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The selective formation of ortho-fluoroanilines, representing versatile intermediates for the pharma-
ceutical and fine chemical industries, relies to date on, e.g., transition-metal-catalyzed fluorination of azo-
benzenes, which must be preformed from aniline derivatives. While few efficient methods for aniline syn-
thesis were reported, sustainable, straightforward, and selective synthesis of fluoroanilines, and in particu-
lar ortho-fluoroanilines, remains challenging. Herein, we describe a domino approach that involves the
simultaneous construction of a benzene ring and the installation of both amine and fluorine groups in a
single operation under metal-free conditions, starting from readily available acyclic compounds. The
developed atom- and cost-efficient, highly convenient, selective, and environmentally friendly four-step
domino process allows the formation of a variety of functionalized ortho-fluoroanilines with yields of up
to 80% and bypasses the selectivity issues of transition-metal-catalyzed aniline fluorination reactions.
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Furthermore, we show that the new domino products can efficiently be utilized to synthesize fluorinated
azo dye and (tetrahydro)quinazoline derivatives in a bioactive form, i.e., possessing a first-time proven
micromolar antiviral activity and high selectivity (ECso (HCMV) down to 1.9 + 0.7 uM, CCso up to

rsc.li/frontiers-organic >100 pM), under conventional and/or visible-light mediated conditions.

improving many chemical and biological properties (e.g., solu-
bility, lipophilicity, membrane permeability, metabolic stabi-
lity, and receptor binding) when exchanging hydrogen with
fluorine in the parental compound.'™**'® Fluoroanilines also
find application for the synthesis of polyfluoroanilines'” and
fluorinated azo dyes'®'® (Fig. 1b and c), as fluorine in com-

Introduction

Aniline is a prominent aromatic amine compound broadly
used as a versatile chemical precursor for the synthesis of bio-
active compounds,’™ polymers,”® and azo dyes.””” There is
also a growing number of fluorinated aniline-based drugs

ranging from anti-inflammatory, antidepressant, antibiotic,
antiviral, and anticancer derivatives (selected examples are
shown in Fig. 1a)."° ™ Fluorinated drugs can exhibit enhanced
effectivity and selectivity, potentially leading to increased bio-
logical activity. This is often attributed to the possibility of

“Organic Chemistry Chair I and Interdisciplinary Center for Molecular Materials
(ICMM), Friedrich-Alexander-Universitit Erlangen-Niirnberg, Nikolaus-Fiebiger-
Strafe 10, 91058 Erlangen, Germany. E-mail: svetlana.tsogoeva@fau.de

bInstitute for Clinical and Molecular Virology, Friedrich-Alexander-Universitiit
Erlangen-Niirnberg, Schlossgarten 4, 91054 Erlangen, Germany

“Institut fiir Organische und Biomolekulare Chemie, Georg-August-Universitdit
Géttingen, 37077 Gottingen, Germany

+1In honor of Professor H. Ila’s 80th birthday.

tElectronic supplementary information (ESI) available: Synthetic procedures,
fluorescence and NMR spectra of the hybrid compounds, additional biological
data and explanations. CCDC 2109016. For ESI and crystallographic data in CIF
or other electronic format see DOI: https://doi.org/10.1039/d4qo01692k

6768 | Org. Chem. Front, 2024, 11, 6768-6777

parison to hydrogen can improve material properties.>* These
examples from life and material sciences stress the importance
of ortho-fluoroanilines as versatile compounds. While there are
already several procedures towards aniline derivatives, like
reduction of the corresponding nitrobenzene as first
described by Zinin,*' palladium-catalyzed Buchwald-Hartwig
C-N cross-coupling reaction,”® Ullmann-type amination,>
and more recently, iridium-/cobalt-photocatalyzed dehydro-
genative coupling between amine and cyclohexanone by
Leonori,>* and transition-metal-free C-N cross-coupling,®®
only rare examples for synthesis of fluoroanilines were
reported. Whereas fluorination of aliphatic systems can be
carried out under relatively mild conditions,*® the fluorina-
tion of aromatic systems, especially for the synthesis of fluo-
rine-containing aniline structures, remains challenging
(selected examples are depicted in Fig. 1d-f).>”>° Recently,
a para-selective nucleophilic fluorination method of anilides,

This journal is © the Partner Organisations 2024
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Fig. 1

(a) Examples of fluoroaniline-containing drug compounds; (b) structure of polyfluoroaniline; (c) fluorinated azo dye; (d—f) literature known

fluorinations of anilines; (g and h) previously reported domino approaches toward functionalized anilines by our research group; (i) this work: new
straightforward four-step domino reaction toward functionalized fluoroaniline compounds.

using an electrochemically generated hypervalent iodine
mediator (ArIF,), was reported, with Et;N-5HF serving as flu-
oride source (Fig. 1d).*° The utilization of anilide as
opposed to aniline was imperative due to the ring’s lowered
electron density. Also, an electrophilic aromatic fluorination
approach was explored with aniline (Fig. 1e).>' By employing
an excess of elemental fluorine, a mixture of para-, meta-,
and ortho-monosubstituted fluoroanilines was obtained.*"
Moreover, elemental fluorine is challenging to handle, and
this method’s site-selective preparation of fluoroanilines is
subpar. Although ortho-fluoroanilines find broad application
in the synthesis of heterocycles,> efficient synthetic strat-
egies for highly substituted ortho-fluoroanilines are barely
known. Current methodologies rely mainly on commercially
available unsubstituted ortho-fluoroaniline, subject to alter-
ing via postmodifications.

Recently, an alternative route was reported, demonstrating
the nitrate-promoted C-H fluorination of azobenzenes to syn-
thesize substituted ortho-fluoroanilines. This approach utilizes
the reduction of fluorinated azobenzenes to ortho-fluoroani-
lines after fluorination reaction (Fig. 1f).>*® While this method
was proven useful in terms of selectivity, as only ortho-fluoroa-
nilines were synthesized, atom-efficiency still poses a chal-
lenge, as the reaction can only proceed via the detour of the
azobenzene, which must also be pre-formed from aniline
derivatives. Therefore, the formation of ortho-fluorinated ani-
lines by this route is complex, and a convenient, straight-
forward, and environmentally friendly synthetic method for
ortho-fluoroaniline compounds remains to be developed. In
addition, arylated anilines are widely used in the materials

This journal is © the Partner Organisations 2024

and life sciences, and the standard method for C-C bond for-
mation between aryl rings is still palladium-catalyzed cross-
couplings in most cases. Due to the ever-increasing price for
palladium and other late transition metals,>” a more sustain-
able route toward arylated anilines and, in particular, arylated
fluoroanilines is desirable.

To address the mentioned gaps and synthetic challenges
disparity, we applied the concept of domino reactions, which
represent a powerful toolbox in organic synthesis to economi-
cally and sustainably install molecular complexity, starting from
simple compounds.®® Domino processes avoid intermediate iso-
lation and purification steps and are time-saving, waste-redu-
cing, atom-efficient and can be considered as a green method
superior to stepwise synthetic approaches.*®*™*° Although
recently, we reported access to new aniline derivatives using
different domino reactions and one-pot processes (Fig. 1g and
h),>*'"* to the best of our knowledge, a domino approach has
never been used before to form an aromatic ring, and to install
both amine and fluorine groups in a single operation while start-
ing from readily available acyclic compounds. Herein, we report
for the first time the straightforward synthesis of synthetically
challenging functionalized ortho-fluoroanilines via a metal-free
four-step domino reaction starting from readily available acyclic
fluoro-nitrostyrenes and a,a-dicyanoolefine precursors (Fig. 1i).
The developed atom- and cost-efficient, highly selective, and
environmentally friendly domino process enables the formation
of a variety of functionalized ortho-fluoroanilines with yields of
up to 80%. The new products could be efficiently used to syn-
thesize a fluorinated azo dye and (tetrahydro)quinazoline
derivatives with antiviral properties.

Org. Chem. Front, 2024, 11, 6768-6777 | 6769
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Results and discussion
Synthesis of fluoroanilines

To overcome the drawbacks of existing fluorination methods,
we envisioned a new metal-free domino reaction toward ortho-
fluoroanilines using fluoro-nitrostyrenes and
a,a-dicyanoolefines as starting compounds (Fig. 1i and 2a, b).
At the beginning of our investigation, we focused on the
optimization of the proposed two-component four-step linear
domino reaction, which involves vinylogous Michael reaction/
cyclization/imine-enamine tautomerization/aromatization
steps (Fig. 2c). We intended to exploit the higher C-F bond
strength in comparison to that of C-N (C-NO,) in selected sub-
strate compounds, fluoro-nitrostyrenes, to form functionalized
ortho-fluoroanilines (instead of ortho-nitroanilines*>**) in a
single operation through a linear domino process. We applied
preformed a,a-dicyanoolefins (Knoevenagel product 1a-e and
4a-i) since a Knoevenagel condensation step was not feasible
in the initially investigated three-component reaction using
ketone, malononitrile, and fluoro-nitrostyrene as starting com-
pounds. In such a three-component reaction, we observed that
the Knoevenagel condensation with ketone is reversible. As a
result, a side product (Michael’s reaction product out of
fluoro-nitrostyrene and malononitrile) was formed instead of
the desired domino product. We, therefore, preformed the
a,a-dicyanoolefins and applied them for the new two-com-
ponent domino reaction.

Utilizing the combination of DBU and thiourea (optimized
conditions, see Table S1 of ESI}) for the selected model reac-
tion of a,a-dicyanoolefin 1a and fluoro-nitrostyrene 2a, we
were able to isolate the desired ortho-fluoroaniline 3a in 61%
yield over four steps (Fig. 2). Subsequently, the influence of
substituents at the phenyl group of fluoro-nitrostyrene 2 on
the reaction outcome was examined. The presence of methyl
substituent (with +I effect) in the para-position of the phenyl
group exhibits a slightly lower product yield (¢f 44% (3b) vs.
61% (3a), Fig. 1a). Fluoro-nitrostyrenes bearing electron-with-
drawing groups (e.g., F, ester moiety) in para-positions of the
phenyl group resulted in the desired ortho-fluoroanilines 3d
and 3e in good yields of 35%/53% compared to ortho-fluoroa-
niline 3¢ (27% yield) with electron-donating methoxy substitu-
ent. Notably, even though the para-methoxy substituent
enriches the electron density of the fluoro-nitrostyrene and
decreases its electrophilicity and, therefore, the Michael accep-
tor’s reactivity, the corresponding product 3¢ was obtained in
satisfactory yield. Next, the influence of different substituents
at the phenyl group of a,a-dicyanoolefins 1 on the reaction
outcome was evaluated (Fig. 2b). The application of 1 with
methyl group (+I effect) and/or electron-withdrawing substitu-
ents (e.g., F, ester moiety) resulted in the corresponding diaryl-
substituted ortho-fluoroanilines 3f, 3h, 3i, and 3j with moder-
ate yields of 19%-34%. In contrast, the electron-donating
methoxy group was well tolerated in the developed reaction
and gave the corresponding product 3g with a yield of 64%.
This result underscores that the higher electron density is ben-
eficial for the nucleophilicity of the vinylogous donors 1.
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Regarding the triaryl-substituted ortho-fluoroanilines 5a-
5n, similar observations were made concerning the influence
of substituents at the phenyl group of fluoro-nitrostyrene 2 on
the observed yields (products 5a-5e). Variation of substituents
on the phenyl ring, standing in para-position to the amine
group (see products 5f-5i), has the most perceptible impact on
the yield: fluorine substitution increased the yield significantly
(to 80%) compared to electron-donating groups, which have
higher electron density, lowering the C-H acidity of the CH,
group, which needs to be deprotonated to enable the nucleo-
philic addition. While both the ester group and the fluoro sub-
stitution (5i and 5h, respectively), increase the acidity of the
CH, group, the difference in yield can be explained by the fact
that the ester group mesomerically stabilizes the negative
charge after deprotonation.

The delocalisation of charge results in a decreased reactivity
for the nucleophilic attack compared to fluorine substitution.
The good yield of 80% for fluoro-derivative 5h corresponds to an
excellent average yield of 95% per step, underlining the practical
applicability of the developed domino approach. Notably, the
derivatisation of the lower aryl ring has less impact on the yield
(see 5j-5n) compared to their meta-terphenyl analogues.

Synthesis of tetrahydroquinazoline and quinazoline scaffolds

To use the new fluoroanilines as precursors for synthesis of
e.g., heterocyclic compounds, we performed large-scale syn-
thesis of 3j and 5n as depicted in Fig. 2a and b. Given the fluo-
rescence exhibited by both derivatives in solution, we investi-
gated their absorption and emission in acetonitrile (see ESI,
Fig. S1 and S21).

First, we attempted to utilize amine and nitrile moieties on
the obtained fluoroanilines for functionalization. From litera-
ture,”> we know unsubstituted quinazolines 9 and 10 are
directly accessible from o-amino nitrile by condensation with
formamide. In order to get access to a broader array of quina-
zolines, we reduced the nitrile group of our triaryl-substituted
ortho-fluoroaniline 5n to yield the corresponding diamine 11
using borane dimethylsulfide as a reducing agent.

Azo dyes are among the most significant classes of chromo-
phores with diverse applications in the scientific, industrial, and
pharmaceutical sectors.** Taking into consideration the attrac-
tiveness of fluorinated azo dyes as photochromic compounds*®*®
we additionally synthesized vividly red fluorinated azo dye 12 uti-
lizing tert-butylnitrite to form the diazonium cation, and N,N-di-
methylaniline as the required nucleophile.

Utilizing 11 as starting material, we obtained tetrahydroquina-
zolines 13-15 and quinazolines 16-18, with potential to display
antiviral and other biological activity. All tetrahydroquinazolines
13-15 were synthesized by condensation reactions with the
corresponding aldehyde or ketone utilizing silica as Lewis acid
catalyst. By employing a variety of aldehydes, either aromatic or
propargylic aldehydes, three quinazolines were obtained utilizing
a literature known procedure under involvement of singlet
oxygen, in situ generated by visible light using Rose Bengal as
photosensitizer.*> Through this route quinazoline derivatives 16,
17, and 18 were obtained, although the aldehyde containing the

This journal is © the Partner Organisations 2024
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(@) Scope of meta-terphenyls. Conditions: o,a-dicyanoolefin (200 pmol), fluoro-nitrostyrene (200 pmol), DBU (100 mol%), thiourea

(25 mol%), acetonitrile (2 mL), 50 °C. (b) Scope of triphenylanilines. Conditions: «,a-dicyanoolefin (200 pmol), fluoro-nitrostyrene (200 pmol),
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artemisinin scaffold needed to be precondensed using the same
method towards tetrahydroquinazolines as above, followed by
aromatization via involvement of singlet oxygen.

In the past, our and other groups showed the high potential
of hybrid drugs exhibiting strongly improved activities against
viruses, malaria and other pathogens.*®™° This was the motiv-
ation to prepare and to investigate the artemisinin-based
hybrid compounds 15 and 16 (Fig. 3).

Cyclic voltammetric (CV) investigations of the novel azo dye 12

As studies by means of cyclic voltammetry revealed, the novel
azo dye 12 exhibits both oxidative and reductive stability at a
glassy carbon electrode in aprotic media (Fig. 4a). An irrevers-
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ible oxidation event is observed at E, = 1.16 V vs. SCE, which
can be assigned to the oxidation of the amine moiety.> Upon
increasing scan rates, this amine oxidation becomes partially
reversible (Fig. 4b). After rapid chemical follow-up reactions,
the resulting species are reduced at E, = —0.39 V vs. SCE.
Interestingly, this reduction is more facile on a platinum elec-
trode surface as indicated by a more pronounced reductive
event at E, = —0.32 V (Fig. 4c). In accordance with previous
reports,®>>® a quasi-reversible one-electron reduction is
observed at E, = —1.37 V vs. SCE, forming a radical anion.
Again, a subsequent chemical follow-up reaction generates a
new species which gets oxidized at E, = —0.45 V vs. SCE. The
relative intensity of the oxidation event at E, = —0.45 V vs. SCE,

F Si(i-Pr)s
17: 30%

Fig. 3 Post-modifications of synthesized fluoroanilines: (a) 1. SMe,BH3-Et,O, THF, 2. H,O, HCL, reflux. (b) 1. tert-Butylnitrite, acetonitrile, 0 °C, 2.
N,N-Dimethylaniline, 0 °C to r.t. (c and d) Formamide, 210 °C. (e) Corresponding aldehyde, SiO,, CHCls, r.t. (f) SiO,, acetone, r.t. (g) Corresponding
ketone, SiO,, CHCl3, r.t., (h), 1. SiO,, corresponding aldehyde, CH,Cl,, 40 °C 2. Rose Bengal, DMF, O,, LED (white light), r.t. (i) and (j), Corresponding

aldehyde, Rose Bengal, DMF, O,, LED (white light), r.t.
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compared to the reversible response of the reduction event at
E, = —1.37, decreases with higher scan rates (Fig. 4d). This
observation could be explained by a rapid intramolecular reac-

tion of the formed radical with the nitrile group.>*

Antiviral activity

Previously, quinazoline compounds have been frequently used
by numerous independent researchers, including our
group,”>® for the development of antiviral candidates and
clinically approved drugs.’® As our recently reported autofluor-
escent quinazoline compounds have shown an initial, very
promising evidence of intracellular bioactivity, including anti-
viral potential in cultured-cell models,® we decided to specifi-
cally evaluate the novel heterocyclic compounds for their
activity against the human cytomegalovirus (HCMV). We also
tested a selected fluoroaniline derivative, as arylated anilines
have the potential to exhibit interesting bioactivities e.g., anti-
tumor properties.®® To this end, anti-HCMV activity was deter-
mined by an established quantitative system based on the
recombinant HCMV AD169-GFP that expresses the green fluo-
rescent protein (GFP) allowing for direct quantitation of intra-
cellular viral replication (Fig. 5, blue). The compounds were
incubated on virus-infected primary human foreskin fibro-
blasts (HFFs) at serial dilutions under identical conditions.
Antiviral activity was defined as treatment-induced reduction
of the GFP signal compared to DMSO-treated cells. In parallel,

This journal is © the Partner Organisations 2024

putative compound cytotoxicity was determined by Neutral
Red uptake assay (NRA) using uninfected HFFs (Fig. 5,
orange). On this basis, the effective concentrations, as required
for half-maximal reduction of viral replication (ECs,) or half-
maximal cytotoxic activity (CCs,), then referring to the selecti-
vity index CCso/ECso (SI), were determined in detail. The
approved antiviral drug ganciclovir (GCV)®" was used as a refer-
ence compound. Of note, all new compounds analyzed displayed
anti-HCMV activity within a range of micromolar concentrations,
and their antiviral efficacies varied in a structure-activity-related
manner, which may be subject to further characterization. In
specific terms, compounds 5n, 14, 16, and 18 displayed a rela-
tively weak but clearly measurable antiviral activity, with ECs,
values above >10 pM, whereby only one compound, 14, was
additionally limited by cytotoxicity. It is worth noting that 5n
caused visible needle-like precipitations on the cells at concen-
trations of approximately 3 uM or higher. Excellent ECs, values
of 1.9 + 0.7 pM for artemisinin-containing tetrahydroquinazoline
15, and 2.4 + 1.6 uM for quinazoline derivative 9 indicate a com-
parable antiviral efficacy to that of the reference drug GCV (ECs,
=2.60 + 0.50 uM). The CCs, values for 9, and 15 were >100 uM
and 31.5 + 6.3 pM, respectively. In addition, compound 9
induced alterations in cell morphology, when applied at concen-
trations between 25-100 puM. These microscopically visible
effects, however, could be distinguished from drug-induced cyto-
toxicity, since the respective measurements performed by NRA

Org. Chem. Front, 2024, 1, 6768-6777 | 6773
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Fig. 5 Anti-HCMV activity of selected ortho-fluoroaniline 5n and fluorine-containing quinazolines 9, 14, 15, 16, 18. Viral replication (blue) was
assessed in a GFP-based replication assay using HCMV AD169-GFP for the infection of HFFs. Antiviral compounds were added immediately post-
infection. Cells were fixed 7 d post-infection to perform quantitative GFP fluorometry. Cell viability (orange) was determined by performing NRA in
parallel uninfected cells. The percentage of cell viability and viral replication was calculated and compared to DMSO-treated cells. Values represent

mean + SD of triplicate (NRA) or quadruplicate (GFP) determinations.

showed that neither of the compounds had a cytotoxic, negative
impact on cell viability at concentrations up to 100 pM. Taken
together, among this series of bioactive tetrahydroquinazolines,
two of the analyzed compounds showed a very pronounced anti-
HCMV activity. This characteristic was reflected by SI values of
>41.2 and 17.0 for 9 and 15, respectively, underlining their strong
antiviral activity.

Conclusion

In summary, we developed a facile domino strategy to access syn-
thetically challenging high-value functionalized ortho-fluoroani-
lines using readily available fluoro-nitrostyrenes and
a,a-dicyanoolefines as starting compounds. The tangible advan-
tages, Le., absence of transition-metal catalysts, utilization of
commercially available and/or easily accessible substrates, mild
reaction conditions, simplicity, and single work-up procedure,
make this metal-free four-step domino process highly appealing.
The obtained products were applied for the efficient construction
of a novel azo dye and various (tetrahydro)quinazolines through
conventional and/or visible-light mediated reactions. A new azo
dye was investigated regarding its oxidative and reductive stability
using cyclovoltammetry. Importantly, in vitro bioactivity evalu-
ation of the newly prepared tetrahydroquinazoline and quinazo-
line compounds demonstrated a strong antiviral efficacy against
HCMV (ECs5, values down to 1.9 + 0.7 uM) and high selectivity
(CCsp up to >100 pM).
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