7® ROYAL SOCIETY
P OF CHEMISTRY

Organic &
Biomolecular Chemistry

View Article Online

View Journal | View Issue

2,4,5-Triaminopyrimidines as blue fluorescent
probes for cell viability monitoring: synthesis,
photophysical properties, and microscopy
applications¥
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Monitoring cell viability is critical in cell biology, pathology, and drug discovery. Most cell viability assays
are cell-destructive, time-consuming, expensive, and/or hazardous. Herein, we present a series of newly
synthesized 2,4,5-triaminopyrimidine derivatives able to discriminate between live and dead cells. To our
knowledge, these compounds are the first fluorescent nucleobase analogues (FNAs) with cell viability
monitoring potential. These new fluorescent molecules are synthesized using highly efficient and cost-
effective methods and feature unprecedented photophysical properties (longer absorption and emission
wavelengths, environment-sensitive emission, and unprecedented brightness within FNAs). Using a live—
dead Saccharomyces cerevisiae cell and theoretical assays, the fluorescent 2,4,5-triaminopyrimidine
derivatives were found to specifically accumulate inside dead cells by interacting with dsDNA grooves,
thus paving the way for the emergence of novel and safe fluorescent cell viability markers emitting in the
blue region. As the majority of commercially available viability dyes emit in the green to red region of the
visible spectrum, these novel markers might be useful to meet the needs of blue markers for co-staining
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1. Introduction

Small-molecule fluorescent probes have been extensively used
for monitoring cell viability. Cell viability assays are critical for
multiple studies in cell biology, pathology, and drug discovery,
which span from antimicrobial research to disease pathophy-
siology and pharmacological drug development. Live-dead
assays often use time-consuming cell-unrecoverable colori-
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metric reagents (e.g. MTT, XTT, and WST). In this regard, fluo-
rescence imaging techniques are advantageous compared to
the colorimetric ones, since they offer fast, highly sensitive
and non-destructive alternatives, also allowing real-time in situ
observations." Countless fluorescent probes for cell viability
(FPCV) assays have been developed; these are designed to
detect changes in specific intracellular components and/or the
physicochemical properties associated with cell death.
Despite these advantages, FPCVs exhibit complex molecular
structures, which are often difficult to synthesize and may
cause significant photodamage to the cell.> FPCVs are also
unable to distinguish different cell stages.” Hence, the devel-
opment of highly sensitive red-shifted biocompatible FPCVs
acting through different mechanisms is of utmost importance
in several research settings, for instance, to deepen our under-
standing of the pathophysiological mechanisms of cell death
and to develop and screen new drugs.

Fluorescent nucleoside analogues (FNAs) have multiple
applications in biochemical research,® which include their
emerging roles as microenvironmental-specific bioimaging
probes. Major hurdles concern the synthesis efficiency of fluo-
rescent nucleobases, mostly due to the presence of multiple
reactive functional groups.”® The synthetic design is even

This journal is © The Royal Society of Chemistry 2024
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more challenging when optimal photophysical properties and/
or intramolecular charge transfer characteristics towards
microenvironment sensitivity are needed for live-cell
imaging.”™" Chemical modifications to generate FNAs nor-
mally involve decorating commercial pyrimidines and purines
with bulky and highly conjugated groups at C-2 or C-8, respect-
ively, through cross-coupling condensation reactions.'” The
main constraints of FNAs for efficient and environmentally
safe syntheses include the use of costly precursors and hazar-
dous metal catalysts. The undesirable group-size effects have
also limited nucleobase pairing and target recognition. Most
FNAs developed so far exhibit near-UV emission and/or
smaller Stokes shifts, which limit their use in live-cell fluo-
rescence microscopy.>® To the best of our knowledge, FNAs
are rarely considered for live-cell viability assays, mostly due to
their inadequate photophysical properties.

Due to the wide distribution of pyrimidines in natural pro-
ducts and functional materials, and their remarkable biologi-
cal and pharmacological significance, a variety of methods for
the synthesis of these molecules have been reported over the
past few decades.”® To obtain 2- or 4-amino, and 2,4- or 4,6-
diaminopyrimidines, which are privileged structures in drug
development, preferred methods involved the amination of the
corresponding 2,4(4,6)-dihalopyrimidines by direct substi-
tution with primary and secondary amines via SNAr
reactions.'"'® Nevertheless, the preparation of these halopyri-
midine precursors from simple building blocks often involves
the use of hazardous reagents/catalysts and harsh reaction
conditions, also requiring multistep procedures. On the other
hand, 4,5-diaminopyrimidines are the most versatile precur-
sors for the synthesis of biologically relevant purines, pteri-
dines and other bicyclic heterocycles. Yet, the synthesis of
these less common diaminopyrimidines requires an additional
incorporation of the 5-amino group, usually involving nitrosa-
tion or nitration at the 5-position by SEA followed by reduction
reactions.'® An alternative approach, which is one of the oldest
methods to obtain 4,5-diaminopyrimidines, is the opening of
the ring of purine precursors at the C-8 position."” Yet, this
method generally demands the use of strong electrophiles to
activate the N”-position for ring-opening and a basic medium
to facilitate the cleavage of the formyl group. Ring-opening in
the acidic medium had only been achieved for N”-substituted
adenine derivatives, yielding the corresponding N>-substituted
4,5,6-triaminopyrimidines. Reports on the acid hydrolysis of
N°-substituted purines to afford N°-substituted 4,5-diamino-
pyrimidines were not found, and attempts to obtain 2,4,5-tria-
minopyrimidines by the hydrolysis of 2-aminopurines at
C-8 have been particularly difficult to achieve.'®

Using efficient and cost-effective strategies, new N*-aryl
2,4,5-triaminopyrimidines with a cyano group at the C-6 posi-
tion (4) were synthesized by our group from N*-aryl 2-amino-6-
cyanopurines 2. These small-sized nucleobases exhibit excel-
lent fluorescence properties with the highest quantum yields
reported to date for this group of compounds, which are
accompanied by outstanding Stokes shifts and environmental
sensitivity. Preliminary microscopy tests and dsDNA inter-
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action studies suggest that these molecules accumulate inside
and specifically stain dead yeast cells, underpinning their
putative use as a new class of cell viability markers emitting in
the blue region of the visible spectrum. Strikingly, the majority
of commercially available viability dyes emit in the green to
red region of the visible spectrum, such as propidium iodide
and SYBR Green I. Moreover, most fluorescent reporter con-
structs also encode for green to red fluorescent proteins such
as GFP, YFP, and mCherry. This can be limiting to multiplex
imaging due to the lack of combinations of contrasting
colours which facilitate image analyses.’®?° In addition, good
colour separation is essential for detecting multiple entities
using different fluorophores, which is achieved by ensuring
minimal spectral overlap. Since most commercially available
fluorophores emit in the green to red region, blue-emitting
dyes provide means for tackling spectral overlap issues in mul-
tispectral techniques, as emission spectral overlap is mini-
mized, particularly with red-emitting fluorophores, such as in
fluorescence microscopy and flow cytometry.>"**> Thus, the
unique spectral properties of 2,4,5-triaminopyrimidines herein
presented make them easily combinable with the most
common green to red fluorescent markers. This enables new
palettes of contrasting colour combinations which may be
extremely useful for multicolour fluorescence imaging.

2. Results and discussion

2.1. Synthesis of 2,4,5-triaminopyrimidines

Previously, highly fluorescent 2-amino-6-cyanopurines 2 were
synthesized through condensation reactions of imidazole pre-
cursors with cyanamide, followed by cyclization of key inter-
mediates 1 (Scheme 1).>* Aiming to generate new fluorescent
analogues, the reactivity of this new purine scaffold was inves-
tigated. Attempts to modify the 6-cyano group revealed that
purines 2 with 9-aryl substituents undergo ring-opening of the
imidazole moiety upon heating in acidic media, which gener-
ates new N'-substituted 2,4,5-triaminopyrimidines 3. To find
the reaction conditions that favour ring-opening, preliminary
tests involving the heating of cyanopurines 2 in ethanol and 12
M hydrochloric acid at 80 °C were conducted. After 1-5 days,
mixtures of the desired product and the starting purines 2
were isolated, and no appreciable changes in the composition
of the isolated mixtures, or in the reaction times, were detected
when different amounts of acid (2.5-8.0 equivalents) were
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Scheme 1 (A) Previously developed pathway for the synthesis of
2-amino-6-cyanopurines 2 from imidazole precursors; (B) synthesis of
the new 2,4,5-triaminopyrimidines 3—4 presented here.

Org. Biomol. Chem., 2024, 22, 2252-2263 | 2253


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ob00092g

Open Access Article. Published on 15 February 2024. Downloaded on 5/3/2026 7:06:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

used. In contrast, increasing the reaction temperature up to
100 °C not only favoured the reaction rate, but also solved the
problems of the limited solubility of the starting reagent 2. As
it was observed that the lower the purine 2 solubility, the
longer the time required for the completion of the reaction,
certain starting reagents 2 required higher temperatures for
reaction completion and/or the addition of a co-solvent with a
higher boiling point (DMSO). Finally, the use of different
amounts of acid under these conditions revealed that 2.5 equiva-
lents was the optimum amount, regardless of the substituent.
Based on these results, the hydrolysis of a series of 9-aryl
2-amino-6-cyanopurines 2 was achieved by stirring the starting
reagents with 2.5 equivalents of 12 M hydrochloric acid in
ethanol (or a mixture of ethanol/DMSO) at 80 or 100 °C for 1 day
(Scheme 2). The products, isolated in 50-85% yields as green
solids, were characterized by NMR spectroscopy and the obtained
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Scheme 2 Compound 2 was combined with 37% hydrochloric acid (2.5
equivalents) at 80 or 100 °C in ethanol (or a mixture of ethanol/DMSO).
Then, pyrimidines 3 were isolated by filtration. After that, they were neu-
tralized with triethylamine in acetonitrile and subsequently isolated by
filtration affording pyrimidines 4.

2254 | Org. Biomol. Chem., 2024, 22, 2252-2263

View Article Online

Organic & Biomolecular Chemistry

data enable their identification with the structures of HCI salts 3.
Finally, thin layer chromatography (TLC) analysis revealed that
these compounds exhibit intense blue-cyan fluorescence under
UV light. After optimizing the conditions for the synthesis of
salts 3, a neutralizing step of the isolated solids was also per-
formed to characterize the neutral form and investigate the effect
of protonation on the photophysical properties of this new group
of compounds. For this purpose, compounds 3 were neutralized
with triethylamine (2.5 equivalents) in acetonitrile, and their
neutral forms were successfully isolated with 78-97% yields. TLC
analysis of these solids also showed an intense blue fluorescent
spot under UV light.

According to the proposed mechanism presented in
Scheme 3, these reactions should start when hydrochloric acid
protonates the N-7 nitrogen of the purine ring, as the C-8
carbon becomes susceptible to nucleophilic attack. The water
present in the reaction mixture might attack the purine ring at
this position, leading to the formation of a tetrahedral inter-
mediate that undergoes the opening of the five-membered
ring, thus generating a pyrimidine-based formamide inter-
mediate. This formamide group is also sensitive to cleavage in
an acidic medium by hydrolysis and elimination of one mole-
cule of formic acid, leading to compounds 3.

Full characterization of the new compounds by NMR ('H,
3C NMR, HSQC and HMBC techniques) and IR spectroscopy,
and mass spectrometry are presented in Fig. S13-S36 (ESIf).
The 'H NMR spectra of compound 3 indicate that the highest
chemical shift signal was assigned to the NH group, which
appears as a broad singlet at § 9.9-10.8 ppm. Signals from the
protons of the phenyl group appear as doublets or triplets,
depending on the number of their neighbouring protons.
Their chemical shifts vary in the region 6 6.9-7.9 ppm, accord-
ing to the effect of the substituent group present on the
benzene ring. In these spectra, it was not possible to observe
the NH, signals because the molecules were in their proto-
nated form. Concerning compounds 4, it was observed that
chemical shifts tend to lower values. For instance, the NH
signal was observed at § 9.7-10.7 ppm in the protonated form
3, which shifted towards § 8.6-9.7 ppm in the neutral form,
evidencing the absence of the positive charge in the molecule.
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Scheme 3 Proposed mechanism for the synthesis of 2,5-diaminopyri-
midines 3 from 6-cyano-2-aminopurines 2.
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In the *C NMR spectra of compounds 3, the signals assigned
to the pyrimidine carbons linked to the amino groups were
recorded at § 150 ppm (C-2), § 130 ppm (C-5) and & 153 ppm
(C-6). A typical signal of the 6-nitrile group was observed at §
112-113 ppm, thus confirming its presence in their structure.
In compounds 4, it was verified that the corresponding signals
tend to show higher chemical shift values when compared to
compounds 3.

2.2. Photophysical characterization

The photophysical characterization of compounds 3 and 4
comprised the determination of the maximum absorption and
emission wavelengths, Stokes shifts, fluorescence quantum
yields and molar absorption coefficients (Tables S1-S4 and
Fig. S37-S40, ESI}). Molar absorption coefficient values are
very reasonable, in the range of 1-2.5 x 10* M™' em™" (or
slightly below) and point to allowed transitions from the
ground to the excited electronic state. Overall, both groups of
compounds present low fluorescence quantum yields in protic
solvents, due to solute-solvent hydrogen bonding. However,
the yields are significantly higher in non-protic solvents. By
comparing the neutral and protonated forms of these com-
pounds, one can conclude that the emission quantum yield
increases in the neutral form when non-protic solvents (e.g.
dioxane and dichloromethane) are used, while it decreases in
protic solvents, such as aqueous buffer solutions, which is par-
ticularly wuseful in microenvironment-monitoring appli-
cations.”* Considering absorption and emission wavelengths,
some differences were detected when comparing compounds 3
and 4 (Fig. 1), from which the sensitivity differs with solvent
polarity (Fig. S37-S40, ESI¥).

Triaminopyrimidines reported here exhibit red-shifted
absorption and emission maxima within FNAs due to their
unique substituent patterns. The reported fluorescent pyrimi-
dine analogues exhibit absorption in the region of
290-330 nm and emission in the region of 374-430 nm,
whereas these newly prepared pyrimidines show absorption
near 360 nm, emission near 470 nm, and large Stokes shifts (S
= 83 nm in aqueous buffer and 108 nm in dioxane). In
addition, they also exhibit very high fluorescence quantum

-
T
\
’

Normalized absorption or fluorescence

3d absorption
4d absorption
3d emission
4d emission

! s 1
400 450 500
A (nm)

Fig. 1 Normalized absorption and fluorescence spectra of 2.5 x 107° M

solutions of compounds 3d and 4d in dioxane, as an example.
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yields (®r = 0.5-0.6 in dioxane) and brightness (some &-®g
values around 15 000 M~ cm™') when compared with the two
brightest reported pyrimidine analogues which presented
brightness of &-®p = 2000 M™* em™" and 3800 M~ " cm™*.%%°

2.3. Live-dead fluorescence cell assay and cytotoxicity test

To assess the putative role of the novel 2,4,5-triaminopyrimi-
dines as fluorescent cell viability probes, we used a live-dead
yeast cell assay. To this end, cultures of the yeast
Saccharomyces cerevisiae were co-stained with 2,4,5-triamino-
pyrimidines (blue channel) and propidium iodide (PI, red
channel), used as a reference cell death marker. The results
show that most living cells exclude signals detected in the blue
fluorescence channel when the cells were incubated with com-
pound 3d (Fig. 2). The same occurred for other 2,4,5-triamino-
pyrimidines (Fig. S43, ESIt). Few living cells, however, incor-
porate the red fluorescent probe corresponding to PI. The
influx of PI through the membranes of living cells has been
reported before.>®*” The fluorescence intensities of com-
pounds 3b-3e dramatically increased in PI-positive dead yeast

Dead cells

Live cells

Red channel Blue channel Brightfield

Merged channels

Fig. 2 Live and dead Saccharomyces cerevisiae BY4741 cells double
stained with propidium iodide and compound 3d (10 uM and 250 uM,
respectively; 15 min incubation at room temperature in PBS pH 7.2, pro-
tected from light). The death of cells was achieved by heat treating the
cells at 80 °C for 2 min in a water bath. Scale bar = 20 ym.
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cells (Fig. 2 and Fig. S43, ESIt). Moreover, small dots were also
found in dead cells treated with compounds 3b and 3e
(Fig. S43, ESI}), and their nature is yet to be determined.
Surprisingly, no significant increase in fluorescence was
observed in live or dead yeast cells incubated with compounds
3a and 3f (not shown). Overall, data indicate that several novel
2,4,5-triaminopyrimidines can fluorescently label dead yeast
cells, possibly with fewer false positives than the widely used
cell-death indicator, PI.

For the sake of cell viability assay validation, the new 2,4,5-
triaminopyrimidines were also tested for cytotoxicity. The
growth rates of S. cerevisiae cultures in the absence and the
presence of 2,4,5-triaminopyrimidines were determined and
the results show that most 2,4,5-triaminopyrimidines failed to
affect yeast cell proliferation compared to control conditions
without drug addition (Fig. 3, no statistically significant
changes were detected, P value >0.05). The only exception was
compound 3¢, which extended the lag phase of the culture,
indicating a toxic effect (Fig. 4).

2.4. dsDNA interaction studies

The fluorescence microscopy results prompted us to perform a
dsDNA interaction assay with compound 4d through fluo-
rescence (Fig. 5; see experimental details in the ESIT). The
observed fluorescence intensity increases with higher DNA
concentrations, reaching a limit value for [DNA]/[4d] ratios
>30, indicating that total compound binding was achieved at
this [DNA]/[4d] ratio. The binding constant and binding site
size were determined using the modified Scatchard equation,
given by McGhee and von Hippel®® (see the ESI{).

100 T

50+

Relative growth rate (%)

3F

& of

%

T
> g
L o
&
3}

Fig. 3 Relative growth rates of the Saccharomyces cerevisiae strain
BY4741 incubated at 30 °C with 200 rpm in SD medium in the presence
of 1% DMSO (control, solvent of the compounds) or 2,4,5-triaminopyri-
midines 3 (3a, 3b, 3c, 3d, 3e or 3f). Growth was monitored by measuring
the optical density at 600 nm, growth rates were calculated, and the
mean relative growth percentages were determined taking the control
as the reference. Data are presented as mean + standard deviation from
three independent replicas. Statistical analysis was performed through
one-way ANOVA followed by Dunnett's multiple comparison test to
compare with the control conditions and no statistically significant
changes were detected (P value >0.05). The growth rate in the presence
of compound 3c was not calculated due to a very prolonged lag phase
(see Fig. 4).
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Fig. 4 Growth curves of the Saccharomyces cerevisiae strain BY4741 in
the presence of compounds 3 (3a, 3b, 3c, 3d, 3e or 3f) or 1% DMSO
(control, solvent of the compounds). The microcultures were prepared
in SD medium in 96-well plates and incubated at 30 °C and 200 rpm
and growth was monitored by measuring the optical density at 600 nm.
Data are presented as mean + standard deviation from three indepen-
dent replicas.

1.5x10°
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1
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Fig. 5 Emission spectra of compound 4d with increasing DNA concen-
tration. Inset: Ratio of the maximum emission intensities in the absence
(Io) and the presence (/) of DNA at several [DNA]/[4d] ratios.

The fluorescence measurement results were fitted by least
squares methods, allowing us to obtain a reasonably high
binding constant of K; = (4.1 = 0.5) x 10° M " and n = 5 * 0.6.
These results are similar to the ones previously obtained for
other polycyclic aromatic molecules.?’

To further investigate the interaction between compound
4d and dsDNA, ie., through intercalation or groove binding,
fluorescence quenching experiments with iodide ions were
also performed for the solution with [DNA]/[4d] = 30 (Fig. 6).
The quenching data were first plotted according to the Stern-
Volmer relation (Fig. 6A).>° The Stern-Volmer plot is non-
linear, exhibiting a downward curvature, which means that not
all fluorescent molecules are accessible to the quencher. In
this case, some compounds are accessible to the quencher and
other molecules are not accessible and therefore the Stern-
Volmer equation must be modified as described by others.*'
The modified equation (see the ESIT) allows the determination

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) Stern—Volmer plot for quenching with iodide ions. (B) The
corresponding modified Stern—Volmer plot.

of a 93% fraction of accessible molecules (f, = 0.93) (Fig. 6B).
This would correspond to the percentage of non-intercalated
molecules, with the major fraction of 4d possibly binding to
DNA grooves.

The observed increase in fluorescence (Fig. 5) and the fluo-
rescence microscopy results (Fig. 2) led us to conclude that the
2,4,5-triaminopyrimidines and PI may share the same staining
mechanism through dsDNA binding after penetrating dead
cells lacking the plasma membrane barrier. These results do
not exclude the possibility that both DNA fluorescent dyes may
enter living cells via regulated plasma membrane transport,
but even after discounting this bias, the net influx into living
cells should be considerably much lower compared to dead
and/or dying cells. Taking this into account, the mechanisms
underlying the putative transport of the new 2,4,5-triaminopyr-
imidines across the plasma membrane and their stability/com-
partmentalization inside living cells also remain to be deter-
mined, which might affect fluorescence signals.

2.5. Molecular docking

Further information on the binding preferences of the studied
compounds with dsDNA can be obtained through molecular
docking simulations using Autodock4,* as used in other pub-
lished works.**?* The crystallographic structures of a native
dsDNA dodecamer (PDB ID 1hq7), proflavine (profl.) interca-
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lated in a dsDNA hexamer (PDB ID 3 ft6) and a diamidine
derivative (X8 V) groove-bound to a dsDNA dodecamer (PDB ID
7kwk) were used in docking studies by keeping only the poly-
nucleotide structure.

Table 1 shows the obtained results for compounds in the
protonated form 3a-f and in the neutral form 4a-f, and for the
ligands that were removed from the starting crystallographic
structures. The latter cases allow the validation of the docking
procedure effectiveness and provide reference values for com-
parison with the studied compounds. Additionally, propidium
iodide (PI), a well-known DNA intercalator, was also docked
into 3 ft6.

Fig. S44 (in the ESIf) shows examples of the obtained
docking poses. It can be concluded that the compounds inter-
calate into DNA with binding energies similar to those of pro-
flavine, especially in the case of the protonated forms. Binding
energies are more favourable for groove binding, although the
reference compound thiophene diamidine is much more
effective. The obtained results confirm the experimental evi-
dence obtained from the fluorescence quenching experiments
in the previous section. In the same way, reports on the lower
dielectric constant of DNA grooves>*>® seems to be in line with
the increased emission quantum yield observed for the neutral
form in non-protic solvents, supporting the enhanced fluo-
rescence observed in the bioimaging of dead cell assays.

2.6. Ab initio molecular quantum chemistry calculations

The electronic and structural properties of compound 4d were
studied by ab initio molecular quantum chemistry calculations
using Gaussian 09 software®” with a 6-31++G** basis set using
the TD-SCF DFT method with the MPW1PW91 functional and
a continuous solvation model (PCM-polarizable continuum
model) corresponding to ethanol. Ground state and first
excited state equilibrium geometries for the neutral form are
shown in Fig. S45 (ESIT). The molecule is planar in the ground
state with the phenyl ring going 32° out-of-plane upon elec-
tronic excitation. The corresponding S,-S; transitions are
362.7 nm and 474.6 nm with oscillator strengths of 0.544 and
0.396, respectively. Using FCclasses3,*® it is possible to calcu-
late absorption/emission spectra. The results showed a very
low molar absorptivity coefficient, explained by the large geo-
metry variation upon electronic excitation. As experimental

Table 1 Binding energies (kcal mol™) of various compounds (Cpd.) in dsDNA sequences (3ft6, 7kwk, 1hq7)

3ft6 7kwk 1hq7
dsDNA
Cpd. 3 (protonated) 4 (neutral) 3 (protonated) 4 (neutral) 3 (protonated) 4 (neutral)
3a/4a —8.20 —7.54 —8.54 —8.48 -9.36 -9.62
3b/4b —-8.32 -7.87 -9.13 -9.43 -9.80 -9.90
3c/4c -8.19 -7.95 -9.51 -9.75 -9.90 -9.51
3d/ad —8.80 —8.46 -9.61 -9.46 -10.36 -10.74
3e/4e -8.17 —7.68 —-8.49 —-8.67 -9.36 -9.65
3f/af —-8.23 —7.68 —-8.76 —-8.98 -9.32 -9.92
profl. —8.83 —8.61
X8V -12.73
PI -10.32

This journal is © The Royal Society of Chemistry 2024
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values are orders of magnitude higher, we hypothesized that
additional molecules, such as solvent and ions, could be stabi-
lizing the planarity of the excited state. So, an explicit water
molecule was added in the vicinity of both the amino group
acting as the bridge and the amino group in the pyrimidine
ring. Indeed, hydrogen bonds between the water molecule and
the amino groups are formed and the change in planarity
corresponds to 21°. Chlorine atoms are expected to be present,
so we thought of using fluoride, as it has a lower impact on
computational resources of the quantum mechanical calcu-
lations. A planar geometry of the excited state was obtained
and the electron density variations upon Sy-S; excitation are
shown in Fig. 7, for both neutral and protonated forms in
ground and first excited state equilibrium geometries. For the
neutral form, the S,-S; transitions occur at 400.8 nm and
490.2 nm with oscillator strengths of 0.581 and 0.491, respect-
ively, while for the protonated form, the S,-S; transitions
occur at 387.0 nm and 473.0 nm with oscillator strengths of
0.702 and 0.588, respectively.

It can be observed that the m-electron system spans all
across the molecule including the two primary amines and
through the secondary amine connecting the pyrimidine to
the substituted phenyl, thus extending conjugation. Upon elec-
tronic excitation to the first excited state, the main changes in
the electron distribution are a decrease in n-electron density in
the amines, an increase in the cyano group and an increase in
the phenyl moiety.

After all equilibrium geometry calculations, a frequency
analysis was performed to make sure the program didn’t stop
at a saddle point (local maximum on the potential energy
surface corresponding to a transition state), which would
result in the appearance of imaginary frequencies.

Taking the obtained vibrational normal modes, it is poss-
ible, using, for example, FCclasses3, to make a vibronic ana-

Fig. 7 Increase (blue) and decrease (red) of electron density upon elec-
tronic excitation of the neutral (A and B) and protonated (C and D) forms
of compound 4d in the ground state (B and D) and the first excited state
(A and C) equilibrium geometry, using the MPW1PW91 functional.
Carbon atoms: grey; hydrogen atoms: white; nitrogen atoms: blue;
bromine atom: red; fluorine atom: cyan.
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Fig. 8 Experimental vs. calculated absorption (one photon absorption,
OPA) and emission (EMI) spectra using the MPW1PW91 functional for
compound 4d in ethanol.

lysis that can predict the form of the absorption and emission
spectra. The results are shown in Fig. 8, together with the
experimental spectra for the neutral form.

FCclasses3 calculations are based on the harmonic approxi-
mation of the potential energy surfaces (PESs). We chose to
use a constant transition dipole moment (Franck-Condon, FC)
or allow its linear variation with the nuclear coordinates of the
initial state (Herzberg-Teller, HT;, non-Condon effect). We
used the Adiabatic Hessian method as it takes into account
both ground and excited state equilibrium geometries. This
method was shown to give equivalent results to the more intui-
tive Vertical Hessian (VH) method.*® The calculated spectra
were obtained at 25 °C using a Lorentzian broadening with 0.4
eV HWHM and selection of hot states through a Boltzmann
threshold of 0.1 (initial state i is selected if exp(—E;/kgT) > 0.1).

A reasonable accordance was observed between the experi-
mental emission spectral shape and the simulated spectral
shape. A red-shift of ~20 nm is related to the usual underesti-
mation of excitation energies in TD-SCF DFT methods. The
shape of the simulated absorption spectrum is much different
from the experimental one, which indicates that electronic
excitations to higher excited states (Sy-S,, n > 1), not accounted
for in the simulated spectrum, have a dominating contri-
bution. The energy difference between the equilibrium geome-
tries of both states is 443 nm. The transitions that occur in the
red tail correspond to hot states, whose importance stems
from the presence of various low frequency modes (Table S5 in
the ESIf). Nevertheless, the experimental molar absorptivity of
compound 4d in ethanol at the first shoulder (~435 nm) is 1.0
x 10°* M~* em ™, which is not too far from the one obtained in
the simulated spectrum at the maximum absorption
wavelength.

3. Conclusions

A series of novel N'-aryl 2,4,5-triamino-6-cyanopyrimidines
were obtained, both in hydrochloride salt (3) and neutral (4)

This journal is © The Royal Society of Chemistry 2024
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forms, by the acid ring-opening of previously prepared highly
fluorescent 2-amino-6-cyanopurines 2. These newly prepared
2,4,5-triaminopyrimidines exhibit longer absorption and emis-
sion spectral wavelengths and good brightness (between 5400
and 18000 M™' cm™) compared to other known FNAs. In
addition, the newly synthesized compounds possess interest-
ing environmental sensitivity, increasing the emission
quantum yields in non-protic solvents. This demonstrates that
the 2,4,5-triamino-6-cyanopyrimidine scaffold is an exceptional
fluorophore, where the strong push-pull electronic structure
resulting from the interplay between amino donors and nitrile
acceptors may be responsible for their remarkable photo-
physical properties, as indicated by ab initio calculations.
These characteristics may be valuable in cell biology, pathol-
ogy, and drug development, given their ability to discriminate
between live and dead cells, at least using the eukaryotic cell
model organism S. cerevisiae. Their binding mechanism as
DNA groove binders was disclosed by theoretical and experi-
mental evidence. The lack of viability cell markers in the blue
fluorescence spectrum highlights the importance of these
2,4,5-triaminopyrimidines as valuable alternatives to the most
common green and red markers, paving the way for new
fluorophore combinations and adding alternatives for spectral
overlap issues.

Although the absorption wavelength is still in the UV region
and the molar absorption coefficients are not so high, the
chromophore scaffold reported here is promising for further
development of new FNAs with improved photophysical pro-
perties and new applications.

4. Experimental

4.1. Materials and instruments

All compounds were fully characterized by elemental analysis
and spectroscopic data. The NMR spectra, including the
"H-"*C correlation spectra (HSQC and HMBC), were recorded
at room temperature on a Bruker Avance 3400 (1H: 400 MHz,
3C: 100 MHz). The coupling constants, J, are reported in hertz
(Hz). For the "H NMR analysis, about 3 mg of solid were used,
while for the '*C NMR analyses, about 20 mg were used. The
solvent used in both cases was deuterated dimethylsulfoxide
(DMSO-dg). Infrared spectra were recorded using a FT-IR
Spectrum Two - PerkinElmer. Melting points were determined
on a Stuart cat. SMP3. The reactions were monitored by thin
layer chromatography (TLC) using silica gel 60 F254 (Merck).
The melting points were determined on a Stuart SMP3 melting
point apparatus and are uncorrected.

UV-visible absorption spectra were recorded using a
Shimadzu UV-3600 Plus spectrophotometer. Fluorescence
emission spectra were recorded using a Fluorolog 3 spectro-
fluorimeter, with double monochromators in both excitation
and emission. The emission spectra were corrected for the
instrumental response, and absorbance at the excitation wave-
length was kept below 0.1, to avoid the inner filter effect.
Spectroscopic grade solvents (from Sigma-Aldrich/Merck) and

This journal is © The Royal Society of Chemistry 2024
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Milli-Q grade water were used for the preparation of all
solutions.

The fluorescence quantum yields were determined by the
standard method*® using eqn (1),

_ Aran52
B AgFyng?

: @, (1)
where 4 is the absorbance at the excitation wavelength, F is the
integrated emission area and 7 is the index of refraction of the
solvents used. Subscripts refer to the reference (r) or the
sample (s) compound.

Quinine sulphate in 0.05 M H,SO, aqueous solution was
used as the reference, @, = 0.546 at 25 °C.*!

4.2. Synthesis

4.2.1. General procedure for the synthesis of 2-amino-6-
cyanopurine derivatives 1. A green suspension of 5-amino-
imidazole-4-carbimidoyl cyanide 1 (0.5-2.5 mmol) in aceto-
nitrile (15 mL) was heated at 80 °C, under pressure, in the
presence of trifluoroacetic acid (0.2 M equiv.), thus forming
2-aminopurine-6-carbonitriles 2, until the starting material
was totally consumed, as evidenced by TLC. After 1 hour-1
day, the green suspension was cooled in an ice-water bath for a
few minutes. The solid formed was filtered and washed with
ACN and diethyl ether leading to compounds 2.

4.2.1.1. 2-Amino-9-(4-fluorophenyl)-9H-purine-6-carbonitrile
(2a). Compound 1a (0.61 g; 2.4 mmol), acetonitrile and tri-
fluoroacetic acid. Compound 2a was isolated, after 16 h, as a
light yellow solid (0.49 g; 2.0 mmol; 82%). Mp >300 °C. 'H
NMR (400 MHz, DMSO-de): § 7.19 (s, 2H), 7.44 (t, ] = 8.8 Hz,
2H), 7.84 (dd, J = 9.2, 4.8 Hz; 2H), 8.67 (s, 1H) ppm; *C NMR
(100 MHz, DMSO-d,): § 114.4, 116.4 (d, J = 23.0 Hz), 126.1 (d, J
= 9.0 Hz), 128.5, 130.3, 130.4 (d, J = 2.0 Hz), 145.2, 154.8,
160.9, 161.3 (d, J = 244.0 Hz) ppm. IR (Nujol mull): v 3493 m
(NH), 3314 m (NH), 3204 m (NH), 2240 w (CN), 1643 s (C=N)
cm™". Anal. Caled for C;,H,FN, (254.22): C, 56.69; H, 2.78; N,
33.06; found: C, 56.85; H, 2.87; N, 32.68.

4.2.1.2. 2-Amino-9-(4-chlorophenyl)-9H-purine-6-carbonitrile
(2b). Compound 1b (0.12 g; 0.44 mmol), mixture H,O (1.0 mL)/
DMSO (0.1 mL) and trifluoroacetic acid. Compound 2b was
isolated, after 2 h, as a brown solid (0.11 g; 0.41 mmol; 93%).
Mp 229-230 °C. "H NMR (300 MHz, DMSO-dq): & 7.22 (s, 2H),
7.67 (d, J = 9.2 Hz, 2H), 7.88 (d, J = 8.8 Hz, 2H), 8.74 (s, 1H)
ppm; “C NMR (75 MHz, DMSO-dg): § 114.4, 125.2, 128.6,
129.5, 130.3, 132.4, 133.0, 144.9, 154.7, 160.9 ppm. IR (Nujol
mull): v 3465 m (NH), 3313 m (NH), 3202 m (NH), 3107 w
(NH), 2238 w (CN), 1643 s (C=N) cm '. Anal. Caled For
C1,H,CINg (270.68): C, 53.25; H, 2.61; N, 31.05; found: C,
54.09; H, 3.00; N, 31.17.

4.2.1.3. 2-Amino-9-(4-bromophenyl)-9H-purine-6-carbonitrile
(2¢). Compound 1c¢ (0.50 g; 1.59 mmol), acetonitrile and tri-
fluoroacetic acid. Compound 2c¢ was isolated, after 19 h, as a
light yellow solid (0.34 g; 1.08 mmol; 67%). Mp >298 °C. 'H
NMR (400 MHz, DMSO-ds): § 7.21 (s, 2H), 7.76 (d, J = 8.0 Hz,
2H), 7.80 (d, J = 8.0 Hz, 2H), 8.72 (s, 1H) ppm; *C NMR
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(100 MHz, DMSO-de): § 114.3, 120.7, 125.3, 128.6, 130.3, 132.3,
133.4, 144.7, 154.5, 160.8 ppm. Anal. Caled For C;,H,BrNg
(315.13): C, 45.74; H, 2.24; N, 26.67; found: C, 45.66; H, 2.37;
N, 26.53.

4.2.1.4. 2-Amino-9-(3-bromophenyl)-9H-purine-6-carbonitrile
(2d). Compound 1d (0.26 g; 0.90 mmol), acetonitrile and tri-
fluoroacetic acid. Compound 2d was isolated, after 4 h, as a
light yellow solid (0.20 g; 0.64 mmol; 71%). Mp > 287 °C (Dec).
"H NMR (400 MHz, DMSO-d): 6 7.25 (s, 2H), 7.54 (t, ] = 8.4 Hz,
1H), 7.67 (ddd; J; = 8.0 Hz, J, = 2.0 Hz, J; = 1.2 Hz; 1H), 7.88
(ddd; J, = 8.0 Hz, J, = 2.0 Hz, J; = 1.2 Hz; 1H), 8.12 (t, J = 2.0
Hz, 1H), 8.77 (s, 1H) ppm; *C NMR (100 MHz, DMSO-d,): §
114.4, 122.0, 122.5, 126.1, 128.6, 130.3, 130.8, 131.4, 135.5,
144.9, 154.7, 160.9 ppm. IR (Nujol mull): v 3455 m (NH),
3307 m (NH), 3198 m (NH), 3093 (=CH), 2177 w (CN), 1641 s
(C=N) em™". Anal. Calcd for C;,H,BrNg (315.13): C, 45.74; H,
2.24; N, 26.67; found: C, 46.00; H, 2.56; N, 26.78.

4.2.1.5. 2-Amino-9-phenyl-9H-purine-6-carbonitrile (2e).
Compound 1e (0.41 g; 1.7 mmol), acetonitrile and trifluoroace-
tic acid. Compound 2e was isolated, after 16 h, as a white solid
(0.29 g; 1.2 mmol; 70%). Mp 259-271 °C. 'H NMR (400 MHz,
DMSO-de): § 7.19 (s, 2H), 7.47 (t, ] = 8.0 Hz, 1H), 7.59 (t, ] = 8.0
Hz, 2H), 7.82 (dd, J, = 8.8 Hz, J, = 1.6 Hz, 2H), 8.73 (s, 1H)
ppm; *C NMR (75 MHz, DMSO-dg): § 114.5, 123.6, 128.1,
128.7, 129.5, 130.3, 134.1, 145.1, 154.7, 160.9 ppm. IR (Nujol
mull): v 3475 m (NH), 3294 m (NH), 3181 m (NH), 3096 m
(=CH), 2270s (CN), 1625 s (C=N) cm™'. Anal. Caled for
C1.HgNg (236.23): C, 61.01; H, 3.41; N, 35.58; found: C, 60.68;
H, 3.22; N, 33.30.

4.2.1.6. 2-Amino-9-(p-tolyl)-9H-purine-6-carbonitrile 2f)
Compound 1f (0.23 g; 0.92 mmol), acetonitrile and trifluoroa-
cetic acid. Compound 2f was isolated, after 4 h, as a light
yellow solid (0.20 g; 0.80 mmol; 87%). Mp 263-265 °C. 'H
NMR (400 MHz, DMSO-dg): § 2.36 (s, 3H), 7.12 (s, 2H), 7.37 (d,
J = 7.6 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 8.63 (s, 1H) ppm; *C
NMR (100 MHz, DMSO-dq): 6 20.6, 114.4, 123.5, 128.6, 129.9,
130.2, 131.6, 137.7, 145.1, 154.7, 160.8 ppm. IR (Nujol mull): v
3502 m (NH), 3310 m (NH), 3292 m (NH), 3099 m (NH), 2164
w (CN), 1638 s (C=N) cm™". Anal. Calcd for C;3H;(Ng (250.26):
C, 62.39; H, 4.03; N, 33.58; found: C, 62.01; H, 3.88; N, 33.13.

4.2.2. General procedure for the synthesis of 2,5-diamino-
6-cyano-4-(( phenylamino)pyrimidinium) chloride derivatives 3.
37% Hydrochloric acid (2.5 equiv.) was added to the 2-amino-
9H-purine-6-carbonitrile 2 solid (0.18-0.87 mmol) in ethanol
(10.0-15.0 mL). The reaction mixture was stirred at 80-100 °C,
until the starting material was totally consumed, as evidenced by
TLC. After 1 day, the green/yellow suspension was cooled in an
ice-water bath for a few minutes. The solid was filtered and
washed with ethanol and diethyl ether, leading to compounds 3.

4.2.2.1. 2,5-Diamino-6-cyano-4-((4-fluorophenyl)Jamino)-pyri-
midinium chloride (3a). Compound 2a (0.10 g; 0.40 mmol),
37% hydrochloric acid (0.08 mL; 0.39 mmol) and ethanol,
80 °C. Compound 3a was isolated as a light green solid after 1
day (0.097 g; 0.34 mmol; 85%). Mp 200 °C. "H NMR (400 MHz,
DMSO-de): 6 7.23 (t, J = 8.8 Hz, 2H), 7.87 (dt, J; = 9.2 Hz, ], =
4.8 Hz, 2H), 10.44 (s, 1H) ppm; *C NMR (100 MHz, DMSO-d):
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8 98.2, 113.0, 115.5 (d, J = 22 Hz), 125.1 (d, J = 8.0 Hz), 130.1,
133.8 (d, J = 3.0 Hz), 150.9, 153.5, 159.5 (d, J = 242 Hz) ppm.
IR: v 3392 m (NH), 3150 m (NH), 2229 w (CN), 1660 s (C=N),
1651 s (C=N), 1623 s (C=N) em ™. C;,H,;,CIFN (280.72).

4.2.2.2. 2,5-Diamino-6-cyano-4-((4-chlorophenyl)amino)-pyri-
midinium chloride (3b). Compound 2b (0.10 g; 0.37 mmol),
37% hydrochloric acid (0.08 mL; 0.39 mmol) and ethanol,
100 °C. Compound 3b was isolated as a dark green solid after
1 day (0.09 g; 0.30 mmol; 81%). Mp 235 °C. 'H NMR
(400 MHz, DMSO-dq): 6 7.44 (dt, J; = 8.8 Hz, J, = 2.2 Hz, 2H),
7.92 (dt, J; = 8.8 Hz, J, = 2.2 Hz, 2H), 10.52 (s, 1H) ppm; *C
NMR (100 MHz, DMSO-dq): § 98.7, 113.0, 124.5, 128.6, 129.3,
130.1, 136.5, 150.8, 153.3 ppm. IR: v 3153 m (NH), 2223 w
(CN), 1653 s (C=N), 1617 s (C=N) ecm™". C;;H,,Cl,Ng (296.03).

4.2.2.3. 2,5-Diamino-6-cyano-4-((4-bromophenyl)amino)-pyri-
midinium chloride (3c). Compound 2¢ (0.28 g; 0.89 mmol), 37%
hydrochloric acid (0.23 mL; 2.70 mmol) and ethanol, 80 °C.
Compound 3c was isolated as a light brown solid after 1 day
(0.22 g; 0.62 mmol; 70%). Mp 241 °C. 'H NMR (400 MHz,
DMSO-dq): § 7.56 (dt, J; = 6.8 Hz, ], = 2.0 Hz, 2H), 7.86 (dt, J; =
7.2 Hz, J, = 2.4 Hz, 2H), 10.74 (s, 1H) ppm; “C NMR
(100 MHz, DMSO-d): § 98.7, 113.0, 117.5, 124.9, 130.1, 131.5,
136.9, 150.8, 153.3 ppm. IR: v 3554 m (NH), 3153 m (NH), 2224
w (CN), 1652 s (C=N), 1620 s (C=N) cm ', C;;H;oCINBr
(341.60).

4.2.2.4. 2,5-Diamino-6-cyano-4-((3-bromophenyl)amino)-pyri-
midinium chloride (3d). Compound 2d (0.06 g; 0.18 mmol),
37% hydrochloric acid (0.05 mL; 0.23 mmol) and ethanol,
100 °C. Compound 3d was isolated as a light brown solid after 1
day (0.03 g; 0.09 mmol; 50%). Mp 226 °C. '"H NMR (400 MHz,
DMSO-de): 6 7.33 (t, ] = 2.0 Hz, 1H), 7.37 (dt, J; = 8.0 Hz, J, = 2.0
Hz, 1H), 7.93 (dt, J, = 7.6 Hz, J, = 2.0 Hz, 1H), 8.05 (t, / = 2.0 Hz,
1H), 10.27 (s, 1H) ppm; *C NMR (100 MHz, DMSO-d,): § 100.6,
113.2, 121.3, 121.5, 124.9, 127.8, 129.7, 130.6, 139.2, 151.2,
153.3 ppm. IR: v 3168 m (NH), 2223 w (CN), 1652 s (C=N), 1622
s (C=N) ecm™". C;1H;,CINBr (341.60).

4.2.2.5. 2,5-Diamino-6-cyano-4-(phenylamino)pyrimidinium
chloride (3e). Compound 2e (0.14 g; 0.58 mmol), 37% hydro-
chloric acid (0.08 mL; 0.39 mmol) and ethanol, 80 °C.
Compound 3e was isolated as a light yellow solid after 22 hours
(0.10 g; 0.38 mmol; 66%). Mp 214 °C. "H NMR (400 MHz, DMSO-
de): 6 7.19 (t, J = 7.2 Hz, 1H), 7.39 (t, J = 8.8 Hz, 2H), 7.82 (d, J =
7.6 Hz, 2H), 10.03 (s, 1H) ppm; *C NMR (100 MHz, DMSO-d,): &
97.7, 112.9, 123.0, 125.6, 128.7, 130.2, 137.3, 150.7, 153.4 ppm.
IR: v 3154 m (NH), 2226 w (CN), 1651 s (C—=N), 1627 s (C—=N),
1600 s (C=N) cm ™. C;,H;,CIN; (262.70).

4.2.2.6. 2,5-Diamino-6-cyano-4-( p-tolylamino)-pyrimidinium
chloride (3f). Compound 2f (0.13 g; 0.53 mmol), 37% hydro-
chloric acid (0.11 mL; 0.56 mmol) and ethanol, 80 °C.
Compound 3f was isolated as a light green solid after 1 day
(0.10 g; 0.34 mmol; 64%). Mp 220 °C. '"H NMR (400 MHz,
DMSO-de): & 2.29 (s, 3H), 7.17 (d, J = 8.0 Hz, 2H), 7.69 (dt, J, =
8.4 Hz, ], = 2.4 Hz, 2H), 9.65 (s, 1H) ppm; *C NMR (100 MHz,
DMSO-dy): § 20.6, 97.4, 112.9, 123.0, 129.1, 130.1, 134.7, 134.9,
150.7, 153.3 ppm. IR: v 3180 m (NH), 2222 w (CN), 1649 s
(C=N), 1622 s (C=N) cm ™. C;,H;;CINg (276.06).
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4.2.3. General procedure for the synthesis of 2,5-diamino-
6-cyano-4-( phenylamino)pyrimidine derivatives 4. To neutral-
ize compound 3, triethylamine (2.0 equiv.) and ethanol were
added to the solid, leading to compound 4.

4.2.3.1. 2,5-Diamino-6-cyano-4-((4-fluorophenyl Jamino)-pyri-
midine (4a). Compound 3a (0.097 g; 0.34 mmol), triethylamine
(0.10 mL; 0.69 mmol) and ethanol, room temperature.
Compound 4a was isolated as a light green solid after
1 minute (0.08 g; 0.33 mmol; 97%). Mp 219 °C. 'H NMR
(400 MHz, DMSO-de): 6 5.18 (bs, 1H), 5.85 (bs, 1H), 7.14 (dt, J,
= 8.8 Hz, J, = 2.0 Hz, 2H), 7.81 (dt, J; = 9.2 Hz, J, = 4.8 Hz, 2H),
8.70 (s, 1H) ppm; *C NMR (100 MHz, DMSO-d): 6 115.1 (d, J =
22 Hz), 116.8, 117.9, 122.5 (d, J = 8.0 Hz), 125.9, 135.8 (d, J =
3.0 Hz), 151.7, 155.5, 157.9 (d, J = 239 Hz) ppm. IR: v 3491 m
(NH), 3390 m (NH), 3353 m (NH), 3290 m (NH), 2229 w (CN),
1636 s (C=N), 1617 s (C=N) cm™". m/z caled for C;;HoFNg
245.094549, found 245.094868.

4.2.3.2. 2,5-Diamino-6-cyano-4-((4-chlorophenyl)amino)-pyri-
midine (4b). Compound 3b (0.09 g; 0.30 mmol), triethylamine
(0.09 mL; 0.60 mmol) and ethanol, room temperature.
Compound 4b was isolated as a dark green solid after
1 minute (0.07 g; 0.27 mmol; 90%). Mp 250 °C. '"H NMR
(400 MHz, DMSO-dg): & 5.20 (bs, 1H), 5.90 (bs, 1H), 7.34 (dt, J;
=7.2 Hz, J, = 3.2 Hz, 2H), 7.85 (dt, J, = 7.2 Hz, J, = 3.2 Hz, 2H),
8.76 (s, 1H) ppm; *C NMR (100 MHz, DMSO-d,): & 116.8,
118.4, 122.0, 126.0, 126.3, 128.3, 138.5, 151.5, 155.5 ppm. IR: v
3492 m (NH), 3389 m (NH), 3354 m (NH), 3188 m (NH), 2218
w (CN), 1669 s (C=N), 1604 s (C=N) cm™". m/z caled for
C11HoCINg 261.064998, found 261.065117.

4.2.3.3.  2,5-Diamino-6-cyano-4-((4-bromophenyl)amino)-pyri-
midine (4c). Compound 3c (0.22 g; 0.62 mmol), triethylamine
(0.19 mL; 1.24 mmol) and ethanol, room temperature.
Compound 4c was isolated as a light yellow solid after
1 minute (0.18 g; 0.59 mmol; 95%). Mp 256 °C. '"H NMR
(400 MHz, DMSO-de): & 5.21 (s, 1H), 5.91 (s, 1H), 7.46 (d, J =
8.8 Hz, 2H), 7.81 (d, J = 8.8 Hz, 2H), 8.78 (s, 1H) ppm; “°C
NMR (100 MHz, DMSO-d6): 6 114.3, 116.8, 118.4, 122.5, 126.1,
131.2, 138.9, 151.5, 155.5 ppm. IR: v 3496 m (NH), 3391 m
(NH), 3351 m (NH), 3189 m (NH), 2218 w (CN), 1668 s (C=N),
1634 s (C=N), 1602 s (C=N) em™". m/z caled for C,;HoNBr
305.014483, found 305.014668.

4.2.3.4.  2,5-Diamino-6-cyano-4-((3-bromophenyl)amino)-pyri-
midine (4d). Compound 3d (0.03 g; 0.09 mmol), triethylamine
(0.03 mL; 0.18 mmol) and ethanol, room temperature.
Compound 4d was isolated as a light brown solid after
1 minute (0.02 g; 0.07 mmol; 78%). Mp 216 °C. '"H NMR
(400 MHz, DMSO-dg): & 5.18 (bs, 1H), 5.95 (bs, 1H), 7.20 (dt, J;
= 8.4 Hz, J, = 1.2 Hz, 1H), 7.26 (t,J = 8.0 Hz, 1H), 7.88 (dt, J; =
8.0 Hz, J, = 1.2 Hz, 1H), 7.99 (t, J = 2.0 Hz, 1H), 8.74 (s, 1H)
ppm; C NMR (100 MHz, DMSO-dg): § 116.7, 118.7, 119.2,
121.4, 122.5, 125.3, 126.0, 130.5, 141.1, 151.5, 155.5 ppm. IR: v
3492 m (NH), 3431 m (NH), 3391 m (NH), 3302 m (NH),
3187 m (NH), 2220 w (CN), 1650 s (C=N) cm™". m/z calcd for
C;1HoNBr 305.014483, found 305.014505.

4.2.3.5.  2,5-Diamino-6-cyano-4-(phenylamino)pyrimidine
(4e). Compound 3e (0.10 g; 0.38 mmol), triethylamine
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(0.13 mL; 0.76 mmol) and ethanol, room temperature.
Compound 4e was isolated as a light yellow solid after
1 minute (0.08 g; 0.35 mmol; 92%). Mp 231 °C. '"H NMR
(400 MHz, DMSO-dq): § 5.20 (bs, 1H), 5.85 (bs, 1H), 7.03 (tt, J,
=7.2 Hz, J, = 1.2 Hz, 1H), 7.31 (tt, J; = 8.4 Hz, J, = 2.4 Hz, 2H),
7.80 (dt, J; = 8.4 Hz, J, = 2.4 Hz, 2H), 8.63 (s, 1H) ppm; C
NMR (100 MHz, DMSO-d): v 116.9, 118.1, 120.6, 122.8, 122.9,
126.0, 128.6, 139.5, 151.7, 155.6 ppm. IR: § 3476 m (NH),
3376 m (NH), 3167 m (NH), 2225 w (CN), 1615 s (C=N) cm™".
m/z caled for C;;HoNg 227.103971, found 227.104173.

4.2.3.6. 2,5-Diamino-6-cyano-4-( p-tolylamino)pyrimidine (4f).
Compound 3f (0.10 g; 0.34 mmol), triethylamine (0.12 mL;
0.68 mmol) and ethanol, room temperature. Compound 4f was
isolated as a light green solid after 1 minute (0.07 g; 0.29 mmol;
85%). Mp 247 °C. "H NMR (400 MHz, DMSO-d): 6 2.30 (s, 3H),
7.19 (d, J = 8.0 Hz, 2H), 7.69 (dt, J; = 8.4 Hz, J, = 2.4 Hz, 2H), 9.65
(s, 1H) ppm; *C NMR (100 MHz, DMSO-d;): 5 20.4, 116.9, 117.8,
120.8, 122.5, 125.9, 129.0, 131.9, 136.8, 151.8, 155.6 ppm. IR: v
3456 m (NH), 3403 m (NH), 3363 m (NH), 3263 m (NH), 3160 m
(NH), 2223 w (CN), 1615 s (C=N), 1603 s (C=N) cm ™. m/z caled
for C;,H;,Ng 241.119621, found 241.119687.

4.3. DNA interaction assay

Natural double-stranded salmon sperm DNA was obtained
from Invitrogen. Compound and DNA stock solutions were
prepared in 107> M Tris-HCI buffer (pH = 7.2), with 107> M
EDTA. The DNA concentration in a number of bases (or phos-
phate groups) was determined from the molar absorption
coefficient, ¢ = 6600 M™* cm™ at 260 nm. The emission
spectra of several solutions with different [DNAJ/[4d] ratios,
using the same compound concentration (5 x 107° M), were
recorded. The solutions were left for 24 h to stabilize. The
absorbance at an excitation wavelength (ler. = 350 nm) was
lower than 0.1 to avoid inner filter effects. All measurements
were performed at room temperature (25.0 = 0.5 °C). Binding
analysis of the experimental data was performed according to
the McGhee and von Hippel model®* to determine the intrin-
sic binding constant and the binding site size.

4.4. Biological studies

4.4.1. Fluorescence microscopy. The stock solutions of the
compounds for biological assessment were prepared by dissol-
ving the compounds in DMSO at a concentration of 50 mM
and stored at room temperature protected from light.

The Saccharomyces cerevisiae strain used in this work was
BY4741 (MATa leu2A0 ura3A0 his3-A1 met15A0). Yeast cells
were taken from a frozen stock at —80 °C, streaked on fresh
yeast extract-peptone-dextrose plates (YPDA; 1% w/v yeast
extract, Acros Organics, 2% w/v peptone, Biolife, 2% w/v
p-glucose, and 2% w/v agar, LabChem), and incubated at 30 °C
for 2-3 days before storing at 4 °C. Yeast cultures were pre-
pared by inoculating one colony from a YPDA plate into fresh
liquid YPD (YPDA without agar) medium followed by overnight
incubation at 30 °C with shaking at 200 revolutions per
minute (rpm). Growth was monitored by measuring the optical
density at 600 nm (ODg)-
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S. cerevisiae cultures of strain BY4741 in the exponential
growth phase were used for micrograph acquisition by diluting
an overnight culture to an ODgpo0f ~0.1 and growth under the
same conditions to an ODg, of ~0.4. For live/dead verification,
cells were centrifuged at 7200g for 3 min at room temperature
(RT), washed with phosphate-buffered saline (PBS, pH 7.2), re-
suspended in PBS with 10 pM propidium iodide (PI) and
250 uM of 2,4,5-triaminopyrimidines with incubation at RT for
15 min, and protected from light. For microscopy inspection,
the cells were washed and resuspended in PBS. To generate
dead-cell samples, cells were heat-killed before staining in a
water bath at 80 °C for 2 min.

All microscopic observations were carried out using an
Olympus BX-51 epifluorescence microscope equipped with a
100x oil immersion objective lens. Micrographs were obtained
with an Olympus DP72 digital camera and using CellSens soft-
ware and processed with Image] (NIH) version 1.54b. At least
two independent experiments were conducted.

4.4.2. Liquid culture assay. Synthetic defined (SD) medium
was prepared with 0.67% w/v Sigma-Aldrich yeast nitrogen
base with ammonium sulphate, 2% w/v b-glucose, sup-
plemented with 1-methionine (80 mg L"), r-histidine (80 mg
L"), uracil (80 mg L"), and t-leucine (400 mg L"), to com-
pensate for auxotrophy. Overnight cultures in SD medium were
diluted to ODgyy ~ 0.1 in fresh SD medium. Cells were trans-
ferred to the 96-well plates using a multichannel pipette and
treated with different 2,4,5-triaminopyrimidines at a concen-
tration of 500 uM. Blanks were prepared using SD medium
and with each compound at the tested concentration. Controls
were performed by replacing the solution of the compound
with the same volume of DMSO (solvent of the compounds).
For each condition, three independent replicas were used with
4 technical replicas each. The microcultures were incubated at
30 °C with shaking at 200 rpm and cell density was assessed
by monitoring the ODggo using a Multiskan SkyHigh micro-
plate reader. The specific growth rates were determined and
normalized relatively to the control. Statistical analysis was
performed with GraphPad Prism version 8.0.2 for Windows
(GraphPad Software, Boston, Massachusetts, USA, https://www.
graphpad.com) using one-way ANOVA followed by Dunnett’s
multiple comparison test to compare with the control con-
ditions. Results with a p-value less than 0.05 were considered
statistically significant.
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