OCArticle

pubs.acs.org/joc

Synthesis and Study of the Use of Heterocyclic Thiosemicarbazones As
Signaling Scaffolding for the Recognition of Anions

M. Manuela M. Raposo,* ' Beatriz Gel}rma -Acosta,™* Tatiana Abalos,*¥ Pilar Calero,*
Ramén Martinez-Madnez, w330 José Vicente Ros-Lis, % and Juan Soto*®

TCentro de Quimica, Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal, *Instituto de

Reconocimiento Molecular y Desarrollo Tecnologico, Centro Mixto Universidad de Valencia-Universidad

Politécnica de Valencia, sDepartamento de Quimica, Universidad Politécnica de Valencia, Camino de Vera s/n,
46022 Valencia, Spain., and "CIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN)

mfox@quimica.uminho.pt; rmaez@qim.upv.es

Received February 1, 2010

Lo O i
HeteroarylvN\NJ\ .Ph Heteroaryl\?N\NJ\N,Ph HeteroarylvN\NJ\N,Ph
HoOH oW no°

Heteroaryl = thienyl, bithienyl, arylthienyl, furanyl, thiazolyl

A family of heterocyclic thiosemicarbazone dyes (1—9) linked to different furan, thiazole,
(bi)thiophene, and arylthiophene m-conjugated bridges were synthesized in good yields, and their
response toward anions was studied. Acetonitrile solutions of 1—9 show bands in the 326—407 region
that are modulated by the electron-donor or -acceptor strength of the heterocyclic systems appended
to the phenylthiosemicarbazone moiety. Anions of different shape such as fluoride, chloride,
bromide, iodide, dihydrogen phosphate, hydrogen sulfate, nitrate, acetate, cyanide, and thiocyanate
were employed for the recognition studies. From these anions, only fluoride, cyanide, acetate, and
dihydrogen phosphate displayed sensing features. Two different effects were observed, (i) a low
bathochromic shift of the absorption band due to coordination of the anions with the thiourea
protons and (ii) the growth of a new red-shifted band with a concomitant change of the solution from
yellow or pale yellow to orange-red due to deprotonation. The extent of each process is a balance
between the acidity tendency of the thioureido-NH donors modulated by the donor or acceptor
groups in the structure of the receptors and the basicity of the anions. Fluorescence studies were also
in agreement with the different effects observed on the UV/vis titrations. Stability constants for the
two processes (complex formation + deprotonation) for selected receptors and the anions fluoride
and acetate were determined spectrophotometrically using the program HYPERQUAD. Semi-
empirical calculations to evaluate the hydrogen-donating ability of the dyes and "H NMR titrations
experiments with fluoride were carried out. A prospective electrochemical characterization of
compound 3 in the presence of anions was also performed.

Introduction

The recognition and signaling of ionic and neutral species
of varying complexity is one of the most intensively studied
areas of contemporary supramolecular chemistry. In this
field, the host molecules (commonly known as receptors)
are usually designed in such a way that upon coordination
with a guest a measurable signal such as changes in color,

(1) Beer, P. D. Chem. Commun. 1996, 689-696. Beer, P. D. Coord. Chem.
Rev. 2000, 205, 131-155. Martinez-Mdnez, R.; Soto, J.; Lloris, J. M.; Pardo,
T. Trends Inorg. Chem. 1998, 5, 183-203. de Silva, A. P.; Gunaratne, H. Q.
N.; Gunnlaugsson, T.; Huxley, A. J. M.; Mc Coy, C. P.; Rademacher, J. T.;
Rice, T. E. Chem. Rev. 1997, 97, 1515-1566.
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fluorescence, or redox potential is observed.' Host molecules
generally comprise two subunits, i.e., the “binding site”
(properly the host, responsible of coordination event) and

(2) See, for example: Rurack, K. Spectrochim. Acta, Part A 2001, 57,
2161-2195. Unger, B.; Rurack, K.; Miiller, R.; Jancke, H.; Resch-Genger, U.
J. Mater. Chem. 2005, 15, 3069-3083. Rurack, K.; Koval’chuck, A.; Bricks,
J. L.; Slominskii, J. L. J. Am. Chem. Soc. 2001, 123, 6205-6206.
Garcia-Acosta, B.; Martinez-Mdnez, R.; Sancendn, F.; Soto, J.; Rurack,
K.; Spieles, M.; Garcia-Breijo, E.; Gil, L. Inorg. Chem. 2007, 46, 3123-3135.
Nolan, E. M.; Lippard, S. J. Chem. Rev. 2008, 108, 3443-3480. Fabbrizzi, L.;
Poggi, A. Chem. Soc. Rev. 1995, 24, 197-202. Lee, S. J.; Jung, J. H.; Seo, J.;
Yoon, I; Park, K. -M.; Lindoy, L. F.; Lee, S. S. Org. Lett. 2006, 8, 1641—
1643. Lee, S. J.; Lee, J.-E.; Seo, J.; Jeong, I. Y.; Lee, S. S.; Jung, J. H. Adv.
Funct. Mater. 2007, 17, 3441-3446. Park, C. S.; Lee, J. Y.; Kang, E.-J.; Lee,
J.-E.; Lee, S. S. Tetrahedron Lett. 2009, 50, 671-675.
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the “signalling subunit” (in charge of the transduction event)
that are usually attached forming a superstructure. This
approach needs the design and covalent attachment of the
binding site and the signaling subunit in a preorganized
fashion that matches the size and shape of the target guest.”
Apart from other reported paradigms,’ the supramolecular
signaling process in the “binding site”, “signalling unit”
protocol comprises two steps: (i) selective coordination of a
target guest by suitable coordinating groups and (ii) a
transduction of the coordination event through modulation
of the optical or the electrochemical properties of the host.*
Optical outputs are especially attractive with respect to the
transduction of a modulated signal because detection uses
cheap, easy-to-handle, and widely extended instrumenta-
tion. Besides fluorescence-based systems, colorimetric recog-
nition has gained popularity in recent years because a shift of
an absorption band is often intrinsically ratiometric, avoids
the necessity for an internal reference and also offers the
possibility of so-called “naked eye detection” for semiquan-
titative determinations.”

In addition to optically responsive hosts for metal ions,
which have been investigated for more than 25 years, anionic
guests have only recently shifted into focus.® This is basically
due to the fact that the host—guest chemistry of inorganic
anions is more challenging than for metal ions because of
their more complex shapes, common pH dependence, and
the competition of water in hydrogen-bonding interactions.
The supramolecular approach often starts with the design of
the recognition and transduction processes at the molecular
scale. Most of the supramolecular chemistry of anions has
been developed on the basis of electrostatic and hydrogen-
bonding interactions between the receptor and the substrate.
In particular, neutral receptors for anions generally contain
NH fragments which act as hydrogen-bond donors with the
anion.” In contrast to merely electrostatic interactions, hy-
drogen bonds are directional, a feature which allows the
design of receptors capable of differentiating between anions
with different geometries and hydrogen-bonding require-
ments. As an example, ureas and thioureas have demon-
strated to be excellent coordinating groups for Y-shaped
anions such as carboxylates, through the formation of two
directed hydrogen bonds. Of all the hydrogen-bonding
donor groups, phenylthiourea derivatives have been the
subject of intensive investigations for its performance in

(3) Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E. V. Acc.
Chem. Res. 2001, 34, 963-972. Wright, A. T.; Anslyn, E. V. Chem. Soc. Rev.
2006, 35, 14-28. Tomasulo, M.; Sortino, S.; White, A. J. P.; Raymo., F. M. J.
Org. Chem. 2006, 71, 744-753. Broomsgrove, A. E. J.; Addy, D. A.; Bresner,
C.; Fallis, I. A.; Thompson, A. L.; Aldridge, S. Chem.—FEur. J. 2008, 14,
7525-7529. Ekmeki, Z.; Yilmaz, M. D.; Akkaya, E. U. Org. Lett. 2008, 10,
461-464.

(4) Valeur, B.; Leray, 1. Coord. Chem. Rev. 2000, 205, 3-40.

(5) Lohr, H. G.; Vogtle, F. Acc. Chem. Res. 1985, 18, 65-72. Inouye, M.
Color. Non-Text. Appl. 2000, 238-274. Amendola, V.; Bonizzoni, M.;
Esteban-Gdémez, D.; Fabbrizzi, L.; Licchelli, M.; Sancendn, F.; Taglietti,
A. Coord. Chem. Rev. 2006, 250, 1451-1470.

(6) Martinez-Mdnez, R.; Sancenén, F. Chem. Rev. 2003, 103, 4419-4476.
Martinez-Manez, R.; Sancenén, F. J. Fluoresc. 2005, 15, 267-285. Beer,
P. D.; Gale, P. A. Angew. Chem., Int. Ed. 2001, 40, 486-516. Suksai, C.;
Tuntulani, T. Chem. Soc. Rev. 2003, 32, 192-202. Xu, Z.; Chen, X.; Kim,
H. N.; Yoon, J. Chem. Soc. Rev. 2010, 39, 127-137.

(7) Gale, P. A. Acc. Chem. Res. 2006, 39, 465-475. Yoon, J.; Kim, S. K.;
Singh, N. J.; Kim, K. S. Chem. Soc. Rev. 2006, 35, 355-360. Blondeau, P.;
Segura, M.; Pérez-Fernandez, R.; de Mendoza, J. Chem. Soc. Rev. 2007, 36,
198-210. Fitzmaurice, F. J.; Kyne, G. M.; Douheret, D.; Kilburn, J. D. J.
Chem. Soc., Perkin Trans. 12001, 841-864.
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the construction of anion receptors via hydrogen-bonding
interaction by thioureido-NH donors.® This interest has
recently been enhanced because of the promising progress
in the thiourea-based organocatalysts via hydrogen bond-
ing.” Obviously the hydrogen-bonding ability of the thiourea
moiety is an important parameter, which in principle
depends on the acidity of the thioureido NH protons and
the number of binding sites. From a structural point of view,
a direct means of tuning this acidity is to introduce substit-
uents of varied electron-donating or -withdrawing ability.'°
Additionally, experimental and theoretical studies have de-
monstrated that replacing the benzene ring of a chromo-
phore bridge with easily delocalizable five-membered
heteroaromatic rings, such as thiophene, pyrrole, and thia-
zole, results in an enhanced intramolecular electronic de-
localization. While the aromaticity of heteroaromatics affects
the electron transfer between donor and acceptor groups, the
electron-rich or electron-deficient nature of the heterocyclic
ring systems may also play a major role in determining
the overall electron-donating and accepting ability of the
substituents: electron-rich heterocycles act as auxiliary do-
nors and electron-deficient heterocycles act as auxiliary
acceptors.1 !

On the other hand, and inside the family of aromatic five-
membered heterocyclic rings, thiophene is probably one of
the less employed in the development of optical chemosen-
sors for anions regardless of its interesting chemical proper-
ties.'? Despite this lack of use in optical sensing, thiophenes
are important heterocyclic compounds that are widely used
as building blocks in many agrochemical and pharmaceuti-
cal applications. For instance, thiophene derivatives are used
in manufacturing dyes, aroma compounds, and certain
pharmaceutical derivatives. Moreover, polythiophenes have
attracted increasing attention in certain applications such
as electronic devices, nonlinear optics, energy storage, elec-
trochromic devices, electrochemical sensors, and modified
electrodes."?

(8) For recent papers of thiourea-based anion receptors, see: Gale, P. A.;
Garcia-Garrido, S. E.; Garric, J. Chem. Soc. Rev.2008, 37,151-190. Devaraj,
S.; Saravanakumar, D.; Kandaswamy, M. Sensors Actuators B Chem. 2009,
136, 13-19. Li, Z.; Wu, F.-Y.; Guo, L.; Li, A.-F.; Jiang, Y. B. J. Phys. Chem.
B 2008, 112,7071-7079. Ros-Lis, J. V.; Martinez-Manez, R.; Sancenén, F.;
Soto, J.; Rurack, K.; Weisshoff, H. Eur. J. Org. Chem. 2007, 17, 2449-2458.
Nie, L.; Li, Z.; Han, J.; Zhang, X.; Yang, R.; Liu, W.-X.; Wu, F.-Y.; Xie,
J.-W.; Zhao, Y.-F.; Jiang, Y.-B. J. Org. Chem. 2004, 69, 6449—6454.

(9) For a recent review on thiourea-based catalysts, see: Doyle, A. G.;
Jacobsen, E. N. Chem. Rev. 2007, 107, 5713-5743.

(10) Amendola, V.; Esteban-Gémez, D.; Fabbrizzi, L.; Licchelli, M. Acc.
Chem. Res. 2006, 39, 343-353. Camiolo, S.; Gale, P. A.; Hursthouse, M. B.;
Light, M. E. Org. Biomol. Chem. 2003, I, 741-744. Gunnlaugsson, T.;
Kruger, P. E.; Jensen, P.; Pfeffer, F. M.; Hussey, G. M. Tetrahedron Lett.
2003, 44, 8909-8913. Esteban-Gomez, D.; Fabbrizzi, L.; Licchelli, M. J. Org.
Chem. 2005, 70, 5717-5720. Evans, L. S.; Gale, P. A.; Light, M. E.; Quesada,
R. New J. Chem. 2006, 30, 1019-1025.

(11) Raposo, M. M. M.; Sousa, A. M. R. C.; Kirsch, G.; Cardoso, P.;
Belsley, M.; de Matos Gomes, E.; Fonseca, A. M. C. Org. Lett. 2006, 8,368 1—
3684. Oliva, M. M.; Casado, J.; Raposo, M. M. M.; Fonseca, A. M. C.;
Hartmann, H.; Herndndez, V.; Navarrete, J. T. L. J. Org. Chem. 2006, 71,
7509-7520. Batista, R. M. F.; Costa, S. P. G.; Malheiro, E. L.; Belsley, M.;
Raposo, M. M. M. Tetrahedron 2007, 63, 4258-4265. Batista, R. M. F.;
Costa, S. P. G.; Belsley, M.; Raposo, M. M. M. Tetrahedron 2007, 63, 9842—
9849.

(12) Pennigton, R. E.; Finke, H. L.; Hubbard, W. N.; Messerly, J. F.;
Frow, F. R.; Hossenlopp, I. A.; Waddington, G. J. Am. Chem. Soc. 1956, 78,
2055-2060. Jeffery, G. H.; Parker, R.; Vogel, A. I. J. Chem. Soc. 1961, 570—
575. Wynberg, H. Acc. Chem. Res. 1971, 4, 65-73.

(13) Roncali, J. Chem. Rev. 1992, 92, 711-738. Mishra, A.; Ma, C. Q.;
Bauerle, P. Chem. Rev. 2009, 109, 1141-1276. He, G. S.; Tan, L. S.; Zheng,
Q.; Prasad, P. N. Chem. Rev. 2008, 108, 1245-1330.
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SCHEME 1. Synthesis of the Thiosemicarbazone Receptors 1—9

Raposo et al.

Recently, some of us have reported the synthesis and
characterization of novel -conjugated heterocyclic systems
for several optical applications such as nonlinear optical
materials,'' OLEDs,'* and colorimetic and/or fluorimetric
sensors.'> Following this previous work on the synthesis and
evaluation of heterocyclic derivatives for several optical
applications and considering also our interest in chemosensing
applications,'>'® we now report the synthesis and the charac-
terization of new heterocyclic N-phenylthiosemicarbazones
1—9 containing thiourea binding sites. Our approach is original

(14) Pina, J.; Seixas de Melo, J.; Burrows, H. D.; Batista, R. M. F.; Costa,
S.P. G.; Raposo, M. M. M. J. Phys. Chem. A 2007, 111,8574-8578. Pina, J.;
Seixas de Melo, J.; Batista, R. M. F.; Costa, S. P. G.; Raposo, M. M. M. J.
Phys. Chem. B 2010, 114, 4964—4972.

(15) Batista, R. M. F.; Oliveira, E.; Costa, S. P. G.; Lodeiro, C.; Raposo,
M. M. M. Org. Lett. 2007, 9, 3201-3204. Costa, S. P. G.; Oliveira, E.;
Lodeiro, C.; Raposo, M. M. M. Tetrahedron Lett. 2008, 49, 5258-5261.
Costa, S. P. G.; Batista, R. M. F.; Raposo, M. M. M. Tetrahedron 2008, 64,
9733-9737. Batista, R. M: F.; Oliveira, E.; Nunez, C.; Costa, S. P. G,;
Lodeiro, C.; Raposo, M. M. M. J. Phys. Org. Chem. 2009, 22, 362-366.
Esteves, C. 1. C.; Silva, A. M. F.; Raposo, M. M. M.; Costa, S. P. G.
Tetrahedron 2009, 65, 9373-9377.

(16) Descalzo, A. B.; Jiménez, D.; El Haskouri, J.; Beltrdn, D.; Amords,
P.; Marcos, M. D.; Martinez-Manez, R.; Soto, J. Chem. Commun. 2002, 562—
563. Descalzo, A. B.; Marcos, M. D.; Martinez-Manez, R.; Soto, J.; Beltrdn,
D.; Amords, P. J. Mater. Chem. 2005, 15,2721-2731. Casasus, R.; Aznar, E.;
Marcos, M. D.; Martinez-Mdnez, R.; Sancendn, F.; Soto, J.; Amorés, P.
Angew. Chem., Int. Ed. 2006, 45, 6661-6664. Coll, C.; Martinez-Manez, R.;
Marcos, M. D.; Sancenén, F.; Soto, J. Angew. Chem., Int. Ed. 2007, 46, 1675—
1678. Coll, C.; Casasus, R.; Aznar, E.; Marcos, M. D.; Martinez-Manez, R .;
Sancendn, F.; Soto, J.; Amords, P. Chem. Commun. 2007, 1957-1959.
Climent, E.; Casasus, R.; Marcos, M. D.; Martinez-Mdnez, R.; Sancendn,
F.; Soto, J. Chem. Commun. 2008, 6531-6533. Comes, M.; Marcos, M. D.;
Martinez-Manez, R.; Sancenén, F.; Soto, J.; Villaescusa, L. A.; Amorés, P.
Chem. Commun. 2008, 3639-3641. Climent, E.; Calero, P.; Marcos, M. D.;
Martinez-Manez, R.; Sancenon, F.; Soto, J. Chem.—Eur. J. 2009, 15, 1816—
1820.
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and different from other related reports,® due to the replace-
ment of the usually used aryl moiety by the heteroaromatic
m-conjugated systems. To our knowledge, we report herein one
of the very few examples as probes using phenylthioureas
functionalized with heterocyclic moieties.'”

Results and Discussion

Synthesis and Characterization. The formyl precursors
I-IX functionalized with several groups such as alkoxy,
N,N-dialkylamino, and cyano linked to different 7z conjugating
bridges were used in order to evaluate the influence of the
structure modification (i.e., donating and accepting strength of
these groups and nature and length of the s7-conjugated bridge)
on the optical properties of N-phenylthiosemicarbazones. The
new compounds 1—9 with furan, thiazole, (bi)thiophene, and
arylthiophene m-conjugated bridges were synthesized in good
yields (50—89%) through Schiff-base condensation of hetero-
cyclic aldehydes I—IX with 4-phenyl-3-thiosemicarbazide in
methanol at room temperature or in ethanol at 50 °C (see
Scheme 1). Aldehydes II-III and VII-VIII are inexpensive
and commercially available, and 5-formyl-2-methoxythio-
phene I'® and formyl arylthiophenes IV—VI and IX" were
easily synthesized in good yields, respectively, through metala-
tion of 2-methoxythiophene followed by reaction with DMF

(17) Evans, L. S.; Gale, P. A.; Light, M. E.; Quesada, R. Chem. Commun.
2006, 965-967.

(18) Batista, R. M. F.; Costa, S. P. G.; Belsley, M.; Lodeiro, C.; Raposo,
M. M. M. Tetrahedron 2008, 64, 9230-9238.

(19) Costa, S. P. G.; Batista, R. M. F.; Cardoso, P.; Belsley, M.; Raposo,
M. M. M. Eur. J. Org. Chem. 2006, 3938-3946.
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TABLE 1.  Spectroscopic Data for Compounds 1—9

JOC Article

receptor Aabry (nm) Aap - (nm) log e (LH) Aem Ly (NM) Aem - (nm) [} A (nm) Av (ab-em) (cm ™)
1 354 395 4.58 415 480 0.0027 61 4150
2 381 440 4.64 452 525 0.0068 71 4120
3 371 430 4.58 443 508 0.0090 72 4380
4 377 430 4.62 446 505 0.0129 69 4100
5 407 515 4.45 521 520 0.1840 114 5380
6 382 460 4.56 477 565 0.0274 95 5210
7 341 415 4.59 410 490 0.0015 69 4940
8 326 376 4.55 416 540 0.0014 90 6640
9 395 455 4.59 475 560 0.1310 80 4260

“Measured upon addition of 100 equiv of fluoride anion.

or through a Suzuki cross-coupling reaction of hetero(aryl)-
boronic acids with hetero(aryl) bromides. All of the com-
pounds were completely characterized by 'H NMR, *C
NMR, IR, MS, EA, or HRMS, and the data obtained were
in full agreement with the proposed formulation (see the
Experimental Section).

The most characteristic signals in the "H NMR spectrum
of this family of thiosemicarbazones were those correspond-
ing to CH=N and N—H protons. '"H NMR studies using
deuterated chloroform show CH=N protons in the
7.80—8.40 ppm range, whereas thiourea N-H protons are
found in the 9.00—10.20 and 9.90—12.10 ppm interval for
N—H adjacent to the monosubstituted phenyl ring and for
the N—H adjacent to the CH=N moiety, respectively. When
the whole family of compounds is considered, the highest
variations in 6 were found for the N—H protons located in
the vicinity of the CH=N moiety adjacent to heterocyclic
rings (thiophene, thiazole, and furan) additionally functio-
nalized with electron-withdrawing or electron-donating moi-
eties (A0 = 2.20 ppm). Moreover, CH=N protons were the
less affected by the substituents located in its vicinity (A0 =
0.60 ppm), whereas the N—H protons adjacent to the
monosubstituted phenyl ring show a wider interval with
Ao = 1.20 ppm.

Spectroscopic Behavior of 1—9. Acetonitrile solutions
(5.0 x 107> mol dm ) of thiosemicarbazone-functionalized
receptors 1—9 show an intense absorption band (log € =~ 4.5)
in the 326—407 nm region (see Table 1 for spectroscopic
data). For example, receptor 8, in which the thiosemicarba-
zone moiety is surrounded by phenyl and thiazolyl rings,
shows an absorption band centered at 326 nm. Exchanging
the thiazolyl group with a furanyl (receptor 7) or thienyl
(receptor 1) ring induced moderate bathochromic shifts of
the band to 341 and 354 nm, respectively. However, more
significant changes (bathochromic shifts) were obtained
when another aromatic ring was attached to the structure
of the receptors. These shifts were a direct consequence of the
extension of the conjugation and the presence of auxiliary
groups in the structure of the receptors. For instance,
receptor 3 containing a phenyl ring attached directly to the
thiophene heterocycle shows a band at 371 nm, whereas
receptor 6 containing a phenyl ring functionalized with a
cyano electron-withdrawing moiety absorbs at 382 nm. The
presence of an electron donor N,N-dimethylamino moiety in
receptor 5 induced the more pronounced red shift (A . =
407 nm) with respect to 8.

In order to further study the HOMO and LUMO differ-
ence in energy in this family of receptors, we carried out
quantum chemical calculations at the semiempirical level
employing the PM3 model. Two clearly different behaviors

were observed. In the presence of electron-withdrawing
groups such as cyanide (for instance, receptor 6) and thia-
zolyl ring (for instance, receptor 8), and in agreement with
previous studies with other thiosemicarbazone derivatives,?
the HOMO orbitals are mainly centered in the thiocarbonyl
and phenyl groups and the LUMO orbitals are located at the
thiophene ring. As a consequence, the electronic transition
between the HOMO and the LUMO has a strong charge-
transfer character. In the opposite side receptor 5, containing
an electron donor N,N-dimethylamino moiety, both HOMO
and LUMO are located over the entire molecule suggesting a
more cyanine-like structure (see Figure 1).?!

FIGURE 1. HOMO (left) and LUMO (right) orbitals of 6 (top) and
5 (down) obtained by PM3 semiempirical calculations.

UV —vis Studies Involving Anions. The UV—vis behavior of
receptors 1—9 in acetonitrile solutions (5.0 x 10> mol dm )
was studied at 25 °C in the presence of selected anions of
different sizes and shapes such as fluoride, chloride, bromide,
iodide, dihydrogen phosphate, hydrogen sulfate, nitrate,
acetate, cyanide, and thiocyanate. For all the receptors
tested, addition of increasing quantities (up to 100 equiv)
of chloride, bromide, iodide, hydrogen sulfate, nitrate, and
thiocyanate induced negligible changes in the UV —vis bands
indicating no coordination. The more relevant results were
obtained with anions that show a basic character in aceto-
nitrile solutions such as fluoride, cyanide, acetate, and
dihydrogen phosphate. UV—vis titration experiments with
receptors 1—9 and fluoride showed in most of the cases a
similar behavior, namely an intensity decrease and a small
bathochromic shift of the absorption band together with a
simultaneous growth of a new red-shifted band. The relative
intensity of the absorption band of the receptor and the

(20) Bonizzoni, M.; Fabbrizzi, L.; Taglietti, A.; Tiengo, F. Eur. J. Org.
Chem. 2006, 3567-3574. Amendola, V.; Boiocchi, M.; Fabbrizzi, L.; Mosca,
L. Chem.—Eur. J. 2008, 14, 9683-9696.

(21) Ohira, S.; Hales, J. M.; Thorley, K. J.; Anderson, H. L.; Perry, J. W.;
Bredas, L. —C. J. Am. Chem. Soc. 2009, 131, 6099-6101. Akemann, W.;
Laage, D.; Plaza, P.; Martin, M. M.; Blanchard-Desce, M. J. Phys. Chem. B
2008, 712, 358-368.
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FIGURE 2. (Left) UV—vis titration of receptor 3 (5.0 x 10~° mol dm ™) with fluoride anion (from 0 to 2.0 x 10~> mol dm ™) in acetonitrile.
(Right) Absorbance of acetonitrile solutions of receptor 3 at 370 and 430 nm versus concentration of fluoride anion (mol dm ™).
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FIGURE 3. (Left) UV—visible titration of receptor 5 (5.0 x 10> mol dm ™) with fluoride anion (from 0t0 2.0 x 10~>mol dm %) in acetonitrile.
(Right) Absorbance of acetonitrile solutions of receptor 3 at 407 and 475 nm versus concentration of fluoride anion (mol dm™?).

red-shifted band upon addition of fluoride and the position able to originate the deprotonation of the binding site of the
of the new band depend on the receptor used. Thus, for host.>? In fact, we believe that it is this dual complex +
instance, the behavior observed in the presence of F~ is deprotonation process what it occurs in our case for all the
exemplified in the titration profiles for receptors 3 and 5. receptors in the presence of fluoride; i.e., a first step consist-
Acetonitrile solutions of 3 are pale yellow due to the presence ing in the formation of a hydrogen-bonding complex and a
of a band centered at 371 nm. Upon addition of increasing second step in which the receptor is deprotonated by the
quantities of fluoride anion this band progressively decreases anion. The formation of the hydrogen-bonding complex
and is red-shifted to 377 nm, while a new absorption at 430 between receptor and anion is reflected in a decrease in the
forms and develops (see Figure 2). The absorption ratio intensity of the band centered at ca. 360 nm together with a
between bands centered at 371 and 430 nm observed upon very small bathochromic shift, whereas the deprotonation
addition of 10 equiv of fluoride anion is 0.5. The formation of process induced the appearance of a new absorption band
this new visible band induced a change in color from yellow centered in the visible zone at ca. 400—450 nm. In particular,

the negative charge generated upon proton release induced
an increase in the intensity of the electrical dipole with the
direct consequence of a substantial red shift of the band.
The assignation of the band centered at 400—450 nm, formed
upon addition of fluoride, to the deprotonated form of
the corresponding receptor was confirmed via similar titra-
tion experiences carried out with tetrabutylammonium
hydroxide that resulted also in the formation of the new

to orange-red. Receptor 5 showed a similar behavior, and
upon addition of increasing quantities of fluoride the visible
band centered at 407 nm suffers a small hypochromic effect
together with a red shift to 418 nm. At the same time, a new
absorption band centered at 515 nm grows in intensity (see
Figure 3). The ratio between the 407 and 515 nm bands upon
addition of 10 equiv of fluoride anion amounts to 4.1 for

receptor 5.

h.l genera.l’ the results obtained reﬂ.eCt the expectation that (22) For recent examples, see: Kim, T. H.; Choi, M. S.; Sohn, B.-H.; Park,
the interaction between an electron-rich partner and a donor S-Y. Lyoo, W.S.: Lee, T. S. Chem. Commun. 2008, 2364-2366. Amendola,
group in a push—pull system will produce a bathochromic V.; Fabbrizzi, L. Chem. Commun. 2009, 513-531. Caltagirone, C.; Mulas, A.;

. . : . . Isaia, F.; Lippolis, V.; Gale, P. A.; Light, M. A. Chem. Commun. 2009, 6279—
shift. Such color shifts, mainly in the presence of fluoride, 6281. Pérez-Casas, C.; Yatsimirsky, A. K. J. Org. Chem. 2008, 73, 2275
have also been observed with other amide-, urea-, thiourea-, 2284. dos Santos, C. M. G.; McCabe, T.; Watson, G. W.; Kruger, P. E.;
or pyrrole-containing hosts and have been attributed to the gur}nlauglisgnf-of . Ogi’- Ch;gl@m;;&17532,5921355369%?4- ?y%lf), P-S; %ehlrrllskl,

. . .; Jurczak, J. J. Org. Chem. , 74, — . Xu, Z.; Kim, S. K.; Han,
formation of strong hydrOgen'.bonfimg. complexes betweep S.J.; Lee, C.; Kociok-Kohn, G.; James, T. D.; Yoon, J. Eur. J. Org. Chem.
the receptors and the highly basic F~ anion that eventually is 2009, 3058-3065.
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TABLE 2.
Standard Deviations of the Last Significant Figure)

JOC Article

Logarithms of the Stability Constants Measured for the Interaction of Receptors 1—8 with Fluoride and Acetate (Values in Parentheses Are

F

LH+A =LH---A~

LH---A” + A" L™ 4+ AH™

Ac”

LH+A =LH---A" LH---A"+A"=L +AH"

1 432(1) 4.57(1)
2 4.56(8) 3.86(2)
3 5.3(7) 5.50(4)
4 3.7(6) 3.52(5)
5 43 3.5

6 5.52 7.76

7 413(2) 3.32(7)
8 42(1) 4.45(1)

“No reliable results were obtained.

4.10(1) 0.40(2)
4.83(2) 1.26 (8)
4.16(2) 1.43 (1)
4.12(1) 1.65(4)

red-shifted band. The magnitude of both processes (com-
plexation vs deprotonation) is thus a delicate balance be-
tween the basicity of the corresponding anion and the acidity
of the N—H protons for a certain receptor.

In fact, a close view to the results suggests that the response
toward basic anions of these receptors strongly depends on
the chemical nature of the functional groups attached di-
rectly to the thiosemicarbazone moiety that modulated the
acidity of the N—H protons. For instance, fluoride and
cyanide anions were able to induce UV—vis modulations
for all the receptors tested whereas acetate is able to interact
only with receptors 2, 3, and 6—9 and hydrogen phosphate
give negligible results with all the receptors tested with
the exception of 6. In more detail, for a certain anion
(i.e., fluoride) at a given concentration, the development of
the band due to deprotonation grows more or less in intensity
depending on the receptors used. The presence of electron-
withdrawing moieties in the structure of receptors, such as a
cyanide group in 6, induced an increase in the acidity of
N—H protons of the thiosemicarbazone favoring the inter-
action with fluoride anion and deprotonation, whereas the
presence of electron-donor groups, such as methoxy and
N,N-dimethylamino in 4 and 5, respectively, induced certain
decrease in the acidity and the red-shifted band due to
deprotonation develops in a lesser extent. Nearly the same
trend was observed in the presence of cyanide anion, whereas
as stated above the acetate anion is able to induce the
appearance of the red-shifted band only with receptors 2,
3, and 6—9 that contain the more acidic N—H moieties and
dihydrogen phosphate only with 6 that contains a cyanide
electron-withdrawing group in its structure. Additionally for
acetate with 6 and 8, and dihydrogen phosphate with recep-
tor 6, the ratio between the absorption of the ligand and the
absorption for the deprotonated from [A(Ay)/A(AL )] is > 10
after addition of a large excess of anion indicating a poor
presence of the deprotonated species even.

In this interaction of basic anions with the semithiocarba-
zones, the hydrogen bonding can thus be seen as a “frozen”
intermediate between the preassociation state and the dis-
sociation state after proton relocation (deprotonation) has
taken place (see eqs 1 and 2). The formation of the final
anion/ligand 2:1 (A,H ™) species shown in eq 2 was confirmed
from the corresponding Job’s plots.

LH+A™ =LH---A"~ (1)

LH---A~ +A~ =L~ +AH" (2)

The strength of both steps can be studied via the evalua-
tion of the corresponding stability constants that were
determined via UV—vis spectroscopic titrations between
the selected receptors 1—6 and 8 and the anions fluoride
and acetate using the program HYPERQUAD. The set of
data were adjusted to the two consecutive equilibria shown
above: (i) the formation of the hydrogen-bonding complex
and (ii) deprotonation. The stability constants are shown in
Table 2.

Asa general trend, the logarithms of the stability constants
measured for both equilibria with fluoride are higher than
those obtained for acetate. The logarithms of the stability
constants for the formation of Y-shaped hydrogen-bonding
complexes between receptors 2, 3, 6, and 8 and acetate anion
range from 4.10 to 4.83, whereas the stability constants for the
deprotonation process are about 3 orders of magnitude smaller.
This is in agreement with the UV —vis titration profiles observed
for receptors 2, 3, 6, and 8 and acetate that show a moderate
hypsochromic effect of the absorption band of the receptor and
low intensity enhancement of the red-shifted band.

On changing from acetate to fluoride the stability con-
stants for the deprotonation process are about 3 orders of
magnitude higher reflecting the more basic character of
fluoride anion, whereas the stability constants for the for-
mation of the corresponding hydrogen-bonding complexes
remain approximately the same for both anions.

It is noteworthy that the stability constants determined in
this study for thiosemicarbazones are in general lower than
that those reported for other urea/thiourea receptors func-
tionalized with benzene rings containing electron-withdrawing
moieties. This is a clear consequence of the reduced acidity
of receptors studied herein when compared with those
other reported ligands. For instance, the compound 1,
3-bis(4-nitrophenyl)urea has also been reported to display
the two-step process (coordination + deprotonation) upon
addition of fluoride with logarithms of the stability constants
for the formation of the complex and for deprotonation of
7.38 and 6.37, respectively.”®> Another urea-based receptor
(1-nitrobenzo[1,2,5]oxadiazol-4-yl)-3-(4-nitrophenyl)urea
shows values logarithm values > 6 for the formation of the
hydrogen-bonding complexes and 4.2 for the deprotonation
step.>* Finally, the thiourea receptor 1-(2-methyl-1,3-dioxo-
2,3-dihydro-1 H-isoindol-5-yl)-3-phenylthiourea also suffers a
first coordination step and a second proton transfer process

(23) Boiocchi, M.; Del Boca, L.; Esteban-Gémez, D.; Fabbrizzi, L.;
Licchelli, M.; Monzani, E. J. Am. Chem. Soc. 2004, 126, 16507-16514.

(24) Boiocchi, M.; Del Boca, L.; Estebdn-Gdémez, D.; Fabbrizzi, L.;
Licchelli, M.; Monzani, E. Chem.—Eur. J. 2005, 11, 3097-3104.
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FIGURE 4. Interaction of receptor 3 (5.0 x 107> mol dm ™) with fluoride anion. (Top left): Absorption spectra of receptor in the presence of
0, 1, 10, and 100 equiv of fluoride anion. (Top right): Emission spectra of receptor in the presence of 0, 1, 10, and 100 equiv of fluoride anion.
(Bottom) Normalized values (0—1) at different wavelengths for receptor 3 in the presence of fluoride, absorption at 365 nm (@), absorption at

420 nm (O), emission at 450 nm (O), and emission at 500 nm (H).

with basic anions being the logarithm of the stability constants
5.7 and 5.5 for fluoride and 6.02 and 3.23 for acetate.”

Fluorogenic Studies Involving Anions. It is widely known
that fluorescence, despite being in some cases a less extended
technique, is much more sensitive to intermolecular interac-
tions than color changes. Therefore, fluorescence studies in
acetonitrile solutions of the receptors upon addition of
increasing amounts of the corresponding anion were carried
out. Receptors were excited in the pseudoisosbestic points
observed in the course of UV —vis titrations and showed in all
cases a broad, unstructured emission band. Quantum yields
in acetonitrile ranged from quite low (receptor 8, ® =
0.0014) to relatively high (compound 5, ® = 0.184).

The emission behavior of the selected receptors 1—6 was
studied at 25 °C in the presence of selected anions. For all the
receptors tested, addition of chloride, bromide, iodide, hy-
drogen sulfate, nitrate, and thiocyanate induced negligible
changes in the emission intensity profiles. In contrast, the
fluorescence emission in presence of fluoride, acetate, cya-
nide, and dihydrogen phosphate changed significantly.

A different behavior was observed depending on the
anions and the receptor used in the studies. In the presence
of fluoride, and as a general trend, the receptors tested (i.e., 1,
2, 3,4, 5 and 6) showed an enhancement of the fluorescence
intensity upon the addition of moderate amounts of fluoride

(25) Esteban-Gdémez, D.; Fabbrizzi, L.; Licchelli, M.; Monzani, E. Org.
Biomol. Chem. 2005, 3, 1495-1500.
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anion followed by a quenching of the emission band at higher
anion concentrations and the growth of a new band at longer
wavelengths (e, in the 410—560 nm range, see Table 1).
Finally, it was confirmed that a very similar behavior was
found with receptors 1—6 in the presence of cyanide anion.

In order to interpret this behavior, we have made a
comparison between changes observed in the emission and
absorption spectra. As a typical example, we show below the
behavior found for ligand 3 in the presence of fluoride and
acetate. As can be seen in Figure 4 for receptor 3 and small
quantities of fluoride anion, while the intensity of the
absorption band centered at 365 nm remains unaltered the
fluorescence intensity at 450 nm progressively increases until
10 equiv of fluoride are added. Upon addition of higher
amounts of fluoride, the intensity of the band at 450 nm
decreases due to the formation of a new compound that
absorbs and emits at longer wavelengths (deconvolution
studies reveals that the bands for the new product are
centered at 450 and 500 nm for the absorption and emission
spectra, respectively). Finally, upon addition of an excess of
fluoride anion the emission band at 500 nm enhanced its
intensity in a continuous fashion.

Thus, fluorescence measurements suggest that interaction
of the receptors with fluoride takes place in two steps as was
observed in the UV—vis studies. In the first step, the anion
coordinates with the acidic NH protons of the thiourea
moiety through hydrogen-bonding interactions leading to
an increase in the donor capacity of the binding site. This
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SCHEME 2.
Receptors with Basic Anions

Heteroaryl< - N.

hydrogen-bonding interaction only induces a small shift
in the UV—vis bands but is able to induce a remarkable
enhancement of the emission. Upon addition of more
equivalents of the anion, a deprotonation process of the
receptor occurs. This deprotonation process induced a
strong electronic rearrangement of the receptor with the
direct consequence of the appearance of a red-shifted visible
and emission bands (see Scheme 2).

The overall shape and intensity of the emission band for a
certain receptor—anion pair also depends of the LH/
LH---A" /L ratios. For instance, a close look to the titra-
tion experiments (not shown) with fluoride indicated that in
order to induce the appearance of the red-shifted emission
band higher amounts of fluoride are necessary for receptor 3
than for receptor 6 in agreement with the larger acidity of 6
versus 3.

UV—vis and fluorescence titrations with receptors 3 and
acetate were also carried out (Figure 5). For this receptor, a
4-fold enhancement in the emission intensity upon addition
of increasing quantities of acetate anion was observed. This
enhancement in the emission intensity was assigned to the
formation of Y-shaped hydrogen-bonding complex between
the NH thiourea protons of the receptor and acetate anion.
This is reflected in the UV—vis spectrum in the decrease in
the absorption intensity and in a low bathochromic shift of
the visible band, whereas in the fluorescence titration a
continuous increase in the emission intensity at 500 nm
occurs. As acetate is less basic than fluoride only a poorly
developed red-shifted visible band due to deprotonation is
observed, whereas the red-shifted band in the emission
spectra cannot be observed and probably lies below the
intense emission of the band at 450 nm.
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Schematic Representation of the Dual Coordination/Deprotonation Process for the Interaction of Thiosemicarbazone
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"H NMR Spectroscopic and Quantum Chemical Studies in
the Presence of Anions. UV—vis and fluorescence measure-
ments of thiosemicarbazone receptors 1—9 in the presence of
anions showed a rich response that ranges from hydrogen-
bonding interactions between receptor and anion to deprotona-
tion of the receptors. The extents of the colorimetric shifts in the
series 1—9 upon addition of the target anions represent a delicate
balance between the deprotonation tendencies of the different
binding sites and the proton affinities of the anions. For
instance, a comparison of 6 and 7 reveals how small variations
in the signaling group and the corresponding anions can result in
different modulations in their response; i.e., 6 displays response
in the presence of dihydrogen phosphate whereas 7 does not.

In order to confirm when a coordination or deprotonation
process takes place, the interaction of receptor 6 and the
anions fluoride, cyanide, and acetate was investigated by
means of "H NMR titration experiments in DMSO. Recep-
tor 6 was selected because this receptor shows spectroscopic
changes upon anion addition, and deuterated DMSO was
selected as solvent due to the poor solubility of 6 in deuter-
ated acetonitrile. '"H NMR spectra of receptor 6 showed the
expected signals in the aromatic zone due to the presence of
two aromatic benzene rings and one thiophene heterocycle
(see Scheme 3 for proton assignment). The monosubstituted
benzene ring shows resonances at 7.21 (1H, triplet), 7.38 (2H,
triplet), and 7.61 (2H, broad doublet) ppm, whereas protons
of the p-disubstituted benzene ring display a broad singlet at
7.90 ppm. The protons of the 1,4-disubstituted thiophene
ring (H. and Hy) appeared at 7.61 (overlapped with two
protons of the monosubstituted benzene ring) and at 7.77
ppm as narrow triplets because formed an ABX system with
a long-range coupling to the proton of imine moiety (H).
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FIGURE 5. Interaction of receptor 3 (5.0 x 10~° mol dm~>) with acetate anion. (Left) Absorption spectra of receptor in the presence of 0, 1,
10, and 100 equiv of acetate anion. (Right) Emission spectra of receptor in the presence of 0, 1, 10, and 100 equiv of acetate anion.
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SCHEME 3.

He Hf

Finally, the imine proton is a broad singlet at 8.33 ppm, and
the N—H protons of the thiosemicarbazone group also are
broad singlets at 9.88 and 11.97 ppm.

In a first step, we studied the shifts of the protons of
receptor 6 upon addition of increasing quantities of fluoride
anion. The most important fact is the disappearance of the
H¢ and H, protons upon addition of 0.25 equiv of fluoride.
Additionally, the variation in the chemical shifts Ad (ppm)
over the course of the titration for the protons of receptor 6
with fluoride is shown in Figure 6. As could be seen, protons
H,, Hy,, H., Hg, and H, show negligible changes in their
position in the NMR spectrum. In contrast, remarkable shifts
were obtained for H,, Hy,, and H,, suggesting that deprotona-
tion takes place in the N—H group closer to the phenyl group.
Upon deprotonation of the N—H group two effects would be
active (i) an increase in the electron density in the phenyl ring,
by through-bond propagation, according to a s-mechanism,
which should cause a shielding effect (promote upfield shifts of
the C—H signals), and (ii) a polarization of the C—H bonds,
induced by a through-space mechanism, of an electrostatic
nature, which causes a deshielding effect (the partial positive
charge shifted onto the proton induced downfield shifts and
this effect vanish by the increasing of the distance between the
proton and the negative charge).

Figure 6 shows that H,, protons experience important down-
field shifts indicating strong electrostatic effects due the proxi-
mity to the negatively charged thiourea nitrogen atom. Protons
H,, and H, experienced upfield shifts due to the fact that the
through-space effects vanished with distance and the through-
bond effect dominates inducing general upfield shifts. Such an
effect is more pronounced for the protons located in the phenyl
ring linked to the deprotonated nitrogen atom. Fabbrizzi et al.,
in a closely related study of (benzylideneamino)thioureas, have
observed a similar behavior; i.e., deprotonation of the appar-
ently less acidic protons attached to the phenyl ring.>°

0.10
0.05 K
L 3
0.00
o |
& 005
e | O
~
-0.10 \
O.
] oH
0.15-] ’
-0.20 0 Hm
T T T T T T T T T
0 2 4 6 8

Fluoride equivalents

FIGURE 6. 'H NMR shifts for the protons of receptor 6 in the
presence of increasing quantities of fluoride anion (DMSO-dy).
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Proposed Mode for the Fluoride-Induced Deprotonation of Receptor 6
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Nearly the same behavior was observed upon addition of
increasing quantities of cyanide anion to deuterated DMSO
solutions of receptor 6 (data not shown). Moreover, in the
presence of acetate anion the behavior is again quite similar
to that presented by fluoride and cyanide, but more equiva-
lents of anion are necessary to induce the same shifts in the
"H NMR signals.

This observed behavior in the "H NMR spectra with basic
anions (i.e., deprotonation of the N—H group closer to the
phenyl group) contrasts with the '"H NMR chemical shifts
observed for Hyand H, protons of receptor 6 that appear to
indicate that Hyis more acidic than H,. In order to contrast
this observation, quantum mechanical calculations were
carried out. A convenient, simplified way of describing the
hydrogen bond-donating or -accepting ability of a molecule
at a particular site can be assessed through the gas-phase
deprotonation energy determined by quantum chemical
calculations. We thus determined the acidity of the receptors
at a semiempirical level, employing the PM3 model by
subtracting the energy of the receptor alone from that of
the deprotonated form. For these calculations, receptors
1—6 containing thiophene heterocycles were selected in order
to obtain data that would be comparable. These thiosemi-
carbazone receptors contain two N—H groups, and calcula-
tions suggest that the most acidic is the one attached to the
imine carbon directly bonded to the thiophene heterocycle
(H¢ in Scheme 3). The results obtained for the theoretical
calculations are shown in Table 3 but are not in agreement
with the '"H NMR results that suggest that deprotonation
occurs at the H, proton. This discrepancy reflects that the
question related with the interaction of basic anions with
urea and thiourea derivatives (complexation versus
deprotonation) is still far from being a resolved goal and
suggests that more studies should be carried out.

TABLE 3.  Stabilization Energy of the Deprotonation for Receptors
1-6°
E(n)_ - E(n)H (kcal mol_l)

receptor R=N-NH-C(S)-N-Ph® R=N-N-C(S)-NH-Ph®

1 2.34 —4.67

2 0.99 —6.26

3 1.76 —5.43

4 2.03 —5.17

5 27.0 —4.65

6 —1.26 —8.65

“The more negative the value the stronger the hydrogen-bond donor
character (i.e., the receptor is more acidic). “Deprotonation at the H,
proton (see Scheme 3). “Deprotonation at the Hy proton (see Scheme 3).

Although it is impossible to know with certainty which
proton is involved in the deprotonation process, the pre-
dicted acidity of the different ligands 1—6 using quantum
chemical calculations agrees with the observed chromo-
fluorometric behavior in the presence of anions. Thus,
anion basicity in acetonitrile is expected to follow the order
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TABLE 4. Electrochemical Data of 3 in the Presence of Fluoride,
Cyanide, And Acetate Anions in Acetonitrile (0.1 M BuyNPFg) at 298 K

AEQ3)"
AcO~ 140
F- 140
CN™ 40

“AE(L") = E(L" + M"") — E (L") (AE in mV).

F” > CN™ > AcO" > H,PO,, ClI, HSO,, SCN",
NO; ™, Br, I in agreement with the Hoffmeister series,
whereas the acidity of the studied receptors follows the order
6>2>3>4>1>5(see Table 3). Fluoride and cyanide,
as the most basic anions, induced spectroscopic changes for
receptors 1—6; acetate, as the next most basic anion, is only
capable of coordinating with receptors showing larger hy-
drogen-bond donor properties (compounds 2, 3, and 6 from
the family containing thiophene heterocycles), whereas di-
hydrogen phosphate only coordinates to the more acidic
receptor (6).

Electrochemical Studies in the Presence of Anions. The
receptors used are characterized by the presence of electro-
active groups that have been reported to suffer oxidation or
reduction processes. The electrochemical behavior of pro-
duct 3 as representative derivative was studied alone and in
the presence of certain anions in acetonitrile with platinum as
the working electrode and [BuyN][PF¢] as the supporting
electrolyte. The cyclic voltammogram of 3 shows a very
complex behavior with irreversible oxidation peaks at 0.80
and 1.26 V vs SCE when sweeping to anodic potentials.
These oxidations are most likely due to oxidation involving
the phenylthiophene group.”® However, the addition of
anions such as fluoride to solutions of 3 resulted in poorly
defined oxidation peaks hampering a detailed study of the
possible redox potential shifts of the oxidation processes
upon anion coordination.

Additionally, cyclic voltammograms carried out on an
acetonitrile solution of 3 at negative potentials showed
several reduction peaks that must be associated with the
thiosemicarbazone moiety. In fact, the redox properties of
thiosemicarbazone derivatives containing thiophenes have
been previously studied, and multiple reduction processes
have been reported to occur depending on the nature of
the appended groups. Thus, for instance, the compound
4-phenyl-1-[(thiophene-2-yl)methylene]thiosemicarbazide has
been reported to suffer reduction processes at —0.70, —1.16,
and —1.50 V versus SCE.?’ In our case, two poorly defined
peaks at —0.85 and —1.58 V and an intense irreversible
reduction process at —2.04 V vs SCE were observed. This
latter peak may be attributed to the reduction of the imine
moiety of the thiosemicarbazone group,”® although reduction
of the C=S bond or cleavage of the N—N group has also been
suggested as a possible mechanism for the reduction processes
in derivatives of thiosemicarbazones.”” The electrochemical
studies with 3 in the presence of certain anions show clear

(26) Al-Anber, M.; Milde, B.; Alhalasah, W.; Lang, H.; Holze, R.
Electrochim. Acta 2008, 53, 6038-6047.

(27) Refaey, S. A. M.; Hassan, A. A.; Shehata, H. S. Int. J. Electrochem.
Sci. 2008, 3, 325-337.

(28) Rigol, C.; Olea-Azar, C.; Mendizabal, F.; Otero, L.; Gambino, D.;
Gonzidlez, M.; Cerecetto, H. Spectrochim. Acta Part A 2005, 61, 2033-2938.
Bollo, S.; Soto-Bustamante, E.; Nunez-Vergara, L. J.; Squella, J. A. J.
Electroanal. Chem. 2000, 492, 54-62.

(29) Pessoa, M. M. B.; Andrade, G. F. S.; dos Santos, M. R.; Temperini,
M. L. A. J. Electroanal. Chem. 2003, 545, 117-122.
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FIGURE 7. Differential pulse voltammetry of 3 and 3 + F~
(5 equivalents) in acetonitrile (Pt working electrode, 0.1 mol dm™*

[Bu,NJ[PF] at 298 K).

redox shifts especially for the more cathodic reduction process.
Thus, the addition of increasing amounts of anions fluoride,
acetate, and cyanide to acetonitrile solutions of 3 (C = 0.125
mol dm73) resulted in a remarkable anodic shifts of 140, 140,
and 40 mV of the wave at —2.04 V, respectively (see Table 4). In
contrast, addition of other anions resulted in no change of the
redox behavior of 3. This is in agreement with the chromo-
fluorogenic response observed for 3 (vide ante) for which color
of fluorescence modulation where only found for F, Ac™, and
CN' anions. As an example of the electrochemical behavior,
Figure 7 plots the changes in the redox process at —2.04 V
upon addition of fluoride.

Conclusions

A family of heterocyclic thiosemicarbazone dyes have
been prepared and their interactions with anions monitor-
ized via UV—vis, fluorescence, and '"H NMR titrations.
Additionally, quantum chemical calculations and electro-
chemical studies completed the studies carried out. The
heterocyclic thiosemicarbazone dyes show a modulation of
their hydrogen-bonding and electron-donating capabilities
as a function of the electronic nature of the chemical groups
attached and display two different chromo-fluorogenic re-
sponses toward anions in acetonitrile solutions. The more
basic anions fluoride and cyanide are able to induce the dual
coordination—deprotonation processes for all the receptors
studied, whereas acetate only interacts with receptors 2, 3,
and 6—9 and dihydrogen phosphate displays sensing fea-
tures only with the more acidic receptors 6. Coordinative
hydrogen-bonding interactions are indicated by a small
bathochromic shift, while deprotonation results in the ap-
pearance of a new band at ca. 400—450 nm corresponding to
a color change from colorless-yellow to yellow-red depend-
ing on the receptor. In the emission fluorescence, hydrogen-
bonding interactions are visible through the enhancement of
the emission band, whereas deprotonation induced the growth
of a new red-shifted emission. The chromo-fluorogenic
behavior could be explained on the basis of the deprotona-
tion tendency of the binding sites and the proton affinity of
the anions. PM3 and '"H NMR calculations are in agreement
with the existence of the dual complexation—deprotonation
process, whereas both studies are in discrepancy in relation
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to which is the proton involved in the deprotonation. Elec-
trochemical studies carried with receptor 3 showed a quite
complex redox behavior and anodic shifts of the reduction
peaks in the presence of the basic anions fluoride, cyanide,
and acetate.

Experimental Section

Materials and Methods. Thin-layer chromatography was
carried out on 0.25 mm thick precoated silica plates. All melting
points were measured on a melting point apparatus and are
uncorrected. NMR spectra were obtained on a spectrometer at
an oPerating frequency of 300 MHz for '"H NMR and 75.4 MHz
for *C NMR or a Bruker Avance III 400 at an operating
frequency of 400 MHz for '"H NMR and 100.6 MHz for "*C
NMR using the solvent peak as internal reference at 25 °C. The
solvents are indicated in parentheses before the chemical shift
values (0 relative to TMS and given in ppm). All of the solvents
were of spectrophotometric grade. Air-/water-sensitive reac-
tions were performed in flame-dried glassware under argon.
The aldehydes II—III, VII—VIII, and 4-phenyl-3-thiosemicar-
bazide were purchased from Sigma-Aldrich reagents and used
without further 1Izg)urification. The synthesis of 5-formyl-2-meth-
oxythiophene I'® and formyl arylthiophenes IV—VI and IX"
was described elsewhere.

General Procedure for the Synthesis of Heterocyclic Phe-
nylthiosemicarbazones 1—9. Equal amounts (0.4 mmol) of the
appropriate aldehyde and thiosemicarbazide were dissolved in
30 mL of MeOH at room temperature or in EtOH at 50 °C. A
solution was obtained that was stirred overnight. Compounds
precipitated as microcrystalline solids, which were collected by
suction filtration, washed with cold EtOH, and dried in vacuo.
Further recrystallization steps using ethanol—water mixtures
were performed if necessary.

1-((5-Methoxythiophene-2-yl)methylene)-4-phenylthiosemicar-
bazone 1. Yellow solid (74%). Mp: >168.0 °C dec. 'H NMR
(CDCl3): 6 = 3.95(s,3H, OCH3;), 6.18 (d, J = 3.9 Hz, |H, 4-H),
7.00(d,J = 3.9Hz, 1H, 3’-H), 7.23—7.29 (m, 1H, 4-H), 7.42 (br t,
J = 7.5Hz, 2H, 3 and 5-H), 7.65 (br d, J = 7.5 Hz, 2H, 2 and
6-H), 7.95 (s, IH, —CH=N), 9.02 (s, 1H, NH), 10.0 (s, 1H, NH)
ppm. PCNMR (DMSO-dg): 6 = 60.3,104.8,124.5,125.2,125.4,
128.1, 131.0, 130.0, 139.0, 168.6, 175.0 ppm. IR (Nujol):
v 3335, 3137, 1589, 1556, 1536, 1511, 1488, 1446, 1416, 1390,
1345, 1314, 1274, 1206, 1076, 1046, 980, 923, 764, 740, 700 cm ™.
MS (EI): m/z = 291 (M, 13),257 (3), 198 (58), 156 (14), 141 (77),
118 (53), 98 (69), 93 (100), 77(12). EI-HRMS: caled for
C3H3N308; 291.0500, found 291.0501.

1-((5-(Thiophene-2-yl)thiophene-2-yl)methylene)-4-phenylthiose-
micarbazone 2. Yellow solid (61%). Mp: 188.5—189.0 °C. 'H
NMR (CDCly): 6 = 7.03—7.08 (m, 1H, 4”-H), 7.14 (d,
J = 39 Hz, 1H, 3-H), 721 (d, J = 3.9 Hz, IH, 4-H),
7.25—7.32 (m, 3H, 4-H, 3" and 5”-H), 7.44 (br t, J = 7.8 Hz,
2H, 3 and 5-H), 7.68 (brd, J = 7.8 Hz, 2H, 2 and 6-H), 8.06 (s, | H,
—CH=N), 9.10 (s, 1H, NH), 10.2 (s, 1H, NH) ppm. '°C NMR
(CDCly): 6 = 124.0,124.7,124.9,125.7,126.3, 128.1, 128.8, 132.2,
136.2, 136.6, 137.2, 137.7, 140.7, 175.3. IR (Nujol): v 3322, 1588,
1546, 1515, 1459, 1268, 1201, 1074, 1055, 925, 842, 792, 764, 742,
716,702, 688, 612 cm ™~ '. Anal. Caled for C;¢H ;3NS5 (347.49): C,
55.95; H, 3.81; N, 12.23; S, 28.01. Found: C, 55.99; H, 3.87; N,
12.33; S, 27.66.

1-((5-Phenylthiophene-2-yl)methylene)-4-phenylthiosemicar-
bazone 3.*° Yellow solid (89%). Mp: 178.0—179.0°C. '"H NMR
(CDCl3): 0 = 7.27-7.46 (m,8H, 4,3, 4',2",3",4",5" and 6"~
H),7.63—7.71 (m, 4H, 2, 3, 5, and 6-H), 8.04 (s, IH, —CH=N),
9.13 (s, 1H, NH), 9.79 (s, 1H, NH) ppm. '*C NMR (CDCls):

(30) Misra, V. S.; Khare, A. J. Prakt. Chem. 1970, 312, 1188-1190.
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0 =109.7,123.6,124.3,125.9,126.0, 128.4,128.7,129.0, 132.1,
133.4,136.9,137.1,147.5,175.4 ppm. IR (Nujol): v 3435, 1623,
1589, 1457, 1509, 1493, 1444, 1268, 1210, 924, 796, 755, 730,
707, 688 cm~'. MS (EI): mjz = 337 (M', 2), 244 (22),
185 (100), 160 (18), 135 (8), 118 (13), 115 (87), 93 (60), 77
(18). EI-HRMS: calcd for C;gH;sN3S, 337.0707, found
337.0705.
1-((5-(4-Methoxyphenyl)thiophene-2-yl)methylene)-4-phenylthio-
semicarbazone 4. Yellow solid (65%). Mp: 196.4—196.8 °C. 'H
NMR (CDCls): 6 = 3.86 (s, 3H, OCH3), 6.94 (d, J = 8.7 Hz, 2H,
3"-and 5"-H), 7.17(d, J = 3.9 Hz, 1H, 3’-H), 7.25 (d, J = 3.9 Hz,
1H,4'-H),7.26—7.32 (m, 1H,4-H), 7.44 (brt,J = 7.8 Hz, 2H, 3 and
5-H), 7.57 (d, J/ = 8.7 Hz, 2H, 2" and 6"-H), 7.69 (d, J/ = 7.8 Hz,
2H, 2 and 6-H), 8.08 (s, IH, —CH=N), 9.13 (s, 1H, NH), 10.14 (s,
1H, NH). *C NMR (CDCl;): = 55.4, 114.5, 122.6, 124.6, 126.2,
126.3, 127.3, 128.8, 132.6, 135.7, 137.6, 137.8, 147.9, 160.0, 175.2
ppm. IR (Nujol): v 3335, 3182, 1589, 1549, 1515, 1502, 1275, 1256,
1205, 1179, 1057, 1023, 833, 792, 747, 707, 692 cm ™', Anal. Calcd
for C19H17N308; (367.49): C, 62.10; H, 4.66; N, 11.43; S, 17.45.
Found: C, 61.91; H, 4.68; N, 11.35; S, 17.48.
1-((5-(4-(Dimethylamino)phenyl)thiophene-2-yl)methylene)-4-
phenylthiosemicarbazone 5. Orange solid (57%). Mp: 199.
1-199.8 °C. '"H NMR (CDCly): 6 = 3.05 (s, 6H, N(CH3),),
7.16 (d, J = 3.9 Hz, 1H, 3’-H), 7.25 (d, J/ = 3.9 Hz, 1H, 4-H),
7.26—7.30 (m, 3H, 3, 4 and 5-H), 7.43 (br t, J = 7.5 Hz, 2H, 2
and 6-H), 7.56 (d, J = 8.7Hz,2H, 3" and 5-H), 7.70 (d, J = 8.7
Hz, 2H, 2 and 6-H), 7.99 (s, IH, —CH=N), 9.12 (s, 1H, NH),
9.44 (s, IH, NH). 3*C NMR (CDCl3): 6 = 44.1, 114.3, 122.2,
124.5,126.2,126.3,127.2,128.2,132.0,135.4 137.4, 137.6, 146.5,
150.0, 174.2 ppm. EI-HRMS: caled for Cy,H»4N4S, 408.1027,
found 408.1018.
1-((5-(4-Cyanophenyl)thiophene-2-yl)methylene)-4-phenylthio-
semicarbazone 6. Orange solid (58%). Mp: 201.8—202.5 °C. 'H
NMR (CDCl3): 6 = 7.27—7.33 (m, 3H, 3, 4 and 5-H), 7.39—7.47
(m,3H,2,6and4’-H),7.67—7.75(m, 5H, 3’,2", 3", 5" and 6"-H),
8.06 (s, IH, —CH=N), 9.11 (s, IH, NH), 9.91 (s, 1H, NH) ppm.
13C NMR (DMSO-dg): 6 = 110.2, 118.7, 125.4, 125.5, 126.0,
126.9,128.2,132.3,133.2,137.4,137.5, 138.9, 140.0, 143.2, 175.6
ppm. IR (Nujol): v 3291, 3129, 2220, 1599, 1551, 1517, 1496,
1266, 1206, 1175, 926, 943, 799, 767, 746 cm ™. MS (EI): m/z =
362 (M™, 20), 331 (22), 295 (10), 227 (100), 193 (15), 159 (15).
EI-HRMS: caled for CioH 4N4S, 362.0660, found 362.0652.
1-((Furan-2-yl)methylene)-4-phenylthiosemicarbazone 7. Yellow
solid (50%). Mp: 171.5—172.3 °C. '"H NMR (CDCLy): 6 =
6.49—6.51 (m, 1H, 4-H) 6.73—6.74 (d, J = 3.9 Hz, 1H, 3'-
H),7.21-7.27 (m, 2H, 4 and 5’-H), 7.38 (br t, / = 7.8 Hz, 2H, 3
and 5-H), 7.62 (br d, J = 7.8 Hz, 2H, 2 and 6-H), 7.89 (s, 1H,
—CH=N),9.29 (s, IH, NH), 10.7 (s, 1H, NH) ppm. *C NMR
(CDCl3): 6 = 112.2, 114.8, 123.8, 124.8, 126.3, 128.7, 132.5,
137.7, 144.9, 175.4 ppm. IR (Nujol): v 3292, 1619, 1598, 1590,
1542, 1511, 1272, 1209, 1065, 1011, 923, 882, 769, 735, 670
cm~'. MS (EI): m/z = 245 (M, 100), 257 (18), 227 (15), 212
(10), 165 (8). EI-HRMS: calcd for C;,H;;N30S 245.0623,
found 245.0617.
1-((Thiazol-2-yl)methylene)-4-phenylthiosemicarbazone 8. Yellow
solid (70%). Mp: 165.0—166.0 °C. '"H NMR (DMSO-dy): 6 =
7.21 (brt, J = 7.5 Hz, 1H, 4-H), 7.37 (br t, 7.5 Hz, 2H, 3 and
5-H),7.53(brd,J = 7.5Hz,2H, 2 and 6-H), 7.84 (dd, J = 3.3 and
1.0 Hz, 1H, ¥-H), 7.94 (d, J = 3.3 Hz, 1H, 4-H), 8.38 gbr s, 1H,
—CH=N), 10.1 (s, 1H, NH), 12.1 (s, 1H, NH) ppm. °C NMR
(DMSO-dy): 0 = 122.3, 125.6, 125.9, 128.2, 137.3, 138.9, 144.0,
163.6, 176.3 ppm. IR (Nujol): v 3322, 1596, 1542, 1498, 1476,
1443, 1312, 1257, 1190, 1152, 1091, 1055, 938, 916, 898, 876, 790,
751,687 cm™ . EI-HRMS: caled for C;;H;oN4S, 262.0347, found
262.0370.
1,1-((5-Phenylthiophene-2-yl)methylene)bis-4-phenylthiosemi-
carbazone 9. Orange solid (77%). Mp: >234.5°C dec. '"H NMR
(DMSO-dg): 6 = 7.16—7.24 (m, 2H, Ar—H), 7.30—7.42 (m, 4H,
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Ar-H), 7.52—7.60 (m, 5H, ArH and 3’-H), 7.66 (d, J = 3.9 Hz,
1H,4'-H),7.75(d,J = 8.7Hz,2H, 2" and 6"-H), 7.96 (d, J = 8.7
Hz, 2H, 3" and 5”-H), 8.15 (s, 1H, —CH=N), 8.32 (s, 1H,
—CH=N), 9.84 (s, 1H, NH), 10.2 (s, 1H, NH), 11.87 (s, 1H,
NH), 11.90 (s, IH, NH) ppm. *C NMR (DMSO-d,): 6 = 125.3,
125.4, 125.5, 125.6, 126.0, 128.1, 128.1, 128.5, 132.5, 133.8,
134.5, 137.7, 138.2, 138.3, 139.0, 139.1, 142.1, 145.0, 175.5,
176.0 ppm. IR (Nujol): v 3316, 3144, 1661, 1595, 1551, 1500,
1445, 1268, 1197, 1073, 1028, 1004, 939, 920, 898, 866, 825, 793,
746, 723, 703, 691, 661, 614 cm™'. MS (microTOF): m/z = 515
(M" + 1, 15), 483 (10), 420 (5), 334 (4) 269 (22), 208 (84).
microTOF-HRMS: calcd for CysH»3NgS; 515.1168, found
S515.1141.

Physical Measurements. Stock solutions of the anions (F,
Cl™,Br,1,NO;, H,PO, ,HSO, , AcO",BzO~,CN, and
OH™ as tetrabutylammonium [TBA] salts) were prepared at
1072 mol dm ™ in acetonitrile. The concentrations of ligands
used in these measurements were ca. 5.0 x 10> mol dm>. The
NMR studies were carried out under similar conditions.

Theoretical Studies. Quantum chemical calculations at the
semiempirical level (PM3, within restricted Hartree—Fock
level) were carried out in vacuo with the aid of Hyperchem
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V6.03. The Polar—Ribiere algorithm was used for the optimiza-
tion. The convergence limit and the rms gradient were set to
0.01 kcal mol ™.
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