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Resumo

Design de sondas fluorescentes para a detecdo de ides e modelos de farmacos de abuso na urina:

sintese, estudos de detecéo e analise quimiométrica

Atualmente, existem muitos sensores quimicos oticos baseados em moléculas organicas, porém os
derivados de 4,4-difluoro-4-bora-3a,4a-diaza-sindaceno, comummente conhecidos como BODIPYs, e os derivados
de dicianovinilo representam duas classes de fluordforos que tém ganhado consideravel interesse em uma ampla
variedade de aplicacdes. As propriedades fotofisicas e versatilidade quimica destes compostos explicam o seu
exponencial crescimento, destacando a sua aplicacdo como sensores 6ticos para o reconhecimento e detecéo de
espécies quimicas ionicas e neutras.

A aplicacao de métodos quimiométricos a dados espetrais é cada vez mais utilizada como uma grande
ferramenta para desenvolver modelos de quantificacao para diferentes tipos de analitos com grande capacidade
preditiva.

O objetivo deste trabalho foi o design, sintese e caracterizacdo de novos derivados de BODIPY,
funcionalizados com diferentes grupos substituintes nas posicdes 2 e 4" do nucleo de BODIPY e do substituinte
meso, e a caracterizacao de derivados dicianovinilo com diferentes unidades aromaticas, visando diversificar as
propriedades fotofisicas e as propriedades sensoras dos compostos face a diversos analitos. Numa segunda fase,
foi realizado o estudo da capacidade dos derivados de BODIPY e de dicianovinilos como sensores 6ticos de ides,
com relevancia em areas como a salide e o ambiente, e aminas e alcoois, como modelos de farmacos de abuso
como a codeina e o fentanyl.

Na sequéncia do estudo preliminar que revelou a seletividade/sensibilidade a certos ides, foram
realizadas titulacdes espetrofotométricas e espetrofluorimétricas na presenca de F, CN, Cu» e Fe*. O
comportamento como sensor do tipo quimiodosimetro dos derivados dicianovinilicos foi verificado por meio de
uma titulacao de RMN de 'H com o ido cianeto.

No caso dos alcoois e aminas modelo, o teste preliminar revelou seletividade de alguns dos compostos
testados para alcoois e aminas, complementada com a avaliacdo dos efeitos dos meios, pH e sais utilizados.

Em termos da analise quimiométrica, foram aplicados modelos SLR, PLS e PCR apresentando os

melhores resultados para quantificacdo de CN- e Fe*, com coeficiente de determinacao superior a 95%.

Palavras-chave: BODIPY; sensor ético; fluorescéncia; machine learning, modelos de quantificacéo.

iv



Abstract

Design of fluorescent probes for the detection of ions and models of drugs of abuse in urine: synthesis,

sensing studies and chemometric analysis

Currently, there are many optical chemical sensors based on organic molecules, however 4,4-difluoro-4-
bora-3a,4a-diaza-sindacene derivatives, commonly known as BODIPYs, and dicyanovinyl derivatives represent two
classes of fluorophores which have been gaining considerable interest in a wide variety of applications. The
photophysical properties and chemical versatility of these compounds explain their exponential growth, highlighting
their application as optical sensors for the recognition and detection of ionic and neutral chemical species.

The application of chemometric methods to spectral data has been a great tool to develop quantification
models for different types of analytes with great predictive capacity.

The aim of this work was the design, synthesis and characterization of new BODIPY derivatives
functionalized with different substituent groups at position 2 and 4’ of the BODIPY core and the meso substitute,
and the characterization of dicyanovinyl derivatives with different aromatic moieties, intending to diversify these
compounds’ photophysical and sensing properties for varied analytes. In a second stage, the study on the ability
of BODIPY and dicyanovinyl derivatives as optical sensors for ions with medical and environmental relevance, and
amines and alcohols, as models for drugs of abuse such as codeine and fentanyl.

As a result of the preliminary study which revealed the selectivity/sensitivity towards certain ions,
spectrophotometric and spectrofluorimetric titrations were carried out in the presence of F, CN;, Cu> and Fe*. The
behaviour as a chemodosimeter of dicyanovinyl derivatives was verified through a 'H NMR titration with the cyanide
ion.

In the case of the model amines and alcohols, the preliminary test revealed selectivity of some of the
testes compounds towards alcohols and amines, complemented with the evaluation of the effect of media, pH and
salts.

In terms of chemometric analysis, LR, PLS and PCR models were applied showing the best results for

quantification of CN- and Fe>, with coefficient of determination superior to 95 %.

Keywords: BODIPY; optical sensor; fluorescence; machine learning; quantification models.
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1. Introduction

1.1. Document structure

The work presented in this dissertation deals with different aspects of organic and analytical
chemistry and machine learning, focusing on the synthesis and characterization of organic compounds,
supramolecular chemistry and development of machine learning models to quantify analytes based on
spectroscopic data.

This thesis is divided in five chapters. The first chapter presents an overview of the most important
aspects of this work, serving as a basis for understanding it.

Chapter 2 presents the technical descriptions of the work developed, both with regard to organic,
analytical chemistry and data mining, followed by chapter 3 where a detailed discussion of the obtained
results and their meaning before and after the application of machine learning is presented.

In chapter 4, the conclusions encompassing the perspectives of the various areas present in the
work are presented. The bibliography of this work is found in chapter 5. Supplementary data is presented

as appendix.

1.2. Supramolecular approach on molecular recognition

Supramolecular chemistry definitions include “chemistry beyond the molecule”, “chemistry of
molecular assemblies and the intermolecular bond”, and “non-molecular chemistry”. lts main objective
is the design and development of novel functional systems by joining multiple chemical components,
mainly through non-covalent interactions:. This kind of system is generated through non-covalent
interactions between a host molecule that has binding sites (such as donor atoms), sites for the
formation of hydrogen bonds and/or sizable cavity, and an analyte. The analyte, named guest, has
divergent binding sites such as hydrogen bond acceptor atoms:.

Supramolecular interactions refer to intermolecular non-covalent interactions, for example,
hydrogen bonds, salt bridges, -1 stacking, van der Waals forces, and hydrophobic interactions. Many
textbooks and authors also list metal coordination as a type of supramolecular interaction since the
coordination bond could be electrostatic or covalent, depending on the electron distributionz.

The concept of a chemical sensor is related to supramolecular systems, since the recognition is

associated with the detection process due to changes in the physical-chemical properties of these

molecular receptors induced by the formation of complexes with the analyte:.
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1.2.1. Optical chemosensors

Various analytical techniques are used for detection and quantification of analytes, such as gas
chromatography (GC) or high-resolution liquid chromatography (HPLC)*. However, most of these
techniques are costly, time-consuming especially during sample preparation, and may exhibit low
sensitivity for certain analytes. Optical sensors have appeared to overcome the previously mentioned
limitations of these techniques:. From the early '90s, numerous researchers have worked in
supramolecular chemistry combining the concepts of host-guest complex and fluorescence optical
sensing. Fluorescence detection and imaging techniques concerning chemical sensors are essential tools
in many fields of science and technologys’

A chemosensor is a sensor that measures the change in a chemical property, often the
concentration or activity of a specific chemical species. Similarly, optical sensors are based on reagents
that alter their optical properties in the interaction with the analyte of interest and employ optical
transduction mechanismsss. The commonly measured optical properties are absorption, fluorescence
intensity and decay time, but in addition, reflectance, index refraction, light scattering and light polarization
have also been used as analytical parameters allowing the optical detection of certain analytess Optical
chemosensors are usually constituted by two parts: the signaling unit, that signals the recognition event
through an optical change, and the recognition unit with the capability to identify the analyte. The signaling
unit is normally a chromophore or a fluorophore and the sensor configuration can be
chromophore/fluorophore—spacer-receptor, where the spacer connects both units, or simply the

chromophore/fluorophore directly connected to the receptor®.

1.2.2. Fluorimetric sensors

Fluorescence spectroscopy is a recurrent analytical technique in many research areas. This
technique, based on fluorescence emission, has advantages when compared to other analysis
techniques, for example higher sensitivity, which allows reaching lower analytic limits for quantifying
analytes in biological and environmental samples®.

As said before, a fluorimetric sensor is a sensor that changes its optical properties in the
interaction with the analyte producing differences in fluorescences. Fluorescence emission is easily
explained with a Jablonski diagram. To detect a molecule based on fluorescence, the molecule must be
excited from the ground level to a higher energy level through absorption of radiation. This transition
must have a high probability of occurring.

After absorption, relaxation occurs, where the molecule releases the previously absorbed energy.
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In a detailed way, relaxation may occur in two ways: by emitting a photon (radiative process, fluorescence
or phosphorescence emission) or by dissipation of energy through vibrations and collisions between
molecules (non-radiative process)2. Other relaxation processes include intersystem crossing (ISC) and
internal conversion (IC). These processes are shown in a simplified Jablonski diagram in figure 1=. Internal
conversion is characterized as a non-radiative process of relaxation between a higher excited singlet state
to the lower energy excited state of the same spin®, whereas intersystem crossing is characterized by
energy transfer via orbital spin coupling between an excited singlet state and a near-energy triplet
vibrational state. It is characteristic for shortening the fluorescence lifetime. The consequent relaxation

occurs through the radiative process of phosphorescence or through vibrational relaxation:s.

Internal conversion )
b4
S : Sc
1

Absorption
Fluorescence

Vibrational relaxation

So
Figure 1- Simplified Jablonski diagram. S, is the ground state, S. is the first excited singlet state and T is the first excited triplet
state. The arrows associated with fluorescence and phosphorescence represent radiative relaxation pathways and the arrow

associated with vibrational relaxation represents the non-radiative pathway®.

1.2.3. Signaling mechanisms on fluorimetric sensors

The detection process by a fluorimetric sensor is usually achieved with photophysical
mechanisms as chelation-induced enhanced fluorescence (CHEF), intramolecular charge transfer (ICT),
photoinduced electron transfer (PET), aggregation-induced emission (AIE), among others.

A sensor that functions with ICT mechanism is normally composed of two moieties, one which is
rich in electrons and other which lacks electrons. This mechanism occurs in excited molecules after the
absorption of light. After being excited, electrons can move through m-bounds causing differences on
the molecule’s charge distribution, compared to the ground state. When the molecule relaxes, it is

possible to see the emission related to this processe.

3
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A sensor that functions with PET mechanism in its ‘off’ state, when the fluorophore unit is excited,
it produces an electron transfer from the receptor HOMO to the fluorophore HOMO, which prevents the
occurrence of fluorescence (scheme 1a).

In its ‘on’ state when the fluorophore is excited, fluorescence occurs because the PET process is
arrested by the interaction between the receptor and the analyte, lowering the energy of the HOMO
orbital of the receptor. In the fluorophore-receptor-analyte complex, there is a transition of an electron
from the LUMO orbital of the fluorophore to the respective HOMO orbital, and fluorescence occurs
(scheme 1b).

This is easily comprehended by considering a proton as the analyte. H- electrostatically attracts
the electron which causes an increase in the oxidation potential of the analyte-bound receptor to the

point that the thermodynamics for PET is no longer favorable causing the fluorescence =,

PET
Fluorophore | Spacer Receptor. Fluorophore  Spacer Receptor°

4
4
P /
’, ’ f
Rl Y R
’ 4
7 7’
i . ;
h hv'
ll\m—?_ % LUMO qu %
D= A D~ A
E PET | E
11 HOMO
; J
HOMO +(_‘ \ ’ HOMO 4
- % 1| HOMO'
PET \J -
Fluorophore* Receptor Fluorophore*  Analyte-bound receptor PET
a)

b)

Scheme 1- PET mechanism. (a) ‘Off’ state of the sensor caused by an electron transfer from the analyte-free receptor HOMO
to the photo-excited fluorophore HOMO. (b) ‘On’ state of the sensor, fluorescence is displayed because the electron transfer

from the analyte-receptor complex is blocked

1.2.4. Chemodosimeter sensors

A sensor is described as a chemodosimeter when it shows irreversible interaction with a guest
with high selectivity. These sensors are usually composed of two units: the reaction site and the signaling
unite which provides a spectroscopic signal according to the irreversible interaction between the sensor
and the guest. The spectroscopic changes are also irreversible, in principle®». These compounds are
usually colorimetric or fluorimetric “turn on” or “turn of” probes, revealing fluorescence/color or

quenching after the interactionz2,
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1.3. Brief over view of heterocyclic probes used on recognition systems

Nowadays, the wide use of fluorometric probes is common to identify different types of analytes in
different contexts, whether for disease diagnosis or prevention, monitoring of environmental parameters,
among others. There is a large literary repertoire regarding heterocyclic probes for recognition proposes
and these probes are used for detection of metal ions and anions, drugs of abuse, toxic pollutants and
bioimaging of metabolic processes, among many othersz#, In table 1 are given some examples of
heterocyclic probes used for different applications, although there is a wide variety of other types of

heterocyclic probes widely studied and reported.

Table 1-Examples of heterocyclic fluorescent probes applied to the recognition of different analytes.

Probe Analyte Structure example
4, 4difluoro-4-bora-
3a,4a-diaza-s
Hg»
indacene
(BODIPYs)=
1
H,N 0._0
=
Coumarins” H.PO. and HPO:
2
O ° Ho N
H
N-N
Rhodani Heavy and transition metals (Cu, O O
odamines ##
A, Hgr, Au,) N ° '\(\
3
cl
Q /N
/\ N N
Perylene dyes= Drugs (cocaine and angel dust) —N"NN Q.O
c- ©
4
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1.4. BODIPY derivatives

It has been reported that BODIPYs have facile synthesis and structural versatility, excellent
spectroscopic properties, high molar extinction coefficients, moderate redox potentials, negligible triplet-
state formation and negligible sensitivity to solvent polarity, excellent photostability, and high solubility
in commonly used organic solventsz#, Due to these properties, BODIPY dyes are used in many areas
as laser dyes, fluorescent stains, labels in fluorescence imaging, and as indicator dyes in sensor
applications. It can be used as a signaling unit as a constituent of a colorimetric or fluorimetric sensor
and then functionalized with a recognition unit that changes its optical properties.

In scheme 2 is presented the first synthesis reaction reported for the BODIPY derivative core. It
is a multicomponent reaction, involving a Lewis acid catalyzed condensation with acetylation of the [3-

positions to form the first known BODIPY dye=.

_TEA
A0 \ \ AC BF, OFt, EN OE EN AC
C2 NH N\ NH N\ 3 tz t3

Scheme 2- Treibs and Kreuzer's simplified BODIPY synthesis reaction®.

Although BODIPYs' structure (figure 2) is quasi-aromatic, since the boron atom does not
participate in the electronic delocalization, their properties are broadly similar to aromatic m-systems
since the coordination of the boron atom holds the dipyrromethene ligand in a rigid and planar

conformationz.

AN / >
/ \ 3 0r

Figure 2- BODIPY chemical structure and numbering?.

The simplest BODIPY with hydrogens in the dipyrrin core shows sharp and strong absorption and
fluorescence bands in the green-yellow zone (500-510 nm) of the visible spectrum corresponding to
the highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO)
transition?.

Besides this, the planar conformation of the m-system leads to high quantum yields (@) and a

very low rate of nonradiative decay. If the BODIPY core is structurally modified, with an increase degree
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of conformational flexibility, the fluorescence quantum yield tends to lower valuesz.

In terms of water solubility, BODIPYs have limited utility since for biological applications or
biological samples analysis, good water solubility and resistance to the formation of nonfluorescent
dimer and higher aggregates is necessary. This solubility problem is usually improved by introducing
ionizable hydrophilic groups within the core structure. Niu S. ef a/. reported novel water-soluble BODIPY
derivatives by introducing one or two sulfonate groups onto the hydrophobic BODIPY core obtaining
good yields in the synthesis and without great changes on photophysical properties. Another recent
approach to improve BODIPYs water solubility was reported by Isik M. ef a/. and consisted of introducing
ethylene glycolic entities bounded on phenolic hydroxyl groups and applied into the BODIPY core (figure
3)e,

Figure 3- Examples of two BODIPY derivatives soluble in water with sulfonate groups (5) and hydroxyl groups (6)==.

1.4.1. BODIPYs general design strategies

The use of organic probes with fluorescence on the red and NIR (near infrared) part of the
electromagnetic spectrum has advantages from the current simple fluorescence probes, gaining a lot of
importance nowadays. This kind of sensors work on the 650-1000 nm window, where autofluorescence,
and scattering are minimized, and there is less light scattering, avoiding those problemsz.

Until recently, cyanine dyes have been the principal choice for NIR probes design, but issues
related to their poor photostability and low @ values are often seen. Also, rotation and photoisomerization
of their flexible structures results in nonradiative fluorescent pathwaysz.

BODIPYs have interesting properties that are easily altered by small modifications in their
structure, leading to changes in fluorescence to the desired part of the spectrum, without the
aforementioned problems of cyanine dyes, turning them into promising probesz=,

BODIPYs have also been used to create chromophore systems for the study of artificial
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photosynthetic models because of its high donor ability. These molecules normally exhibit absorption and
fluorescence at around 500 and 520 nm. To shift wavelengths into the NIR region, the main modification

strategies are peripheral annulation to expand t1-conjugation, the introduction of push-pull substituents

and heteroatom substitution=.

1.4.1.1.  Peripheral annulation

Peripheral annulation is achieved by the fusion of aromatic rings to the BODIPY core, causing
pronounced bathochromic shifts.

Aromatic units can be fused at the [a] bond, [b] bond and the “zig-zag” edge of the BODIPY core.
Fusion of aromatic units results in red shift to their absorption and emission spectra, impacting their

photophysical properties (figure 4)==.

[a]-annulation

= A\
\ N\é/Ng
F"°F

Figure 4- Examples of peripheral annulation designs using phenyl units=.

1.4.1.2.  Aromatic [g]-fused BODIPY

[a]-Fused BODIPYs with aromatic units are obtained in various ways by retro-Diels—Alder reaction,
using for example iso-indole fragments, or condensation of o-di-acetophenone with an ammonium salt,
followed by boron complexation. The resulting derivatives have pronounced red shift in both absorption
and emission spectra due to the extended m-conjugation=+. The examples in figure 5 are differently meso
substituted compounds not showing significant differences in absorption and emission wavelengths

(respectively, Auws gnd Aem ™,
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R 7a, R- CH,, EtOH, @ =0.28

O Aps =603 nm, A, =609nm

7b, R= 4-iodophenyl, EtOH

7 @ =0.26, A,,.~606nm, A, =614nm

Figure 5- Example of two BODIPYs with [g]-annulation 7a and 7b*

1.4.1.3.  Aromatic [5]-fused BODIPYs

Many strategies have been developed to fuse aromatic rings on BODIPYs [b]-bond. Condensation
between 3-phenyl substituted indole fragments with an aromatic aldehyde, followed by oxidation,
complexation with BF:-OEt. produced dibenzo- [6]-fused BODIPY. The [4]-fused phenyl ring generally
influences the LUMO energy level, while the HOMO energy level of the BODIPY core does not changez=.

An example of [5]-fused BODIPY dyes are the Keio Fluors (figure 6) that have furan rigs fused on
the BODIPY core, which exhibited a significant spectral red shift with sharp absorption and fluorescence

bands and outstanding bright fluorescence.

CHCI,, ®;=0.56

O Ape= 723nm, A= 738nm
_0O

Figure 6- An example of Keio Fluors BODIPY 8=,

1.4.1.4. “Zigzag" edge fusion
Intramolecular oxidative cyclodehydrogenation is a way to fuse an electron-rich aromatic unit to
the “zig-zag” edge of the BODIPY 9 (figure 7). After fusion of aromatic moieties, the obtained BODIPY
dyes exhibited red-shifted absorption spectra beyond 1000 nm. These compounds showed good photo-
and chemical stability. When studied, they revealed an absorption band in the long-wavelength region that

gave evidence for intramolecular charge transfer or aggregation profiles because of the highly extended
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T1-conjugation. For these reasons, these dyes always exhibited a low fluorescence quantum yield.

Toluene, @, = 0.008
Aps =670 nm, 780 nm

Aeri=742 nm, 830 nm

Figure 7- An example of “zig-zag” edge fusion design BODIPY 9=,

1.4.2. Push - pull substituents

The use of pull and push substituents is a BODIPY synthesis strategy that allows the delocalization
of electrons through the introduction of aromatic rings at the o position. This strategy extends the
conjugation system, but the bathochromic shift is limited. The use of heterocyclic aromatic substituents

such as pyrrole and thiophene at the a positions can induce more pronounced red spectral shifts (figure
8)=.

== ~ \
NN NS CH.Cl,, &= 0.82
Push F F

Ay =573 nm, A,,,=643 nm

Figure 8- Push and pull layout and BODIPY 10 designed with this strategy==.

1.4.3. Heteroatom substitution

The most common BODIPYs substituted with heteroatoms are the aza-BODIPYs where the carbon

10
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atom at the meso position is replaced by an imine type nitrogen atom, such as BOBIPY 11 (figure 9).
These molecules are obtained by the reaction of pyrrole and nitrosopyrrole and the addition between the
chalcones and nitromethane, or cyanide. Followed by a condensation reaction with ammonium acetate,
provided the aza-di-pyrromethenes, and complexation with BF:-Et.O gave the corresponding aza-BODIPYs.

Aza-BODIPYs are attractive because their red-shifted absorption/emission spectra and
unmodified excellent properties from the classic BODIPYs include high molar extinction coefficients,

narrow spectral bands, high fluorescence quantum yields and good stabilityz.

4 AN A\ CHCl,, &= 0.008
N.-_N=
B Aps =650 nm, A,,=673 nm
FFF !
11

Figure 9- Example of an aza-BODIPY 11,

1.5. Dicyanovinyl derivatives

Dicyanovinyl derivatives are widely used as colorimetric and fluorescent sensors based on
nucleophilic addition reactions that shows both sensitivity and specificity to anions and molecules rich in
eletrectons. Structurally they have strong electron-withdrawing effects and are used in presence of well-
known recognition units. In literature is reported widely reported the addition of cyanide ion to the double
bond of the dicyanovinyl moiety causing significant changes in color and fluorescence associated with ICT
mechanismzsss-4

An excellent example is a novel dicyanovinyl derivative 12 studied by Ozdemir A. et al, a

chemodosimeter sensor for cyanide (figure 10), where the anion is added to the S-position of the vinyl

group.

12

Figure 10- Novel dicyanovinyl derivative 12 and the respective product after addition of the cyanide ion=.
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In figure 11 are presented the absorption (a) and emission (b) spectra of this compound in presence
of different analytes showing the selectivity for cyanide. The differences in fluorescence and color are in

the inset and it is possible to see the changes caused by the cut off of the ICT mechanism-.
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Figure 11- Absorption (a) and emission (b) spectra of the dicyanovinyl derivative 12 in presence of different anions. The inset

represents the observable changes in fluorescence and color in presence of cianyde®.

1.6. llicit drugs

The use of cigarettes and alcohol as legal drugs is common by the population. However, other
drugs have been a problem for society for many years, causing several social situations such as increased
crime, unemployment, health problems, among others. Because of this, in many countries some drugs
are classified as illicit, but the use of the different drugs is not equally stigmatized+.

llicit drugs (ID) are associated with social prejudice, as the use of powdered cocaine, despite
presenting health risks, is often seen as a demonstration of status, while the use of heroin or crack is
associated with disadvantaged or marginalized groups. The granting of social status to users of ID can
encourage their use and the social ills that accompany their consumption; however, their stigmatization
can also affect people in a contrary way, due to the status with which they are sometimes associated.
Despite that, both behaviors are health dangerous#. It is estimated that in the United States alone ID
accounts for 30000 premature deaths per year and in Europe at least 8300 deaths in 20184, To avoid
these problems, governments around the world have developed programs to eradicate the sale and
trafficking of ID, increasing the legal effects“. ID can cause acute intoxication and in extreme cases death,
due to this it has become important to develop ways to determine the use of this type of substances.

A worrying situation related to drug abuse is the misuse of prescription medicines. This behavior
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is the use of a medication without a prescription, differently from that prescribed, or for recreational
purposes. According to various researches, prescription drugs used to treat pain, attention deficit, and
anxiety disorders, are being used among ID users. Some of those drugs are opiates and cannabinoids®,
which cause addiction and dependence. The consequences of this abuse have steadily worsened,
reflecting an increase in admissions to treatment, visits to emergency rooms, and overdose deaths#<. To
help with diagnosis, prevent serious situations, among others, there is a need to develop faster, more
selective and less expensive techniques to detect these drugs. In this work, the targeted abuse drugs

were the prescription drugs codeine and fentanyl and their main metabolites.

1.6.1. Cannabinoids

Cannabinoids are a class of chemical compounds of diverse origins that act on cannabinoid
receptors on the cell membrane belonging to the G-protein-coupled receptor group (GPCR). Three main
groups of cannabinoid receptor ligands have been identified dividing, consequently, the cannabinoids into
three different types: endocannabinoids, phytocannabinoids, and synthetic cannabinoids*. For this work

only phytocannabinoids and synthetic cannabinoids have interest.

1.6.1.1.  Phytocannabinoids

Phytocannabinoids are produced by cannabis, a generic term used for drugs produced from
plants belonging to the genus Cannabis. It is one of the most popular recreational drugs and it is also
used in medical therapy to treat disease or alleviate symptoms. Cannabis's main application in medicine
is in the treatment of chronically ill patients. Medications based on phytocannabinoids have been
investigated in many clinical trials targeting diseases like multiple sclerosis, cancer, and noncancer pain,
neurodegenerative disorders, and appetite suppression< -,

The most common phytocannabinoids are Astetrahydrocannabinol (THC; 6, 6, 9-trimethyl-3-
pentyl-6a, 7, 8, 10a-tetrahydro-6H-benzo[c]chromen-1-ol), which as the more pronounced psychoactivity
of this group, the others are 6, 6, 9-trimethyl-3-pentyl-6H-benzo[c]chromen-1-ol, well-known as
cannabinol, and (1'R, 2'§-1', 2', 5'-trimethyl-4-pentyl-2’-(prop-1-en-2-yl)-1', 2', 3’, 4'4tetrahydro-[1, 1'-

biphenyl]-2, 6-diol, known as cannabidiol*#, which is non-psychoactive=s (Figure 12).
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(1] I

13 14 15

Figure 12- Chemical structures of the principal phytocannabinoids: THC (13), cannabinol (14) and cannabidiol (15)=.

After being injected in the form of herb or resin preparations, the phytocannabinoids suffer various
metabolic pathways. One of the major pathways occurs with THC, it involves the initial reaction of allylic
hydroxylation at the C11 forming 11-hydroxy-A>-tetrahydrocannabinol with systematic name 6-
(hydroxymethyl)-9, 9-dimethyl-2-pentyl-db, 7, 8, 8a, 9, 10-hexahydrophenanthren-4-ol, furthermore is
possible the oxidation to 11-nor-9-carboxy- As-tetrahydrocannabinol with systematic name 5-hydroxy-10,
10-dimethyl-7-pentyl-1, 2, 4a, 9, 10, 10a-hexahydrophenanthrene-3-carboxylic acid, the major metabolite

found in blood and urine (scheme 3)=.

HO HO on HO
___ L, OH - . O
‘ O (0] ‘
‘ O ‘ (o) fo)

13 16 17

Scheme 3- The major metabolic pathway that occurs to phytocannabinoids taking as an example THC 13. The first

hydroxylation occurs forming compound 16 followed by oxidation forming 17=.

1.6.2. Opiates and opioids

Traditionally, the term opioid refers to all-natural and synthetic compounds that have morphine-
like actions, while the term opiates refer to a compound derived from Papaver somniferum, such as
morphine and codeine and its synthetic analogues, such as oxycodone and buprenorphine.

Opioids can be subdivided based on the ring structure of 4,5-epoxymorphine like morphine,
codeine, heroin and naloxone, piperidine, and phenylpiperidines like meperidine, loperamide, fentanyl

and others. Although these drugs have very different chemical structures, mechanisms, and rates of drug
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distribution and elimination, their only common feature is interaction with the same receptor in the human
body (u opioid receptor). These compounds are used in medicine to treat acute and chronic pain. They
have a narrow therapeutic index and great variability in response and are one of the most used IDs=.
Many reports suggest that chronic exposure to opiates, such as morphine and heroin, can result
in cognitive deficits, for example, heroin users perform worse in attention, verbal fluency, and memory
tasks than controlsss, The chemical structure of each synthetic opiate is unique and fails to follow the
overall morphine like structure found in the natural compounds. Therefore, each one must be considered

on its own when studying metabolism and the potential for pharmacokinetic drug-drug interactions.

1.6.2.1. Codeine
Codeine, with systematic name (4£,7S,7aR)-9-methoxy-3-methyl-2,3,4,4a,7,7a-hexahydro-1
4,12-methanobenzofuro[3,2-e]-isoquinolin-7-ol, is a natural constituent of Papaver somniferum,
commonly known as opium poppy. Is usually used as an analgesic to treat mild and moderate pain=.
The main pathways of codeine metabolization consist in (*demethylation, Ademethylation or

both reactions forming the products shown in scheme 4.

Scheme 4- Codeine (18) metabolites:  morphine  ((4/,7S,7aR)-3-methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinoline-7,9-diol, 19), norcodeine ((4R7S,7aR)-9-methoxy-2,3,4,4a,7,7a-hexahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-0ol,  20) and  normorphine  ((4A75,7aR)-2,3,4,4a,7,7a-hexahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinoline-7,9-diol, 21)-.

1.6.2.2.  Fentanyl
Fentanyl, with the systematic name AM(1-phenethylpiperidin-4-yl)-/phenylpropionamide, is a

synthetic opioid that acts as an opioid agonist. The exposure of humans to fentanyl can cause euphoria,
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sedation, respiratory depression, physical tolerance and dependence, which are the same effect as
exposure to other opioids such as morphine and heroinss=,

Oxidative Mdealkylation is fentanyl’s primary pathway of metabolism in humans, being the main
metabolite norfentanyl, a small percentage of fentanyl is metabolized by alkyl hydroxylation, combined
with N-dealkylation and hydroxylation or amide hydrolysis to the inactive compounds hydroxyfentanyl,
hydroxy norfentanyl, and despropionylfentanylss<«, Scheme 5 shows Fentanyl chemical structures and the

metabolites.

Q0
NH/ rgo 22

2,3
r&

23

|
oL N
g Q%ogm@ o

HO H

24 25 26

Scheme 5- Fentanil (22) metabolites: norfentanyl (Aphenyl-A4(piperidin-4-yl)propionamide, 23), hydroxynorfentanil (3-hydroxy-
Mphenyl-M(piperidin-4-yl)propanamide, 24), hydroxyfentanyl (M(1-(2-hydroxy-2-phenylethyl)piperidin-4-yl)-
phenylpropionamide, 25) and despropionylfentanyl (1-phenethyl-Aphenylpiperidin-4-amine, 26).

1.6.3. Samples and analysis techniques used for ID

The most objective way to drug test humans is to analyze biological fluid and tissues. When it is
intended to diagnose the use of a drug, the choice of the matrix to be analyzed must be considered. Every
individual offers different information standards, in addition to the other need-to-know parameters such
as the time of exposure, the form or modality of ingestion, the knowledge of the pharmacokinetics and
pharmacodynamics of the substance®.

The most common samples used in drugs analysis are blood and urine, however, there is a
growing interest in the use of alternative body fluids and tissues, such as saliva, skin or skin excretions

and hair for the diagnosis of drug use®*s. Most of the samples can be obtained non-invasively,
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nevertheless, samples taken in a more invasive manner or with greater discomfort for the patient, such
as blood and urine, may reveal more information about the metabolization of ID, among others, which
may be importante,

There are several analysis techniques for this type of drugs, such as those presented in table 2.

Table 2- Analytic techniques used for abuse drugs according to sample nature.

Drug and metabolites Sample nature Technique Reference
Urine, saliva, tears and plasma GC/MS 45,63
Saliva 2D-GC/MS 64
Cannabinoids Urine LC/MS 50, 65
Immunoassay 66, 67
Plasma and urine HPLC 4, 68
Codeine Immunoassay 68
Urine GC/MS 69
Blood LC/MS 70,71
Fentanyl Urine, saliva GC/MS 72,73
Plasma and saliva HPLC/MS 58

In this work, the type of sample targeted is urine. For that is important to know its constitution.
Compounds present in the urine can act like interferents and may need to be separated from the sample
in the pre-treatment stage of chromatography, for example, or in this case, the developed probes need to
have specific recognition systems to avoid identification and quantification mistakes.

Urine is made up mostly of water, however various types of molecules and salts, such as sodium
chloride, can be dissolved in the matrix. Larger molecules as peptides, proteins and small organic
molecules are found. The most common small molecules in urine are urea (U), uric acid, creatinine (CRT)

and some cholestenoic acids, the first three being the most abundant (figure 13).
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Figure 13- Chemical structure of principal components of urine: U (27), uric acid (7,9-dihydro-1 H-purine-2,6,8(3 H)-trione, 28),
CRT (2-imino-1-methylimidazolidin-4-one, 229) and cholestenoic acid ((6A)-6-((859510/13~,145,17 A-3-hydroxy-10,13-
dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1 Hcyclopenta[a]phenanthren-17-yl)-2-methylheptanoic  acid,
30) 7475

Another factor of the urine constitution that may affect the accurate detection of the target analytes
is the pH. Urine’s pH is not a constant value, usually it is in a range between 6.0 and 7.0 in normal

situations. In case of drug addicts is found that the urine pH usually stays between 5 and 877,

1.7. lon importance and recognition

lons play a fundamental role in several areas such as medicine, environment and biology, as they
play important roles in living beings. Therefore, identification and quantification of these analytes has
become important for the understanding of certain diseases and for the development of diagnostic

methods.

1.7.1. Cation recognition

Metal ions play a fundamental role in several biochemical processes, such as in the nervous
impulse transmission mechanism, where Na+, K- and Ca* ions cause changes in the electrical potential
of cell membranes» .

Some metal ions such as Cu+, Mgz, Mnz, Cuz, Zn>, Fe* are involved in the formation of complexes
with proteins (metalloproteins) regulating the enzymatic activity or transporting molecules. In the presence
of Fe>, hemoglobin is able to transport oxygen into the bloodstream#. On the other hand, significant
variations in the concentrations of these ionic species can induce a deregulation of biological systems®.
Recent studies have linked several pathologies with abnormal levels of ions in the human body. It is

believed that the balance of ions in the patient's body is affected, with uncontrolled ions such as Cuz, Fes
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and Zn>, and consequently an accumulation in tissues and cells™.

In the environment, large amounts of metals are dumped daily by industries into local rivers and
watersheds. In an effort to effectively monitor these situations, many resources have been devoted to the
development of new selective receptors for cations.

In this sense, it is increasingly necessary to develop new ways to detect these analytes effectively

in order to prevent health and environmental problems.

Iron(ll) and iron(lll)

Iron is indispensable for life and Fe? and Fe* are the most abundant transition metals in the
human body. It plays crucial roles in activities such as the growth and development of living systems and
vital biochemical processes, such as oxygen detection and transport, electron transfer, catalysis of various
enzymes, cell and DNA metabolism, RNA synthesis®.

The detection of trivalent cations is of significant importance due to their crucial role in a wide range
of environmental and biological processes. For example, the lack of Fe* in the body can lead to various
diseases such as anemia, diabetes, hemochromatosis, Parkinson's disease and may even be associated

with dysfunctions in the heart, pancreas, kidneys and liver .

Copper (Il)

Copper (I1) is the third most abundant and essential transition metal in the human body due to the
vital roles it plays in several biological processes, such as the stimulation of endothelial cells, being
necessary for the secretion of various angiogenic factors by tumor cells. However, given the extensive
application in science and in the electrical and machinery and construction industry, has become a
dangerous pollutant for the environment. Abnormal levels of copper(ll) in organisms can cause symptoms
similar to neutropenia, bone abnormality, hypopigmentation, impaired growth and osteoporosis, as well
as serious health problems such as neurodegenerative diseases such as Alzheimer's, Parkinson's, Menke,

prions and Wilsonz+,

Zinc(ll)

Zinc is the second most abundant transition metal ion in the human body. It is cytotoxic if consumed
in large quantities, and unbalanced metabolism can lead to skin diseases, diabetes, epilepsy, ischemic
stroke, Alzheimer's disease, prostatic adenocarcinoma and pancreatic islets, which play critical roles in

insulin biosynthesis, storage and secretion, on the other hand, the considerable decrease in zinc
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concentration may be associated with the development of cancer. Zinc is considered an environmental
pollutant, and significant concentrations of this metal can reduce soil microbial activity causing phytotoxic

effects and is a common contaminant in agriculture among others?#,

Palladium(ll)

Palladium is widely used in catalysts, dental and medical devices, jewelry and fuel cells, it has
high toxicity and, therefore, is highly harmful to the environment and human health. The threshold level
of palladium in drugs has been limited to 5-10 ppm and its maximum dietary intake is restricted to ca.
1.5-15 ug per person. In organic synthesis, it is used as a catalyst for the synthesis of complex molecules,
but owing to the frequent use of such catalysts, a high level of residual palladium is often found in the

resulting product, which can be a danger to health -2,

Mercury(ll)

Mercury (ll) is a global pollutant that affects not only the ecosystem, but also human health.
Mercury exists in three forms: elemental or metallic mercury, inorganic mercury compounds and organic
mercury. The main sources of mercury are the burning of fossil fuels, mainly coal, municipal waste and
incineration. Mercury is also released by natural evaporation from land and sea surfaces and by
volcanoes. The most toxic form of mercury is methylmercury. Exposure to mercury, even at low
concentrations induces digestive, brain, kidney and endocrine system diseases. this is especially

associated with neurological diseases®#.

Nickel(ll)

Nickel compounds have many industrial uses such as Ni-Cd batteries, machinery, pigments, welding,
electroplating, tools and catalyst precursors. Nickel is also an important metal in biological systems.
Overexposure to nickel ion can cause acute pneumonia, dermatitis, asthma, central nervous system
disorders, and cancer of the nasal cavity and lungs. The adverse health effects of nickel depend on the
route of exposure (inhalation, oral or dermal) and can be classified according to systemic, immunological,
neurological, reproductive, developmental or carcinogenic effects after acute (1 day), subchronic (10-100

days) and chronic (100 days or more) exposure periods®s,
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1.7.2. Anion recognition

Anions are also involved in several important biological processes, playing various roles, as well as in
environmental and industrial applications®. The development of small molecules for anions, therefore,
continues to attract a lot of research attention since its beginnings in the late 1960s and 1970s.
Nowadays, is a fundamental pillar of supramolecular chemistry with applications in many areas including
detection, extraction, transport through lipid bilayers and organocatalysisei*, The design of anion
receptors is a challenge because anions, in comparison to cations, are larger and therefore have a lower
charge/radius ratio. They are also susceptible to pH, so that in an acidic environment they become
protonated, losing their negative charge. The binding of the anion to the receptor can also be influenced

by the solventso,

Fluoride

Fluoride is a very important analyte due to its biological and medicinal importance. Small amounts,
on the order of 1 mg / L in the ingested water, have a beneficial effect, decreasing the rate of occurrence
of tooth decay, especially in children, and it is also used in the treatment of osteoporosis. On the other
hand, excess fluoride results in pathological changes in teeth and bones, such as dental and skeletal
fluorosis, and can cause kidney failure. According to the World Health Organization (WHO), the maximum

allowable limit of fluoride ions in drinking water is 1.5 mg/ 110,

Cyanide

Cyanide is a highly toxic substance for the environment and for mammals. Small amounts of cyanide
can affect various functions in the human body, attacking the vascular, visual, central nervous, cardiac,
endocrine and metabolic systems. The cyanide anion can be absorbed by the lungs, gastrointestinal tract
and skin, causing vomiting, convulsions, unconsciousness and possibly leading to death. It is lethal to
humans at concentrations in the range of 0.5-3.5 mg/kg body weight. In addition to being found in many
foods and plants, cyanides are used industrially in the synthesis of organic chemicals, polymers,

metallurgy, as well as in gold mining-.

Acetate
The acetate ion is a vital component of several metabolic processes and specific roles in biochemical
processes related to antibodies and enzymes. It has been widely used in the manufacture of paint,

plastics, paper and the nylon industryzo-1s,
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1.8. From machine learning to chemometrics. Applications

In order to understand spectroscopic data and get a conclusion about them in a certain context is
necessary to apply statistical tools. These tools allow relating the results to the work objective. Multivariate
regression methods and design of experiments (DOE) are some of these tools. They appear as a
consequence of the increase in the dimensionality of chemical data associated:,

Multivariate analysis (MA) consists in simultaneously analyzing various variables with the purpose of
understand how these variables correlate with each other, allowing interesting breakthroughs due to its
ability to analyze high dimensionality data. However, its application was mostly based on multivariate
regression methods, response surface’s and pattern recognition, with the increasing amount of data
acquired with novel technology and the growth and rise of artificial intelligence (Al) and machine learning
(ML) methods it was a matter of time until ML methods started to be employed in analytical chemistry-
A rapid growth of the technology in terms of graphics processing units, powerful cloud-computing
systems contributed to major breakthroughs in Al and MLuo-13,

Samuel ef al. defined ML as “the field of study that gives computers the ability to learn without being
explicitly programmed”. In fact, this new approach was an important catalyst in bridging ML and chemistry
originating the term chemometricsi»:+.Chemometrics means, no more than, performing calculations on
chemical data'.

Analytical chemistry is no exception and the application of these novel tools allowing exhaustive
treatment of the chemical data permitting that the hidden information in chemical data acquired by
several different methods could be understood. In what concerns the analytical chemistry process, this
came to be its last big update in a long time.

Chemometric technics can be applied on spectroscopy data using mathematical, statistical and logic-
based approaches to correlate analytical instrument data to quality, compositional, physical properties or

discrete classification of the used samples:.

1.9. Learning Algorithms

Learning algorithms are used to treat analytic data creating supervised ML models. The algorithms
have a mathematical formalism but the important part is the form of how it works and the information
given about the data. In practice, an algorithm is a step-by-step way to solve a problem. ML algorithms
are most of the times called learners, contrasting with common algorithms that are base in a list organized
rules, the concept of learners consent them to conclude the rules by analyzing a substantial amount of

data.
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Lots of ML algorithms are known and have specific applications intended to serve different purposes.

Some of them are shown in scheme 6512,
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Scheme 6- Classification of the principal ML algorithms®,

1.9.1. Principal component analysis (PCA)

PCA is a mathematical algorithm used to reduce the dimension of a data set while maintaining
most of the variation of the original set. The reduction is made by identifying directions, called the principal
components (PCs), which consider the variation in the data is maximal. Using, only, a few components,
is possible to represent each sample with relatively few numbers instead of values for thousands of
variables using algebra operations. Samples can then be represented, making possible to visually assess
similarities and differences between the samples and determine if the samples can be grouped. PCA new
variables are linear combinations of the original variables. Usually, are used two principal components,
the first one embodies the largest variation of the data, otherwise, the second principal component has
an uncorrelated direction to the first component along which the samples show the largest variation:zo:2,

PCA extensively used to explore high-dimensional data sets. Three-dimensional visualizations are
used for this exploration, and samples are either projected onto the components, or plotted according to
their correlation with the components presenting their relation. Some information will be lost in two- or

three-dimensional visualizations, it is important to systematically try different combinations of components
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when picturing a data set to avoid this problem. As the principal components are uncorrelated, they may
represent different characteristics of the samples. This suggests that PCA can serve as a useful first step
before clustering or classification of samples.

In figure 14 are shown two graphics related to an example which explains better PCA. The
example is about breast cancer, the samples are classified as being either positive or negative for the
estrogen receptor, and two genes whose expression is known to correlate with estrogen receptor status
(figure 14a). The two principal components (PCs) are shown in figure 14b. The PC 1 has the direction
along which the samples display the major variation. The PC 2 has the direction uncorrelated to the first
component along which the samples show the largest variation. Individually, the components can be
interpreted as their directions, which maximizes the variance of the samples when projected on the PC.
Applying PCA, is calculated that PC 1 has different contribution from the two-original variable in different

weights showing the sample-like pattern of all the data.
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Figure 14- Data sets before (a) applying PCA and after (b), showing the PCs direction=.

1.9.2. Partial least square regression (PLS)

Chemometricians are familiar with the concepts of regression methods and often select the use
of main components or latent variables. Those aim to represent global orthogonal non- correlated
variables deduced from the highly intercorrelated spectral sets. Spectroscopists, in the other hand,
usually prefer variables or intervals of variables in the original traditional variable space because these
represent interpretable chromophores, fluorophores, and other chemical species and because a strict
orthogonal decomposition is not realistic.

The development of chemometric methods for spectral variable is important to improve the
model’s predictive ability. With respect to data reduction, variable selection may be a realistic method
since spectral data contain a high degree of covariance and large amounts of redundant information.

Because of that chemometric methods for variable where information is optimally preserved is needed
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and consequently widely applied'z.

Multivariate analysis and latent variable methods, as PLS, are a possibility to project multivariate
data into few dimensions in a graphical interface. PLS goal is to predict or analyze dependent variables
from a set of independent variables (predictors). This prediction is accomplished by extracting from the
predictors a set of orthogonal factors, the latent variables which have the finest predictive power. PLS
regression is particularly useful to predict a set of dependent variables from a large set of predictors. It
originated in the social sciences but became popular first in chemometrics due in part to Herman’s son
Svanteand in sensory evaluationtzt-z,

For example, analyzing sugars in juice samples is hard because NIR spectra are, usually, broad
and overlapped hiding important data. Appling PLS on the same NIR spectra data is possible to reobtain
that hidden information and PLS makes use of the same information to establish analyte values
associated with the spectra. After determining the right PCs and treat the data for outliers, then
regression analysis is made leading to various PLS regression models. The best model is obtained by
the second derivative processed spectra which indicates the linear relationship of the predicted values
and reference values has the priority over other pre-treated and raw spectra. The best calibration

equation can be applied to unknown samples to do quantification of the interest analites!.

1.9.3. Multiple linear regression and principal component regression

Multiple linear regression (MLR) is an extension of simple linear regression (SLR), including more
than one explanatory variable. In both cases, we still use the term "linear" because the response variable
is directly related to a linear combination of variables. This type of regression usually presents collinearity
(correlation of variables) problems, when spectral data are used, the great variability of these data leads
to model instability since the coefficient of determination (r?) changes easily.

PCA and MLR can be combined to improve the extrapolative capacity of MLR, this is known as
principal component regression (PCR).

This technique is popular in spectroscopic studies owing to its ability to accommodate spectral
collinearity by excluding principal components with less information about the data. Thus, the inherent
collinearity is reduced, leading to reliable and good predictive model with great stability'>.

In other words, PCR is a two-step multivariate calibration method: in the first step, a PCA, of the
data matrix is performed and the measured variables, for example absorbances at different wavelengths,
are converted into new ones, scores. This is followed by MLR between the scores obtained in the PCA

step and the characteristic to be modelled, for example concentrationz,
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2. Materials and methods

2.1. General considerations

The commercially available reagents and solvents were provided by Sigma-Aldrich, Acros and
Fluka and used as received. Dicyanovinyl derivatives 4 and 5 were previously synthesized by the research
group.

Thin layer chromatography was performed on Macherey-Nagel silica gel plates with 0.20 mm
thick (DC-Fertigfolien ALUGRAM 60F254) and visualization was carried out under ultraviolet light (A-. 254
and 365 nm) in a CN-15LC light chamber (Vilber Lourmat).

H and =C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Advance Ill at
400 MHz and 100.6 MHz, respectively, using the solvent peak as internal reference. The assignment of
1H and =C signals was performed using two-dimensional heteronuclear correlation techniques (HMBC
and HMQC) and distortionless enhancement by polarization transfer (DEPT). Deuterated solvents used in
NMR spectroscopy were CDCl: with 99.8% degree of deuteration, containing 0.03% v/v of
tetramethylsilane or deuterated acetonitrile (ACN-ds) with 99.8% degree of deuteration tetramethylsilane
from Aldrich.

Ultraviolet-visible (UV-vis) absorption spectra were obtained on a UV/2501PC spectrophotometer
(Shimadzu) and fluorescence spectra were obtained on a FluoroMax-4 spectrofluorimeter (Horiba).

Low resolution mass spectra were obtained using a LC-MS LXQ Thermo equipment, via direct
injection of an ACN/water (1:1) solution with 0,05% acetic acid with electrospray ionization method (ESI).

Infrared (IR) spectra were obtained on an ABB FTLA2000 instrument in KBr discs.

The ion salts used were in the form of tetrabutylammonium salts for anions and perchlorate for
cations, except for Cu(l), Pd(ll) and Li(ll), in the form of tetrafluoroborate and Sn(ll) in the form of chloride.

SpecAl by Tellspec software was used to develop the multivariate models for ions quantification

and Microsoft Office Excel for the development of univariate models.
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2.2. Synthesis of BODIPY derivatives

2.2.1. Synthesis of mesotriphenylamine BODIPY derivative 1

2,4-Dimethylpyrrole (69.6 mg, 0.731 mmol) and 4-(diphenylamino)benzaldehyde (100 mg,
0.366 mmol) were dissolved in anhydrous DCM (35mL). Two drops of TFA were added and the reaction
mixture was stirred at room temperature for 50 minutes under N.. A solution of DDQ (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone, 166.1 mg, 0.731 mmol) dissolved in dry DCM (35 mL) was added to the
mixture, continuing the stirring for 50 minutes. Then Et:N (0.88 mL, 6.29 mmol) was added and, after
15 minutes, BF:.OEt. (1.31 mL, 10.6 mmol) was added and stirred for 30 minutes. The solvent was
evaporated and the crude residue subjected to column chromatography (petroleum ether/DCM, 2:1) to
obtain the pure product as a dark red solid (20.76 mg, 22%). The obtained sample was in agreement
with a previously obtained compound, fully characterized by :H and =C NMR, IR spectroscopy and mass
spectrometry, within the research group.

'H NMR (400 MHz, CDCl:): 6 =1.60 (s, 6H, CH=-1 e CH--7), 2.57 (s, 6H, CH=3 e CH=-5), 6.02 (s,
2H, H-2 e H-6), 7.06-7.19 (m, 10H, 10 x Ar-H), 7.27-7.32 (m, 4H, 4 x Ar-H) ppm.

2.2.2. Synthesis of diformylated BODIPY derivative 2

N 1” " 3

2
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A mixture of POCIs (4.33 mL; 46.3 mmol) and dry DMF (4.44 mL; 60.3 mmol) was stirred in an
ice bath for 5 minutes under N.. The mixture was allowed to reach room temperature and then stirred for
30 minutes. BODIPY 1 (153.6 mg, 0.312 mmol) dissolved in dry DCM (10 mL) was added to the reaction
mixture. The mixture was heated to 50°C under N. and stirred for 2 hours. After cooling to room
temperature, the reaction mixture was slowly added to a saturated solution of NaHCOs (100 mL) in an
ice bath. After the addition was completed, the mixture obtained was removed from the ice bath and kept
under stirring for another 30 minutes. Ethyl acetate (2 x 20 mL) was added to the mixture and the
combined organic phases were washed with distilled water (2 x 40 mL). Subsequently, the organic phase
was dried over anhydrous MgSO., filtered and evaporated. The crude residue was purified by column
chromatography using DCM/methanol (99:1) as eluent, to afford the pure product as a dark red solid
(60 mg, 27%).

'H NMR (400 MHz, CDCl:): § =1.64 (s, 3H, CH=7), 1.86 (s, 3H, CH-1), 2.63 (s, 3H, CH=-5),
2.82 (s, 3H, CH=-3), 6.20 (s, 1H, CH-6), 7.10 (d, ~8.8 Hz, 2H, H-2"" and H-6"), 7.18 (dd, ~1.2 and
8.4 Hz, 2H, H-3"" and H-5"""), 7.23 (m, 3H, H-4""", H-2" and H-6), 7.32 (d, /~8,8 Hz, 2H, H-3" and H-
5'), 7.38 (m, 2H, H-2"" and H-6""), 7.75 (d, ~8,8 Hz, 2H, H-3"" and H-5""), 9.86 (s, 1H, C4"-CHO),
10.04 (s, 1H, C2-CHO).

15C NMR (100.6 MHz, CDCl:): 6 =11.81 (CH=-1), 12.87 (CH=-3), 15.05 (CH5 and CH=7), 120.81
(C2"and C6"), 124.17 (C6), 125.62 (C4""), 125.71 (C3" and C5’), 126.34 (C2, C3"" and C5'""), 129.19
(C2" and C6’), 129.61 (C4’), 129.88 (C1), 130.03 (C2"" and C6'"), 130.17 (C4"), 131.37 (C3" and
C5"), 134.19 (C7), 142.41 (C8a), 142.98 (C8), 145.87 (C1""), 146.85 (C7a), 147.66 (C1’), 152.56
(C17), 156.61 (C3), 161.82 (C5), 185.88 (C2-CHO), 190.38 (C4""-CHO).

IR (KBr): v= 2920, 2850, 1664, 1654, 1589, 1508, 1384, 112, 1094, 823 cm-.

MS (ESI) m/z (%): 548.45 ([M]*+1, 100), 405.38 (22), 324.41 (26), 296.37 (32), 268.33 (50),
240.32 (28).
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2.2.3. Synthesis of nitrovinyl BODIPY derivative 3

A mixture of ammonium acetate (56.3 mg 0.073 mmol) and nitromethane (1.0 mL; 18.68 mmol)
was added to compound 2 (20,0 mg 0.037 mmol). The mixture was stirred and heated at 90°C for 14
h. Product formation was monitored with thin layer chromatography (TLC) using DCM as eluent. When
the reaction was completed, distilled water (40 mL) was added and the mixture was extracted with DCM
(3x15 mL). The organic layer was dried with anhydrous MgS0. and filtered. The solvent was evaporated
and the crude was subjected to a dry flash chromatography using petroleum ether/DCM (9:1) as eluent,
to afford the pure product as a dark red solid (14 mg, 63%).

'H NMR (400 MHz, CDCls): & =1.64 (s, 3H, CH=-7), 1.69 (s, 3H, CH=1), 2.63 (s, 3H, CH=-5),
2.72 (s, 3H, CH=-3), 6.21 (s, 1H, H-6), 7.09 (d, ~8.4 Hz, 2H, H-2" and H-6""), 7.17 (d, /~8.8 Hz, 2H,
H-2""and H-6""), 7.21-7.27 (m, 3H, H-4""", H-3"" and H-5"""), 7.31 (dd, ./~ 2.8 and 8.4, 2H, H-2" and H-
6’), 7.34 (d, ~14 Hz, 1H, H-2b), 7.39(d, ~5.2 Hz, 2H, H-3" and H-5'), 7.46 (d, ~8.4 Hz, 2H, H-3"" and
H-5"), 7.53 (d, ~13.6, 1H, H-4"'b), 7.97(d, £13.2 Hz, 1H, H-4"a), 8.06(d, £13.6, 1H, H-2a).

=C NMR (100.6 MHz, CDCI:): 13.04 (CH3-1),14.09 (CH3-3), 15.12 (CH3-5 and CH3-7), 122.01
(C-2” and C-6""), 123.47 (C-4"), 124.14 (C-6), 125.23 (C-2’ and C-6'), 125.60 (C-4"""), 126.21 (C-2""
and C-6'"), 126.27 (C-1"), 129.22 (C-4"), 129.31 (C-3"" and C-5"""), 130.07 (C-3' and C-5’), 130.72 ( C-
2a), 130.76 (C-8a, C-3" and C-5"), 133.80 (C-7), 134.72 (C-2b), 135.14 (C-4"'b), 138.58 (C4"a),
139.98 (C-1), 145.88 (C-8), 146.42 (C-7a), 147.78 (C-1"""), 150.72 (C-1"), 154.29 (C-3), 161.58 (C-5).

IR (KBr): v=2923, 2852, 1589, 1552, 1508, 1465, 1321, 1178, 968, 819 cm-.

MS (ESI) m/z (%): 666.47([M]-+H-0, 100), 634.49 ([M]-+1, 72), 607.44 (66), 393.39 (69),
284.40 (64), 219.16 (70).
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2.3. Photophysical characterization of BODIPY derivatives 1-3 and dicyanovinyl derivatives 4-5

The photophysical studies of compounds 1-3 were done using ACN solutions with concentrations
between 1x10¢ M and 1x10* M. UV-Visible absorption spectra of the dilute solutions were obtained in
the 200-800 nm range. Rhodamine 6G (&: = 0.95) was used as fluorescence standard in ethanol solution
with a concentration of 1x10° M.

Dicyanovinyl compounds 4 and 5 were studied using both ACN and DCM solutions with
concentrations between 1xX10s and 1x10s M. UV-Visible absorption spectra of the dilute solutions
were obtained in the 200-800 nm range. As fluorescence standards, 9,10-diphenylanthracene (DPA, &
= 0.95) was used in ethanol solution with a concentration of 1x10* M for compound 4 and quinine
sulfate (@ = 0.546) in H.SO. 0.05 M for compound 5.

BODIPY’s 1-3 solutions were excited at 470 nm (the same for rhodamine 6G) and dicyanovinyl
derivatives solutions were excited at 373 nm for derivative 4 (the same for DPA) and 421 nm for derivative
5 (the same for quinine sulfate) in quartz cells and the area under the fluorescence curve was determined.

The calculation of the relative quantum fluorescence yield of the prepared BODIPY and dicyanovinyl

derivatives was performed using equation 1:

2
CI)comp _ Astand ><|:comp XNstand

Equation 1
2
CI)stand Acomp*F stand*NEomp

where A..« and A, are the absorbances of the solutions at the excitation wavelengths of the
standard and the compound under study, respectively; F..s and Fen are the areas under the fluorescence
curve of the standard and the compound; n« and n.r represent the refractive index value of the solvent

for the standard and the compound under analysis, respectively.

2.3.1. Evaluation of BODIPY 1-3 derivatives and dicyanovinyl derivatives 4-5 as optical
chemosensors of ions, amines and alcohols
The preliminary studies of the sensing capacity of compounds 1-5 allowed the quick and simple
verification of the possible interaction of compounds 1-5 with metallic cations and anions, chosen due to
their medical, biological and environmental importance, and various amines and alcohols, acting as
models of drug.
For the ions sensing studies, solutions of compounds 1-5 were prepared in ACN (1><10'5 M) and
ACN/H:0 (8:2, 8x10° M). Solutions of cations (Ag, K+, Li*, Na, Cu, TBT+, Hg>, Ca#, Co*, Pb*, Mn#, Fe?,
Znz, Niz, Cdz, Cuz, Pd#, Cs#, Sn#, Fe* and Al*) and anions (H:PO., AcO,, NOs, ClOs, HSOs, BzO,, Br, CN-
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, I, and F) were prepared in ACN (1x102 M). The solutions in ACN/H-0 (8:2) were prepared by adding
1.6 mL of solution in ACN (1x10* M) and 0.40 mL of distilled water directly to the vial.

For the model amines and alcohols sensing studies, solutions of BODIPY 2 were prepared in ACN
(IX1O'5 M) and ACN/phosphate buffer or ACN/phosphate-buffered saline (PBS, 3:1, 7.5X10sM) and
solutions of dicyanovinyl derivative 4 were prepared in ACN and DCM (both 7.5x10s M) and
ACN/phosphate buffer or ACN/PBS, (3:1, 7.5x10° M).

Buffer solutions were prepared in distilled water to maintain H* concentration in the range of urine
pH, for tests with the amines and alcohols.

Phosphate buffer was prepared aiming pH 6.5 and 7 while PBS buffer was prepared at pH 7.4. The
pH of all the buffers was adjusted using NaOH or HCI 6M. In table 3 the concentrations of each salt in

the buffers is presented.

Table 3- Preparation of buffer solutions.

Buffer pH Salts Concentration (M)

Na.HPO. 2.65x10¢

Phosphate 6,5
NaH-PO. 7.35%102
Na.HPO. 6.10x10

Phosphate 7.0
NaH-PO. 3.90x102
NaCl 1.37x10*
KCl 2.70x10¢

PBS 7.4
Na.HPO. 4.30x10s
KH2P04 1.4-7><10’6

The solutions of ACN and aqueous buffer (3:1) were prepared by adding 1.5 mL of compounds’
solution (1><10'5 M) and 0.5 mL of aqueous buffer.

Solutions of model amines (aniline (AN), triethylamine (TEA), diethylamine (DEA), dicyclohexylamine
(DCHA) and hexylamine (HA)) and model alcohols (4-methoxyphenol (4MP), 2-butanol (2B), 1-pentanol
(1P) and methanol) were prepared in ACN at a concentration of 1 X102 M. Solutions of U and CRT were

prepared in ACN at a concentration of 1x102 M.
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2.3.2. Spectrophotometric and spectrofluorimetric titrations of BODIPY derivatives 1, 3 and
dicyanovinyl derivative 5

Spectrophotometric and spectrofluorimetric titrations were performed for the various compounds

that showed colorimetric and/or fluorimetric responses in the preliminary sensing study. Solutions of

compounds 1, 3 and 5 in ACN with concentration 1x10¢ M or ACN/H.0 (8:2) with concentration 8x10-

s M and ion solutions (Cuz, Fe*, F and CN) in ACN at concentration 1x102 M. A certain number of

equivalents (eq) of each of the ions were successively added to the compound solutions and the

absorption and/or fluorescence spectra were plotted after each addition.

2.3.3. 'H-NMR titrations of dicyanovinyl derivative 5 with cyanide ion
A solution of compound 5 in ACN-ds with concentration of 3.8%X10° M and cyanide ion with
concentration of 2.65 M in ACN-ds were prepared. One equivalent of cyanide ion was successively added

to the compound solution and the respective *H NMR spectrum was plotted after each addition.

2.4, Data mining methodologies
Spectral data were exported from Microsoft excel into SpecAl by Tellespec for pre-treatment and
development of multivariate calibration models (scheme 7). Each sample from each titration was analyzed

once without replicates.

Spectra Viewer §2 @
P Data

Data Treatment #2 8o

P Data  Treated Data

Evaluation #1 aoE Train Model #1 @ S & Validation #1 Vo=

> Algorithm(s) Best P Algorithm Model I > Model
W Validation Data

Data Treatment #1 g1 [

B Data  Treated Data

Evaluation #2 Vo

P Algorithm(s) Best P, = Algorithm Model
W Data » Dawa

Train Model £2 @ O

SpectraViewer #4 @ i@
P Data

Scheme 7- Data mining workbench showing the different steps of data treatment and modeling.

Calibration models for measurement of ions in ACN and ACN/H.0 (8:2) solutions were performed
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using PCR and PLS. Calibration models were developed using two samples of known concentration of
ions for validation (one in beginning of the working range and other near the end) and the same
concentration of compound used in the titration.

Spectral data were pre-treated before PCR and PLS modeling. The pretreatment was second
derived Savitzky—Golay (2 derived) with the purpose of smoothing the data, increasing the precision of
the data without distorting the signal tendency.

Besides these two algorithms, linear regression is also applied to the same experimental data
sets, choosing the maximum absorption and/ or emission wavelengths (univariate approach) for the study
without previous data treatment. These models are developed in Microsoft office excel.

25 models were evaluated for the different ions using rz and root mean square error (RMSE).

Rz is parameter commonly used to express the variation between variables, that way is possible

to see the adjustment of these to the developed model (equation 2):

2
2y 23
N S 2
N (v)

where N is the sample size, y. are the obtained data, §, are the predicted results and yis the average

Equation 2

value of the obtained data.
RMSE another parameter, usually used in machine learning to evaluate the quality of the predictions,
in other words, this parameter measures the difference between the experimental data and the predictions

(equation 3). This parameter is also used in the validation of the models.

Equation 3

Where N is the sample size, y: are the obtained data and §, are the predicted results.
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3. Results and Discussion

3.1. Synthesis of BODIPY derivatives

In order to evaluate the effect of the functionalization of the BODIPY core on the photophysical
properties and sensing capacity of these derivatives, it was decided to synthesize functionalized BODIPYs
1-3 with an aromatic electron donor group at the meso position and different electron withdrawing groups

at positions 2 of the core and 4" of the meso-substituent, to increase the conjugation of the -system.

3.1.1. Synthesis of BOSIPY derivative 1

The synthesis of the mesofunctionalized BODIPY is usually carried out in two steps. In the first
step a pyrrole derivative reacts with an aromatic aldehyde in presence of a catalytic amount of acid
forming the dipyrromethane core. The second reactional step involves oxidizing dipyrromethane to
dipyrromethene using DDQ. The intermediate is not isolated and immediately subjected to complexation
with BF:.OEt. in the presence of base.

The synthesis of BODIPY 1 was accomplished by reaction of 2,4-dimethylpyrrole and 4-
(diphenylamino)benzaldehyde in presence of TFA, followed by oxidation with DDQ and cyclization with
BF:.0Et: in presence of EtsN (scheme 8). The pure compound was isolated after dry-flash chromatography
(petroleum ether/DCM, 2:1) as an orange solid. The overall yield was 22%, and the structure as well as

the purity of the synthesized BODIPY was confirmed by *H NMR.

DDQ
BF3.0Et, EtsN

Scheme 8- Synthesis of BODIPY 1 accomplished in two steps.

In the *H NMR spectrum, the characteristic signs of the BODIPY core were visible, as well as a
complex aromatic zone caused by the various aromatic rings of the mesosubstituent. The signal
corresponding to protons H2 and H6 appeared at a chemical shift of 6.02 ppm. The signal from the

protons of the methyl groups at positions 1 and 7 appeared with a chemical shift of 1.60 ppm, while the
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methyl groups at positions 3 and 5 appeared at 2.68 ppm.

3.1.2. Synthesis of BODIPY 2 through Vilsmeier-Haack reaction

Vilsmeier-Haack formylation consists of the reaction between electron-rich aromatic rings and the
formylating agent (Vilsmeier's reagent) which acts as an electrophile. The electrophile is obtained through
reaction between a substituted formamide and phosphorus oxychloride (POCI:). As soon as the Vilsmeier
reagent is formed, it will react with the aromatic compound through an electrophilic aromatic substitution,
followed by hydrolysis in the presence of water, resulting in the final product functionalized with the
aldehyde group.

In scheme 9 it can be seen the functionalization of BODIPY 1, carried out under the experimental
conditions described above using DMF as formamide. The pure compound, formylated at positions 2 and
4", was isolated after column chromatography (DCM/methanol, 99:1) as a dark red solid. The overall
yield was 27%, and the structure as well as the purity of the synthesized BODIPY was confirmed by 'H

and =C NMR spectroscopy, IR spectroscopy and mass spectrometry.

Scheme 9- Synthesis of BODIPY 2 by Vilsmeier-Haack formylation of BODIPY 1.

Using unidimensional and bidimensional NMR techniques, it was possible to assign all the
protons and related carbons. The signal corresponding to proton H6 appeared at 6.20 ppm and the
respective carbon at 124.17 ppm. The signals corresponding to the aldehyde protons appeared at 9.86
and 10.04 ppm, respectively for C4"-CHO and C2-CHO, and the respective carbon atoms were found at
185.88 and 190.38 ppm, respectively C2 and C4".

IR spectroscopy confirmed the functional groups present in BODIPY 2, namely the N-C vibration
at 1094 cm- found, the B-F vibration at 1508 cm = and the C=0 at 1664 and 1654 cm-.

The low-resolution mass spectrometry (LRMS) results via electrospray ionization showed a peak
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at m/z 548 corresponding to the molecular ion (M++1) as base peak.

3.1.3. Synthesis of BODIPY 3 through Henry reaction

The incorporation of a nitroalkene unit into a BODIPY transforms it into a strong Michael acceptor,
which would be highly susceptible to suffer nucleophilic attack of certain analytes to the [-position of
nitroalkane causing significant changes in color and fluorescence, resulting in a chemodosimeter
approach.

In order to introduce a nitro vinyl group on BODIPY 2, a Henry reaction was performed involving
the electrophilic carbon of the aldehyde group and a nucleophile generated from nitromethane under
basic conditions with ammonium acetate at 90 °C for 4 hours (scheme 10)2 The pure compound was
isolated after dry-flash chromatography (petroleum ether/DCM, 9:1) as a dark red solid in 63% yield and
fully characterized by uni- and bidimensional 'H and =C NMR spectroscopies, IR spectroscopy and low-

resolution mass spectrometry.

Scheme 10- Synthesis of nitrovinyl-BODIPY 3.

In the 'H NMR spectrum, the characteristic signal corresponding to H-6 appeared at 6.21 ppm.
The signals relative to the vinyl protons were clearly visible: doublets for H-2a at 8.06 ppm (/= 13.6Hz)
and H-2b at 7.34 ppm (/= 14Hz), thus indicating a #rans configuration; also, as doublets in frans
configuration, H-4a at 7.97 ppm (/=13.2Hz) and H-4b at 7.53 ppm (/=13.6 Hz).

IR spectroscopy confirmed the structure of BODIPY 3. At 968 cm is found the C-H fransvibration,
at 1175 is present the N-C vibration, at 1508 and 1552 cm* are present the B-F vibrations®, at 1321
and 1465 cm are the NO. group vibrations, at 1589 cm is the C=C vibration. In the LRMS results, it

was seen a peak at 634 corresponding to the molecular ion (M++1) with a 72% relative intensity.
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3.2. Dicyanovinyl derivatives (4 and 5)

The synthesis of benzoindole and 2-(4-methoxyphenyl)thiophene dicyanovinyl derivatives, 4 and 5
respectively (figure 16) was achieved through a previously published procedure involving a Knoevenagel
reaction of the corresponding aldehyde precursor and malononitrile, catalysed by piperidine in refluxing
ethanol™.

For the present work, both compounds were synthesized within the research group and were available

for use and their purity was checked by 'H NMR.

90 B

N /- \\—CN S \
H NC - NC

CN

Figure 15- Dicyanovinyl derivatives 4 and 5.

3.3. Photophysical characterization of the heterocyclic probes

3.3.1. BODIPY derivatives 1-3

BODIPY derivatives synthesis with different groups at positions 2 and meso of the core was
intended to diversify photophysical properties and optimize the recognition capability of these compounds
and their application as optical probes. The characterization by UV-Vis absorption and fluorescence
spectroscopies were carried out to evaluate the influence of the conjugated m-system and the electronic
character of the substituents on their absorption/emission properties.

Photophysical studies of BODIPYs 1-3 were performed in acetonitrile solutions with
concentrations of 1x10¢to 1x10° M. The fluorescence spectra were obtained by exciting at 470 nm in
order to visualize the entire fluorescence curve, due to the small Stokes’ shift usually displayed by BODIPY
derivatives. The data was compiled in Table 4. The fluorescence standard used to calculate the relative
quantum yield of fluorescence was Rhodamine 6G in ethanol (@- = 0.95) with a concentration of 1X10*

M.
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Figure 16- Normalized absorption (a) and fluorescence (b) spectra of BODIPYs 1 - 3 in ACN.

The compounds exhibited intense absorption bands (log € =4.764, 4.004 and 4.362) in the
spectral region comprised between 480-540 nm (Figure 16a). The maximum wavelength of absorption
of the synthesized BODIPY derivatives suffers a shift according to the structure and electronic character
of the functional group present in positions 2 and 4"’ of the triphenylamine meso-substituent.

Considering derivative 1 as the reference compound, after introduction of the formyl groups
(derivative 2) there was a small hypsochromic shift of absorption from 497 nm to 493 nm that can be
attributed to the electronic withdrawing effect of the functional group, which stabilizes HOMO inducing a
greater energetic separation between LUMO and HOMO. On the other hand, compound 3 functionalized
with a nitro vinyl group demonstrated an opposite behavior. In this case, there was a bathochromic shift
of the absorption band to 546 nm, compared to the BODIPY 1, due to the withdrawing effect of the
functional group and increasing extension of the conjugated 1-system. This derivative can establish an
ICT complex between the nitro vinyl group and the BODIPY core, which can be interrupted and replaced
by the PET mechanism through the possibility of nucleophilic addition reactions between the vinyl nitro
group®.

The emission spectra of the compounds demonstrated that the introduction of functional groups
did not significantly influence the maximum emission wavelengths, having only occurred slight
hipsochromic shifts of 3 and 5 nm for compound 2 and 3, respectively, compared to the derivative without
substituent (Figure 16b). Relative quantum fluorescence yields calculated for BODIPYs 1, 2 and 3 were

0.003, 0.011 and 0.005 respectively.
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Table 4- UV-vis absorption and fluorescence spectroscopy data of BODIPY 1-3 in ACN.

UV-vis Fluorescence
Compound
Aa(NM) log & Asc (NM) Aeni (NM) O Stokes’ shift (nm)
1 497 4,764 508 0.003 11
2 493 4.004 470 546 0.011 53
3 521 4.362 550 0.005 29

3.3.2. Dicyanovinyl derivatives 4 and 5

Compounds 4 and 5 are based on benzoindole and 2-(4-methoxyphenyl)thiophene and modified
with a dicyanovinyl group. The presence of this electron withdrawing group and different scaffolds
intended to confer diverse photophysical properties and optimized recognition as optical probes in the
respective applications. The characterization by UV-vis absorption and fluorescence spectroscopy was
carried out to evaluate the influence of the different m-system and the electronic character of the scaffolds
on their absorption/emission properties.

Benzoindole is a group known for the ability to donate electrons. The planar structure and the
extended 11 conjugated system allow the establishment of ICT mechanism and highly absorbing spectra,
revealing promising and adjustable photophysical properties as chemosensor=+=, The use of five-
membered heterocyclic rings, such as thiophene, allows the establishment of an electron donor-acceptor
relationship with chromophores by increasing T-conjugated systems. In addition to providing thermal and
chemical stability, this type of compounds also improves delocalization of electrons and improved optical
properties =13,

Photophysical studies of compounds 4 and 5 were performed in ACN solution with concentrations
of 1x10sto 1x10s M. The fluorescence spectra were obtained by excitation at the maximum wavelength
of absorption for each compound. The fluorescence standard used to calculate the quantum yield of
fluorescence was DPA in ethanol (@ = 0.95) and quinine sulphate (@: = 0.546) in 0.05 M H.SO. with

concentrations of 1x10s M.
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Figure 17- Normalized absorption (a) and fluorescence (b) spectra of dicyanovinyl derivatives 4 and 5 in ACN.

The compounds exhibited intense absorption bands (log € =4.599 and 4.494) in the spectral
region comprised between 300-480 nm (Figure 17a). As seen in the spectra, the maximum absorption
wavelength of these derivatives has differences according to the structure and electronic character of the
scaffolds conjugated with the dicyanovinyl group. Probe 5 has a maximum absorption peak at higher
wavelength than compound 4. The methoxyphenyl and thiophene groups are both electron rich aromatics
and, in conjugation with the dicyanovinyl group, the push-pull effect is more evident causing the
absorption to occur at higher wavelength for compound 5. The fluorescence spectra (figure 17b) were
obtained by exciting the samples at the maximum absorption wavelength, and both derivatives show low

relative quantum fluorescence yields (table 5).

Table 5- UV-Vis absorption and fluorescence spectroscopy data of dicyanovinyl derivatives 4 and 5 in ACN.

UV-Vis Fluorescence
Compound
Aas(NM) log & Aeni (NM) @: Stokes' shift (nm)
4 373 4.599 527 0.001 154
5 421 4.203 519 0.012 98

3.4. Preliminary sensing assays for ions
A preliminary study of the interaction of BODIPY 1-3 derivatives and dicyanovinyl derivatives 4
and 5 with various cations and anions was carried out in order to make a quick assessment of the sensing
capacity and understand the influence of the substituent groups in the sensing capacity. The solutions
were visualized in natural light for the colorimetric assay and under a UV lamp at 365 nm to detect

fluorimetric changes.
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Solutions of the compounds were prepared with a concentration of 1x10* M and solutions of the
cations and anions, selected due to their biological and environmental relevance, were prepared at 1x10-
2 M. The studies were made in acetonitrile as it is an aprotic solvent, so it does not have the ability to
establish hydrogen bonds and interfere with the recognition system of these analytes. The studies were

also made in ACN/H-0 (8:2) with concentration of 8x10¢ M.

3.4.1. Assaysin ACN

After adding 50 eq of each ion to the BODIPY 1-3 solutions in ACN, it was seen that compound
3 exhibited colorimetric and fluorimetric changes in the presence of certain ions, whilst compound 1 did
not give colorimetric changes in presence of anions and compound 2 did not show colorimetric changes
in the presence of cations.

In ACN solution, compound 1 signalized ClOs and F- with an enhancement of the fluorescence

intensity, while a quenching o fluorescence occurred with CN- (figure 18).

Figure 18- Fluorimetric changes of BODIPY 1 in presence of 50 equiv of anions in ACN.

Considering the interaction of compound 1 with the different cations, there was a change in color
from yellow to orange in presence of Hg> and from yellow to blue in presence of Cuz and Fe* (figure 19a).
The fluorescence intensity clearly increased in presence of Ag:, TBT+, Ni, Sn» and was quenched in

presence of Cu> and Fe: (figure 19b).

Figure 19- Colorimetric (a) and fluorimetric (b) changes of BODIPY 1 in presence of 50 equiv of cations in ACN.
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BODIPY 2 showed a loss of color in the presence of CN-and F- (figure 20 a), and a fluorescence

quenching in presence of F- (figure 20b).

Figure 20- Colorimetric (a) and fluorimetric (b) changes of BODIPY 2 in presence of 50 equiv of anions in ACN.

For the interaction of compound 2 with the different cations, a very small quenching occurred in

presence of Fe* and Al** (figure 21).

Figure 21- Fluorimetric changes of BODIPY 2 in presence of 50 equiv of cations in ACN.

BODIPY 3 showed a loss of color in the presence of CN- and F- (figure 22a), and fluorescence

quenching in presence of ClOs, HSO:, CN-and I (figure 22b).

Figure 22 -Colorimetric (a) and fluorimetric (b) changes of BODIPY 3 in presence of 50 equiv of anions in ACN.

As for the interaction of compound 3 with the different cations, there was a marked change in

color from pink to yellow in presence of Cs* and a loss of color in presence of Al (figure 23a). The
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fluorescence intensity increased in presence of Ag:, K+, Li-, Cur, Ca#, Zn>, Pd>, Sn#, Fe* and Al (figure

23b).

Figure 23- Colorimetric (a) and fluorimetric (b) changes of BODIPY 3 in presence of 50 equiv of cations in ACN.

For dicyanovinyl derivatives 4 and 5 in ACN solution, and after adding 50 equiv of each ion, it
was seen that compound 4 and 5 exhibited colorimetric and fluorimetric changes only in the presence of
anions, and fluorimetric changes in presence of cations.

In ACN solution, compound 4 developed a greenish yellow color in the presence of H.POs, AcO,
BzO, CN-and F (figure 24a), and a fluorescence quenching in presence of HSOx, BzO, Br, CN-and I
(figure 24b).

Figure 24 -Colorimetric (a) and fluorimetric (b) changes of compound 4 in presence of 50 equiv of anions in ACN.

The interaction of compound 4 with the different cations was seen by a fluorescence quenching

in presence of Ag, K+, Lir, Na*, Hg#, Ca>, Co>, Pb>, Cs* and Al (figure 25).
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Figure 25- Fluorimetric changes of BODIPY 4 in presence of 50 equiv of cations in ACN.

In ACN solution, compound 5 showed a loss of color in the presence of CN-and F- (figure 26a),

and a enhancement in fluorescence intensity in presence of H.POx, AcO, NO=, BzO, l-and F (figure 26b).

Figure 26 -Colorimetric (a) and fluorimetric (b) changes of compound 5 in presence of 50 equiv of anions in ACN.

As for cations, their interaction with compound 5 was visible through an enhancement in
fluorescence intensity in presence of Ag:, K+, Na+, Cu-, TBT+, Hgz, Co#, Pb*, Fe*, Zn#, Cuzand Pd* (figure
27).

Figure 27- Fluorimetric changes of BODIPY 5 in presence of 50 equiv of cations in ACN.

In table 6 is presented an overview of the colorimetric and fluorimetric changes for compounds
1-5 tested in ACN solution. Although there are some interesting results in terms of colorimetric and

fluorimetric behavior, none of the compounds showed selectivity for only one ion.
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Table 6- Colorimetric and fluorimetric changes for compounds 1-5 in ACN.

Compound Colorimetric signal Fluorimetric signal

1 Hgz, Cuz and Fe> ClOs, F, CN,, Ag:, TBT+, Ni#, Snz Cu* and Fe*
2 CN-and F F, Fe* and Al

ClOs, HSOs, CN, I, Ag, K-, Li, Cur, Ca*, Zn*, Pd>, Sn#, Fe
3 CN, F, Cs> and Al

and Al

HSO:, BzO, Br, CN, I, Ag;, K+, Li*, Na-, Hgz, Ca#, Co¥, Pb#,

4 H.PO:, AcO, BzO, CN-and F
Cs? and Al

H.PO:, AcO, NOs, I, F, Ag, K, Na', Cur, TBT", Hg?, Co>, Pb,

5 HzPOA’, CN-and F
Fez, Zn>, Cu? and Pd»

3.4.2. Assays in ACN/H:O (8:2)

Assays were also conducted in aqueous mixture given the interest in sensing biological and
environmentally relevant ions. After adding 50 eq of each ion to the BODIPY 1-3 in ACN/H:0 (8:2)
solutions, it was found that compounds 1 and 3 exhibited colorimetric and fluorimetric changes in the
presence of the anions and cations while compound 2 only showed a very faint colorimetric response
with cations.

In ACN/H:0 (8:2) solution, compound 1 showed a loss of color in the presence of F- (figure 28a),
an enhancement of fluorescence intensity in presence of ClO- and F- and a quenching in presence of CN-

(figure 28b).

Figure 28- Colorimetric (a) and fluorimetric (b) changes of BODIPY 1 in presence of 50 equiv of anions in ACN/H:0 (8:2).

The interaction of compound 1 with the different cations revealed a loss of color in presence of
Cu> and a change of color from yellow to red in presence of Al* (figure 29a). The fluorescence intensity

increased in presence of Ag:, TBT:, Niz, Pd>, Sn> and diminished in presence of Cu> and Fe* (figure
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29b).

Figure 29-Colorimetric (a) and fluorimetric (b) changes of BODIPY 1 in presence of 50 equiv of cations in ACN/H.0 (8:2).

For compound 2 there was a loss of color in presence of CN- and F- (figure 30a), and a

fluorescence quenching in presence of F- (figure 30b).

Figure 30- Colorimetric (a) and fluorimetric (b) changes of BODIPY 2 in presence of 50 equiv of anions in ACN/H:0 (8:2).

The interaction of compound 2 with the different cations revealed that in presence of Pd>and Fe*

the solution developed a yellow color (figure 31).

Figure 31- Colorimetric changes of BODIPY 2 in presence of 50 equiv of cations in ACN/H:0 (8:2).

Compound 3 showed a loss of color in the presence of CN, a change of color from red to light

yellow in presence of I (figure 32a), and a quenching in presence of F- (figure 32b).
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Figure 32- Colorimetric (a) and fluorimetric (b) changes of BODIPY 3 in presence of 50 equiv of anions in ACN/H.0 (8:2).

The interaction of compound 3 with the different cations revealed loss of color in presence of Cu
and a change of color from pink to orange in presence of Pd* (figure 33a). The fluorescence intensity of

the solution was quenched in presence of Agr, K+, Li-, Cus, Ca, Zn>, Pdz, Snz, Fe* and Al* (figure 33b).

Figure 33- Colorimetric (a) and fluorimetric (b) changes of BODIPY 3 in presence of 50 equiv of cations in ACN/H:0 (8:2).

For dicyanovinyl derivatives 4 and 5 in ACN/H.0 (8:2) solutions, after addition of 50 equiv of
each ion, it was seen that compound 4 exhibited fluorimetric changes in the presence of cations and
anions, while compound 5 presented colorimetric and fluorimetric changes with anions, and only
fluorimetric changes were observed with cations.

Compound 4 signalized HSO., BzO, Br, CN, I, and F through fluorescence quenching (figure
34).

Figure 34- Fluorimetric changes of compound 4 in presence of 50 equiv of anions in ACN/H:0 (8:2).
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Compound 4 showed a quenching of fluorescence in presence of Ag:, K+, Lir, Na*, Hgz, Ca*, Co*,

Zn>, Pbz, Cs> and Al (figure 35).

Figure 35- Fluorimetric changes of compound 4 in presence of 50 equiv of cations in ACN/H:0 (8:2).

Compound 5 showed a loss of color in the presence of CN-and F- (figure 36a), and a quenching

in presence of HSOs«, BzO, Br, CN-and I (figure 36b).

Figure 36- Colorimetric (a) and fluorimetric (b) changes of BODIPY 5 in presence of 50 equiv of anions in ACN/H:0 (8:2).

Compound 5 showed fluorescence quenching in presence of Ag, K+, Li-, Na+, Hg#, Ca#, Co#, Pb*,

Cs> and Al> (figure 37).

Figure 37- Fluorimetric changes of compound 5 in presence of 50 equiv of cations in ACN/H:0 (8:2).

In table 7 is presented an overview of the colorimetric and fluorimetric responses of compounds
1-5 in ACN/H.0 (8:2) solution. The main differences between the assays in ACN and ACN/H.0 (8:2) were
seen for compounds 2 and 4. In ACN/H:0 (8:2) compound 2 showed fluorimetric selectivity for F- and
compound 4 lost the capacity to change color in presence of anions.

These results are quite promising considering the application of BODIPY and dicyanovinyl
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derivatives as probes for ions in biological and environmental samples, since the studies imply the stability
of the compounds and an efficiency of recognition under the conditions of the physiological/aqueous

environment.

Table 7- Colorimetric and fluorimetric changes overview for compounds 1-5 in ACN/H:O (8:2) solution.

Compound Colorimetric signal Fluorimetric signal
1 F-, Cuz, Al ClOs, F, CN, Ag, TBT:, Ni, Sn> Cu* and Fe*
2 CN-and F, Pd> and Fe* F-
3 CN, I, Cu> and Pd> F, I, Ag, K-, Li, Cu, Caz, Zn>, Pdz, Sn¥, Fe* and Al

HSO., BzO, Br, CN,, F, Ag’, K+, Lir, Na*, Hg*, Ca*, Co*, Zn¥,
Pb>, Cs> and AP
HSO., BzO, Br, CN, I, Ag:, K+, Li*, Na*, Hgz, Ca,
Co#, Pb>, Cs> and Al

5 CN and F

3.4.3. Spectrophotometric and spectrofluorimetric titrations of BODIPYs 1, 3 and dicyanovinyl

derivative 5 in presence of ions

Given the results obtained in the preliminary evaluation of the sensing capacity of BODIPY and
dicyanovinyl derivatives with a view to their application as chemosensors, derivatives 1, 3 and 5 proved
to be colorimetric and fluorimetric sensors in ACN and in aqueous medium, so spectrophotometric and
spectrofluorimetric titrations were carried out for selected ions.

Titrations were performed in ACN and ACN/H.0 (8:2) by sequentially adding solution of the ions
(F, CN-, Cu> and Fe*) to the solutions of the compounds, with the absorption/emission spectrum being
plotted and recording changes in absorption/emission bands depending on the number of equiv of each
added ion. The ions solutions were prepared at a higher concentration than compound solutions so that
successive additions would not change the final volume of the solution. The graphics were normalized to
allow a clearer understanding of the behavior as a function of the amount of ion added.

Titrations of compound 1 were carried out in ACN solution, and after addition of F-, Cuz and Fe*,
the emission band of the compound changed according to what was observed in the preliminary tests.
The same happened with Cuz and Fe* where the color changed from yellow to blue, as reflected by the
appearance of a new absorption band in the absorption spectrum.

The spectrofluorimetric titration with F-, with successive additions the emission band at 509 nm
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suffered an increase of 40% in intensity reaching a plateau at about 50 equiv (figure 38).
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Figure 38- Normalized spectrofluorimetric titration of compound 1 with addition of F-in ACN. Inset: normalized intensity at 509

nm as a function of [F]/[1]. ([1] =1x10° M, [F] = 1x102 M).

Considering the absorption spectrum of BODIPY 1 with successive additions of Cu (figure 39a)
the absorption band at 496 nm a suffered a decrease on absorbance of 40%, while a new band appeared
at 695 nm. A plateau was reached with 25 equiv of the cation. With successive additions of Fe* (figure
39b) the absorption band at 497 nm a suffered a decrease on absorbance of 90%, while a new band
appeared at 701 nm. A plateau was reached with 40 equiv of the cation. An isobestic point is clearly
present in the spectrum with addition of 20 equiv of Fe*, both bands show the same absorbance at this
point of the titration indicating that two species are present in solution, the uncomplexed BODIPY and the

complex BODIPY-cation.
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Figure 39 - Normalized spectrophotometric titrations of compound 1 with addition of Cu> (a) and Fe* (b) in ACN. Inset:

normalized absorbance at 496/497 nm and 695/701 nm as a function of [cation]/[1]. ([1] =1x10s M, [cation] = 1x102 M).

Considering the emission spectra of BODIPY 1 with successive additions of Cu? and Fe* (figure
40), the emission bands at 520 and 509 nm suffered a decrease in intensity of 90%, reaching a plateau,

respectively, at 20 and 10 equivalents.
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Figure 40 - Normalized spectrofluorimetric titrations of compound 1 with addition of Cu* (a) and Fe* (b) in ACN. Inset:

normalized intensity at 520/ 509 nm as a function of [cation]/[1]. ([1] =1x10< M, [cation] = 1x102 M).

Compound 3 was titrated with CN- and Cu# in ACN and ACN/H.0 (8:2), respectively, showing a
decrease in absorbance, matching the loss of color seen in the preliminary assays.

Observing the absorption spectrum of BODIPY 3 with successive additions of CN- (figure 41) the
absorption band at 521 nm a suffered a decrease on absorbance of 50 % and the band was shifted to

shorter wavelengths with 40 equiv of the anion.
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Figure 41 - Normalized spectrophotometric titration of compound 2 with addition of CN-in ACN. Inset: normalized absorbance

at 521 nm as a function of [anion]/[3]. ([3] =1x10+ M, [anion] = 1x102 M).

With regard to the absorption spectrum of BODIPY 3 with successive additions of Cu? (figure 42),

the absorption band at 521 nm suffered a decrease on absorbance of 98 % with 100 equiv of the cation.
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Figure 42- Normalized spectrophotometric titrations of compound 3 with addition of Cuz in ACN/ H.O (8:2). Inset: normalized

absorbance at 521 nm as a function of [Cuz]/[3]. ([3] =8x10< M, [Cu>] = 1x102 M).

Compound 5 showed the most promising results, with the addition of a very small number of
equiv of CN- in ACN/H.0 (8:2), the absorption and emission bands suffered significant changes in
absorbance and intensity, respectively. The results of the titration match the behavior of the compound
in presence of the anions and cations seen in the preliminary tests.

Observing the absorption spectrum of dicyanovinyl derivative 5 with successive additions of CN-
(figure 43) the absorption band at 422 nm suffered a decrease on absorbance of 96 % with 4 equiv of

the cation.
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Figure 43- Normalized spectrophotometric titrations of compound 5 with addition of CN-in ACN/ H:0 (8:2). Inset: normalized
absorbance at 521 nm as a function of [CN]/[5]. ([5] =8x10< M, [CN] = 1x102 M).

Regarding the fluorescence spectrum of dicyanovinyl derivative 5 with successive additions of CN:
(figure 44) the emission band at 521 nm suffered a decrease of intensity of 91 % with 6 equiv of the

anion.
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Figure 44- Normalized spectrofluorimetric titrations of compound 5 with addition of CN- in ACN/ H.O (8:2). Inset: normalized

intensity at 521 nm as a function of [CN]/[5]. ([6] =8x10< M, [CN] = 1x102 M).

The results of the titration match the behavior of the compounds in presence of the anions and

cations seen in the preliminary tests (table 8).

Table 8- Overview of the obtained titrations results.

Compound Analyte Medium Type of spectral data [ion]/[compound]
1 F ACN Emission 60
1 Cuz ACN Absorption and emission Both 20
1 Fe* ACN Absorption and Emission 40 and 10
3 CN ACN Absorption 40
3 Cuz ACN/H:0 (8:2) Absorption 100
5 CN ACN/H.0 (8:2) Absorption and emission 4and 6

3.4.4. 'H-NMR titration of dicyanovinyl derivative 5 with cyanide

Considering the chemodosimeter capacity of dicyanovinyl derivatives reported in the literature
and the results obtained in the titrations of the dicyanovinyl derivative 5, to gain further insight into the
mechanism of interaction, a *H NMR titration of dicyanovinyl 5 (3.SX1O'5 M) in presence of CN- (2.65 M)
was performed in ACN-d: to evaluate any differences in the chemical shifts after the addition of the ion.

Along the consecutive addition of 4 equiv of CN- to compound 5 is possible to see the signal of
the double bound proton (2a) disappearing, while a new signal appears in the aliphatic region of the
spectra corresponding to the proton (22) in the new compound. The other proton signals corresponding
to the phenyl and thiophene groups also display changes considering the alteration of the withdrawing

electronic character of the vinylic double bond to a single bond. The originals signals disappear and new
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signals appear at lower chemical shifts showing the formation of a new compound, as shown in figure
45.

This behavior is in total agreement with the spectrophotometric/spectrofluorimetric titrations and
constitutes proof that compound 5 acts as a chemodosimeter for CN, in accordance with published data

for related dicyanovinyls.
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Figure 45- Partial 'H NMR spectra of compound 5 (3.8x10° M) in acetonitrile-d: in (a) the absence and (b) the presence of 1.0,
(c) 3.0, (d) 4.0 eq of CN-.

3.5. Evaluation of BODIPY derivative 2 and dicyanovinyl derivative 4 as optical sensor for alcohols
and amines

One of the initial goals for this work was the evaluation of the recognition ability of the synthesized

compounds towards drugs of abuse such as fentanyl and codeine, aiming at the development of optical

probes for testing these two analytes in simulated urine solutions through faster and simpler analyses.

Fentanyl and codeine are prescription and over-the-counter authorized medicines but with a highly

addictive profile. However, during the course of the work, it was not possible to obtain samples of the two
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drugs to be tested and so, as an alternative, considering the functional groups present in the structure of
codeine and fentanyl, a series of amines and alcohols were used as models for codeine and fentanyl.
Alcohols and amines (figure 46) were used to simulate, in a simplified way, the behavior of ID.
For this purpose, alcohols and amines were chosen with different degrees of substitution, carbon chain
length and also with different electronic structures (aromatic and aliphatic) in order to understand the
selectivity of detection of these molecules. The model alcohols were: methanol, 2B,1P and 4MP. The
model amines were: HA, DCHA, DEA, TEA and AN. This set of models included primary, secondary and

aromatic alcohols, as well as primary, secondary, terciary and aromatic amines.

© )Oi/ HO A~~~ O 2 BVJ LEJ O\E/O g 1T

4MP 2B 1P MeOH AN TEA DEA DCHA HA

Figure 46- Chemical structures of the alcohols and amines used on preliminary assays.

Aiming at the preliminary study of the sensing ability of BODIPY derivative 2 and dicyanovinyl
derivative 4 with various alcohols and amines, solutions of the compounds with a concentration of
1,O><10'5M in ACN were prepared and a solution of 5 in DCM with the same concentration. Solutions in

acetonitrile (l,OXIO'ZM) of the model alcohols and amines were also prepared.

In section 1.6.1 and 1.6.2 the structures of the various groups of drugs of interest were
presented, along with metabolic pathways, which revealed that amine and hydroxyl groups do not undergo
metabolization and are comparable with the chosen analytes (figure 46), as well as in the cases where
there is metabolization, the major metabolites still contain hydroxyl or amine groups.

The studies of compounds 2 and 4 with model amines and alcohols were conducted under

various conditions shown in table 9.
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Table 9- Conditions tested in the evaluation of compounds 2 and 4 as sensors of amines and alcohols in different media.

Compound

Condition ACN DCM

50 equiv of amines and alcohols

50 equiv of amines and alcohols + pH 6.5 buffer

50 equiv of amines and alcohols + pH 6.5 buffer + interferents

50 equiv of amines and alcohols + pH 7.0 buffer

50 equiv of amines and alcohols + pH 7.0 buffer + interferents

50 equiv of amines and alcohols + pH 7.4 PBS

NIENIEN NN IR
NIENIEN NN IR
|
I

50 equiv of amines and alcohols + pH 7.4 PBS + interferents

The methodology adopted was similar to that of the ion sensing: 50 equiv of each alcohol and
amine were added to solutions of compounds 2 and 4 and differences in color and fluorescence intensity
were evaluated. The pictures for all these different tests were taken immediately after adding the analytes
to the vial and after 2 hours to see if any changes had occurred in the meantime. To verify the possible
reaction between the analytes and the dicyanovinyl group of compounds 4, pictures were taken 1 week
after the addition of the analytes.

The DCM solutions of compound 4 was used to test whether a different solvent altered the
possible addition reaction time. These conditions also allow to see the effect of the pH, water, and the
different salts in the compounds’ fluorescence.

The possibility of interference by organic compounds usually present in urine were also tested by
adding 50 equiv of U or CRT with concentration 1x10% M in ACN directly to the vial containing the
compounds’ ACN aqueous solution.

No color changes were observed in presence of the different analytes for compounds 2 and 4.

3.5.1. Preliminary recognition assays for BODIPY 2
After adding 50 equiv of each alcohol and amine to the BODIPY 2 solution in ACN (1 X10:M),
showed a selective increase in the fluorescence intensity in the presence of 4MP (figure 47). In presence

of amines, BODIPY 2 solution did not show color or fluorescence changes. The behavior was maintained
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after 2 hours (appendix A, figure Al).

Figure 47- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol in ACN.

After adding 50 equiv of each alcohol and amine to the BODIPY 2 solution in ACN/phosphate
buffer pH 6.5 (3:1, 7.5x10sM) no change in fluorescence happened for alcohols. In presence of amines,
BODIPY 2 developed a fluorescence quenching in presence of DCHA and HA (figure 48). The behavior

was maintained after 2 hours (appendix A, figure A2), no selectivity was achieved.

Figure 48- Fluorimetric changes of BODIPY 2 with 50 equiv of each amine in ACN/phosphate buffer pH 6.5 (3:1).

After adding 50 equiv of each alcohol or amine and U to BODIPY 2 in ACN/phosphate buffer pH
6.5 (3:1, 7.5x10° M) no change in fluorescence happened for alcohols. The solution of BODIPY 2 in
presence of DEA developed a marked fluorescence quenching (figure 49). The same behavior was

maintained after 2 hours (appendix A, figure A3), so in presence of U selectivity for DEA was achieved.

Figure 49- Fluorimetric changes of BODIPY 2 with 50 equiv of each amine and U in ACN/phosphate buffer pH 6.5 (3:1).

After adding 50 equiv of each alcohol or amine and CRT to the BODIPY 2 solution in ACN/
phosphate buffer pH 6.5 (3:1, 7.5 X10sM) in presence of CRT and MeOH showed a fluorescence
quenching (figure 50a).

In presence of amines, BODIPY 2 displayed a quenching in presence of TEA (figure 50b). The

same behavior was maintained after 2 hours (appendix A, figure A4), so no selectivity was achieved.
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Figure 50- Fluorimetric changes of BODIPY 2 with 50 equiv of CRT and of each alcohol (a) and each amine (b) in
ACN/phosphate buffer pH 6.5 (3:1).

After adding 50 equiv of each alcohol and amine to the BODIPY 2 solution in ACN/phosphate
buffer pH 7.0 (3:1, 7.5x10¢M), in presence of 1P and MeOH, the quenching with 1P is more notorious
(figure 51). The same behavior was maintained after 2 hours (appendix A, figure AD), so selectivity was

achieved for 1P.

Figure 51- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol in ACN/phosphate buffer pH 7.0 (3:1).

After adding 50 equivalents of each alcohol, amine and U to the BODIPY 2 solution in
ACN/phosphate buffer pH 7.0 (3:1, 7.5x10° M), in presence of MeOH showed a new quenching (figure
52a). The same behavior was maintained after 2 hours (appendix A, figure A6a), so no selectivity was
achieved.

In presence of amines, BODIPY 2 solution with DEA displayed a fluorescence quenching (figure
52b). The same behavior was maintained after 2 hours (appendix A, figure A6b), so selectivity was

achieved for DEA.

Figure 52- Fluorimetric changes of BODIPY 2 with 50 equiv of U and 50 equiv of each alcohol (a) and each amine (b) in
ACN/phosphate buffer pH 7.0 (3:1).

After adding 50 equiv of each alcohol, amine and CRT to the BODIPY 2 solution in
ACN/phosphate buffer pH 7.0 (3:1, 7.5x10M), no change in fluorescence happened for alcohols.
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In presence of amines, BODIPY 2 solution with AN, DCHA and HA developed a new increase in
the fluorescence intensity (figure 53). The same behavior was maintained after 2 hours (appendix A,

figure A7) so no selectivity was achieved.

Figure 53- Fluorimetric changes of BODIPY 2 with 50 equiv of each amine and 50 equiv of CRT in ACN/phosphate buffer pH
7.0 (3:1).

After adding 50 equiv of each alcohol and amine to a BODIPY 2 solution in ACN/PBS pH 7.4
(3:1, 7.5x10° M), in presence of 4MP, 1P and MeOH showed a quenching, while in presence of 2B
fluorescence intensity increased (figure 54a). The same behavior was maintained after 2 hours (appendix
A, figure A8a), so no selectivity was achieved. In presence of amines, BODIPY 2 solution with DEA showed
a quenching (figure 54b). The same behavior was maintained after 2 hours (appendix A, figure A8b), so

selectivity was achieved for DEA.

Figure 54- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol (a) and each amine (b) in ACN/PBS pH 7.4 (3:1).

After adding 50 equiv of each alcohol, amine and U to the BODIPY 2 solution in ACN/PBS 7.4
(3:1, 7.5x10° M), in presence of 2B showed a new quenching (figure 55a). The same behavior was
maintained after 2 hours (appendix A, figure A9a), so no selectivity was achieved. In presence of amines,
BODIPY 2 solution with TEA, DCHA and HA showed a new quenching (figure 55b). The same behavior

was maintained after 2 hours (appendix A, figure A9b), so no selectivity was achieved.

Figure 55- Fluorimetric changes of BODIPY 2 with 50 eq of U and 50 equiv of each alcohol (a) and each amine (b) in ACN/PBS
pH 7.4 (3:1).

61



Chapter 3- Results and Discussion

After adding 50 equiv of each alcohol, amine and CRT to the BODIPY 2 solution in ACN/PBS pH
7.4 (3:1, 7.5x10° M), no change in fluorescence happened for alcohols. In presence of amines, BODIPY
2 solution with AN, TEA, DCHA and HA showed a new quenching (figure 56). The same behavior was

maintained after 2 hours and 1 week (appendix A, figure A10), so no selectivity was achieved.

Figure 56- Fluorimetric changes of BODIPY 2 with 50 equiv of CRT and 50 equiv of each amine in ACN/PBS pH 7.4 (3:1)

The results for BODIPY 2 are systematized in table 10.

Table 10- Overview of preliminary sensing studies for probe 2 in presence of alcohols and amines.

Interferents Alcohols Amines
Conditions
U CRT|4MP 2B 1P MeOH AN TEA DEA DCHA HA
ACN (50 equiv) 1 - - - — — — — —_
pH 6.5 - - - - - - - } !
pH 6.5 — — - = — — — l — —
pH 6.5 Ll - - = - L= -
pH7 - = l - - - - -
pH 7 - - - - - L - -
pH 7 -1 - - - - 1 - !
pH 7.4 [ - - L - -
pH74 | - Lol - - - L=
pH 7.4 -1- - - - ! I

Note: — represents no change in the probes’ fluorescence, 1 represent an enhancement in fluorescence intensity, | represents

the quenching and represents the absence of the interferent.

3.5.2. Preliminary recognition assays for dicyanovinyl derivative 4
After adding 50 equiv of each alcohol and amine to the dicyanovinyl derivative 4 solution in ACN

(1 x10° M), in presence of 4MP showed an increase on fluorescence (figure 57a). The same behavior
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was maintained after 2 hours and 1 week (appendix A, figure A11) so selectivity was achieved for 4MP.
In presence of amines, with AN, TEA, DEA and DCHA also showed a fluorescence enhancement (figure
27b). The same behavior was maintained after 2 hours, 1 week (appendix A, figure A12), so no selectivity

was achieved.
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Figure 57- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol (a) and each amine (b) in ACN.

After adding 50 equiv of each alcohol and amine to the dicyanovinyl derivative 4 solution in
ACN/phosphate buffer pH 6.5 (3:1. 7.5x10sM), in presence of 2B, 1P and MeOH showed a slight
quenching (figure 58a). The same behavior was maintained after 2 hours and 1 week (appendix A, figure
A13) so no selectivity was achieved. In presence of amines, with AN, TEA, DEA, DCHA and HA showed a
slight quenching (figure 58b). The same behavior was maintained after 2 hours, 1 week (appendix A,

figure A14), so no selectivity was achieved.

Figure 58 - Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol (a) and each amine (b) in

ACN/phosphate buffer pH 6.5 (3:1).

After adding 50 equiv of each alcohol, amine and U to the dicyanovinyl derivative 4 solution in
ACN/ phosphate buffer pH 6.5 (3:1, 7.5X10s M), in presence of 4MP and 1P, showed a quenching
(figure 59a). The same behavior was maintained after 2 hours and 1 week (appendix A, figure A15) so
no selectivity was achieved. In presence of amines with AN, DEA, DCHA, and HA showed quenching

(figure 59b). The same behavior was maintained after 2 hours, 1 week (appendix A, figure A16), so no
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selectivity was achieved.
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Figure 59- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of U and 50 eq of each alcohol (a) and each amine

(b), in ACN/phosphate buffer pH 6.5 (3:1).

After adding 50 equiv of each alcohol, amine and CRT to the dicyanovinyl derivative 4 solution in
ACN/phosphate buffer pH 6.5 (3:1, 7.5x10s M), it was visible a fluorescence quenching with 2B and 1P
(figure 60a). The same behavior was maintained after 2 hours and 1 week (appendix A, figure Al7) so
no selectivity was achieved. In presence of amines, with AN, DEA and DCHA showed quenching (figure
60b). The same behavior was maintained after 2 hours, 1 week (appendix A, figure A18), so no selectivity

was achieved.

Figure 60- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of CRT and 50 eq of each alcohol (a) and each

amine (b), in ACN/phosphate buffer pH 6.5 (3:1).

After adding 50 equiv of each alcohol and amine to the dicyanovinyl derivative 4 solution in
ACN/phosphate buffer pH 7.0 (3:1, 7.5Xx 10 M), there was an increase in fluorescence intensity for 4MP
and 2B while in presence of 1P and MeOH showed a fluorescence quenching (figure 61a). The change
in presence of 4MP was more notorious and the behavior was maintained after 2 hours and 1 week
(appendix A, figure A19) so no selectivity was achieved. In presence of amines, with HA showed an
increase in fluorescence intensity while with TEA, DEA and DCHA showed a quenching (figure 61b). The

same behavior was maintained after 2 hours, 1 week (appendix A, figure A20), so selectivity was achieved
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for HA.

Figure 61 -Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol (a) and each amine (b) in

ACN/phosphate buffer pH 7.0 (3:1).

After adding 50 equiv of each alcohol, amine and U to the dicyanovinyl derivative 4 solution in
ACN/phosphate buffer pH 7.0 (3:1, 7.5%10 M) in presence of MeOH the quenching persisted (figure
62a). The behavior was maintained after 2 hours and 1 week (appendix A, figure A21) so selectivity was
achieved for MeOH. In presence of amines, with HA showed a new quenching (figure 62b). The same

behavior was maintained after 2 hours, 1 week (appendix A, figure A22), so no selectivity was achieved.

Figure 62- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of U and 50 equiv of each alcohol (a) and each

amine (b), in ACN/phosphate buffer pH 7.0 (3:1).

After adding 50 equiv of each alcohol, amine and CRT to the dicyanovinyl derivative 4 solution in
ACN/phosphate buffer pH 7.0 (3:1, 7.5%10s M), in presence of 4MP showed a new quenching (figure
63a). The behavior was maintained after 2 hours and 1 week (appendix A, figure A23) so selectivity was
achieved for 4MP. In presence of amines, with TEA and DCHA the quenching (figure 63b). The same

behavior was maintained after 2 hours, 1 week (appendix A, figure A24), so no selectivity was achieved.

Figure 63- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of CRT and 50 equiv of each alcohol (a) and each

amine (b), in ACN/phosphate buffer pH 7.0 (3:1).

After adding 50 equiv of each alcohol and amine to the dicyanovinyl derivative 4 solution in
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ACN/PBS pH 7.4 (3:1, 7.5x 10 M), in presence of 2B, 1P and MeOH showed a fluorescence quenching
(figure 64a). The behavior was maintained after 2 hours and 1 week (appendix A, figure A125), so no
selectivity was achieved. In presence of amines, with HA showed a quenching (figure 64b). The same
behavior was maintained after 2 hours and 1 week (appendix A, figure A26), so selectivity was achieved

for HA.

Figure 64 - Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol (a) and each amine (b) in ACN/PBS

pH 7.4 (3:1).

After adding 50 equiv of each alcohol, amine and U to the dicyanovinyl derivative 4 solution in
ACN/PBS pH 7.4 (3:1, 7.5%10% M), in presence of MeOH the quenching persisted (figure 65a). The
behavior was maintained after 2 hours and 1 week (appendix A, figure A27) so selectivity was achieved
for MeOH. In presence of amines, with DEA and HA showed a new quenching (figure 65b). The same
behavior was maintained after 2 hours and 1 week (appendix A, figure A28), so no selectivity was

achieved.

Figure 65- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of U and 50 equiv of each alcohol (a) and each

amine (b) in ACN/PBS pH 7.4 (3:1).

After adding 50 equiv of each alcohol, amine and CRT to the dicyanovinyl derivative 4 solution in
ACN/PBS pH 7.4 (3:1, 7.5Xx10° M), MeOH showed a fluorescence quenching (figure 66a). The behavior
was maintained after 2 hours and 1 week (appendix A, figure A29) so no selectivity was achieved. In
presence of amines, with AN, TEA and DEA displayed a fluorescence quenching (figure 66b). The same

behavior was maintained after 2 hours and 1 week (appendix A, figure A30), so no selectivity was
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achieved.

Figure 66- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of CRT and 50 equiv of each alcohol (a) and each

amine (b), in ACN/PBS pH 7.4 (3:1).

After adding 50 equiv of each alcohol and amine to the compound 4 solution in DCM (1><10'5 M),
no color change occurred. In terms of fluorescence, the compound 4 solution in the presence of 2B and
MeOH showed an increase on fluorescence intensity (figure 67a). The same behavior was maintained
after 2 hours and 1 week (appendix A, figure A31) so no selectivity was achieved. In presence of amines,
with TEA, DEA and DCHA showed an increase in fluorescence intensity while with HA showed a quenching
(figure 67b). The same behavior was maintained after 2 hours and 1 week (appendix A, figure A32), so

selectivity was achieved for HA in the two groups because it is the only quenching.

Figure 67 - Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol (a) and each amine (b) in DCM.

The results for dicyanovinyl derivative 4 are systematized in table 11.
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Table 11- Overview of preliminary sensing studies for probe 4 in presence of alcohols and amines.

Interferents Alcohols Amines
Conditions

U CRT | 4MP 2B 1P  MeOH | AN TEA DEA DCHA HA
ACN (50 equiv) 1 — - — 1 1 ) 0 _
pH 6.5 - Lol ! - l !

pH 6.5 - l - | - - - l l
pH 6.5 ! - U - - l | -
pH 7 (S A A (O A
pH 7 - T A e
pH 7 -l - - - -1 - =
pH 7.4 T
pH 7.4 - A [
pH7.4 T T A A A
DCM S S r -

Note: — represents no change in the probe fluorescence, 1 represent a enhancement in fluorescence intensity, | represents

the quenching and represents the absence of the respective interferent.

Comparing the performance of compounds 2 and 4, compound 2 seems to be more selective
than 4 in ACN solution being able to recognize only 4MP. The selectivity of compound 2 is again better
in ACN/phosphate buffer pH 6.5 (3:1) showing the capacity to detect different amines, and only MeOH
in presence of creatinine.

In ACN/phosphate buffer pH 7 and in ACN/PBS pH 7.4 neither compound 2 or 4 show selectivity
for one of the groups of analytes.

Both compounds have no interaction with U, so this molecule seems not to be an interferent.

3.5.2.1.  Media and salts effect on compound 2 and 4 color and fluorescence

Along the preliminary assays, it was clear that some factors could change the compounds’ color
and original fluorescence intensity.

For compound 2, the effect of water and salts was visible: in ACN/phosphate buffer at pH 6.5
and 7.0 some turbidity appeared and a yellowish color developed at pH 7.0. In terms of fluorescence, at
pH 7.0 the emission color was slightly changed and in ACN/PBS pH 7.4 the probe became non-
fluorescent. These differences can be due to the establishment of hydrogen bonds with water or

interactions with the salts used in the preparation of the buffers (figure 68a).
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For compound 4 a similar behavior was seen: in ACN/phosphate buffer at pH 7.0 some turbidity
appeared and in terms of fluorescence, it seemed that the compound had a more intense natural
fluorescence. In ACN/PBS pH 7.4 the probe became less fluorescent with a change in the fluorescence

color. In DCM the compound seemed to be less fluorescent than in ACN (figure 68b).

Figure 68- Differences in probe 2 (a) and 4 (b) color and fluorescence in different media and in presence of different salts.

3.6. Machine Learning Model Development
Figure 69 shows the raw spectral data for the spectrophotometric titration of Fe* in presence of
compound 1 in ACN as a representative example for the rest of the titrations and model development.

The spectrophotometric titration data was obtained between 200 and 800 nm.

Absq
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Figure 69- Raw absorption data of the titrations of compound 1 in presence of Fe> in ACN.

The preliminary analysis of PCA was developed for 4 components. As presented in figure 70 and
table 12 the totality of data variance is explained just with PC1 and PC2, because of that all samples were
used to move forward with calibration models and the other PCs were disregarded.

Through the scores plot bellow, we can easily see the relationship between PC1 and the concentration
of samples. In the first four samples, where the concentration does not change significantly, the PC1
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value does not change significantly either.

However, in the remaining samples where larger increases in concentration occur, the PC1 value
also increases, showing the tendency between this main component and the concentration and how well

PCA analysis maintain the overall tendency of the spectroscopic data.
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Figure 70- Scores plot of the two PCs for the raw data of the spectrophotometric titration of compound 1 in presence of Fex.

In the following table are presented the results of the PCA analysis for all the titrations.
For the last titration only, SLR was applied to the data set because insufficient data were collected as

the titration was finished with only a few equiv of CN- in solution.

Table 12-Results of the PCA analysis presented as the percentage of variance explained with PC1 and PC2.

Titration PC1 (%) PC2 (%)

1+F (ACN, spectrofluorimetric) 100 0

1+Cu# (ACN, spectrofluorimetric) 100 0

1+Cu* (ACN, spectrophotometric) 90 10
1+Fe* (ACN, spectrofluorimetric) 100 0

1+Fe* (ACN, spectrophotometric) 90 10
3+CN- (ACN, spectrophotometric) 90 10
3+Cu> (ACN/H.0, spectrophotometric) 90 10
5+CN- (ACN/H:0, spectrophotometric) 100 0
5+CN- (ACN/H:0, spectrofluorimetric) — -

The same pre-treatment was performed to spectral data as cited above. Statistical results for SLR,
PCR and PLS models for ion concentration predictions using absorption and emission spectra are shown

in table 13. The statistical parameters are presented for all the models.
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Table 13- Evaluation and validation statistic parameters obtained with LR, PLS and PCR.

Titration Learmer Calibration Validation
Re RMSE RMSE
SLR 0.23 47139.76 | 34413.73
1+F (ACN, spectrofluorimetric) PLS -21.95 83.92 5.51
PCR -0.30 22.73 189.99
SLR 0.52 11406857 | 11110.25
1+Cu? (ACN, spectrofluorimetric) PLS -33.57 37.60 3.48
PCR -0.05 7.65 471
SLR 0.82 0.034 0.033
1+Cu> (ACN, spectrophotometric) PLS 0.70 3.45 0.15
PCR 0.58 4.49 54.55
SSLR 0.76 126052.96 | 141351.02
1+Fe* (ACN, spectrofluorimetric) PLS -24.32 19.65 1.63
PCR -0.81 5.19 54.55
SLR 0.88 0.20 0.10
1+Fe* (ACN, spectrophotometric) PLS 0.98 1.72 0.33
PCR 0.99 1.40 0.51
SLR 0.89 0.022 0.015
3+CN- (ACN, spectrophotometric) PLS 0.66 16.69 1.18
PCR 0.95 6.65 0.39
SLR 0.44 0.04 0.30
3+Cu (ACN/H.0, spectrophotometric) PLS 0.76 11.32 0.33
PCR 0.76 15.09 1.18
SLR 0.73 94367.82 | 341087.41
5+CN- (ACN/H:0, spectrophotometric) PLS -43.56 17.56 2.87
PCR 0.08 2.96 0.76
SLR 0.94 0.019 0.016
5+CN- (ACN/H.0, spectrofluorimetric) PLS - - -
PCR - - -

71



Chapter 3- Results and Discussion

As example, in figure 71, are presented the graphic models for the spectrophotometric and

titration of compound 1 with Fez.

Abs 1 " -
Abs= -0.0143([Fe**]/[1]) + 0.5836 s
08 1 R = 0.8
4 RMSE=0.20
06 R?=0.98
0.4 1 o RMSE= 1.72
0.2 B
O T T T 1 5
0 10 20 30 40 .
[Fea+]/[1] o 5 10 15 20 25 30 35 40
[Fe**1/[1]eal
a) b)

40 Prediction

R?=0.99
RMSE= 1.40

N
o
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o] 5 10

15 20 25 30 35 a0
[Fe**1/[1],eal

c)

Figure 71- [Fe*]/[1] predictive models: SLR (a), PLS (b) and PCR (v) using UV-vis spectral data.

For the SLR model, [Fe*]/[1] was plotted against the absorbance at 497 nm, for the
spectrophotometric titration. The changes in absorbance at 497 and 701 nm have information about the
titration so both were studied showing that at 497 nm the fit between the data and the model is better, r
is closer to 1. The same strategy was applied for the other titration studies were important behavior is
presented for two different wavelengths. In table 14 are presented the considered wavelength for the SLR

development.

Table 14- Spectrophotometric titration wavelengths considered for SLR models’ development.

Probe lon Important wavelengths (nm) Chosen wavelength (nm)
Cuz 496 and 695 496
1
Fex 497 and 701 497
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This disadvantage is overcome in the other models since the complete data sets are considered
in the development, using all absorbances obtained for wavelengths between 200 and 800 nm.

Looking to the PLS and PCR models in figure 71 b and ¢, respectively, two lines appear. The red
line is the calibration line while the black represents the fit of the results. The differences between the
two lines can be compared to discuss the model performance. In this two cases is possible to see that
the real value of [Fe*]/[1] is similar to the predicted and the points tend to overlay the calibration line
witch indicated a good performance of the model. The same conclusion can be taken with rz and RMSE
values. In this specific case both PLS and PCR models can be used to predict the concentration of Fe* in
presence of compound 1 with UV-vis spectral data.

When a lack of fit of the results happen the black line shows that the behavior of results are poor
explained by the model and the different points tend to be far from the calibration, in other words the real
value of [Fe*]/[1] is completely different from the predicted, showing that the model cannot be used.

The lack of fit of the results and the poor predictions are accompanied with small r2, and elevated
values of RMSE.

As shown in table 13, although most models have statistical parameters that demonstrate the
lack of fit of the spectral data to the predicted, some cases were found in which the ion concentration
could be predicted by the model (Re=1 and RMSE is near 0).

Attending to the results, 3 models can be used: PLS and PCR for quantification of Fe* with
compound 1 based on UV-vis data and PCR for quantification of CN- with compound 3 based on UV-vis
data.

The validation of these two models is also satisfactory, when two new data sets correspondents
to [ion]/[compound], in the working range, are tested the RMSE is almost O which indicates that difference
between the experimental data and the predictions is minimum and the predictions are accurate.

The contrary also happens, for example in the quantification of CN- with compound 5. The models
show a lack of fit between the predictions and the real values, and when studying the validation the
predictions of [CN]/[5] were inaccurate.

Based on the r2 of the models where the same [ion]/[compound] was determined with data from
different spectroscopies, the models developed with UV-vis data showed better fit of the results to de
model which indicates that UV-Vis spectroscopy, is more useful for quantification of those specific ions

(Cuz and Fe* in presence of compound 1) than emission spectroscopy.
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4. Conclusion and Future work

New BODIPY derivatives functionalized with different functional groups were obtained through
distinct synthetic pathways with moderate yields (22 - 63%). Derivative 1 h been synthesized through the
condensation reaction between 2,4-dimethylpyrrole and 4-(diphenylamino)benzaldehyde. The
functionalization of compound 1 with the formyl group at position 2 and 4" through the Vilsmeier-Haack
reaction gave derivative 2. Derivative 3 functionalized with the vinyl-nitro group at position 2 and 4"'was
obtained through the Henry reaction between the formylated precursor 2 and nitromethane. All the
derivatives were obtained through simple synthetic methodologies and an easy purification procedure.

The synthesized BODIPYs 2 and 3 were characterized by LRMS, IR spectroscopy, uni- and
bidimensional 'H and =C NMR spectroscopies, from which it was possible to confirm the chemical
structures and the purity of the compounds.

The influence of the extension of the t-conjugate system and the electronic character of the
functional groups on the photophysical properties of BODIPY derivatives and dicyanovinyl derivatives was
evaluated by absorption and fluorescence spectroscopies in acetonitrile solutions. The results obtained
demonstrated that the introduction of an electron-withdrawing group (derivative 2) induces a
hypsochromic shift in the absorption band; on the other hand, increasing the extension of the T-conjugate
system through functionalization with a vinyl-nitro group, which has also electron-withdrawing character
(derivative 3) induces a bathochromic shift.

The dicyanovinyl derivatives showed that the functionalization with different types of aromatic
moieties influenced the absorption band wavelength, thus proving that photophysical properties can be
easily modulated for this type of compounds.

With regard to fluorescence spectra, no significant displacements of the emission bands
happened for the BODIPYs as expected, since these compounds are known to display small Stokes’ shifts,
while the dicyanovinyl derivatives show significant Stokes’ shifts.

The low quantum yield determined in acetonitrile for the all derivatives (- <0.012) may be
related to the signaling mechanisms (PET and ICT).

The evaluation of BODIPY and dicyanovinyl derivatives as optical sensors was carried out through
a preliminary study involving the addition of a fixed amount of ion (50 equiv) and, depending on the results
obtained in the preliminary study, spectrophotometric and spectrofluorimetric titrations in acetonitrile and
acetonitrile/water (8:2) were carried out for selected ions. It was possible to conclude that the
functionalization of the BODIPY nucleus at position 2 and 4" with different functional groups influences

not only the selectivity and sensitivity of BODIPY but also the type of response obtained in the ion
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recognition process. The BODIPY 1 derivative exhibited potential as a colorimetric sensor for Fe* and as
fluorimetric sensor for F-, and Fe*, in acetonitrile. On the other hand, the BODIPY 2 derivative proved to
be a colorimetric sensor for CN- in acetonitrile and, simultaneously, a colorimetric sensor for Cuz in
acetonitrile/water (8:2). As for dicyanovinyl derivative 5, it showed colorimetric and fluorimetric
recognition behavior for CN- in acetonitrile/water (8:2).

To complement this result, an *H NMR titration of compound 5 with CN- in deuterated acetonitrile
was performed showing the chemodosimeter capacity of this compound through the disappearance of
the original signals and the development of a new set of signals corresponding to the new compound
after addition of the cyanide to the vinyl double bond.

The evaluation of BODIPY and dicyanovinyl derivatives as optical sensors for selected amines and
alcohol, acting as models for drugs of abuse such as codeine and fentanyl, in different media (ACN, DCM,
ACN/phosphate buffer and ACN/PBS buffer), in presence and absence of possible interferents (urea and
creatinine) was also carried out. These studies showed the influence of the media and salts on the
fluorescence intensity and recognition ability of alcohols and amines.

Neither one of the compounds can be used as a selective probe for one specific alcohol or amine,
but compound 2 reveals less interaction with the analytes than compound 5 mainly in at pH 6.5. Testing
the capacity of recognition of amines and alcohols over time did not show significant differences. For
these two compounds, urea is not an interferent in any media tested while creatinine in some cases
changes the original fluorescence of the compounds.

The spectrophotometric and spectrofluorimetric raw data from the titrations were used to develop
quantification models using different learning algorithms (SLR, PLS and PCR). Most of the developed
models didn't show a satisfactory fit to the used regressions, but it was possible to develop models to
quantify accurately Cuz, Fex, CN- knowing the exact concentration of compounds 1, 3 and 5, respectively.

As future perspectives, compounds 1 - 5 could be evaluated as probes for metal cations in
aqueous mixtures with higher water content in the presence of a surfactant such as sodium dodecylsulfate
(SDS). Recent literature has reported that poorly water-soluble organic optical chemosensors can be
embedded into the inner hydrophobic core of the SDS micelles, allowing optical detection of metal cations
in aqueous solution. Also, it would be interesting to test the drugs, as originally intended, and their main
metabolites. In terms of the chemometric model development, other learning algorithms, usually used

for small data sets, can be tested to see the adjustment of the data, for example quadratic regression.
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Appendix

Preliminary assays with alcohols and amines supplementary figures

Figure Al-Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol in ACN, 2 hours after addition.

Figure A2- Fluorimetric changes of BODIPY 2 with 50 equiv of each amine in ACN/phosphate buffer pH 6.5 (3:1), 2 hours
after addition.

Figure A3- Fluorimetric changes of BODIPY 2 with 50 equiv of each amine and U in ACN/phosphate buffer pH 6.5 (3:1), 2
hours after addition.

Figure A4- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol (a), amine (b) and CRT in ACN/phosphate buffer
pH 6.5 (3:1), 2 hours after addition.

Figure A5- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol in ACN/phosphate buffer pH 7.0 (3:1), 2 hours
after addition.
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Figure A6- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol (a), amine (b) and U in ACN/phosphate buffer pH
7.0 (3:1), 2 hours after addition.
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Figure A7- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol (a) and amine (b) and CRT in ACN/phosphate
buffer pH 7.0 (3:1), 2 hours after addition.

Figure A8- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol (a) and amine (b) in ACN/PBS pH 7.4 (3:1), 2
hours after addition.

Figure A9- Fluorimetric changes of BODIPY 2 with 50 equiv of each alcohol (a), amine (b) and U in ACN/PBS pH 7.4 (3:1), 2
hours after addition.

Figure A10- Fluorimetric changes of BODIPY 2 with 50 equiv of each amine and CRT in ACN/PBS pH 7.4 (3:1), 2 hours after
addition.
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Figure Al11- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol in ACN, 2 hours (a) and 1 week
(b) after addition.

Figure A12- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine in ACN, 2 hours (a) and 1 week (b)
after addition.

Figure A13- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol in ACN/phosphate buffer pH 6.5
(3:1), 2 hours (a) and 1 week (b).

Figure Al14- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine in ACN/phosphate buffer pH 6.5
(3:1), 2 hours (a) and 1 week (b).

Figure A15- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol and U in ACN/phosphate buffer
pH 6.5 (3:1), 2 hours (a) and 1 week (b).
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Figure A16- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine and U in ACN/phosphate buffer pH
6.5 (3:1), 2 hours (a) and 1 week (b).

Figure A17- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol and CRT in ACN/phosphate buffer
pH 6.5 (3:1), 2 hours (a) and 1 week (b).

Figure A18- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine and CRT in ACN/phosphate buffer
pH 6.5 (3:1), 2 hours (a) and 1 week (b).

Figure A19- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol ACN/PBS pH 7.0 (3:1), 2 hours
(a) and 1 week (b).

Figure A20- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine in ACN/phosphate buffer pH 7.0
(3:1), 2 hours (a) and 1 week (b).
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Figure A21- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol and U in ACN/phosphate buffer
pH 7.0 (3:1), 2 hours (a) and 1 week (b).

Figure A22- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine and U in ACN/phosphate buffer pH
7.0 (3:1), 2 hours (a) and 1 week (b).

Figure A23- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol and CRT in ACN/phosphate buffer
pH 7.0 (3:1), 2 hours (a) and 1 week (b).

Figure A24- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine and CRT in ACN/phosphate buffer
pH 7.0 (3:1), 2 hours (a) and 1 week (b).

Figure A25- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol ACN/PBS pH 7.0 (3:1), 2 hours
(@) and 1 week (b).
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Figure A26- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine ACN/PBS pH 7.0 (3:1), 2 hours (a)
and 1 week (b).

Figure A27 - Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol and U ACN/PBS pH 7.0 (3:1), 2
hours (a) and 1 week (b).

Figure A28- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine and U ACN/PBS pH 7.0 (3:1), 2
hours (a) and 1 week (b).

Figure A29- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each alcohol and CRT ACN/PBS pH 7.0 (3:1),
2 hours (a) and 1 week (b).

Figure A30- Fluorimetric changes of dicyanovinyl derivative 4 with 50 equiv of each amine and CRT ACN/PBS pH 7.0 (3:1), 2
hours (a) and 1 week (b).
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Figure A31- Fluorimetric visualization of compound 4 DCM solution in presence of 50 equiv of each alcohol 2 hours (a) 1 week
(b) after addition.

Figure A32- Fluorimetric visualization of compound 4 DCM solution in presence of 50 equiv of each amine 2 hours (a) 1 week
(b) after addition.
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