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I.  Molecular fluorescence ***

Fluorescence spectrometry is one of the most used spectroscopic methods in analytical
and scientific measurements; one of the reasons is the high sensitivity of the method. The
photochemical reaction starts when a molecule absorbs an electromagnetic radiation of an
appropriate wavelength. An excited state of the molecule is then created and will undergo
different transformations. The wavelength range used for such excitation is between 200 nm
and 750 nm (ultraviolet and visible) corresponding to energies between 600 and 160 kJ/mol.
What follows describes the characteristics of the fluorescence emission of an excited
molecule in solution.

I.1. Light absorption

Light is a form of electromagnetic radiation. The human eye can sense the light in the
interval 400-750 nm in the electromagnetic spectrum, called the visible region.
Spectrophotometry covers the ultraviolet (200-400 nm), the visible (400-750 nm) and the
infrared (700-15000 nm) regions, where the two formers have the largest application.

The wavelength is inversely related to its energy, according to Planck-Einstein
equation (1):

E=hv=h (1)
h: Planck constant (6.626x107* J.s)
v: frequency of radiation (s™)
c: the speed of light (2.9979x10® m.s™)
A: wavelength of the radiation (m).
Thus, UV radiation has greater energy than the visible light but shorter wavelength.

A molecule absorbs electromagnetic radiation and transforms from a ground state to
an excited state, the energy difference between these two states is the energy of the absorbed
photon. In ultraviolet and visible, the absorption results in an electronic transition in the atom
or molecule. In the case of molecules, the electron’s transition occurs from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
Compounds absorb light in different wavelengths according to their molecular structure. A
molecule absorbs energy from light via an electron jump. An electron from an orbital of the
molecule in the ground state is excited to an unoccupied orbital with higher energy level. The
molecule then goes from a fundamental state to an excited state. The possible electronic

transitions are: n—n*, n—n*, n—oc*, 6—c*.
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The Beer-Lambert law
The transmittance T of a molecule is the measure of the fraction of light that passes

through the sample at a given wavelength; it is expressed by equation (2).

T=-— )

Io
where:
Io: Intensity of incident light;
I: Intensity of the light after it has passed through the sample;
The absorbance A is the estimation of light absorbed by the sample and it is

represented as:
I
A=-log T=-log T (3)
0

The Beer-Lambert law expresses the variation of intensity of radiation I in a

homogeneous medium, the absorbance is expressed as follows:
A =¢exlxc “4)

A the absorbance of the solution;

¢: molar absorption coefficient (L.mol™".cm™);

1: the distance the light travels through the solution (cm);

c: the concentration of the sample (mol/L).

The Beer-Lambert law allows the quantitative determination of the absorbing
chromophores. Exceptions to this law include high concentrations of the solute and when
there are solid impurities.

Bathochromic shift and others

The absorbance spectrum is the plot of absorbance versus the wavelength of the
incident light. Shifts in absorption spectra, of a certain chromophore, happen due to the effect
of substitution or a change in the environment. A shift to longer wavelengths is called a
bathochromic shift (or a red shift). A shift to shorter wavelengths is called a hypsochromic
shift (or a blue shift). An increase in the molar absorption coefficient is called the

hyperchromic effect, the opposite is the hypochromic effect (Fig. 1).
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Fig. 1. Shifts in the absorption spectra.
Isosbestic points
An isosbestic point is a wavelength where the absorbance values of two physical
forms are equal and have the same absorption coefficient, representing a coordinate (A, €). The
presence of an isosbestic point indicates that the stoichiometry of the reaction remains the
same during the chemical reaction or the physical change of the sample.’

I.2. Fluorescence principles

When a molecule absorbs light, three types of transitions occur: electronic, vibrational
and rotational. In between electronic levels there are rotation and vibration levels. In order to
create an electronically excited state, the molecule absorbs energy that is at least equal to the
difference in energy between the highest occupied orbit (HOMO) and the lowest vacant
orbital (LUMO) of the ground state. Electronic emission can be presented in two types:
fluorescence and phosphorescence. Figure 2 displays the Perrin-Jablonski diagram where the
possible photophysical processes in a molecular system: absorption, internal conversion (IC),
fluorescence, intersystem crossing (ISC) and phosphorescence are described in a simple way.
Absorption is very fast compared to the other processes. In the ground state of molecules, the
molecular energies are constant and possess minimal values. When the molecule is irradiated,
it absorbs the irradiation and an electronic transition takes place to higher electronic states.
Electronic transitions occur when the molecule is irradiated by a specific wavelength. After a
short time interval, the electrons return to the ground singlet state and energy is released in
different radiative and non radiative fashions. When an electron gets excited, it rotates or
vibrates down to the closest electronic level, the process is called internal conversion (IC),
and it is a loss of energy in a non radiative fashion. When the electron goes down to the

ground level, energy is emitted as a photon within the emission spectrum of the fluorophore.
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This emission of a photon is called fluorescence, and it is a radiative relaxation. The photon
emitted has longer wavelengths than the absorption wavelengths, hence a lower energy.
Another process is the intersystem crossing (ISC). It is a non-radiative transition between two
levels of different multiplicities (from a singlet to a triplet state of the molecule).
Phosphorescence happens when an electron in the excited triplet state, due to ISC process,
returns to the first electronic singlet state. Phosphorescence has a longer life time than
fluorescence. Reverse intersystem crossing can occur, resulting in emission in the same
spectral range as fluorescence called delayed fluorescence. Like fluorescence,

phosphorescence and delayed fluorescence are both radiative relaxations.
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Fig. 2. The Perrin-Jablonski diagram.

Fluorescence quantum yield

The fluorescence quantum yield is defined as the number of photons emitted per the
total number of photons absorbed, with a maximum value of 1. It is usually determined by
comparison with a fluorescence standard, where the standard and the sample should cover a

similar A range.’
Stokes Shift

The Stokes shift is the difference, in nanometers or in frequency units, between the
wavelength maximum of the absorption and the wavelength emission maximum. Each
fluorophore has a distinct and individual Stokes Shift that can differ by changing the solvent.
From a practical point of view, the detection of a fluorescent species is easier when the Stokes

shift is larger.’
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Fluorescence quenching

Quenching is a deactivation of an excited molecular entity by an external
environmental influence referred to as dynamic quenching, or by a substituent through a non-
radiative process called static quenching.’

II.  Fluorescence detection strategies (Fluorescent chemosensor design)lo'12

The fluorescence emission is strongly influenced by the surrounding medium, thus
fluorescent molecules are used as probes for sensing different analytes in environmental and
biological systems. A fluorescent chemosensor usually involves two components: a
fluorophore and a guest receptor in a spaced or an integrated scaffold (Scheme 1). Once an
analyte (guest) is bounded to the receptor, the photophysical characteristics of the sensor
change via different mechanisms including photoinduced electron transfer (PET),

intramolecular charge transfer (ICT) and others.

(a) ib)

Scheme 1. (a) A spaced model for fluorescence sensing (b) An integrated model.

I1.1. Photoinduced Electron Transfer (PET)

One of the most commonly used strategies for developing fluorescent sensors is based
on photoinduced electron transfer or PET sensing. A PET-type chemosensor model is
composed of three units: fluorophore, spacer, and receptor as shown in Scheme 1 (a).
Photoinduced electron transfer (PET) is often responsible for fluorescence quenching. As
depicted in Fig. 3, upon excitation of the fluorophore an electron in HOMO goes to LUMO, if
there is an orbital in the receptor part with energy level between HOMO and LUMO of the
fluorophore, an electron transfer from HOMO of the receptor to the ground state orbital of the
fluorophore takes place. The usual relaxation pathway is blocked and the emission is
quenched. This is also called reductive photoinduced electron transfer. After the complexation
with the analyte, the HOMO energy level of the receptor is reduced, not allowing the electron
transfer, and this causes a fluorescence enhancement. As a consequence, weakly fluorescent

chemosensors become strongly fluorescent when bonded with the analyte.
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Fig. 3. Reductive PET mechanism.

In another case, the non-bonded sensor is fluorescent (oxidative PET mechanism), but
once it is bonded to the analyte, the fluorophore acts as an electron donor, as illustrated in Fig.

4, and the fluorescence is quenched.
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Fig. 4. Oxidative PET mechanism.
I1.2. Intramolecular Charge Transfer (ICT)

Intramolecular charge transfer is another mechanism that generally leads to a red or a
blue shift in the absorption and/or emission spectra of a fluorophore. It is based on the
integrated model (fluorophore—receptor) shown in Scheme 1 (b). Since there is no spacer in
this kind of sensors, the receptor unit is part of m-electron system of the fluorophore, and an
electron donating group (such as —NH,, -NMe,, —CH30) of one part of the model is
conjugated with an electron withdrawing group (like >C=0, —CN) of the other part of the
sensor. Upon excitation of the molecule, an electron is promoted from one orbital to another
leading to a change in the dipole moment of the fluorophore. When an analyte is reacted with
either the donor or the acceptor part of the sensor, the ICT is perturbed, thus significant
changes in the absorption and emission spectra are often observed.

I1.3. Energy Transfer (ET)

Energy transfer happens in multichromophoric dye systems. It is an energy transfer
from an excited fluorophore (donor) absorbing at short wavelengths, to another fluorophore
(acceptor) absorbing at longer wavelengths, and the emission of the donor partially overlaps
with the absorption of the acceptor. There are two types of mechanisms for energy transfer:

Forster type and Dexter type (Fig. 5). In the Forster type ET, the excited state donor (D)
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transfers energy to the ground state acceptor (A). Dexter type ET is based on an electron
exchange between the donor and the acceptor, and it usually happens in systems where donor

and acceptor units are connected by a conjugated linker.

(4 —)

&
H

Férster type

%_[_ """" g +H =
\

Fig. 5. Forster type and Dexter type mechanisms of energy transfer.
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I1.4. Chemodosimeters
It is a new approach for the detection of analytes. Chemodosimeters show great
selectivity and sensitivity. The term was first used for a fluorescent sensor for Hg”" by a
chemical reaction. When the analyte is an anion, it covalently bonds with the
chemodosimeter, or it catalyzes a chemical reaction leading to the formation of a product with

different optical properties (Scheme 2).

- ® G
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Scheme 2. Formation of chemodosimeter: anion adduct (top) and chemical reaction catalyzed by an anion

(bottom).

Chemodosimeters display some disadvantages like long response time and

irreversibility.
IL.5. Excimer formation

Excimers are dimmers formed by collision of a fluorophore in the excited state with
the same fluorophore in the ground state. Excimers are often formed with fluorophores
containing an extended conjugated m-system, like naphthalene, pyrene and acridine. The
presence of an analyte can cause the assembly or association of an excimer, causing an
enhancement or a quenching of the fluorescent band of the latter.
III.  Schiff bases as cynide Chemosensors

A large number of sensors for cyanide anion has been designed in the recent years.

Colorimetric and/or fluorimetric probes have attracted considerable interest for their simple
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and fast implementation as well as their high sensitivity and selectivity. A lot of systems have
been used for the detection of CN ion in organic and aqueous solutions, including,
coumarin,”***+132  BODIPY,*"** pyrene,”?** indole,” wurea and thiourea based

2627 phenazine,” boronic acid derivatives® and so on... Those systems detect

compounds,
cyanide anion throughout different mechanisms.

Among others, Schiff bases play an important role in the sensing field. They are
generally easily prepared and show good selectivity to anions like fluoride and cyanide.
Besides their anion-sensing abilities, Schiff bases were found to be selective to metals.**™*

Herein we focus only on Schiff bases as cyanide chemosensors reported in the recent years.

Wu’s group proposed two fluorescent chemosensors for the detection of cyanide in
aqueous solution.””> Compound 1 (Fig. 6) is a simple boronic acid derivative. The receptor
showed a selective response to CN™ over other anions in CH3;CN/H,O (2:8, v/v), presented by
a color change from yellow to colorless, and a quenching in the fluorescence intensity. Job’s
plot and ESI-mass spectrometry indicated a 1:1 stoichiometry interpreted as a nucleophilic
addition of CN to the imine moiety with an association constant of 2.5x10* M and a
detection limit of 645 ppm. The mechanism was further confirmed by IR and 'H NMR
spectroscopies. The sensor showed also selectivity to CN™ in D.I., lake ground, tap and

drinking water.

The other compound is an oxime of 2-hydroxy-1-naphthaldehyde 2 (Fig. 6). When
CN' anion is added to a solution of the compound in MeOH/H,O (1:9, v/v), a red shift in the
absorbance and an enhancement in the fluorescence intensity were observed. The sensor was
insensitive when treated with other anions. The complexation behavior of the receptor with
CN" was studied by 'H NMR titration experiments. The results showed a formation of
hydrogen bonding between —OH group of the receptor and CN°, with a 2:1 stoichiometry
proposed by Job’s plot and ESI-mass spectrometry analysis. The association constant for 2-
CN” was 6.9x10'” M and the detection limit was 17.9 ppm. The applicability of the sensor

was tested in lake water and using indicator paper.

The naphthol derivative 3 (Fig. 6) was prepared and tested for its sensing properties.*°
It was found that the sensor is selective to CN™ anions in DMSO/H,0 (7:3, v/v) medium with
a detection limit of 1.2 uM. The fluorescence is turned on due to binding of CN" followed by
deprotonation of naphthalene —OH group, supported by 'H NMR titration. The sensor also

exhibited a color change from colorless to yellow upon addition of CN". A 1:2 stoichiometry
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was determined by Job’s plot and ESI-mass spectrometry analysis. Paper strips were prepared
and the compound was tested as live cell imaging reagent for intra-cellular detection of CN

anion in A549 cells.

Wei’s group designed a new Schiff base 4 (Fig. 6) for the selective colorimetric and
fluorometric detection of CN™ anion in aqueous medium.® The addition of CN™ induced a
charge transfer (ICT), causing changes in the absorption and emission properties of the probe.
The detection limit was 4.0x10” M. The mechanism of the interaction was investigated by 'H
NMR spectroscopy, FTIR spectra and mass analysis and was proven to be a nucleophilic

addition and a di-deprotonation of the —OH groups with a 1:2 stoichiometry.

The same group synthesized a Schiff base 5 (Fig. 6), from 2-hydroxy-1-
naphthaldehyde and 2-aminopyridine.>” The compound has good optical properties with a
“naked-eye” colorimetric and fluorometric recognition of CN™ in DMSO/H,O (9:1, v/v)
solution and under acidic conditions. The solution turned from yellow to colorless with a blue
fluorescence after addition of 50 equivalents of CN’, while the other studied anions did not
cause any changes. The detection limit of the compound for CN™ using UV-vis spectroscopy
was 3.9x10® M, and using fluorescence spectroscopy was 3.1x10° M. Test strips were
prepared to evaluate the practical applicability of the sensor. The binding mechanism was
proved to be a nucleophilic addition by means of 'H NMR titration and FTIR spectroscopy,

and confirmed by DFT calculations.

Compounds 6a-6d (Fig. 6), bearing a hydrazone moiety were also prepared by the
same group and were tested for their sensing abilities in aqueous media.”® The sensing ability
of sensor 6a was studied with different anions in DMSO/H,0O (85/15, v/v, pH 7.20) binary
solution using UV-vis spectroscopy. Only CN™ gave a positive response, with detection limits
of 8x10™ and 5x10° M according to the visual color changes and UV-vis color changes,
respectively. The same experiment was applied to the other compounds; 6b was selective to
CN" in DMSO/H;0 (9:1, v/v) solution, while 6¢ and 6d showed no selectivity for the
recognition of CN'". It is noticeable that only the compounds with a nitro group in the para
position of the phenyl ring can selectively detect CN™ ions. A possible mechanism, studied by
"H NMR titration, includes a deprotonation of the -NH group. The alternative reversibility of
probe 6a was studied by addition of TFA. 6a was also found to be a convenient colorimetric

sensor for CN” by test strips.
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Hu’s group synthesized a selective fluorometric chemosensor 7 (Fig. 6) for the
detection of CN™ anion in aqueous solution.”” The compound comprises 2-hydroxy-1-
naphtaldehyde and isoniazide functionalities. The probe showed fluorescence and UV-vis
selectivity for CN” in DMSO/H,0 (6:4, v/v) over other anions, with a detection limit of 1.22x
10” M. The fluorescence enhancement is caused by an ICT process. The signaling mechanism
was based on the deprotonation of hydroxyl and amino groups, supported by '"H NMR
titration, IR and ESI-mass spectrometry analysis. Test strips were prepared to put into practice

the use of the chemosensor.

The detection of CN™ and F" using a pyrazine-derived chemosensor 8 (Fig. 6) was
studied by Lee et al.** The sensor was easily prepared in a one step condensation between
aminopyrazine and 2-hydroxy-1-naphthaldehyde. Cyanide was detected through a
nucleophilic mechanism, while fluoride was detected through a deprotonation mechanism,
with a 1:1 binding mode for both analytes, proposed by Job’s plot, '"H NMR titration and ESI-
mass spectrometry analysis. Only F~ and CN" showed color changes in a 10% buffered
solution through an ICT process. A color change from yellow to colorless was observed upon
addition of CN’, and from yellow to orange with F". DFT and TD-DFT calculations confirmed

the sensing mechanisms of the two anions.

The same group developed a simple receptor 9 (Fig. 6) for the “naked-eye” detection
of CN™ and F ions.*! The sensor showed a selectivity to CN™ in DMSO/bis-tris buffer (1:5,
v/v) solution interpreted by a color change from yellow to colorless due to a nucleophilic
addition. For F~ anion, a color change from pale yellow to orange was detected in acetonitrile
via a deprotonation mechanism. The blue shift of absorption after addition of CN" in aqueous
solution indicates a decrease in the ICT efficiency, and the detection limit was 105 uM with
an association constant (K) of 4.1x10*> M. The compound was found to detect CN™ anion
over a pH range of 5-10. In the case of F", a red shift in the UV-vis spectra was rather
observed, this might be explained by an increase in the electron density because of the
deprotonation of —OH group. The association constant and the detection limit were 1.7x10°
M and 60 uM, respectively. The sensor showed good selectivity for fluoride with no
interference of other anions except for H,PO4". The 1:1 stoichiometry of both analytes was
obtained by Job’s plot, ESI-mass spectrometry analysis and '"H NMR titration, and the

interaction mechanisms were investigated by the latter.
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Fig. 6. Structures of chemosensors 1-9.

Another chemosensor for the detection of Fand CN™ ions was developed.*” The sensor
is an azo linked Schiff base 10 (Fig. 7). Its sensing behavior was observed by “naked-eye”
and confirmed by UV-vis spectroscopy, in the presence of different anions. The solution of
the sensor in CH3CN showed distinct color changes with F', AcO™ and CN". In 20:80 water
acetonitrile mixture, CN" showed selective interaction with the sensor over other anions. The
color changes to green and a red shift was observed in UV-vis spectrum. When the water is
increased to 90%, the same results were obtained. The mechanisms of the interactions,
supported by 'H NMR titration experiments, suppose that F~ anion interacts via hydrogen
bonding with —OH group with a possibility of deprotonation, and CN" via a nucleophilic
addition to —C=N double bond. DFT calculations were used to better understand the behavior

of receptor 10 with F" and CN" anions.

Zhang et al. designed a simple naphthalene chemosensor 11 (Fig. 7) for the detection
of F", CN" and nitroaromatic explosives.”> The sensor has a colorimetric selective detection of
F and CN anions in a DMF/buffer (50:50, v/v) solution, with no changes upon addition of

other anions. The interaction was found to be in 1:2 ratio for both anions. 'H NMR titrations
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showed that F~ interacts via binding-deprotonation mechanism, while CN" reacts via addition-
deprotonation. The sensor was also sensitive to TNT and TNP by a “naked eye” experiment

along with a quenching in the fluorescence intensity.

A colorimetric and turn-on fluorescence pyrene Schiff base receptor 12 (Fig. 7) for
CN and F in acetonitrile solution was prepared.” The two anions displayed distinct color
changes, while the other tested anions did not show any changes. The detection limits of the
compound towards F° and CN" ions were determined to be 0.28 ppm and 0.41 ppm,
respectively. "H NMR titration and ESI-mass spectrometry experiments showed that F~ anion
interacts by hydrogen bonding, while CN™ ion formed a new adduct by addition to the —C=N
double bond.

Another new pyrene imine derivative 13 (Fig. 7) for fluorescent and colorimetric
sensing of CN’, this time in aqueous solution, and its application in bioimaging was
reported.”* The sensor was first tested in organic solution. The fluorescence and color changes
were observed with CN°, AcO’, F* and H,POy, attributed to an ICT process. The detection
limit was found to be 1.48x10® M for CN". When 10% of water was introduced into the
system, the chemosensor displayed a selectivity towards CN™ interpreted by a color change of
the solution and a fluorescence enhancement with a detection limit of 1.08x10® M. The

chemosensor was employed in sensing CN” within living HeLa cells.

The sensing abilities of compound 14 (Fig. 7) was evaluated in DMSO with eleven
different anions.*® Addition of 1 equivalent of F', CN’, AcO’, H,PO4 and OH resulted in the
development of two new bands in the UV-vis spectrum attributed to an ICT process resulting
from hydrogen bonds between the compound and the anions. The red shift in the absorbance
and the color changes were explained by a deprotonation of the —OH group. Crystal structure
determination and DFT calculations were also carried out, as well as DNA-binding

experiments.

The same authors reported another molecule of the same series 15 (Fig. 7),** were the
Schiff base is prepared from salicylaldehyde instead of 2-hydroxy-1-naphthaldehyde. The
compound was tested for its anion-sensing properties and DNA-binding ability. The sensor
was found to be sensitive towards F, OH’, AcO™ and CN" in DMSO with selectivity for the

detection of CN™ anion using fluorescence spectroscopy.
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An aza-BODIPY 16 was reported as a colorimetric and turn-on fluorescence sensor for
CN" anion.”” The compound is 1,3,5,7-tetraaryl aza-BODIPY, and can detect CN™ by
nucleophilic addition to the —C=N bond of the compound (Scheme 3). Test strips were
prepared to evaluate the applicability of the sensor. Job’s plot supported a 1:1 stoichiometry,
the detection limit was 8.6x10” M, and the association constant (K) was 1.88x10* M. The
addition mechanism was confirmed by '"H NMR experiments and FTIR spectra. The authors
also used 2-formyl-1,3,5,7-tetraaryl aza-BODIPY with —-C=N and —CHO functions, and it has
been shown that CN™ anion prefers —C=N over —CHO.

Scheme 3. Proposed mechanism of the interaction 16-CN".

A triptycene-hydroxybenzaldehyde Schiff base 17 (Fig. 7) was proved to be a selective
sensor for CN™ anion by exhibiting a turn-on in the fluorescence and a color change from
orange to yellow. The mechanism includes addition of CN" to the aldehyde moiety, and was

confirmed by '"H NMR and LC-MS.*’
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Fig. 7. Structures of chemosensors 10-15 and 17.

Schiff bases with a coumarin moiety have their own share in the sensing field. Jo et al.
reported the synthesis of a new Schiff base 18 based on the combination of coumarin and
naphthol groups, as a new colorimetric sensor for copper and cyanide ions.'® The sensor
displayed a sequential recognition of Cu* and CN” by a colorimetric response in aqueous

solution (Scheme 4).

|
bl Cu(NO),
: NH
O O (0] O O O
18

Scheme 4. Proposed binding mode of 18-Cu?" and 18-Cu*'-CN" complexes.

Wang et al. developed two diethylamino coumarin Schiff bases 19, 20 (Fig. 8) with

pyridine or thiophene as terminal groups.”® The compounds act as turn-on fluorescence
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chemosensors for the detection of CN”anion. The recognition of the probes for Cu®" was first
investigated. The compounds responded with a color change and a quenching in the
fuorescence intensity. Addition of CN™ anion led to a recovery of the color and the spectral
properties of the compounds based on the copper complex ensemble displacement
mechanism. The results were confirmed by DFT and TD-DFT calculations. The detection
limits of compound-Cu®*" for CN™ were 0.019 pM and 0.02 pM for compounds 19 and 20,

respectively.

The same group developed another “naked-eye” Schiff base chemosensor 21 (Fig. 8),
this time with benzothiazole as terminal group.’ 4 The conjugated system between coumarin
and benzothiazole enables an ICT process to occur. Upon addition of CN', a color change is
observed accompanied by a fluorescence enhancement. The mechanism is a Michael addition
reaction where CN” was added to the 4™ position of the comarin ring, thus blocking the ICT
process. The same framework was investigated for the recognition of Cu®". This time the
fuorescence intensity was rather quenched. The selectivity of the compound towards CN™ and
Cu®" was further studied by addition of other ions. A test paper experiment was also carried

out. The detection limit for CN is 0.007 pM.>

Four molecules of the same series were prepared by two different groups and were
tested for their sensing abilities. The Schiff bases were prepared by condensation of
coumarin-thiazole hybrid molecule and a salicylaldehyde derivative. The first Schiff base 22
(Fig. 8) was prepared from o-vanillin by Seferoglu’s group.”’ It was characterized by the
usual methods and using single crystal X-ray analysis. The sensing properties of 22 were first
studied with different anions in DMSO using UV-vis and fluorescence spectroscopies. A
bathochromic shift was observed upon addition of F', AcO™ and CN" anions due to an ICT
process. The sensor showed a switch-on in the fluorescence intensity only upon addition of
CN'". The chemosensor can be restored by adding TFA. The mechanism of the interaction 22-
CN" was proposed to be a nucleophilic addition and a deprotonation of the phenolic hydrogen.
It was supported by 'H NMR titrations and DFT/TD-DFT calculations. The probe also
displayed a color change from yellow to deep red with CN", and from yellow to red upon
addition of F°, AcO™ and H,PO4. A test was carried out in DMSO/H,O (9:1, v/v) binary
solution. A similar response was obtained with a selectivity towards CN", for UV-vis and
fluorescence spectroscopies, and a color change from light yellow to dark yellow for CN", and
from yellow to orange with F* and AcO™ was observed. Pd(II) and Pt(Il) complexes of the

20
chemosensor were also prepared.
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The two next Schiff bases 23 and 24 (Fig. 8) were introduced by Sahu’s group.®® The
colorimetric analysis of the two compounds was tested in acetonitrile and in CH3CN/H,O
(1:1, v/v) solution. In organic medium, a change from colorless to deep red and from colorless
to red with 23 and 24, respectively, was observed with F~ anion, CN" and AcO" anions
exhibited a faint color change and no response with the rest of the tested anions. In aqueous
medium, chemosensor 23 exhibited a color change only with CN, and 24 was not tested due
to its poor solubility. UV-vis study with the anions confirmed the colorimetric results already
obtained, and the changes were explained by an ICT process. A turn-on in the fluorescence
intensity for compound 23 was observed with F~ in CH3CN with an LOD of 0.72 uM, and
with CN™ in aqueous solution with an LOD of 2.7 uM. A pH study proved that the sensor
could detect CN™ over a range of 4-9. From 'H NMR titrations, F~ interacts with the probe by
initial hydrogen bond formation and subsequent deprotonation, CN" interacts by hydrogen
bond formation and nucleophilic addition, the results were further investigated by theoretical

calculations. As an application, sensor 23 was tested in tap water.*

Schiff base 25 (Fig. 8) was prepared once again by Seferoglu’s group.'” Anion sensing
ability of the compound was performed by UV-vis and fluorometric titrations. A
bathochromic shift was observed upon addition of F, AcO™ and CN to a solution of the sensor
in DMSO, due to an ICT process. The anions react with a deprotonation mechanism. CN
showed an enhancement in the fluorescence intensity as a result of its addition to C=N bond.
The other tested anions did not react with the receptor. The sensor displayed a color change
from yellow to deep red upon addition of CN’, and from yellow to red in the case of F and
AcO’, and under UV light, only CN" showed an orange fluorescence. Geometrical
optimizations and '"H NMR chemical shifts were also obtained. Pt(II) and Pd(Il) complexes of
the Schiff base were prepared and were screened for their anti-cancer activity along with the

free ligand.
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Fig. 8. Structures of chemosensors 19-2S5.

Herein Schiff bases bearing different heterocyclic molecules and reacting as receptors
for cyanide ion were described. The Schiff bases generally react with an intramolecular
charge transfer (ICT) process. The presence of C=N double bond and some other groups like
—OH and —-NH make them susceptible to interact with cyanide anion via different mechanisms
like deprotonation or/and addition, and alteration of hydrogen bonding. As an application,

some have been investigated in the detection of CN ion in live cells.

IV. An overview on coumarin and thiophene syntheses and their biological

applications

Since their discovery by Hugo Schiff, Schiff bases play a major role in organic
synthetic and medicinal chemistry. They have an azomethine group (C=N), and are typically
prepared by refluxing an equimolar mixture of aldehyde or ketone and an amine in an organic
medium with or without a catalyst. As mentioned before, a new series of Schiff bases was
prepared from salicylaldehyde derivatives and coumarin-thiophene hybrid molecules.
Coumarin (2H-chromen-2-one) belongs to the benzopyrones family. The coumarin skeleton
can be found in many plants. Thiophene is five membered heterocyclic ring with one sulfur as
the heteroatom. Thiophene and its derivatives exist in petroleum or coal.

In the following, some general methods for the synthesis of coumarin and thiophene

rings as well as their biological interest are described.
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IV.1. General methods for the synthesis of coumarin

Many methods have been developed for the synthesis of the coumarin ring, including
the Pechmann condensation, the Knoevenagel condensation, the Perkin reaction, the Wittig

reaction and the Baylis—Hillman reaction.
Pechmann condensation

It is a reaction between a phenol and a -keto ester or a B-keto carboxylic acid with an
acid catalyst (Scheme 5). The Pechmann condensation is one of the widely used methods in
the preparation of coumarin derivatives due to its simplicity and the availability of the starting

materials. It was first reported by Pechmann and Duisberg in 1883. Many procedures have

been adapted to the Pechman method such as reactions under MW irradiations***” and the use
of catalysts in a solvent-free system.*®
O 0]
OH 0) 0) Acid
+ _—
O - L _
R

Scheme 5. Synthesis of coumarin via Pechmann condensation

Knoevenagel condensation

Knoevenagel condensation is one of the most important methods of the synthesis of 3-
substituted coumarins. It involves the condensation of a salicylaldehyde derivative with
activated methylene compounds like diethyl malonate, ethylcyanoacetate and ethyl
acetoacetate in the presence of an amine as catalyst with or without ethanol as solvent.* 3-
acetyl coumarin was prepared by Knoevenagel reaction in solvent-free condition with

piperidine as a catalyst in 5 minutes at room temperature (Scheme 6).”

(@) O
| O O Piperidine
N - X
A O)J\/U\ solvent-free
OH rt, 5 min. o "0
99%

Scheme 6. Synthesis of 3-acetyl coumarin via Knoevenagel condensation
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Perkin reaction

The Perkin reaction is originally used in the synthesis of cinnamic acid derivatives by
the thermal condensation between an aromatic aldehyde and acid anhydrides or carboxylic

derivatives in the presence of a base catalyst.”’ When salicylaldehydes are used, coumarins

)
| 1. NaOAc, Ac,0 m
0" 0

.H,0"
Ol 2. H;0

are obtained (Scheme 7).

Scheme 7. Perkin coumarin synthesis

Synthesis of coumarins by Wittig reaction

Wittig reaction approach involves the reaction of an aromatic aldehyde with a
phosphonate or phosphorous ylide. Shockravi et al>* reported a Wittig reaction of an in situ
prepared carbethoxymethylenetriphenylphosphorane and salicylaldehydes supported on MgO

for a rapid synthesis of simple coumarins in solvent-free condition (Scheme 8).

X NaOMe/MgO | AN
=

OH grinding 0 0

X

Scheme 8. Synthesis of coumarin by Wittig reaction

Baylis—Hillman reaction

Coumarins were synthesized by the Baylis-Hillman reaction by reacting
salicylaldehyde with #-butyl acrylate in the presence of DABCO as a catalyst.”® The Baylis-
Hillman adducts formed were then reacted with HI or HCI in acetic acid to form 3-

(iodomethyl)coumarin or 3-(chloromethyl)coumarin derivatives (Scheme 9).

9 1. DABCO
N 0 CHCl4 NNy
R o + v R—I
OBn : o "0

Scheme 9. Synthesis of coumarin by Baylis—Hillman reaction
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IV.2. Synthetic routes for thiophene nucleus formation
Herein the major synthetic procedures for thiophene formation are described, this
includes: Paal-Knorr thiophene synthesis, Fiesselmann thiophene synthesis, Gewald
aminothiophene synthesis and Hinsberg synthesis.
Paal-Knorr thiophene synthesis
The Paal-Knorr thiophene synthesis is the condensation of a 1,4-dicarbonyl compound

in the presence of an excess of a source of sulfur such as phosphorous pentasulfide (Scheme

10).>*
O O S
R "
RQRH P4510 \ / R
R R
Scheme 10. The Paal-Knorr thiophene synthesis
Gewald synthesis

The first version of Gewald aminothiophene synthesis consists of a reaction between
an a-thio carbonyl compound and an activated nitrile in the presence of a basic catalyst
(usually triethylamine or piperidine). The second version is a multicomponent condensation
of sulfur, an o-methylene carbonyl and an activated nitrile such as malononitrile or
cyanoacetic esters in the presence of an amine as catalyst (Scheme 11).>> The last version is a
two-step procedure where sulfur is treated with an a,-unsaturated nitrile first regenerated by
a Knoevenagel-Cope condensation.”® A variety of substituted 2-aminothiophenes can be

synthesized using those three variants.

HN g

R O NC Sg |
Rl
+
\E x 7
R Amine X
R

Scheme 11. The second version of Gewald synthesis of thiophene
Fiesselmann thiophene synthesis
It is the condensation reaction of thioglycolic acid with a, B-acetylenic esters leading
to the formation of 3- hydroxyl- 2- thiophenecarboxylic acid derivatives, by treatment with a

base™ (Scheme 12).
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Scheme 12. Fiesselmann thiophene synthesis
Hinsberg synthesis
The Hinsberg thiophene synthesis was reported in 1910 by the German chemist Oscar
Hinsberg. In this reaction, diketones are reacted with thioglutaric diesters in the presence of a
base leading to substituted thiophenes.”’ Scheme 13 shows the reaction using diacetyl, a

strong non-nucleophilic base like potassium tert-butoxide can be used.

0] 0] O

O O
/\O)K/S\)J\O/\ - — 0 \ / OH
O

Scheme 13. Hinsberg synthesis of thiophene

Knoevenagel coumarin synthesis along with Gewald aminothiophene condensation

were part of the procedures used in order to prepare our target molecules.
IV.3. Medicinal applications of coumarin and thiophene derivatives

Besides their vast use in the sensing field, coumarins are known for having many
biological activities, for instance antioxidant,58 anticoagulant,59 antibacterial,60 anti‘fungal61
and anticancer.”> Coumarin represents the core structure of several natural and synthetic
molecules with pharmaceutical importance, such as umbelliferone reported having antioxidant
properties, novobiocin which is an antibiotic, warfarin, acenocoumarol and dicoumarol are

anticoagulant agents. Some examples of biologically active coumarin derivatives are shown in

Fig. 9.
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Fig. 9. Biologically active coumarin derivatives.

Thiophene is also known for having diverse activities.”® It is used either as central ring
or as a part of a fused ring system. Some commercialized drugs containing thiophene moiety
are: Arotinolol and Eprosartan used in the treatment of high blood pressure, Articaine used as
a dental local anesthetic, Azosemide is a high-ceiling diuretic agent, Suprofen is a non-

steroidal anti-inflammatory drug and Duloxetine which is prescribed for major depressive

disorder and generalized anxiety disorder (Fig. 10).%

>4 OH
HN © B
Y S
HO N_I\{H
N__N
3 7/ N y ~
)& N= OH \
N 5
= S O O S//O
| 4 NH
/ NH2 cl e 2
Arotinolol Eprosartan Azosemide

O
S

S I O
S
NH 0 0 -
0 \
:§»NH OH 0

\,,—\ —

Articaine Suprofen

ZT

Duloxetine

Fig. 10. Biologically active thiophene derivatives.
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Among the methods used for developing novel bioactive compounds is “molecular
hybridization”. It was shown that the association of another heterocyclic compound with
coumarin, as a substituent or a fused component, changes its properties and generally
improves the activity.** Thus a combination of coumarin and thiophene moieties besides the

presence of an azomethine group may give more active molecules.
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