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Abstract: Functionalization of xanthene fluorophores with specific receptor units is an important
topic of research aiming for the development of new analytical tools for biological sciences, clinical
diagnosis, food and environmental monitoring. Herein, we report a new dihydrorosamine containing
two active amino groups, which was functionalized with 3-benzyloxy-1-(3'-carboxypropyl)-2-methyl-
4-pyridinone through an amide coupling strategy. Benzylated mono- and di-functionalized dihy-
drorosamine derivatives (H in position 9 of the xanthene) were obtained, but with modest reaction
yields, requiring long and laborious purification procedures. Looking for a more efficient approach,
rhodamine 110 was selected to react with the carboxypropyl pyridinone, enabling the isolation of
the corresponding mono- and di-functionalized derivatives in amounts that depend on the excess of
pyridinone added to the reaction. The structure of all compounds was established by 'H and 3C
NMR, MS (ESI) and their absorption and emission properties were evaluated in dichloromethane.
The fluorescence behavior of the debenzylated mono-rhodamine 110 derivative in the presence of
Fe(Ill) was studied, making it an interesting fluorogenic dye for future optical sensing applications.

Keywords: dihydrorosamine; rhodamine 110; pyridinone units; amide coupling; optical proper-

ties; fluorescence

1. Introduction

Rhodamines are a family of fluorescent dyes based on a planar aromatic xanthene core,
whose general structures are represented in Figure 1a. Due to their excellent photophysical
properties in solution, particularly high molar absorptivity, intense fluorescence spectrum
in the visible region, high quantum yield and photostability, rhodamines continue to be
excellent scaffolds to be used as fluorescent probes and their applications range from
chemistry and biology to materials science [1,2]. For example, rhodamine spirolactams
incorporating nitrogen donors have been applied as photochemical switching systems for
the selective colorimetric detection of metal ions in an aqueous solution and living cells [3].
Other examples include their use as thermometers [4,5], fluorescent probes in sensing
various biological species [2,6], as scaffolds in biological labeling and turn-on fluorescence
imaging [7] and as antibacterial, antiviral, anti-inflammatory and antitumor agents in
biological applications [8,9], among others.
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Figure 1. (a) General structure of xanthene and rhodamine dyes; (b) Molecular structures of three
rhodamine forms in equilibrium.

In a solution, the photophysical properties of rhodamines are dependent on the
molecular structure of the dye, as well as, environment effects, including solvent, pH and
temperature [10]. The equilibrium between “closed” spirolactone and “open” quinoid
forms controls the conjugation of the rings (Figure 1b). In non-polar solvents, rhodamines
exist in the spirolactone form; thus, their molar extinction coefficient (and also fluorescence
quantum yield and lifetime) are very low, on account of the interruption of 7-conjugation
of the xanthene core. However, the lactone form undergoes the opening of the ring into a
zwitterionic form in polar solvents, or a cationic form in acidic media, recovering the color
and fluorescence.

Rosamines are rhodamine analogues that lack the carboxylic acid group at the ortho
position of the phenyl ring, and therefore are unable to participate in spirolactone-quinoid
equilibria. Rosamines are often considered advantageous over thodamines as they ex-
hibit very attractive photophysical properties and are usually easier to synthesize and to
purify [11-14].

From the wide variety of chemical modifications available on rhodamines [6], one
of the most relevant involves the modification of the two reactive amino groups of the
xanthene moiety (positions 3 and 6). Amongst others, Rhodamine 110 (Rho110) is char-
acterized by an absorption maximum at 497 nm, emission maximum at 520 nm, and a
high quantum yield of 0.85 in water [7]. This dye contains both unsubstituted amino
groups that can be modified either by reaction with an acyl chloride (or chloroformate)
or with a carboxylic acid using a carbodiimide as a coupling agent [1]. Both mono- and
di-functionalized derivatives of Rho110 can be achieved using these procedures.

The exceptional photophysical properties of rhodamines can be complemented with
the introduction of receptors, such as 3-hydroxy-4-pyridinone (3,4-HPO) units, allowing
the optical detection of several species, namely M(II) and M(III) metal ions [15]. Indeed,
3,4-HPOs are an important class of N-heterocyclic bidentate ligands, whose use has been
widely explored as specific and selective chelators towards environmentally and biologi-
cally relevant metals, specially AI** and Fe3* [16-19]. In this context, the functionalization
at the benzoate ring of rhodamine with 3,4-HPO chelating units is being approached as a
very promising and useful methodology to obtain fluorescent probes, which can be used in
the detection and quantification of such metal ions [15-19].

In this work, we are exploring the functionalization of two rhodamine dyes (dihy-
drorosamine 2 and Rho110) at the nitrogen positions of the xanthene structure, with
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3-benzyloxy-1-(3/-carboxypropyl)-2-methyl-4-pyridinone (L!), in order to obtain mono-
and di-functionalized derivatives. The structure of the resulting derivatives was established
by 'H and 13C NMR, MS (ESI) and their optical (absorption and emission) properties were
evaluated, being the mono-functionalized derivative debenzylated and used in fluorescence
studies in the presence of Fe(IlI) metal ion.

2. Results and Discussion
2.1. Synthesis

Rosamine 1 was initially prepared from the condensation of 3-aminophenol with
benzaldehyde using propionic acid and a catalytic amount of p-toluenesulfonic acid at
60-80 °C, followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), to
give 3 in 14% isolated yield. Better results were obtained by performing the condensation
in methanosulfonic acid at 150 °C during 16 h, which allowed the isolation of 1 in 50%
of yield. In this case, the oxidative cyclization occurred in situ, meaning that no extra
oxidative step was necessary to complete the rosamine scaffold.

Next, we tested the amide coupling reaction of rosamine 1 with the carboxypropyl
pyridinone L1, but no reaction was observed. We assumed that through the reduction
of the xanthene core the reactivity of the nitrogen atoms at positions 3 and 6 of the xan-
thene would increase, allowing the coupling with carboxylic acids using mild conditions.
Accordingly, we performed the reduction of rosamine 1 by catalytic hydrogenation (Hy,
10% Pd/C), to give quantitatively the dihydrorosamine 2. Subsequently, the reaction of
2 with the carboxypropyl pyridinone L! (2.6 equiv.) using N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC) in a 1:1 mixture of anhydrous pyridine (Py)
and DMF [20] furnished the mono- and di-functionalized derivatives 3 and 4 in 2% and
16% of yield, respectively (Scheme 1). It is important to mention that, in addition to the
desired conjugates 3 and 4, the control by TLC analysis of the reaction mixture revealed
the presence of other compounds, including (i) starting unreacted dihydrorosamine 2,
(ii) rosamine 1 probably regenerated during the reaction and/or during the TLC plate
elution through contact with the silica gel used as a stationary phase, and (iii) other minor
by-products. These observations revealed that the reaction conversion is not complete, and
that the compounds obtained are unstable (tendency to oxidize), which explains the low
yields obtained by this approach.

In order to find a more efficient approach, we decided to replace dihydrorosamine
2 by the commercially available Rhodamine 110 (Rho110). Rho110 contains two active
amino groups, the ortho-carboxyl group in the phenyl ring and can exist in equilibrium of
the “open” quinoid and “closed” lactone forms, being the “closed” lactone form typically
more reactive for synthetic proposes. The condensation of Rho110 with 1.2 equiv. of
L1, using EDC in Py/DMF (1:1) was achieved at room temperature for 24 h (Scheme 2).
After the preparative thin-layer chromatographic purification, the mono-functionalized
derivative 5 was isolated in 31% of yield. In addition, 55% of Rho110 was recovered
unchanged, along with traces of the di-functionalized derivative 6. The use of a bigger
amount of L1 (1.7 equiv.) led to the formation of 5 in 40% of the yield, while only traces
of 6 were detected. Finally, when the reaction was carried out with a significant excess of
L1 (3.5 equiv.), conjugates 5 and 6 were isolated in 8% and 34% yields, respectively. Note
that in all these cases, the mono- and di-functionalized derivatives were isolated mainly in
“closed” lactone.



Molecules 2022, 27, 1567 4 of 14

CHO

li.
.
HoN 0 NH,
400
0
‘ o OBn OBn BnO
1 (50%) L || ||
N N N
lii.
0 o
heq 409

Conditions: i. MeSO3H, 150 °C;
ii. Hy , Pd/C (10%);
iii. EDC, Py/ DMF (1:1), room temperature.

2 (quantitative yield) 3 (2%) 4 (16%)

Scheme 1. Synthesis of rosamine 1, followed by catalytic hydrogenation to give dihydrorosamine 2,
and subsequent amide coupling of 2 and L to yield mono- and di-functionalized derivatives 3 and 4.
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Scheme 2. Amide coupling of Rho110 and L! to give mono- and di-functionalized derivatives 5
and 6.

Recently, Jing Shi and coworkers [21] have successfully performed the condensation
reaction of Rho110 and Boc glycine in DMF using 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) in the presence of
N,N-diisopropylethylamine (DIPEA). We have tried similar conditions, involving the initial
treatment of L1 (4 equiv.)) with HATU (3.5 equiv.) in a mixture of DMF and DIPEA
(18 equiv.), with subsequent addition of Rho110 (1 equiv.). Unfortunately, these conditions
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led to reactions with modest yields (monosubstituted in 21% yield and disubstituted in
very low yield) together with many difficulties in the purification process.

The condensation through the formation of acyl chloride from L! was also attempted.
Adding thionyl chloride (5 equiv.) and DIPEA to a solution of L! (3 equiv.) in DMF (18 h at
room temperature), resulted in the formation of monosubstituted derivative 5 in 24% of
the yield.

Considering the objective of Fe(IIl) sensing and the stoichiometric of the corresponding
Fe-chelates, we selected the bidentate derivative (5) for further studies bearing in mind the
advantage of leaving an extra position for a different functional group. In fact, previous
results of synthetic work on rigid structures with two 3,4-HPO arms showed that a planar
linker favors the use of the ligand as a bidentate rather than a tetradentate one [22].

Therefore, we decided to proceed with the deprotection of the benzyl group for
derivative 5, using the Lewis acid boron trichloride (BCl3), which allowed the isolation of
the desired hydrochloride salt of Rho110-monoHPO in 75% of the yield (Scheme 3, Method
A). Being milder and less acidic, the treatment under hydrogen atmosphere over 10% Pd/C
was also attempted to deprotect 5. An orange powder was isolated, which after 'H NMR
analysis revealed to be the deprotected compound in the reduced form (H insertion in
position 9 of the xanthene). Keeping this derivative in the solution at room temperature for
24 h, we found that it can be totally converted into the oxidized form, without any further
treatment, affording Rho110-monoHPO in 35% of the yield (Scheme 3, Method B).

OH

o) NH, HN o) NH
g 90

o) Method A or B

O COOH

Rho110-monoHP
Method ‘ Conditions | Yield 0110-monoHPO

A | BCl3, CHyCly | 75%
B | Hp, Pd/C 35%

Scheme 3. Deprotection of the benzyl ether of mono-functionalized derivative 5 using BCl3 in CH,Cl,
(Method A) or H; in the presence of Pd/C (Method B).

2.2. NMR Characterization

'H NMR, 13C NMR and two-dimensional NMR experiments, including gHSQC and
gHMBC, for carbon assignment are provided in Supplementary Materials. Figure S25 of
Supplementary Materials shows a comparison of the 'H NMR spectra of the synthesized
rosamine 1 and dihydrorosamine 2, where the appearance of an additional singlet at
5.48 ppm corresponding to the resonance of 9-H proton in derivative 2 can be observed.

The coupling reaction of dihydrorosamine 2 with the pyridinone afforded the mono-
and di-functionalized derivatives 3 and 4, whose comparison of the 'H NMR spectra is
presented in Figure 526 in Supplementary Materials. Both spectra show the two charac-
teristic doublets at 7.73 ppm and 6.45-6.48 ppm, due to H-6" and H-5", respectively, and
the singlet at 5.19-5.20 ppm due to H-9. Differences in chemical shifts are perceptible for
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the xanthene and phenyl protons attributed mainly to the asymmetric nature of 3, which
contrasts with the high symmetry of 4. Additionally, in 'H NMR spectra of compounds
5 and 6 (Figure S27 in Supplementary Materials), signals due to H-6" and H-5" of the
pyridinone remain identical in both compounds.

The 'H NMR spectrum of the isolated Rho110-monoHPO (Figure 523 in Supplemen-
tary Materials) shows the absence of signals due to the benzyl protecting group and a
significant deshielding of the two doublets at 8.31 and 7.21 ppm, due to the H-6" and H-5"
of the pyridinone, which confirms that the ligand is obtained in the dihydroxypyridinium
form.

The HRMS (ESI) spectra (provided in Supplementary Materials) confirmed the struc-
tures proposed, exhibiting the molecular ion (M+H*) of compounds 3 and 4 at m/z values
558.24 and 827.34, respectively, of compounds 5 and 6 at m/z values 600.22 and 869.32,
respectively, and the (M**) of Rho110-monoHPO at m/z value 510.17.

2.3. Spectroscopic Characterization

The spectroscopic characterization by UV-Vis and fluorescence studies, of the com-
pounds was performed in solution using dichloromethane (CH,Cl,). Dichloromethane
was chosen as a solvent as it can enhance the optical properties of rhodamine derivatives,
namely the fluorescence quantum yield [12,23]. The results obtained for the compounds
are summarized in Table 1, giving an insight into some spectroscopic differences between
the rosamine and rhodamine derivatives.

Table 1. Photophysical properties of Rho110, compounds 1-4 and functionalized derivatives 5 and
6 (A of absorption and emission and molar extinction coefficient (¢) and Stokes shift) in CH,Cl, at
25 °C.

Compound Aaps/nm £ x 103/M~1.cm—1 Aem/nm Stokes Shift/nm
1 511 33 526 15
2 507 14 530 23
3 277 46.3 - -
4 270 40.2 - -
Rho110 498 89.0 515 17
5 (spirolactone) 270 2.1 - -
6 (spirolactone) 262 79.8 - -
5 (quinoid) 489 0.8 521 32
6 (quinoid) 485 18.7 508 23

Compounds 1 (Aaps/Aem = 511 nm /526 nm) and 2 (Azps/Aem = 507 nm /530 nm) ex-
hibit a bathochromic shift in absorption and emission wavelengths relative to Rho110
(Aabs/ Aem = 498 nm /515 nm) (Figure S35 in Supplementary Materials). In contrast, deriva-
tives 3 and 4 exhibit an absorption band at 274 and 270 nm, respectively, and lack of
emission (Figure S35 in Supplementary Materials). This can be explained by the pres-
ence of the hydrogen atom at position 9 in the xanthene core which causes the loss of the
aromaticity—a similar effect to the lactone form of the rhodamine derivatives.

Similarly, when compounds 5 and 6 are present in spirolactone forms, they are color-
less, and that fact is reflected in the UV-Vis spectrum where the characteristic absorption
band of rhodamine is absent (Figure S36 in Supplementary Materials). Only one band is
observed at 270 nm (5) and 262 nm (6) assigned to the pyridinone moiety (Table 1). In order
to convert them into the quinoid form [24,25], a small amount of HCI (37%) was added to a
solution containing 5 or 6. The spectra were acquired (Figure 2) and two major changes
were observed: (i) a change in coloration from colorless to orange with appearance of a
new absorption band at 489 nm (5) and 485 nm (6), and (ii) the appearance of an emission
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band at 521 nm (5) and 508 nm (6). These changes indicate that the acidic pH led to the
opening of the lactone to the quinoid form. Comparing with Rho110, a hypsochromic shift
of 9 and 13 nm was observed in the absorption band for quinoid forms 5 and 6, respec-
tively, while the emission bands follow different patterns—bathochromic shift for 5 (6 nm)
and hypsochromic shift for 6 (7 nm). Additionally, the difference between A,p,s and Aem
(Stokes shift) is larger for the asymmetric mono-functionalized derivative 5 (AA = 32 nm),
which means that this derivative is less susceptible to self-quenching via energy transfer
mechanisms and potentially useful for biological applications.
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Figure 2. Normalized absorption and emission spectra of Rho110 (blue), 5 (black, quinoid form) and 6
(red, quinoid form) in CH,Cl, at 25 °C (full line—absorption spectra; dashed line—emission spectra).

Considering the lack of emission of 3 and 4 and the interesting properties of 5, we
decided to proceed with this derivative, by removing the benzyl protective group of the
HPO unit, to obtain Rho110-monoHPO (Figure 3A).

From a ligand design perspective, Rho110-monoHPO comprises: (i) a 3,4-HPO unit
that has high stability constants towards M(II)/M(III), and (ii) an amino group that opens
the possibility of extra functionalization, which may allow, for example, an easy and
stable incorporation of this compound into sensing materials for measuring purposes.
As depicted in Figure 3B, Rho110-monoHPO exhibits two absorption bands at 489 and
507 nm in CH,Cl,, with absorption coefficients 4 times higher than the benzylated 5 in
the quinoid form (¢ = 4.3 x 10® and 4.6 x 103> M~'cm ™!, respectively). In MOPs buffer
(pH = 7.40), Rho110-monoHPO exhibits two similar absorption bands at 470 and 494 nm,
with e =9.8 x 103 and 11.4 x 103> M~'cm ™!, respectively, with the corresponding emission
band at 527 nm.

The response of Rho110-monoHPO towards metal ions was accessed in deionized
water (pH = 5), using several metal ions including AI(IIT), Cr(IlI), Fe(Il), Cd(II), Cu(II),
Ni(II), Pd(II), and Zn(II). Rho110-monoHPO presented higher sensitivity towards Fe(IlI)
and Cu(Il). A decrease in absorbance and emission intensities was observed with increasing
amounts of the metal ion; the decreases where more pronounced for Fe(IIl). Figure 3C
illustrates the variation in the fluorescence intensity of Rho110-monoHPO in the presence
of increasing amounts of Fe(IIl). The observed fluorescence decrease (ca 19%) indicates
the formation of the Rho110-monoHPO and Fe(IlI) complex, as expected for a bidentate
ligand [15,26]. In Figure 3D, a comparison plot of the fluorescence intensity variation (%) of
Rho0110-monoHPO in the presence of the studied metal ions (1:1 ratio) is presented. From
the analysis of Figure, we can infer that there is a higher sensitivity of Rho110-monoHPO
towards Fe(IIl), even comparing with Cu(II).
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Figure 3. (A) Structure of the hydrochloride salt of Rho110-monoHPO; (B) Normalized absorption
and emission spectra in MOPS pH = 7.40 of Rho110-monoHPO, at 25 °C; (C) Fluorescence decrease
with increasing Fe(IIl) concentrations (aqueous solution, pH = 5), [Rho110-monoHPO] = 1.0 x 107> M;
(D) Fluorescence intensity variation (%) for the metal ions studied (Fe(Ill), AI(III), Cr(IIl), Cu(II),
Cd(), Ni(I), Pd(II), and Zn(Il) with Rho110-monoHPO, in deionized water (pH = 5) at 25 °C
[Rho110-monoHPO] = 1.0 x 10~° M; 1:1 (Rho110-monoHPO:metal ion).

Regarding the stability of complexes formed, several studies have been published
where the stability constants of hydroxypyridinones, such as 3-hydroxy-4-pyridinones,
with Fe(Ill) and Cu(Il) have been determined and the values follow the Irving—Williams
series [27]. In general, the overall log 3 for Fe(IIl) is between 35-39 [28,29] and the log B
for Cu(ll) is around 17-19 [30], being similar values expected for Rho110-monoHPO.

3. Materials and Methods

Reagents and solvents were purchased as reagent grade and used without further
purification unless otherwise stated. Rhodamine 110 chloride (Rho110) was purchased
from Aldrich.

NMR spectra were recorded with Bruker Avance III 400 spectrometer (400.15 MHz
for 'H and 100.63 MHz for '3C). For compound 6a, the 1>*C NMR spectrum was recorded
on a Bruker Avance III HD 600 spectrometer operated at 150.92 MHz and equipped with
pulse-gradient units capable of producing magnetic-field pulsed gradients in the z direction
of 6.57 Gem™!. Two-dimensional gradient selected 'H/3C heteronuclear single quantum
coherence (gHSQC), and 'H/13C heteronuclear multiple bond coherence (gHMBC) spectra
were acquired using the standard Bruker software (Bruker BioSpin GmbH, Rheinstetten,
Germany). Chemical shifts () are reported in ppm and coupling constants (J) in Hz;
internal standard was TMS. High resolution MS analysis was carried out by electrospray
ionization (ESI) in an LTQ-Orbitrap-XL instrument (Thermo Scientific, Waltham, MA, USA)
with the following ESI source parameters: electrospray needle voltage 3 kV, sheath gas
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nitrogen 5, capillary temperature 275 °C, capillary voltage 37 V, and tube lens voltage 120 V.
Ionization polarity was adjusted according to the sample.

Flash chromatography was carried out using silica gel (Merck, 230-400 mesh). Prepar-
ative thin-layer chromatography was carried out on 20 x 20 cm glass plates coated with
Merck 60 silica gel (1 mm thick). Analytical TLC was carried out on precoated sheets with
silica gel (Merck 60, 0.2 mm thick; Kenilworth, NJ, USA).

Electronic absorption spectra were recorded on a Shimadzu-UV 3600 UV-Vis-NIR
equipped with a Shimadzu TCC-Controller (Santa Clara, CA, USA), at 25 °C, in 1 cm
cuvettes, in the wavelength range 250-700 nm. Stock solutions were prepared in DMSO
and diluted with CH,Cl,, with the final concentration of DMSQO below 1%, in concentra-
tion ranges of 1074~10% M for the determination of the molar extinction coefficient (e).
Fluorescence measurements were performed in a Varian Cary Eclipse fluorimeter (Crawley,
UK), equipped with a constant temperature cell holder, at 25 °C, in 1 cm cuvettes. Spectra
were recorded with excitation and emission slit widths of 5 nm and 550 V of voltage and by
using the appropriate excitation wavelengths (Aexc). To minimize reabsorption effects, the
absorbance’s sample values were kept below 0.1.

3-benzyloxy-1-(3'-carboxypropyl)-2-methyl-4-pyridinone (L!) was prepared as de-
scribed in literature [31].

3.1. Synthesis of Rosamine 1 and Dihydrorosamine 2

Rosamine 1: A solution of benzaldehyde (87 uL, 0.86 mmol, 1.0 equiv.), 3-aminophenol
(0.1877 g, 1.72 mmol, 2.0 equiv.), and methanosulfonic acid (MeSO3H, 5 mL) was heated
to 150 °C for ca. 16 h. After cooling to room temperature, the reaction mixture was
precipitated in diethyl ether (100 mL) at 0 °C. The resulting residue was purified by flash
chromatography using a mixture of CHCl3/MeOH (9:1) as eluent, to yield rosamine 1 as a
yellow solid (124 mg, 50% of yield). 'H NMR (400.15 MHz, CD;0D) § 6.84 (d, ] 2.1 Hz, 2H,
H-4,5),6.88 (dd, ] 9.2 and 2.1 Hz, 2H, H-2,7),7.28 (d, ] 9.2 Hz, 2H, H-1, 8), 7.44-7.46 (m,
2H, Hyytno-Ph), 7.66-7.68 (m, 3H, Hyetaspara-Ph) ppm. *C NMR (100.15 MHz, CD;0D) ¢
97.2 (C-4 and C-5), 113.2 (C-1a and C-8a), 116.5 (C-2 and C-7), 128.5 and 129.2 and 129.9
(C-Ph), 132.2 (C-1 and C-8), 158.5, 158.7, 159.9 (C-4a and C-5a) ppm. HRMS (ESI) m/z: [M]*
caled. for C19Hi5N,O* 287.1179, found 287.1182.

Dihydrorosamine 2: Rosamine 1 (36.0 mg, 0.125 mmol) was hydrogenated using H;
(4.5 bar), a catalytic amount of 10% Pd/C (w/w and HCl (37%, 10 drops) in MeOH (4 mL)
for ca. 16 h. The resulting mixture was filtered to remove the catalyst, washed several times
with methanol and chloroform, then the solvent was evaporated under reduced pressure.
Dihydrorosamine was obtained as a pale-yellow solid (36.1 mg, quantitative yield). 'H
NMR (400.15 MHz, CD3;0D) ¢ 5.48 (s, 1H, H-9), 7.12 (dd, ] 8.0 and 2.2 Hz, 2H, H-2, 7),
7.20-7.25 (m, 3H, H-Ar), 7.28-7.35 (m, 6H, H-Ar) ppm. 13C NMR (100.15 MHz, CD30D) &
43.0 (C-9),111.2,118.3, 125.4, 126.9, 127.8, 128.7, 130.3, 131.6, 145.6, 151.0 ppm. HRMS (ESI)
m/z: [M+H]* calcd. for C19H17N,O" 289.1335, found 289.1341.

3.2. Synthesis of Conjugates 3 and 4

Condensation of 2 with L!: N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hy-
drochloride (EDC, 62.8 mg, 0.328 mmol, 2.6 equiv.) was added to a solution of L! (93.3 mg,
0.325 mmol, 2.6 equiv.) in a 1:1 mixture of anhydrous Py/ DMF (0.6 mL) under N, atmo-
sphere. After stirring at room temperature for 2 h, dihydrorosamine 2 (36.1 mg, 0.125 mmol)
was added and the reaction was maintained for 48 h, at room temperature, under N, atmo-
sphere. Afterwards, ethyl acetate was added, and the reaction mixture was maintained at
—4 °C for two days. Then, the solvent was removed by decantation. The resulting residue
was purified by preparative thin-layer chromatography using a mixture of CHCl3 /MeOH
(9:1) as eluent to yield 3 (1.1 mg, 2% of yield) and 4 (9.2 mg, 16% of yield), both isolated as
pale-yellow solids.

Conjugate 3 'H NMR (400.15 MHz, CD30D) § 2.27 (s, 3H, CH3), 2.77 (t, ] 6.4 Hz, 2H,
CH,CH,CONH), 4.34 (t, ] 6.4 Hz, 2H, CH,CH,CONH), 5.03 (s, 2H, CH,CgHs), 5.20 (s, 1H,
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H-9),5.77 (dd, ] 9.2 and 2.8 Hz, 1H, H-xanthene), 6.39-6.42 (m, 1H, H-xanthene), 6.46 (d, |
7.6 Hz, 1H, H-5'"), 6.98-7.18 (m, 5H, H-xanthene or H-Ar), 7.22-7.30 (m, 5H, H-xanthene or
H-Ar), 7.37 (dd, ] 7.6 and | 1.4 Hz, 2H, H-xanthene or H-Ar), 7.47 and 7.59 (2s broad, 2H,
H-xanthene or H-Ar), 7.73 (d, ] 7.6 Hz, 1H, H-6") ppm. 13C NMR (100.15 MHz, CD;0D)
6 12.3 (CH3), 37.7 (CH>), 44.2 (C-9), 50.6 (CH,), 74.1 (CH,CgHs), 108.4, 108.5, 115.7, 115.9,
116.9, 121.3, 127.1, 127.5, 128.7, 128.8, 128.9, 129.2, 129.6, 130.6, 131.9, 137.9, 138.7, 139.0,
140.9, 144.5, 146.7, 147.6, 151.8, 165.6, 169.4 (CONH), 174.4 (C-4") ppm. HRMS (ESI) m/z:
[M+H]* calcd. for C35sH3;N3O4* 558.24, found 558.24.

Conjugate 4 'H NMR (400.15 MHz, CD50D) 6 2.27 (s, 6H, 2x CH3), 2.77 (t, ] 6.7 Hz, 4H,
2xCH,CH,CONH), 4.35 (t, ] 6.7 Hz, 4H, 2x CH,CH,CONH), 5.04 (s, 4H, 2x CH,CgzHs),
5.19 (s, 1H, H-9), 6.45-6.48 (m, 3H, H-5" and H-Ar), 6.97-7.13 (m, 4H), 7.28-7.41 (m, 14H),
747 (d, ] 2.0 Hz, 1H), 7.54 (d, ] 7.1 Hz, 1H), 7.73 (d, | 7.4 Hz, 2H, 2xH-6") ppm. 13¢C
NMR (150.92 MHz, CD30D) é: 11.4 (CH3), 36.8 (CH>), 43.3 (C-9), 49.7 (CH>), 72.9 and
73.2 (CH,CxHs), 107.5, 114.8, 116.97 and 116.02, 120.4, 127.8, 127.89 and 127.92, 127.97
and 127.99, 128.3, 128.7, 128.8, 129.7, 137.0, 137.3, 140.0, 143.6, 145.8, 150.9, 161.5, 161.7,
161.9, 168.5 (CONH), 173.6 (C-4") ppm. HRMS (ESI) m/z: [M+H]" caled. for C51HyyN4O7*
827.3439, found 827.3463.

3.3. Synthesis of Conjugates 5 and 6

Condensation of Rho110 and L:

(a) Activation with EDC using 1.2 equiv. of L. A solution of L! (36.5 mg, 0.127 mmol,
1.2 equiv.) and EDC (26.4 mg, 0.138 mmol, 1.3 equiv.) in a 1:1 mixture of anhydrous Py/DMF
(2 mL) was stirred at room temperature for 30 min, under N, atmosphere. Afterwards,
Rho110 (35.0 mg, 0.106 mmol) was added and the reaction was maintained for 24 h.
Afterwards, ethyl acetate was added and the reaction mixture was maintained at —4 °C
overnight. Then, the solvent was removed by decantation. The resulting residue was
purified by preparative thin-layer chromatography using a mixture of CHCl3/MeOH
(85:15) as eluent, to give a less polar fraction corresponding to 5 (19.7 mg, 31% of yield),
followed by a fraction corresponding to the Rho110 recovered (19.4 mg, 55% of yield) and
traces of 6.

(b) Activation with EDC using 1.7 equiv. of L. A solution of L! (51.7 mg, 0.180 mmol,
1.7 equiv.) and EDC (36.6 mg, 0.190 mmol, 1.8 equiv.) in a 1:1 mixture of anhydrous Py/DMF
(2 mL) was stirred at room temperature for 30 min, under N, atmosphere. Afterwards,
Rho110 (35.0 mg, 0.106 mmol) was added and the reaction was maintained for 24 h. The
work-up was performed as described above to give 5 (25.4 mg, 40% of yield), followed by
Rho110 recovered and traces of 6.

(c) Activation with EDC using 3.5 equiv. of L1. A solution of L (93.7 mg, 0.326 mmol,
3.5 equiv.) and EDC (66.1 mg, 0.345 mmol, 3.7 equiv.) in a 1:1 mixture of anhydrous
Py/DMF (0.6 mL) was stirred at room temperature under N, atmosphere during 2 h. After
that time, Rho110 (31.7 mg, 0.086 mmol) was added and the reaction was maintained for
48 h. The work-up was performed as described above to give 5 (5.1 mg, 8% of yield) and 6
(25.5 mg, 34% of yield).

(d) Activation with HATU using 3.5 equiv. of L. To a solution of L! (140 mg,
0.488 mmol, 3.5 equiv.) in DMF (2 mL), HATU (186 mg, 0.489 mmol, 3.5 equiv.) was
added under N, atmosphere. After stirring at room temperature for 5 min, DIPEA (230 uL,
1.32 mmol, 9.5 equiv.) was added, followed by a solution in DMF (1 mL) of Rho110 (51 mg,
0.140 mmol, 1.0 equiv.). The reaction was stirred for 25 h. Then, ethyl acetate was added
to precipitate the reaction crude, which was purified through preparative thin-layer chro-
matography using a mixture of MeOH/CHCI; (2:8), allowing the isolation of 5 (17.5 mg,
21% of yield).

(e) Activation with thionyl chloride using 3.0 equiv. of L. To a solution of L! (70 mg,
0.245 mmol, 3.0 equiv.) in DMF (3 mL), thionyl chloride (30 pL, 0.409 mmol, 5.0 equiv.)
was added under N; atmosphere. After stirring at room temperature for 1 h, DIPEA
(43 pL, 0.245 mmol, 3.0 equiv.) was added, followed by Rho110 (30 mg, 0.082 mmol,
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1.0 equiv.). The reaction was stirred for 18 h. Then, diethyl ether was added to precipitate
the reaction crude, which was purified through preparative thin-layer chromatography
using a mixture of NHs /MeOH/ CHClj3 (1:19:80). The less polar fluorescent fraction was
recovered corresponding to 5 (15.0 mg, 24% of yield).

Conjugate 5 'H NMR (400.15 MHz, CD30D) § 2.29 (s, 3H, CH3), 2.82 (t, ] 6.7 Hz, 2H,
CH,CH,CONH), 4.38 (t, ] 6.7 Hz, 2H, CH,CH>CONH), 5.056 and 5.060 (2s, 2H, CH,C¢Hs),
6.43 (dd, ] 8.8 and 2.0 Hz, 1H, H-xanthene), 6.46-6.49 (m, 2H, H-xanthene and H-5"), 6.59
(d, ] 2.0 Hz, 1H, H-xanthene), 6.69 (d, | 8.4 Hz, 1H, H-xanthene), 7.06 (dd, | 8.8 and 2.0 Hz,
1H, H-xanthene), 7.19 (d, ] 7.2 Hz, 1H, H-xanthene), 7.31-7.34 and 7.38-7.41 (2m, 5H, H-Ar),
7.71-7.77 (m, 4H, H-Ar and H-6"), 8.00-8.03 (m, 1H, H-3') ppm. 3C NMR (100.15 MHz,
CD;0D) 4 11.4 (CH3), 36.8, 49.6, 73.2, 86.5, 100.2, 106.8, 107.1, 111.7, 114.7, 114.8, 116.0,
124.0, 124.5, 127.1, 127.9, 128.0, 128.1, 128.4, 128.8, 129.7, 135.0, 137.1, 140.0, 140.4, 143.6,
145.8, 151.3, 152.0, 152.5, 152.8, 168.8 (CONH), 170.2 (2/-COO0), 173.6 (C-4"") ppm. HRMS
(ESI) m/z: [M+H]* caled. for C3¢HzgN304* 600.2129, found 600.2168.

Conjugate 6 'H NMR (400.15 MHz, CD30D) § 2.22 (s, 6H, 2x CHj), 2.52 (t, ] 7.1 Hz, 4H,
2xCH,CH,CONH), 4.21 (t, ] 7.1 Hz, 4H, 2x CH,CH,CONH), 5.06 (s, 4H, 2x CH,C¢Hs),
6.45 (d, ] 7.2 Hz, 2H, 2xH-5""), 6.80 (dd, ] 9.0 and 2.0 Hz, 2H, H-2,7), 6.83 (d, ] 2.0 Hz, 2H,
H-4,5),7.03 (d,] 9.0 Hz, 2H, H-1, 8), 7.31-7.43 (m, 11H, 2x CH,C¢Hs and H-6), 7.76 (d, |
7.2 Hz, 2H, 2xH-6"), 7.80 and 7.86 (2dt, ] 7.7 and 1.4 Hz, 2H, H-4/,5'),8.31 (dd, ] 7.6 and 1.2
Hz, 1H, H-3") ppm. 13C NMR (100.15 MHz, CD30D) é 11.4 (CH3), 37.5, 51.0, 51.5, 73.1, 97.0,
113.5, 115.9, 116.5, 127.9, 128.0, 128.8, 130.0, 130.1, 130.2, 130.8, 131.4, 132.7, 133.8, 137.1,
140.0, 143.7, 145.7, 158.3, 159.9, 160.1, 165.6 (2/-COO0), 173.4 (C-4"), 175.7 (CONH) ppm.
HRMS (ESI) m/z: [M+H]* calcd. for C5p;HysN4O9" 869.3181, found 869.3197.

3.4. Deprotection of Benzyl Ether of 5

(a) with boron trichloride: Boron trichloride (BCl3, 1.0 M in CH,Cl,, 0.2 mL) was
added to a solution of 5 (23.8 mg, 3.97 x 1072 mol) in anhydrous CH;,Cl, (3 mL) under
N, atmosphere at 0 °C. The reaction proceeded for 5 h. After washing with methanol and
acetone and concentration by rotary evaporation under reduced pressure, the resulting
residue was crystallized in a mixture of CHCl3 and EtOH (9:1) to yield Rho110-monoHPO
in dihydroxypyridinium form (15.2 mg, 75% of yield), as an orange solid.

(b) via hydrogenolysis:

A solution of conjugate 5 (56.7 mg, 0.073 mmol) in methanol (5 mL) and HC1 (0.01 mL)
was placed into a hydrogenation vessel. The air was removed with N, a catalytic amount
of 10% Pd/C (w/w) was added and the mixture was stirred at room temperature, with Hj
at 5 bar for 3 h. The reaction mixture was filtered and the solvent evaporated in vacuum to
give the crude product. The resulting residue was crystallized in MeOH/CHClIj3 to give the
deprotected compound in the reduced form (H insertion in position 9 of the rhodamine).
Keeping this derivative in solution at room temperature for 24 h, we found that it can
be totally converted into the oxidized form (Rho110-monoHPO), without any further
treatment, affording 15.5 mg of Rho110-monoHPO (35% of yield) as an orange powder.

Rho110-monoHPO 'H NMR (400.15 MHz, CD;0D+DCIl few drops) & 2.75 (s, 3H,
CH3), 3.24 (t,] 6.4 Hz, 2H, CH,CH,CONH), 4.82 (t, ] 6.4 Hz, 2H, CH,CH,CONH), 7.05 (d,
J2.0Hz, 1H), 7.12 (dd, ] 9.2 and 2.0 Hz, 1H), 7.21 (d, ] 7.2 Hz, 1H, H-5"), 7.23-7.27 (m, 2H),
7.47(d, ] 7.6 Hz, 1H), 7.56 (dd, ] 9.2 and ] 2.0 Hz, 1H), 7.86 (dt, ] 7.7 and ] 1.4 Hz, 1H), 7.92
(dt,J7.5and ] 1.4 Hz, 1H), 8.31 (d, ] 7.2 Hz, 1H, H-6"), 8.37 (d,] 7.2 Hz, 1H), 8.43 (d, ] 1.6 Hz,
1H) ppm. '3C NMR (100.15 MHz, CD3;0D) 6 11.5 (CH3), 36.1 (CHy), 51.6 (CH,), 97.4, 105.8,
110.3, 116.4, 116.8, 117.3, 117.8, 119.4, 128.5, 129.6, 129.7, 130.1, 130.4, 130.5, 130.9, 132.6,
132.9,134.7, 138.4, 141.6, 146.2, 155.0, 159.7, 162.0 (C-4"), 166.8 (CONH), 169.1 (2’-COO)
ppm. HRMS (ESI) m/z: M*® calcd. for Co9H4N3O04* 510.1660, found 510.1662.

4. Conclusions

The synthesis of mono- and di-functionalized pyridinone-rhodamine derivatives was
successfully achieved through an amide coupling strategy of the carboxypropyl pyridi-
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none unit (L) with two fluorophores: dihydrorosamine (2) and rhodamine 110 (Rho110).
The reaction using dihydrorosamine 2, afforded the benzylated forms of mono- and di-
functionalized derivatives in a single reduced form (H in the position 9 of the xanthene),
while the same reaction with Rho110 furnished mono- and di-functionalized derivatives
predominantly in spirolactone form with higher efficacy.

The solution studies reveal that the introduction of the pyridinone unit at amino groups
in the rhodamine derivatives 5 and 6 does not influence the absorption and emission spectra
in the quinoid forms. By adding a small amount of HCI to the solutions of 5 and 6, the
spirocyclic ring is opened providing the quinoid form of the dyes, which exhibit absorption
and emission wavelengths in the range of 485-489 nm and 508-521 nm, respectively.

A larger Stokes shift (AA = 32 nm) was observed for 5, meaning that this derivative is
less susceptible to self-quenching via energy transfer processes. Its deprotection of benzyl
ether group was successfully achieved with BCl3 (and also by hydrogenolysis) affording
the hydrochloride salt of Rho110-monoHPO in good yield. The fluorescence intensity of
Rho110-monoHPO was studied in the presence of several metal ions, revealing higher
sensitivity towards Fe(III), making it an interesting fluorogenic dye for future applications.

Supplementary Materials: The following are available online: TH NMR, 13C NMR, gHSQC, gHMBC,
MS, UV-Vis, and fluorescence spectra. Figure S1: 1H NMR spectrum (400.15 MHz, CD;0D) of 1,
Figure 52: 13C NMR spectrum (100.15 MHz, CD30OD) of 1, Figure S3: HSQC (*H, 13C) spectrum of 1,
Figure S4: HMBC (*H, BC) spectrum of 1, Figure S5: 'H NMR spectrum (400.15 MHz, CD30OD) of 2,
Figure S6: 13C NMR spectrum (100.15 MHz, CD30D) of 2, Figure S7: HSQC (1H, 13C) spectrum of 2,
Figure S8: HMBC (*H, BQ) spectrum of 2, Figure S9: H NMR spectrum (400.15 MHz, CD3;OD) of 3,
Figure S10: 13C NMR spectrum (100.15 MHz, CD;0D) of 3, Figure S11: HSQC ('H, 3C) spectrum
of 3, Figure S12: HMBC ('H, 13C) spectrum of 3, Figure S13: 'H NMR spectrum (400.15 MHz,
CD30D) of 4, Figure S14: '3C NMR spectrum (150.92 MHz, CD;0D) of 4, Figure S15: 'H NMR
spectrum (400.15 MHz, CD3;0D) of 5, Figure S16: 13C NMR spectrum (100.15 MHz, CD3;OD) of 5;
* denote residual solvent (ethanol), Figure S17: HSQC (*H, 13C) spectrum of 5, Figure S18: HMBC
(*H, BC) spectrum of 5, Figure S19: IH NMR spectrum (400.15 MHz, CD;0D) of 6, Figure 520: B¢
NMR spectrum (100.15 MHz, CD3OD) of 6, Figure S21: HSQC (*H, BQ) spectrum of 6, Figure S22:
HMBC ('H, 13C) spectrum of 6, Figure S23: 'H NMR spectrum (400.15 MHz, CD30D+DCI) of
Rho110-monoHPO, Figure S24: 13C NMR spectrum (100.15 MHz, CD;0D) of Rho110-monoHPO,
Figure S525: Comparison of the 1H NMR spectra of 1 and 2, Figure S26: Aromatic region of the IH
NMR spectrum of mono- and disubstituted derivatives 3 and 4, in CD3OD, Figure S27: Aromatic
region of the 'H NMR spectrum of mono- and disubstituted derivatives 5 and 6, in CD30D, Figure
528: HRMS (ESI) of 1, Figure S29: HRMS (ESI) of 2, Figure S30: HRMS (ESI) of 3, Figure S31: HRMS
(ESI) of 4, Figure S32: HRMS (ESI) of 5, Figure S33: HRMS (ESI) of 6, Figure S34: HRMS (ESI)
of Rho110-monoHPO, Figure S35: Absorption (normalized) and emission spectra of Rho110, 1-4
in CH,Cl, at 25 °C, Figure S36: Absorption and emission spectra of 5 and 6 in CH,Cl, before
(spirolactone form, full lines) and after an aliquot addition of HCI (37%) (quinoid form, dashed lines)
at 25 °C.

Author Contributions: C.Q., S.V. and J.O. carried out the synthesis, structural characterization of
all compounds, and photophysical studies. M.R. analyzed the sensing studies and contributed to
manuscript writing. A.M.G.S. and A.L. designed and supervised the synthetic work, the spectroscopic
studies and the manuscript writing. All authors have read and agreed to the published version of
the manuscript.

Funding: This work received financial support from National Funds (FCT/MCTES, Fundacao
para a Ciéncia e Tecnologia and Ministério da Ciéncia), under the Partnership Agreement PT2020
through project PTDC/QUI-QIN /28142 /2017. Additionally, the research team would like to thank
the projects NORTE-07-0162-FEDER-000048, UIDB /50006/2020, UIDP /50006 /2020, PTDC/QUI-
QOR/29426 /2017 and EXPL/QUI-OUT /1554 /2021.

Data Availability Statement: The data presented in this study are contained within the article and
are also available in the Supplementary Material.



Molecules 2022, 27, 1567 13 of 14

Acknowledgments: S.V. gratefully acknowledges NORTE-08-5369-FSE-000050 for her PhD grant.
AM.GSS. and A.L. thank FCT for funding through program DL 57/2016—Norma transitoria. Jéssica
Oliveira thanks Asseroria Especial de Relagoes Institucionais (AERI) for the financial support.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of compounds 1-6 and Rho110-monoHPO are available from the authors.

References

1. Beija, M.; Afonso, C.A.M.; Martinho, ].M.G. Synthesis and applications of Rhodamine derivatives as fluorescent probes. Chem.
Soc. Rev. 2009, 38, 2410. [CrossRef]

2. Zheng, H,; Zhan, X.-Q.Q.; Bian, Q.-N.N.; Zhang, X.-].]. Advances in modifying fluorescein and rhodamine fluorophores as
fluorescent chemosensors. Chem. Commun. 2013, 49, 429—447. [CrossRef] [PubMed]

3. Bianchi, A.; Delgado-Pinar, E.; Garcia-Espana, E.; Giorgi, C.; Pina, F. Highlights of metal ion-based photochemical switches. Coord.
Chem. Rev. 2014, 260, 156-215. [CrossRef]

4. Arai, S,; Suzuki, M.; Park, S.-J.; Yoo, ].S.; Wang, L.; Kang, N.-Y.; Ha, H.-H.; Chang, Y.-T. Mitochondria-targeted fluorescent
thermometer monitors intracellular temperature gradient. Chem. Commun. 2015, 51, 8044-8047. [CrossRef] [PubMed]

5. Zhegalova, N.G.; Dergunov, S.A.; Wang, S.T.; Pinkhassik, E.; Berezin, M.Y. Design of Fluorescent Nanocapsules as Ratiometric
Nanothermometers. Chem. A Eur. J. 2014, 20, 10292-10297. [CrossRef] [PubMed]

6. Zhao, M.; Guo, Y.-S.; Xu, W.-N.; Zhao, Y.-F,; Xie, H.-Y,; Li, H.-].; Chen, X.-F.; Zhao, R.-S.; Guo, D.-S. Far-red to near-infrared
fluorescent probes based on silicon-substituted xanthene dyes for sensing and imaging. TrAC Trends Anal. Chem. 2020, 122, 115704.
[CrossRef]

7. Wang, L.; Du, W.; Hu, Z,; Uvdal, K; Li, L.; Huang, W. Hybrid Rhodamine Fluorophores in the Visible/NIR Region for Biological
Imaging. Angew. Chem. Int. Ed. 2019, 58, 14026-14043. [CrossRef]

8. Luo, X; Qian, L.; Xiao, Y.; Tang, Y.; Zhao, Y.; Wang, X,; Gu, L,; Lei, Z.; Bao, ].; Wu, J.; et al. A diversity-oriented rhodamine library
for wide-spectrum bactericidal agents with low inducible resistance against resistant pathogens. Nat. Commun. 2019, 10, 258.
[CrossRef]

9.  Chaudhary, A.; Khurana, ].M. Advances in the Synthesis of Xanthenes: An Overview. Curr. Org. Synth. 2018, 15, 341-369.
[CrossRef]

10. Lopez Arbeloa, F.; Lopez Arbeloa, T.; Tapia Estevez, M.].; Lopez Arbeloa, I. Photophysics of rhodamines: Molecular structure and
solvent effects. . Phys. Chem. 1991, 95, 2203-2208. [CrossRef]

11. Jiao, G.-S.; Castro, ].C.; Thoresen, L.H.; Burgess, K. Microwave-Assisted Syntheses of Regioisomerically Pure Bromorhodamine
Derivatives. Org. Lett. 2003, 5, 3675-3677. [CrossRef] [PubMed]

12.  Cardoso, I.C.S.; Amorim, A.L.; Queirds, C.; Lopes, S5.C.; Gameiro, P.; de Castro, B.; Rangel, M.; Silva, A.M.G. Microwave-Assisted
Synthesis and Spectroscopic Properties of 4'-Substituted Rosamine Fluorophores and Naphthyl Analogues. Eur. J. Org. Chem.
2012, 2012, 5810-5817. [CrossRef]

13. Kraus, G.A,; Guney, T.; Kempema, A.; Hyman, ].M.; Parvin, B. Efficient synthesis of fluorescent rosamines: Multifunctional
platforms for cellular imaging. Tetrahedron Lett. 2014, 55, 1549-1551. [CrossRef]

14. Arambula, C.; Rodrigues, J.; Koh, ].].; Woydziak, Z. Synthesis of Rhodamines and Rosamines Using 3,6-Difluoroxanthone as a
Common Intermediate. J. Org. Chem. 2021, 86, 17856-17865. [CrossRef] [PubMed]

15.  Queir6s, C.; Leite, A.; Couto, M.G.M.; Moniz, T.; Cunha-Silva, L.; Gameiro, P; Silva, A.M.G.; Rangel, M. Tuning the limits of pH
interference of a rhodamine ion sensor by introducing catechol and 3-hydroxy-4-pyridinone chelating units. Dye. Pigment. 2014,
110, 193-202. [CrossRef]

16. Irto, A,; Cardiano, P; Chand, K.; Cigala, R M.; Crea, E; De Stefano, C.; Gattuso, G.; Sammartano, S.; Santos, M.A. Complexation
of environmentally and biologically relevant metals with bifunctional 3-hydroxy-4-pyridinones. J. Mol. Lig. 2020, 319, 114349.
[CrossRef]

17.  Cilibrizzi, A.; Abbate, V.; Chen, Y.-L.; Ma, Y.; Zhou, T.; Hider, R.C. Hydroxypyridinone Journey into Metal Chelation. Chem. Rev.
2018, 118, 7657-7701. [CrossRef]

18. Sharma, S.; Baral, M.; Kanungo, B.K. Recent advances in therapeutical applications of the versatile hydroxypyridinone chelators.
J. Incl. Phenom. Macrocycl. Chem. 2022. [CrossRef]

19. Jiang, X.; Zhou, T.; Bai, R.; Xie, Y. Hydroxypyridinone-Based Iron Chelators with Broad-Ranging Biological Activities. |. Med.
Chem. 2020, 63, 14470-14501. [CrossRef]

20. Chandran, S.S.; Dickson, K.A.; Raines, R.T. Latent Fluorophore Based on the Trimethyl Lock. J. Am. Chem. Soc. 2005, 127,
1652-1653. [CrossRef]

21. Fan,];Ye, Y,; Chu, G.; Zhang, Z.; Fu, Y,; Li, Y.-M.; Shi, J. Semisynthesis of Ubiquitin and SUMO-Rhodamine 110-Glycine through
Aminolysis of Boc-Protected Thioester Counterparts. J. Org. Chem. 2019, 84, 14861-14867. [CrossRef] [PubMed]

22. Silva, AM.G,; Leite, A.; Gonzalez, P.; Domingues, M.R.M.; Gameiro, P.; de Castro, B.; Rangel, M. Use of a porphyrin platform and

3,4-HPO chelating units to synthesize ligands with N4 and O4 coordination sites. Tetrahedron 2011, 67, 7821-7828. [CrossRef]


http://doi.org/10.1039/b901612k
http://doi.org/10.1039/C2CC35997A
http://www.ncbi.nlm.nih.gov/pubmed/23164947
http://doi.org/10.1016/j.ccr.2013.09.023
http://doi.org/10.1039/C5CC01088H
http://www.ncbi.nlm.nih.gov/pubmed/25865069
http://doi.org/10.1002/chem.201402828
http://www.ncbi.nlm.nih.gov/pubmed/25044240
http://doi.org/10.1016/j.trac.2019.115704
http://doi.org/10.1002/anie.201901061
http://doi.org/10.1038/s41467-018-08241-3
http://doi.org/10.2174/1570179414666171011162902
http://doi.org/10.1021/j100159a022
http://doi.org/10.1021/ol035327u
http://www.ncbi.nlm.nih.gov/pubmed/14507202
http://doi.org/10.1002/ejoc.201200783
http://doi.org/10.1016/j.tetlet.2014.01.067
http://doi.org/10.1021/acs.joc.1c02135
http://www.ncbi.nlm.nih.gov/pubmed/34816717
http://doi.org/10.1016/j.dyepig.2014.04.007
http://doi.org/10.1016/j.molliq.2020.114349
http://doi.org/10.1021/acs.chemrev.8b00254
http://doi.org/10.1007/s10847-021-01114-1
http://doi.org/10.1021/acs.jmedchem.0c01480
http://doi.org/10.1021/ja043736v
http://doi.org/10.1021/acs.joc.9b01529
http://www.ncbi.nlm.nih.gov/pubmed/31642325
http://doi.org/10.1016/j.tet.2011.07.063

Molecules 2022, 27, 1567 14 of 14

23.

24.
25.
26.
27.
28.
29.

30.

31.

Guillén, M.; Gamez, E; Suérez, B.; Queirés, C.; Silva, A.; Barranco, A.; Sanchez-Valencia, J.; Pedrosa, J.; Lopes-Costa, T.
Preparation and Optimization of Fluorescent Thin Films of Rosamine-SiO, / TiO, Composites for NO, Sensing. Materials 2017, 10,
124. [CrossRef] [PubMed]

Karpiuk, J.; Grabowski, Z.R.; De Schryver, F.C. Photophysics of the Lactone Form of Rhodamine 101. J. Phys. Chem. 1994, 98,
3247-3256. [CrossRef]

Sinel’nikov, A.N.; Artyukhov, V.Y. Fluorescence of the lactone form of rhodamine B. Russ. J. Phys. Chem. A 2013, 87, 1409-1416.
[CrossRef]

Liu, Z.D.; Hider, R.C. Design of clinically useful iron(Il)-selective chelators. Med. Res. Rev. 2002, 22, 26-64. [CrossRef]

Irving, H.; Williams, R.J.P. Order of Stability of Metal Complexes. Nature 1948, 162, 746-747. [CrossRef]

Dehkordi, L.S.; Liu, Z.D.; Hider, R.C. Basic 3-hydroxypyridin-4-ones: Potential antimalarial agents. Eur. ]. Med. Chem. 2008, 43,
1035-1047. [CrossRef]

Merkofer, M.; Kissner, R.; Hider, R.; Koppenol, W. Redox Properties of the Iron Complexes of Orally Active Iron ChelatorsCP20,
CP502, CP509, andICL670. Helv. Chim. Acta 2004, 87, 3021-3034. [CrossRef]

Rangel, M.; Leite, A,; Silva, AAM.N.; Moniz, T.; Nunes, A.; Amorim, M.].; Queirés, C.; Cunha-Silva, L.; Gameiro, P.; Burgess,
J. Distinctive EPR signals provide an understanding of the affinity of bis-(3-hydroxy-4-pyridinonato) copper(ii) complexes for
hydrophobic environments. Dalton Trans. 2014, 43, 9722-9731. [CrossRef]

Santos, M.A; Gil, M.; Marques, S.; Gano, L.; Cantinho, G.; Chaves, S. N-Carboxyalkyl derivatives of 3-hydroxy-4-pyridinones:
Synthesis, complexation with Fe(III), AI(III) and Ga(IIl) and in vivo evaluation. |. Inorg. Biochem. 2002, 92, 43-54. [CrossRef]


http://doi.org/10.3390/ma10020124
http://www.ncbi.nlm.nih.gov/pubmed/28772484
http://doi.org/10.1021/j100064a001
http://doi.org/10.1134/S0036024413080232
http://doi.org/10.1002/med.1027
http://doi.org/10.1038/162746a0
http://doi.org/10.1016/j.ejmech.2007.07.011
http://doi.org/10.1002/hlca.200490272
http://doi.org/10.1039/C4DT00642A
http://doi.org/10.1016/S0162-0134(02)00483-X

	Introduction 
	Results and Discussion 
	Synthesis 
	NMR Characterization 
	Spectroscopic Characterization 

	Materials and Methods 
	Synthesis of Rosamine 1 and Dihydrorosamine 2 
	Synthesis of Conjugates 3 and 4 
	Synthesis of Conjugates 5 and 6 
	Deprotection of Benzyl Ether of 5 

	Conclusions 
	References

