and/or according to the obtained data a non-liredjustment was not
achieved, and therefore the association constantd aot be determined.

P K value for a 1:3 complex.

Conclusions

Fluorescent bis(naphthylureylbenzamide)-based tece@re capable to interact with
different anions. The supramolecular anion-recepttgraction is modulated by the
structural characteristics of receptors such asdlative position of the urea and amide
groups ¢rtho or metg, as well as, the geometry and charge of the anidhe urea
hydrogens are more acid iortho receptors and they are more susceptible to
deprotonation in the presence of more basic anmmd and HPP. The(3-8)N
receptors exhibit greater steric hindrance comparngid m(3-8)N receptors hindering
interaction with anions. Thmetareceptors show great spectroscopic changes agd the
have a typicalDN/OFF fluorescent response in the interaction with thems, but an
increase in fluorescence is observed with HPP i21a(receptor:anion) ratio. An
ONY/OFF/ON response is observed in the receptors with shalitgt spacerfi3N and
m4N) with this anion. Noteworthy, thertho receptors have a@FF/ON fluorescence
response with all the studied anions, but the ggkensibility was obtained with HP
and HPP and the receptors with shorter spegirando4N. The'H NMR studies and
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the theoretical analysis revealed significant défeees in the site of interaction
depending on thertho andmetaconfiguration, as well as, the size and geoméitth®
anions. DifferentLog K values, anion selectivity, and binding stoichiomegre
observed depending on the technique utilized fer @halysis. These differences are
mainly attributed to the different concentrationdasolvent used in the experiments

performed.
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Highlights

A library of new alkyl bis(naphthylureylbenzamide)-based receptors was prepared.
The receptors with urea and amide groups in meta position display an
ONY/OFF/ON? fluorescent response with dihydrogen phosphate and hydrogen
pyrophosphate

The ortho receptors display an OFF/ON fluorescent response with dihydrogen
phosphate and hydrogen pyrophosphate.

'H NMR experiments show different coordination modes depending on the relative
position of urea and amide groups, spacer length and anion structure.

Optimized geometries of receptor-anion complexes are presented
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