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Advances in the Synthesis of Heterocyclic Compounds and
Their Applications
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The synthesis of heterocyclic compounds remains a major goal in organic synthesis,
especially because of their numerous applications in medicine, pharmacy, opto-electronics,
agriculture, and related fields [1-5]. Subject to all evolutionary aspects of heterocyclic
chemistry, modern approaches to heterocycles (reagents, methodologies, strategies, reaction
mechanisms, chemical and instrumental auxiliaries, catalysts, etc.) nevertheless obey two
crucial aspects, “selectivity” and “specificity” (including typical prefixes such as chemo-
, regio-, or stereo-), as compulsory criteria [6-11]. Targeting heteromolecules and their
applications in human life and in the environment, this Special Issue (S.1.) provides a current
overview of the latest progress in synthetic methodologies and chemical technologies by
updating relevant and important original contributions and reviews.

Contribution 1 is related to the synthesis and bioactivity of new boronic derivatives.
Their antimicrobial activities (against M. tuberculosis and the fungal strains C. albicans,
T. mentagrophytes, and T. rubrum) and anticancer properties (against oral squamous cell
carcinoma cell lines) were determined, and some of the compounds were found to possess
promising activities.

Contribution 2 focuses on the synthesis and spectral characterization of 3,5-bis-
aminated pyrazolo[1, 5-a]pyrimidines using an innovative catalyzed Ullmann coupling
methodology (Cul, microwave heating). Its advantages include very good yields, short
reaction times, no toxic reagents, and a broad substrate scope.

Contribution 3 highlights the synthesis and spectral characterization of new tetracyclic
heterosteroidal compounds, namely 14-aza-12-oxasteroids. The reaction pathway involves
the Bucherer conversion of 2-naphthols to 2-naphthylamines, their subsequent regioselec-
tive C-acetylation (via the Sugasawa reaction), and borohydride reduction of the acetyl
groups. Key intermediates of the resulting naphthalene amino-alcohols undergo double
dehydration and subsequent double intramolecular cyclization in reaction with oxo-acids
to afford the desired 14-aza-12-oxasteroids.

The electrochemical synthesis of 2-aminoxazole-based polycyclic compounds is an-
other novel finding presented in the SI. Contribution 4 describes the electrochemical syn-
thesis of N-arylnaphtho- and N-arylanthra[2, 3-dJoxazol-2-amines by reaction of 3-amino-
2-naphthol or 3-amino-2-anthracenol with isothiocyanates in the presence of potassium
iodide, using a graphite electrode as an anode and a platinum electrode as a cathode. The
resultant naphthalene/anthracene-fused tricyclic and tetracyclic oxazoles exhibit extended
mi-conjugated skeletons and fluoresce in the 340-430 nm region.

Contribution 5 discusses the synthesis and bioactivity of some hybrid indole and
8-hydroxyquinoline derivatives linked to a di- or triaryl methane moiety. A direct synthetic
protocol was also the most effective, and the isolated hybrid compounds were proven to
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have significant anticancer activity against the resistant colon adenocarcinoma cell line
Col0320 and non-tumor fibroblast cells.

This SI has also welcomed theoretical research papers, such as Contribution 6, cen-
tered on calculating the premise of the regioselective synthesis of 3-nitro-substituted
2-isoxazolines via a molecular cycloaddition mechanism of the [3 + 2] type, involving
nitro-substituted formonitrile N-oxide and electron-rich alkenes.

In Contribution 7, the authors report the synthesis and utility of some new 3,7-
diheteroaryl-substituted 10-(3-(trimethylammonium)propyl)-10H-phenothiazine deriva-
tives. They and their precursors exhibited reversible redox behavior with tunable potentials
and blue to green-blue emissive aptitude. Some of the compounds demonstrated good
antimicrobial activity against strains of M. tuberculosis, A. baumannii, E. coli, S. aureus,
and K. pneumoniae.

The synthesis and bioactivity of some new 6-iodo-substituted carboxy-quinolines is
discussed in Contribution 8. The study describes their one-pot, three-component reaction
catalyzed by trifluoroacetic acid, which was efficient thanks to cost-effective catalysts,
rapid response times, expeditious purification procedures, and high product yields. Their
antimicrobial activity against strains of K. pneumonie, S. epidermidis, and C. parapsilosis was
tested, with very promising results.

Contribution 9 concerns the synthesis and spectral characterization of new fused
isoxazolidine/isoquinolinone and isoxazole/isoquinolinone hybrids. The reported strategy
was facile and efficient, with general applicability, consisting of a three-step reaction
sequence: a 1,3-dipolar cycloaddition, a Schmidt reaction, and an Ullmann-type cyclization.

Contribution 10 describes the synthesis and spectral characterization of a new li-
brary of C3-difluoromethyl carbinol-containing imidazo[1, 2-a]pyridines. The HFIP-
assisted Friedel-Crafts reaction of difluoroacetaldehyde ethyl hemiacetal and imidazo[1,
2-a]pyridines revealed facile and efficient access to the desired compounds. The green
synthetic protocol had a wide substrate scope and had several advantages: it was highly ef-
ficient, was carried out at room temperature, and involved no transition metals or oxidants.

Finally, the SI also includes two extensive reviews related to the synthesis of hetero-
cyclic compounds and their applications.

Contribution 11 presents advances in the synthetic knowledge of various pathways
leading to quinoline-4-ones, together with an overview of their structures, evolutionary
development, and structure—-activity relationships. Contribution 12 offers an interesting
perspective with respect to some classes of quinoline derivatives and related structures (in-
cluding 4-aminoquinolines, quinoline-4-ols, and fused and spiro-quinolines). The selected
examples are mostly discussed in terms of 2-azidobenzaldehyde-based [4 + 2] annulations.
In addition, evidence supporting the aptitude of 2-azidobenzaldehyde-initiated synthesis
for one-pot stepwise synthesis or multicomponent reactions is presented. Some of the
synthetic approaches included in this Special Issue provide novel pathways for quinoline
synthesis and could also be used to obtain other heterocyclic compounds.
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Abstract: Organoboron compounds, especially those containing boronic acid and benzox-
aborole in their structure, have been gaining prominence in medicinal chemistry, following
the FDA approval of tavaborole for the treatment of onychomycosis and bortezomib for
multiple myeloma. The antimicrobial and anticancer effects of organoboron compounds
motivate the investigation of the effects of the novel derivatives described here. A total
of fourteen new boronic derivatives were synthesized and characterized using analytical
methods. The antimicrobial activities were evaluated against M. tuberculosis (Mtb) H37Rv
strains and fungal dermatophytes (C. albicans, ATCC 90028; T. rubrum, ATCC 28189; and T.
mentagrophytes, ATCC 11481), while the anticancer effect was evaluated against oral squa-
mous cell carcinoma (SCC) cell lines. Several promising boron-containing prototypes were
identified, providing a foundation for further molecular optimization in the development
of new antimicrobial and anticancer compounds.

Keywords: organoboron; boronic acid; benzoxaborole; boron-containing compounds;
Mycobacterium tuberculosis; antimicrobial; fungi; cancer

1. Introduction

Organic molecules containing boron in their structure have garnered significant at-
tention in chemistry due to their diverse applications, in both synthetic and biological
contexts [1,2]. Boronic acid derivatives possess the ability to form reversible covalent bonds
with nucleophilic amino acid residues [3-6], enabling their use in drug design for a range
of therapeutic applications, including anticancer, anti-inflammatory, antibacterial, and
antifungal activities (Figure 1) [7-10].

The therapeutic potential of boronic acid and its derivatives was first acknowledged
in the mid-2000s, when the Food and Drug Administration (FDA) approved bortezomib
(Velcade®) in 2003, establishing it as the first drug of its class (Figure 1). Bortezomib, an
anticancer drug utilized in the treatment of multiple myeloma and mantle cell lymphoma,
works by reversibly inhibiting the 26S proteasome, a protein complex responsible for
degrading ubiquitinated proteins. This inhibition is achieved through the covalent binding

Molecules 2025, 30, 1117 https:/ /doi.org/10.3390/molecules30051117
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of its boron atom to the threonine residue (Thrl) at the catalytic site of the proteasome,
demonstrating a notable affinity with a Ki of 0.62 nM [11,12].

R 0,0

bortezomlb crisaborole
(Velcade) (Eucrisa)
HC'V\
@  oH OH
B, B,
© /©/\/O
B F
Cl NH, tavaborole
ganfeborole (Kerydin)
(GSK-656)

Figure 1. Chemical structure of boronic acid, bortezomibe (Velcade®), crisaborole (Eucrisa®) ganfebo-
role (GSK-656), and tavaborole (Kerydir1®).

Crisaborole (Eucrisa®) (Figure 1), approved by the FDA in 2016 for the treatment of
atopic dermatitis, serves as a noteworthy example of a boron-containing anti-inflammatory
drug that emerged as an alternative to topical calcineurin inhibitors and corticosteroids.
Acting as a reversible and competitive inhibitor, the boron atom in crisaborole binds to
the zinc and magnesium ions at the active site of phosphodiesterase 4 (PDE4), leading to
increased intracellular levels of cyclic adenosine monophosphate (cAMP) and ultimately
reducing pro-inflammatory cytokine production [13].

In the pursuit of new therapeutic agents against tuberculosis, researchers developed
the compound (S)-3-(aminomethyl)-4-chloro-7-(2-hydroxyethoxy)benzo[c][1,2]oxaborol-
1(3H)-ol, commonly known as GSK-3036656 (ganfeborole) (Figure 1). This benzoxaborole
derivative acts as an inhibitor of leucyl-tRNA synthetase (LeuRS) in Mycobacterium tuber-
culosis, disrupting the sequential transport of amino acids by forming a covalent bond
between the boron atom in its structure and the adenosine monophosphate (AMP) Ade76
of tRNALeu. By inhibiting protein synthesis, a vital process for the survival of M. tubercu-
losis, this interaction effectively disrupts mycobacterial function. In vitro assays showed
that ganfeborole exhibited an ICs of 0.20 uM for LeuRS and an MIC of 0.08 uM against
M. tuberculosis H37Rv strains. Currently, it is being evaluated in a phase 2a open-label
randomized clinical trial [14,15].

Tavaborole, also known as AN2690, received FDA approval in 2014 for the treatment
of onychomycosis and is commercially available under the trade name Kerydin® (Figure 1).
This antifungal agent exerts its effect by inhibiting tRNA synthetase, a mechanism of action
comparable to that of GSK-656. By targeting tRNA synthetase, tavaborole disrupts protein
synthesis in the fungus, ultimately compromising its viability [16,17]. Tavaborole exhibits
over 1000-fold selectivity for fungal leucyl-tRNA synthetase compared to its mammalian
counterpart. Furthermore, it demonstrates potent antifungal activity, with MIC values of
2.0 pg/mL against dermatophyte strains, such as T. rubrum (ATCC 1890, ATCC 18759), T.
mentagrophytes (ATCC 28185), M. audouinii (ATCC 42558), and M. gypseum (ATCC 24103),
and 1.0 pg/mL against E. floccosum (ATCC 525066) [18].

In a constant effort to search for new antimicrobial and anticancer agents, our labo-
ratory has carried out molecular optimization focusing on boron-containing derivatives.
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Previously, we synthesized and evaluated a series of benzofuroxan derivatives (1-6) with
promising anti-Mycobacterium tuberculosis with MICyqg values ranging from 0.09 to 19.20 uM,
including multi-drug-resistant clinical isolates (MDR-TB) (Figure 2) [19]. Preliminary stud-
ies on the mode of action suggested that protein synthesis inhibition could be a potential
mechanism [19]. Therefore, by exploring the bioisosteric replacement of benzofuroxan
with benzoxaboroles and boronic acids, we synthesized and evaluated a total of fourteen
novel compounds (Figure 2). Moreover, we explored their antifungal activity against der-
matophytes and Candida albicans, drawing inspiration from the well-established antifungal
properties of tavaborole.

bioisosteric
replacement

F /
P . :
o - s
N + boronic acids F
ﬁ - o derivatives
\N/

benzofuroxan HO\
derivatives B
1-6 bioisosteric O H

replacement
O

benzoxaboroles F
derivatives

— N — —
7 NN NG </: BN N§ N N3
_/ NN /
1 2 3
(CIMgo = 0.09 M) (CIMgo = 2.22 M) (CIMgo = 3.82 M)
s N3 g NS GN§
4 5 6

(CIMgo=0.70 uM)  (CIMgo =522 uM)  (CIMgo = 2.89 uM)

Figure 2. Design of boronic acid and benzoxaborole derivatives.

Furthermore, this screening was enhanced by a comprehensive evaluation of its
anticancer potential. Although the anticancer effects of boron-containing compounds have
been reported in the literature [7,20], there is limited information regarding their effects on
head and neck cancer. Thus, to better understand their potential application, we further
evaluated their activity against SCC-25 and NOK-si cell lines.

2. Results

2.1. Chemistry
2.1.1. Synthesis of Boronic Acid Derivatives

The synthesis of the target series 29-40, 44, and 45 started with the preparation of
intermediates 13-18 (Scheme 1), implying, firstly, the expected regioselective p-SN,Ar
amination of 3,4-difluoronitrobenzene carried out with a variety of cyclamines.

The second step consisted of reductive conversion of nitro derivatives 13-18 into the
corresponding amines 19-24 in classical Béchamp conditions.
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Cyclic amines

(7) 1-(2-Pyridyl)piperazine F i b

(8) 2-(1-Piperazinyl)pyrimidine F ﬁj V’é

(9) 1-(4-Fluorophenyl)piperazine  + ﬂ» ﬂ»

(10) thiomorpholine NO, NO, NH,

(11) morpholine . . o

(12) azepane 3,4-Difluoronitrobenzene 13 (98%) 19 (52%)
4 (85%) 20 (98%)
5 (98%) 21 (62%)
6 (98%) 22 (82%)
7 (98%) 23 (59%)
8 (98%) 24 (62%)

a. 1.5 equiv triethylamine, acetonitrile, 80 °C, 6 h;
b. 3.0 equiv NH4CI, 4.0 equiv Fe, ethanol:H,0 (2:1 v/v), 90 °C, 1 h

=N /M =N /M S\
Wal <N/%N\_/N§ F4<j>7N\_/N§

(13, 19) (14, 20) (15, 21)
SN /N
s N N
$ 9 N3 G :
(16, 22) (17,23)  (18,24)

Scheme 1. Synthesis of nitro (13-18) and amine aromatics (19-24).

In the final step, direct amidation coupling between 3-carboxyphenylboronic acid
25 or 4-carboxyphenylboronic acid 26 and arylamines 19-24 was performed. N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide (EDC) was used as the coupling agent, yield-
ing the boronic derivatives 29-40 [21-23] (Scheme 2).

2 ;\@\ o
19-24
b N | Xy OH
P

H
\
OH
HOOC X a_ HOOC meta para
| —B :> 29 (22%) 35 (53%)
Z 30 (41%) 36 (53%)
25,26 27 31 (25%) 37 (51%)

(98%) (92%) 32 (52%) 38 (47%)
33 (39%) 39 (28%)
34 (32%) 40 (62%)

a. 1.5 equiv 1,3-propanediol / N,, toluene, 100 °C, 24 h;
b. 1.5 equiv DIPEA, 2.0 equiv EDC, 2.0 equiv HOBt / N5, DMF, rt, 48 h

=N /M =N M /N
Wa N <N/>_N\_/N§ F«j%N\_/Ng

29-meta 30-meta 31-meta
35-para 36-para 37-para
SIre N
s. Ni 9 N
__/ _/
32-meta 33-meta 34-meta
38-para 39-para 40-para

Scheme 2. Synthesis of boronic acid derivatives (29-40).
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2.1.2. Synthesis of Benzoxaboroles Derivatives

First (a), the bromine in the commercial 4-bromo-3-methylbenzoate was replaced by
the pinacol boronic acid ester group, applying the Miyaura borylation protocol [24-26] to
afford the arylboronic acid 41 as a white solid (98% yield). The second step (b) involved the
Wohl-Ziegler benzylic bromination of 41 with the use of the tandem NBS/AIBN to obtain
compound 42 (yellow oil, 62% yield). The third stage (c) occurred in a one-pot two-step
manipulation (c-i and c-ii), the first being the alkaline SN hydroxylating replacement of
bromine (c-i); this was followed by the intramolecular transesterification/acidolysis of the
pinacol boronic ester (c-ii), thus leading to a five-membered oxaborole ring closure [27]. In
addition, the same acidolysis conditions also favored formation of the free carboxyl termini
group, producing the benzoxaborole acid 43 (slightly yellow solid, 65% yield). The last step
(d) consisted of the direct amidation coupling between the carboxylic benzoxaborole acid
43 and fluorinated phenyl amines 19 and 22, carried out in the presence of azabenzotriazole
tetramethyl uranium (HATU) [23], producing benzoxaborole phenyl amides 44 and 45 (31%
and 15% yields, respectively, solid materials) (Scheme 3).

MeO-0C Me MeO-0OC Me MeO-0C CHyBr
|GG S O S 60
gr 98% g-© ’ Bpin
a1 ! 42

Methyl-4-bromo- O
3-methylbenzoate

N
(‘) 43 OH H O
(65%) B
44 45 OH
- - (31%) (15%)
=N M /N
N Ng S N§
\_/ \_/ \__/
44 45

a. 1,5 equiv Bypin,, 3.0 equiv KOAc, (10% mol) PdCl,(dppf) / No, 1,4-dioxane, 80 °C, 12 h; b. 1.5 equiv NBS,
(25% mol) AIBN / ACN, 80 °C, 24 h; c-i. 10.0 equiv NaOH / H,O:THF (2:1 v/v), 50 °C, 2 h; c-ii. HCI 6 M, pH~2,0 /
2 h; d. 1.0 equiv 19 (or 1.0 equiv 22), 1.0 equiv DIPEA, 1.1 equiv HATU / Ny, DMF, rt, 24 h

Scheme 3. Synthesis of benzoxaborole phenyl amide 44 and 45.

2.2. Biological Assay
2.2.1. In Vitro Antimicrobial Activity Against Mycobacterium tuberculosis and Fungi

All the compounds were evaluated against the inhibition activity of the M. tuberculosis
H37RV ATCC 27294 strain, using the resazurin microtiter assay (REMA) method. The
results were determined using the minimum inhibitory concentration (MICg), which is
the minimum concentration required to inhibit 90% of the mycobacterium’s activity [28].
As in-house protocol, we established a cut-off for the MICq as being less than 25 uM [29].
All the compounds, 29-40, 44, and 45, were considered inactive, with a MICy value above
25 uM (Table 1).



Molecules 2025, 30,

1117

Table 1. Antimicrobial and cLogD *.

T. rubrum T. mentagrophytes C. albicans )
Compounds ATCC ATCC ATCC " h;II]::IC{uIOSIS cLogD *
28189 28189 90028 MICap ( VM)
MICyg (M) MICgg (uM) MICyg (M) 90 1
29 297 297 297 >25 4.44
30 297 297 297 >25 3.60
31 286 286 286 >25 5.19
32 347 347 347 >25 3.34
33 363 363 363 >25 2.76
34 42.0 21.0 351 >25 4.22
35 297 297 297 >25 4.44
36 297 297 297 >25 3.60
37 286 286 286 >25 5.19
38 347 347 347 >25 3.34
39 363 363 363 >25 2.76
40 88.0 42.0 351 >25 4.22
44 289 146 289 >25 4.90
45 336 336 336 >25 3.80
Terbinafine 0.10 nM 0.025 nM - - -
Itraconazole - - 0.34 nM - -
Isoniazide - - - 0.11 -

* cLogD calculated using ChemAxon’s calculator.

Compounds 29-40, 44, and 45 were evaluated for their antifungal activity against

C. albicans (ATCC 90028), T. rubrum (ATCC 28189), and T. mentagrophytes (ATCC 11481).

The MICy values were determined, along with the minimum fungicidal concentration
(MFC), which represents the lowest concentration required to kill the fungi. Compound 34
demonstrated promising inhibition activity against T. rubrum and T. mentagrophytes with
MICg values of 42.0 uM and 21.0 uM, respectively. Compound 40 did not exhibit inhibition
activity comparable to 34, but it did demonstrate activity with MICy values of 88.0 uM
and 42.0 uM against T. rubrum and T. mentagrophytes, respectively. Compound 44 exhibits
inhibition activity against T. mentagrophytes with an MICgyg of 146 uM (Table 1). None of the
compounds exhibited activity against C. albicans.

2.2.2. Cellular Viability

For the cytotoxicity assay, the HaCaT cell line, which is characterized as immortalized
normal human keratinocytes, was used. The cytotoxic effects of the most active antifungal
compounds 34, 40, 44, and 45 were evaluated. It was observed that the boronic acid
derivatives 34 and 40 exhibited higher cytotoxic effects compared to the benzoboroxole
derivatives 44 and 45.

For compound 34, no cytotoxic effects were observed at concentrations ranging from
0.2 to 1.1 pg/mL. Similarly, for compound 40, the absence of cytotoxic effects was noted
at concentrations between 0.2 and 9.3 pg/mL. In contrast, the benzoboroxole derivatives
44 and 47 did not exhibit cytotoxic effects at concentrations ranging from 0.2 to 75 pg/mL
(Figure 3).
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Figure 3. (a) Resazurin cytotoxicity assay using HaCaT cells for compound 24, (b) for compound 30,
(c) for compound 36, and (d) for compound 37. **** p < 0.0001 *** p < 0.001 ** p <0.01 *p <0.1.

The distribution coefficient (cLog D) of the boronic derivatives was calculated using
ChemAxon’s calculator (Table 1) to assess the impact of this physicochemical property
on their biological evaluation. All the compounds exhibited cLogD values ranging from
2.76 to 5.19. For the most active antifungal compounds 34, 40, 44, and 45, the calculated
cLogD values were 4.22, 4.22, 4.9, and 3.8, respectively. These compounds displayed
high lipophilicity, which is consistent with the characteristics of antifungal drugs effective
against dermatophytes.

2.2.3. In Vitro Anticancer Activity

Boronic acid and benzoboroxole derivatives have been identified as potential anti-
cancer agents [3,9,20,30]. To investigate their efficacy against head and neck cancer cell
lines, SCC-25 cells were utilized in this study, as a model for oral squamous cell carcinoma.
Additionally, cytotoxicity was performed in normal oral keratinocytes NOK-si cells to
evaluate the selective index of the compounds. A compound is considered promising when
it demonstrates high cytotoxicity against tumor cells while exhibiting minimal toxicity
toward normal cells. The selectivity of the compounds is quantified by the selectivity index
(SI), with those with an SI greater than 3.0 being considered promising for further evalua-
tion, in accordance with internal protocols. Among the fourteen boronic acid derivatives
tested, compound 35 exhibited the highest potency against SCC-25 cells (IC5¢: 45.01 uM)
with a selectivity index of 3.37. It displayed minimal toxicity to NOK-si cells (ICsq: 220.7
uM), demonstrating its potential for further investigation (Table 2). In contrast, its regioiso-
mer 29 showed low inhibition activity (SCC-25 ICsy: 79.06 tM), but non-selectivity (SI <
1.0) (Table 2). The benzoboroxol derivative 44 ICs values were not determined (N/A) for
either SCC-25 or NOK-si cells due to its absent killing effect in SCC-25 cells (Table 2).

11
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Table 2. Anticancer activity.

Compounds SCC-25* NOK-si ™% SI
ICs50 (M) ICs5 (M)

29 117.4 110.0 <1
30 N/D* N/D * <1
31 59.07 220.7 3.73
32 N/D* N/D* <1
33 N/D* N/D* <1
34 67.57 129.3 191
35 45.61 153.7 3.37
36 133.4 133.5 1.00
37 79.06 123.0 1.55
38 N/D* 149.0 <1
39 74.09 77.09 1.04
40 85.09 127.2 1.49
44 N/D* N/D* <1
45 82.98 65.77 <1

5-fluorouracil 1800 - -

* N/D: not determined. ** SCC-25: squamous cell carcinoma. *** NOK-si: normal oral keratinocytes—
spontaneously immortalized.

Like compound 35, compound 31 decreased SCC-25 cell viability (ICs9: 59.07 uM) with
excellent selectivity (SI: 3.73) and no cytotoxicity effect on NOK-si cells (IC5p > 220.7 uM).
However, its derivative 27 showed moderate inhibition (ICsp: 79.06 uM) and lacked sig-
nificant selectivity (SI: 1.55) (Table 2). The compounds 34, 39, and 40 exhibited moderate
inhibitory effects against SCC-25 cells (ICsq: 67.57, 74.09, and 85.09 uM, respectively),
but displayed low selectivity, as evidenced by their selectivity index (SI) values below
3.0 (SI: 1.91, 1.04, and 1.49, respectively). Derivative 36 demonstrated weak inhibitory
activity against SCC-25 cells (IC5¢: 133.4 pM) and was also cytotoxic to NOK-si cells (ICs:
133.5 uM), whereas compound 45 exhibited the highest cytotoxicity towards NOK-si cells
within the series (IC5p: 65.77 uM). It was not feasible to ascertain the ICsy values for com-
pounds 30, 32, and 33 against either cell line (Table 2). These data suggested the potential
of compounds 31 and 35 as prototypes for further optimization, aiming towards new
anticancer agents for the treatment of oral cancers.

3. Discussion

In recent years, there has been growing interest in the application of boron deriva-
tives in medicinal chemistry, following the approval of new drugs, such as crisaborole,
bortezomib, and tavaborole. The distinctive ability of boronic acid and benzoboroxole
derivatives to form reversible covalent bonds with amino acid residues has inspired the ex-
ploration of new therapeutic agents for the treatment of cancer, inflammation, and microbial
infections [31,32].

In previous work conducted by our research group, we identified potent benzofuroxan
derivatives with activity against Mycobacterium tuberculosis, exhibiting MICgg values of
0.09 uM [19]. Transcriptomic studies indicated that the mechanism of action of these
compounds involved the inhibition of protein synthesis. A similar mechanism of action
has been reported for ganfeborole (GSK-3036656, MICqy: 0.08 pM), which inhibits the
leucyl-tRNA synthetase (LeuRS) enzyme [14]. These findings led us to hypothesize that
the biosynthetic substitution of the benzofuroxan scaffold with benzoboroxole and boronic
acid derivatives could further optimize anti-Mtb activity. To test this hypothesis, fourteen
new derivatives were synthesized and evaluated as antimicrobial agents, yielding overall
synthesis rates between 15% and 62%.

12
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The presence of boronic acids has been investigated in the development of new anti-
MtB drugs. Umerisi and colleagues synthesized and tested a series of derivatives containing
this functional group as inhibitors of the enoyl acyl carrier protein reductase (InhA) enzyme,
which plays a key role in the biosynthesis of fatty acids, including mycolic acid. The MICyq
values ranged from 0.083 to 0.125 mg/mL, highlighting the potential of this chemical group
in anti-Mtb activity [33]. In another study, Chatterjee and collaborators explored the ability
of boronic acids to inhibit the LexA /RecA system in mycobacteria. This system is critical
for the “SOS” response, and its inhibition disrupts the mycobacteria’s ability to repair
DNA damage under stress conditions. Molecular modeling studies indicated that boronic
acid can interact with the catalytic residues (5160 and K197) of the Mtb LexA enzyme [34].
The reactivity of boronic acids with glycans in the mycobacterial membrane structure has
prompted the synthesis of dimeric boronic acid derivatives, aimed at forming reversible
covalent bonds with the 1,2- and 1,3-diols found in the carbohydrate structure of the Mtb
membrane. It is well understood that the glycan layer of mycobacteria is vital for its
survival and pathogenesis, and disruption of this structure can result in the bacillus’s death.
In this study, the researchers identified boronic acid derivatives with MICqq values ranging
from 0.78 to 12.5 mM. Additionally, the authors proposed optimal linker distances, ranging
from 1.59 to 9.68 nm, to facilitate binding with the glycans in the Mtb cell wall [35,36].
Boronic acid transition state inhibitors (BATSIs) are recognized as an important class of
beta-lactamase inhibitors. The BlaC enzyme is known to be involved in the inactivation
of beta-lactam antibiotics, and the combination of meropenem with clavulanate has been
shown to have sterilizing effects on Mtb cultures. In this regard, and given the ability
of boronic acids to form reversible covalent bonds, Kurz and colleagues described new
boronic acid derivatives that mimic the transition state and inhibit the BlaC enzyme in
mycobacteria, offering a promising new approach in the search for antimycobacterial
agents [37]. In light of the potential of boronic acids and benzoboroxol, and leveraging a
bioisosterism strategy, this study investigates the capacity of these compounds to inhibit
mycobacterial growth. However, exploratory studies assessing their activity against M.
tuberculosis did not confirm the anticipated bioisosteric relationship, as the compounds
showed no significant activity against the bacillus, with MICqg values exceeding 25 uM.
One possible reason for the lack of effect is that benzofuroxan compounds may exert
additional influences, such as by increasing oxidative stress and generating free radicals,
which could enhance their anti-Mtb activity [19,29].

Alongside the antimycobacterial assays, we investigated the effects of the compounds
on fungal cells to assess their activity in eukaryotic systems. This investigation aimed to
explore the spectrum of action of the compounds and conduct preliminary screening, given
that tavaborole had been previously reported as an antifungal agent against dermatophytes.
Tavaborole has been reported to exhibit fungistatic effects, with MIC values of 8 pug/mL
against T. mentagrophytes and T. rubrum [38]. The rates of mycological cure and complete
cure have been observed to reach up to 36% and 10%, respectively [39]. Furthermore,
resistance to tavaborole has already been documented, highlighting the need for the
discovery of new antifungal agents.

The antifungal properties of organoboron compounds have been extensively docu-
mented [40]. Notably, these compounds have been shown to interfere with carbohydrate
metabolism and other metabolic pathways essential for fungal growth and reproduc-
tion [41]. For instance, boric acid disrupts hyphal transformation and the development of
fungal biofilms [42]. Campbell and colleagues synthesized a series of 3-substituted-2(5H)-
oxaboroles with antifungal activity against several species, including T. mentagrophytes, P.
chrysogenum, and A. flavus, with MIC values ranging from 5.2 to 6.25 ug/mL. The planarity
of the system was found to enhance the antifungal effects, and none of the compounds
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exhibited hemolytic effects or cytotoxicity against rat myoblast cells (H9c2) [43]. Borys and
colleagues have reported the antifungal properties of a series of 2-formylphenylboronic
acids, with MIC values ranging from <1 to 125 pug/mL against Aspergillus, Fusarium, Penicil-
lium, and Candida species. Notably, these derivatives exhibit cyclic tautomers in solution,
leading to the formation of 3-hydroxybenzoxaborole [44]. A similar approach was reported
by Adamczyk-WozZniak and colleagues, who identified 5-trifluoromethyl-2-formyl phenyl-
boronic acid as an inhibitor of leucyl-tRNA synthetase (LeuRS). The authors observed MIC
values ranging from 8 to 250 nug/mL against Candida albicans, Aspergillus niger, Escherichia
coli, and Bacillus cereus [45].

In our studies, we evaluated the antifungal activity of the compounds against the
dermatophytes T. rubrum (ATCC 28189) and T. mentagrophytes (ATCC 11481), as well as
against C. albicans (ATCC 90028). Compounds 34, 40, 44, and 45 demonstrated moderate
antifungal activity, with compound 34 showing MICq values of 42.0 uM and 21.0 uM
against T. rubrum and T. mentagrophytes, respectively. Although the boronic acid derivatives
exhibited stronger antifungal activity than the benzoboroxole derivatives, cytotoxicity
studies using HaCaT cells revealed that the latter showed lower toxicity. The benzoboroxole
derivatives did not exhibit cytotoxic effects at concentrations ranging from 0.2 to 75 pg/mL.
No clear structure-activity relationship was identified for this series; however, compounds
containing 3- or 4-(azepan-1-yl) (34 and 40, respectively) exhibited promising antifungal
effects, suggesting their potential for further molecular optimization.

To explore potential secondary targets involved in the action of the compounds, and
in light of the observed cytotoxic effects, we proceeded to screen for anticancer activity.
The anticancer activity of boron-containing compounds has been well documented in the
literature [20], which inspired the evaluation of these compounds against tumor cells. Head
and neck cancers and oral squamous cell carcinoma rank among the fifth most common
cancer types and can present challenges in treatment [46]. Boronic acid has been shown to
inhibit the proliferation of head and neck cancer cell lines, with Glsg values ranging from
800 to 1600 ng/mL [47]. Additionally, boric acid was evaluated for its effects on medullary
thyroid cancer, revealing an ICsy of 35 M after 48 h of treatment, through the modulation
of apoptotic pathways [48]. In addition to bortezomib, other organoboron drugs, such
as ixazomib, have been shown to treat cancers with greater efficacy and safety compared
to bortezomib [32]. Furthermore, non-dipeptide boron derivatives have demonstrated
potent anticancer effects against head and neck cancer cell lines. For instance, Kong and
collaborators synthesized novel tubulin polymerization derived from combretastatin, where
a hydroxyl group was replaced by a boronic acid. These compounds showed activity across
16 human cancer cell lines, with MIC values ranging from 10 to 200 nM. In the case of SNC,
they tested the compounds on cell lines SF-268, SF-295, SF-539, SNB-19, and U251, reporting
GI50 values ranging from <0.01 to 2.73 uM [49]. These findings prompted us to explore the
anticancer effects of the synthesized boronic acid and benzoboroxole derivatives. During
the screening, two promising prototype compounds, 31 and 35, demonstrated potent
activity against SCC-25 cells, with IC5( values of 59.07 uM (31) and 45.61 uM (35), and SI
values of 3.73 (31) and 3.37 (35), while showing no cytotoxicity toward non-tumoral NOK-si
cells (IC5p > 220.7 uM). Like the findings in antifungal activity, no clear structure-activity
relationship was identified for the anticancer effects.

Thus, in this screening study, we identified the benzoxaborole compounds 44 and 45
as promising prototypes for the development of new antifungal agents, while boronic acid
derivatives emerged as potential prototypes for anticancer agents. The identification of
these prototype compounds represents a key paradigm in medicinal chemistry, enabling
continuous optimization in the pursuit of new therapeutic agents for the treatment of
infectious diseases and cancer.
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4. Experimental
A. General

All the reagents were of analytical purity and purchased from Acros, Alfa Aesar,
Oakwood Chemical, Sigma-Aldrich, and Synth, with no need for additional purification,
except for 1,4-dioxane, acetonitrile, and toluene which were dried over molecular sieves
porosities 5 A and 1.6 A, (Sigma-Aldrich, St Louis, MO, USA) prior to use. Sensitive
reactions were carried out under an inert atmosphere (Ny).

Melting points were determined using Stuart Scientific® Melting Point Apparatus
SMP3 capillary equipment (Bibby Stuart Scientific, Cole-Parmer, Staffordshire, UK) and
were not corrected. TLC was carried out on aluminum sheets (plates) with silica gel 90 A
Merck® (visualization with fluorescence indicator under UV at A = 254 nm). Column chro-
matography was conducted on Sigma-Aldrich® 60 A silica gel (40-60 1m, 230-400 mesh)
(Sigma-Aldrich, St Louis, MO, USA) using ethyl acetate, n-hexane, and methanol as eluents
(mobile phase).

IR spectra (KBr) were recorded using Prestige-21 Shimadzu® equipment (Shimadzu,
Kyoto, Japan) operating in the range absorption between 400 and 4000 cm ™. Only relevant
absorption maxima (Vmax) are listed as s (strong), m (medium), and w (weak). 1D-'H- and
-13C-NMR spectra were carried out using a Bruker Fourier 300 spectroscope (Bruker Corpo-
ration, Billerica, MA, USA) operating at 300 and 75 MHz for IH and 3C nuclei, respectively.
1D-ATP and 2D-'H, 13C-HSQS, -HMBC spectra/charts were obtained using Bruker Avance
I 600 (Bruker Corporation, Billerica, Massachusetts, USA) equipment operating at 600 and
150 MHz for 'H and 3C nuclei, respectively. 1D-ATP and 2D-1H, 3C-HSQS, -HMBC
spectra/charts were obtained using Bruker Avance III 600 equipment operating at 600 and
150 MHz for 'H and '3C nuclei, respectively. All chemical shifts (0x values, X = 'H and 1y are
given in parts per million (ppm); all homo- and heterocoupling patterns ("/c r values) are
given in Hertz. No TMS was added; the chemical shifts were measured against the solvent
peak: Acetone-dq (0 = 2.09 and d¢ = 205.87 ppm), CDCl3 (6 = 7.26 and é¢ = 77.36 ppm)
and DMSO-dg, (dy = 2.50 and ¢ = 39.52 ppm). The multiplicity of 'H and '*C signals
was assigned as: singlet (s), doublet (d), triplet (t), quadruplet (q), double doublet (dd),
double double of doublet (ddd), and multiplet (m).High-resolution mass spectrometry
(ESI+) spectra were obtained by using the Bruker Maxis Impact quadrupole time-of-flight
tandem mass spectrometer (Q-TOF MS/MS) (Bruker Corporation, Billerica, MA, USA).

For further details, please refer to the Supplementary Materials, where the spectra for
all analytical methods are described.

B.  General Procedure for the Synthesis of Nitroaromatic Intermediates 13-18 [17,19]

At room temperature, under inert atmosphere (N>) and after 15 min. of vigorous
stirring, 3,4-difluoronitrobenzene (7.03 mmol, 1.0 equiv.) was added to an anhydrous
acetonitrile (8 mL) solution containing (7.03 mmol, 1 equiv.) of phenyl amine 7-12 and
triethylamine (10.55 mmol, 1.5 equiv.). The reaction mixtures were heated at reflux for 6 h.
After cooling at room temperature, the solvent and the excess triethylamine were removed
to dryness under reduced pressure. The resulting residues were purified by flash column
chromatography (eluent n-hexane/AcOEt 1:1 v/v) [17,19].

1-(2-Fluoro-4-nitrophenyl)-4-(pyridin-2-yl)piperazine 13 yellow solid; yield 98%; mp: 152-154 °C
(n-hexane/ AcOEt, 5:5); 'H-NMR (600 MHz, DMSO-dg) é¢; 8.15-8.17 (ddd, ] = 4.9, 2.0, 0.8 Hz,
H-6, pyridine), 8.06-8.03 (m, H-5, nitrobenzene), 8.03-8.02 (m, H-3, nitrobenzene), 7.58-7.55
(ddd, ] =8.8, 7.1, 2.0 Hz, H-4, pyridine), 7.23-7.20 (m, H-6, nitrobenzene), 6.89-6.88 (d,
J = 8.8 Hz, H-3, pyridine), 6.69-6.67 (dd, | =7.1,4.9, 0.7 Hz, H-5, pyridine), 3.67-3.65 (dd,
J=6.2,4.2 Hz, H-2, -6, piperazine), 3.42-3.40 (dd, | = 6.2, 4.9 Hz, H-3, -5, piperazine) ppm.
I3C-NMR (150 MHz, DMSO-dg) ¢ 158.8 (C-2, pyridine), 152.9 (d, Jc_r = 247.4 Hz, C-2,
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nitrobenzene), 147.6 (C-6, pyridine), 145.3 (d, 2Jc_g = 7.6 Hz, C-1, nitrobenzene), 139.4
(d, 3Jc_r = 9.2 Hz, C-4, nitrobenzene), 137.7 (C-4, pyridine), 121.3 (d, *Jc_r = 2.9 Hz, C-5,
nitrobenzene), 118.0 (d, 3Jc_r = 4.3 Hz, C-6, nitrobenzene), 113.4 (C-5, pyridine), 112.3 (d,
2Jc_p = 26.2 Hz, C-3, nitrobenzene), 107.2 (C-3, pyridine), 48.8 (C-2, -6, piperazine), 44.3
(C-3, -5, piperazine) ppm.

2-[4-(2-Fluoro-4-nitrophenyl)piperazin-1-ylJpyrimidine 14 yellow solid; yield 85%; mp: 191-192 °C
(n-hexane/AcOEt, 5:5); TH-NMR (600 MHz, DMSO-d;) d5; 8.41-8.40 (d, | = 4.7 Hz, H-
4, -6, pyrimidine), 8.06-8.04 (m, H-5, nitrobenzene), 8.04-8.02 (m, H-3, nitrobenzene),
7.23-7.20 (m, H-6, nitrobenzene), 6.69-6.67 (t, ] = 4.7 Hz, H-5, pyrimidine), 3.91-3.89 (m,
H-3, -5, piperazine), 3.39-3.37 (m, H-2, -6, piperazine) ppm. I3C-NMR (150 MHz, DMSO-
dg) 6c 161.1 (C-2, pyrimidine), 158.0 (C-4, -6, pyrimidine), 152.9 (d, cp=247.8 Hz, C-2,
nitrobenzene), 145.4 (d, 2 Jc_g = 8.0 Hz, C-1, nitrobenzene), 139.5 (d, 3]C—F =94 Hz, C-4,
nitrobenzene), 121.3 (d, 4 Jc_g = 3.1 Hz, C-5, nitrobenzene), 118.1 (d, 3]C—F =44 Hz, C-6,
nitrobenzene), 112.4 (d, 2Jc_r = 26.4 Hz, C-3, nitrobenzene), 110.4 (C-5, pyrimidine), 48.9
(C-3, -5, piperazine), 43.0 (C-2, -6, piperazine) ppm.

1-(2-Fluoro-4-nitrophenyl)-4-(4-fluorophenyl)piperazine 15 yellow solid; yield 98%; mp: 135-
137 °C (n-hexane/AcOEt, 5:5); 'H-NMR (600 MHz, DMSO- d;) 651 8.06-8.04 (dd, | = 6.4,
2.0 Hz, H-5, fluorobenzene), 8.04-8.03 (m, H-3, nitrobenzene), 7.23-7.22 (m, H-6, nitroben-
zene), 7.10-7.06 (m, H-3, -5, fluorobenzene), 7.03-7.01 (m, H-2, -6, fluorobenzene), 3.45-3.43
(dd, ] =4.7,2.4 Hz, H-2, -6, piperazine), 3.25-3.24 (dd, | = 4.7, 2.4 Hz, H-3, -5, piperazine)
ppm. BC-NMR (150 MHz, DMSO-dg) dc 157.1 (d, }Jc_r = 236.1 Hz, C-4, fluorobenzene),
152.9 (d, Jc_p = 247.5 Hz, C-2, nitrobenzene), 147.6 (d, 4Jc_r = 2.3 Hz, C-1, fluorobenzene),
145.2 (d, ?Jc_p = 7.7 Hz, C-1, nitrobenzene), 139.6 (d, 3Jc_r = 9.4 Hz, C-4, nitrobenzene),
121.3 (d, #Jc_r = 2.9 Hz, C-5, nitrobenzene), 118.1 (d, 2Jc_r = 4.4 Hz, C-3, -5, fluorobenzene),
117.5 (d, 3Jc_r = 7.9 Hz, C-6, nitrobenzene), 115.4 (d, 3Jc_r = 22.0 Hz, C-2, -6, fluoroben-
zene), 112.3 (d, 2Jc_p = 26.5 Hz, C-3, nitrobenzene), 49.1 (C-2, -6, piperazine), 48.9 (C-3, -5,
piperazine) ppm.

4-(2-Fluoro-4-nitrophenyl)thiomorpholine 16 orange solid; yield 98%; mp: 54-56 °C (n-
hexane/AcOEt, 5:5); TH-NMR (600 MHz, CDCl3) éy 7.97 (dd, | = 9.0, 1.9 Hz, H-5, ni-
trobenzene), 7.89 (dd, | = 12.9, 2.6 Hz, H-3, nitrobenzene), 6.92 (t, | = 8.8 Hz, H-6, ni-
trobenzene), 3.59-3.56 (m, H-3, -5, thiomorpholine), 2.81-2.78 (m, H-2, -6, thiomorpholine)
ppm. BC-NMR (150 MHz, CDCl3) éc 153.9 (d, Jc_r = 249.0 Hz, C-2, nitrobenzene),
146.0 (d, ?Jc_p = 7.6 Hz, C-1, nitrobenzene), 140.7 (d, 3Jc_r = 8.7 Hz, C-4, nitrobenzene),
121.1 (d, *Jc_f = 2.6 Hz, C-5, nitrobenzene), 117.9 (d, 3Jc_¢ = 3.5 Hz, C-6, nitrobenzene),
112.9 (d, %Jc_r = 26.5 Hz, C-3, nitrobenzene), 52.5 (C-3, -5, thiomorpholine), 27.5 (C-2, -6,
thiomorpholine) ppm [19].

4-(2-Fluoro-4-nitrophenyl)morpholine 17 orange solid; yield 98%; mp: 109-111 °C (n-
hexane/AcOEt, 5:5); TH-NMR (600 MHz, CDCl3) é¢; 7.99 (ddd, ] = 9.0, 2.6, 0.9 Hz, H-5,
nitrobenzene), 7.91 (dd, | = 13.1, 2.6 Hz, H-3, nitrobenzene), 6.92 (t, | = 8.8 Hz, H-6, ni-
trobenzene), 3.89-3.86 (m, H-2, -6, morpholine), 3.29-3.26 (m, H-3, -5, morpholine) ppm.
13C-NMR (150 MHz, CDCl3) §c 154.1 (d, Jc_p = 249.5 Hz, C-2, nitrobenzene), 145.6 (d,
2Jc_p = 7.4 Hz, C-1, nitrobenzene), 141.0 (d, 3Jc_r = 8.7 Hz, C-4, nitrobenzene), 121.1 (d,
4Jc_p = 2.7 Hz, C-5, nitrobenzene), 117.0 (d, 3Jc_p = 3.9 Hz, C-6, nitrobenzene), 112.8 (d,
2Jc_r = 26.3 Hz, C-3, nitrobenzene), 66.7 (C-3, -5, morpholine), 50.0 (C-2, -6 morpholine)
ppm [19].
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1-(2-Fluoro-4-nitrophenyl)azepane 18 yellow solid; yield 98%; mp: 32-33 °C (n-hexane/AcOEt,
5:5); IH-NMR (600 MHz, CDCl3) 63 7.91 (dd, ] = 9.3, 2.7 Hz, H-5, nitrobenzene), 7.86 (dd,
J =15.0, 2.6 Hz, H-3, nitrobenzene), 6.71 (t, | = 9.2 Hz, H-6, nitrobenzene), 3.57 (td, | = 6.3;
1.5 Hz, H-2, -7, azepane), 1.87-1.82 (m, H-3, -5, azepane), 1.63-1.56 (m, H-4, -5, azepane)
ppm. 3C-NMR (150 MHz, CDCl3) ¢ 150.6 (d, !Jc_r = 245.1 Hz, C-2, nitrobenzene), 144.4
(d, ?Jc_r = 7.0 Hz, C-1, nitrobenzene), 136.7 (d, 3Jc_r = 8.5 Hz, C-4, nitrobenzene), 121.7
(d, #Jc_r = 1.4 Hz, C-5, nitrobenzene), 113.8 (d, 3Jc_p = 5.5 Hz, C-6, nitrobenzene), 113.5 (d,
2Jc_p = 27.8 Hz, C-3, nitrobenzene), 52.3 (C-2, -7, azepane), 28.5 (C-3, -6, azepane), 26.9 (C-4,
-5, azepane) ppm [19].

C.  General Procedure for the Synthesis of Amine Aromatic Intermediates 19-24 [17,19]

In a mixture of EtOH (15.0 mL)/H,O (7.5 mL), (3.31 mmol, 1.0 equiv.) of the cor-
responding nitro aromatic intermediates 13-18 were added, followed by the addition of
(9.93 mmol, 3.0 equiv.) of ammonium chloride and (13.24 mmol, 4.0 equiv.) of metallic iron,
in a 50.0 mL round-bottom flask, with stirring for 1 h and refluxing. Then, the reaction
mixture was vacuum filtered with the aid of celite 545 and washed in methanol; the result-
ing solvent was removed under reduced pressure. Soon afterwards, the resulting mixture
was solubilized in 50.0 mL of dichloromethane and washed (3 x 50.0 mL) with saturated
sodium chloride solution and (3 x 50.0 mL) saturated sodium bicarbonate solution. The
organic phase was collected and the solvent removed under reduced pressure. The crude
product was purified by column chromatography (eluent n-hexane/AcOEt, 6:4) [17,19].

3-Fluoro-4-[4-(pyridin-2-yl)piperazin-1-yllaniline 19 brown solid; yield 52%; mp: 92-95 °C (n-
hexane/AcOEt, 6:4); TH-NMR (600 MHz, DMSO-d) 61 8.13-8.11 (ddd, ] = 4.9, 2.0, 0.8 Hz,
H-6, pyridine), 7.55-7.52 (ddd, ] = 8.7, 7.1, 2.0 Hz, H-4, pyridine), 6.86-6.84 (d, | = 8.7 Hz,
H-3, pyridine), 6.82-6.78 (dd, ] = 9.9, 8.6 Hz, H-5, aniline), 6.66-6.64 (ddd, ] = 7.1, 4.9, 0.8 Hz,
H-5, pyridine), 6.37-6.34 (dd, ] = 14.4, 2.5 Hz, H-2, aniline), 6.32-6.30 (m, H-6, aniline), 5.01
(s, 2H, NHy), 3.59-3.57 (m, H-2, -6, piperazine), 2.91-2.90 (m, H-3, -5, piperazine) ppm. 1B¢-
NMR (150 MHz, DMSO-dg) é¢ 159.0 (C-2, pyridine), 157.1 (d, }Jc_r = 241.6 Hz, C-3, aniline),
147.6 (C-6, pyridine), 145.6 (d, 3Tc_r = 11.0 Hz, C-1, aniline), 137.7 (C-4, pyridine), 129.0 (d,
2J_p = 10.3 Hz, C-4, aniline), 120.8 (d, *Jc_r = 4.9 Hz, C-5, aniline), 113.1 (C-5, pyridine),
109.3 (d, 3Jc_r = 2.9 Hz, C-6, aniline), 107.1 (C-3, pyridine), 101.9 (d, ?Jc_r = 23.5 Hz, C-2,
aniline), 51.1 (C-3, -5, piperazine), 49.0 (C-2, -6, piperazine) ppm.

3-Fluoro-4-[4-(pyrimidin-2-yl)piperazin-1-yllaniline 20 brown solid; yield 98%; mp: 81-82 °C
(n-hexane/AcOEt, 6:4); "TH-NMR (600 MHz, DMSO-dg) 6y 8.37-8.36 (d, | = 4.7 Hz, H-6,
-4, pyrimidine), 6.81-6.77 (dd, ] = 9.9, 8.6 Hz, H-5, aniline), 6.64-6.63 (t, ] = 4.7 Hz, H-5,
pyrimidine), 6.37 (dd, | = 14.4, 2.5 Hz, H-2, aniline), 6.31-6.29 (m, H-6, aniline), 5.01
(s, 2H, NHj), 3.84-3.83 (m, H-2, -6, piperazine), 2.87-2.85 (m, H-3, -5, piperazine) ppm.
I3C-NMR (150 MHz, DMSO-dg) dc 161.2 (C-2, pyrimidine), 157.9 (C-4, -6, pyrimidine),
157.2 (d, YJc_p = 241.3 Hz, C-3, aniline), 145.7 (d, 'Jc_g = 11.2 Hz, C-1, aniline), 129.1 (d,
Jc_g = 10.0 Hz, C-4, aniline), 120.9 (d, }Jc_r = 5.0 Hz, C-5, aniline), 110.2 (C-5, pyrimidine),
109.5 (d, Jc_r = 3.0 Hz, C-6, aniline), 101.8 (d, !Jc_g = 25.2 Hz, C-2, aniline), 51.2 (C-3, -5,
piperazine), 43.6 (C-2, -6, piperazine) ppm.

3-Fluoro-4-[4-(4-fluorophenyl)piperazin-1-yllaniline 21 brown solid; yield 62%; mp: 161-164 °C
(n-hexane/AcOEt, 6:4); TH-NMR (600 MHz, DMSO-dg) 0y 7.07-7.04 (m, H-3, -5, fluoroben-
zene), 6.99-6.97 (dt, | = 4.5, 2.3 Hz, H-2, -6, fluorobenzene), 6.82-6.79 (dd, | = 9.9, 8.5
Hz, H-5, aniline), 6.37-6.34 (dd, | = 14.4, 2.5 Hz, H-2, aniline), 6.33-6.31 (dd, ] = 8.4, 2.5
Hz, H-6, aniline), 5.01 (s, 2H, NH5), 3.19-3.17 (m, H-2, -6, piperazine), 2.98-2.95 (m, H-3,
-5, piperazine) ppm. 13C NMR (150 MHz, DMSO-dg) éc 157.1 (d, Jc_p = 242.1 Hz, C-4,
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fluorobenzene), 156.9 (d, 'Jc_g = 235.3 Hz, C-3, aniline), 147.9 (d, 4Jc_r = 2.1 Hz, C-1, fluo-
robenzene), 145.5 (d, 2Jc_r = 11.0 Hz, C-1, aniline), 128.9 (d, 3Jc_r = 10.1 Hz, C-4, aniline),
120.6 (d, #Jc_g = 5.0 Hz, C-5, aniline), 117.3 (d, 3]c_r = 8.2 Hz, C-2, -6, fluorobenzene), 115.3
(d, ?Jc_p = 22.0 Hz, C-3, -5, fluorobenzene), 109.5 (d, 4]c_r = 2.8 Hz, C-6, aniline), 101.9 (d,
2Jc_p = 23.7 Hz, C-2, aniline), 51.2 (C-3, -5, piperazine), 49.4 (C-2, -6, piperazine) ppm.

3-Fluoro-4-thiomorpholinoaniline 22 brown solid; yield 82%; mp: 63-66 °C (n-hexane/AcOEt,
6:4); TH-NMR (600 MHz, CDCl3) 611 6.81 (t, | = 8.8 Hz, H-5, aniline), 6.41 (dd, ] = 13.3,2.3 Hz,
H-2, aniline), 6.38 (dd, ] = 8.3 Hz, H-6, aniline), 3.56 (s, 2H, NH>), 3.24-3.16 (m, H-3, -5,
thiomorpholine), 2.84-2.76 (m, H-2, -6, thiomorpholine) ppm. 1*C-NMR (150 MHz, CDCl3)
5c 157.9 (d, Ve = 245.3 Hz, C-3, aniline), 143.3 (d, }Jc_r = 10.4 Hz, C-1, aniline), 133.3 (d,
2Jc_r = 9.9 Hz, C-4, aniline), 122.0 (d, 3]c_p = 4.2 Hz, C-5, aniline), 110.7 (d, *Jc_r = 3.1 Hz,
C-6, aniline), 103.9 (d, 2Jc_r = 23.7 Hz, C-2, aniline), 54.1 (C-3, -5, thiomorpholine), 28.4 (C-2,
-6, thiomorpholine) ppm [19].

3-Fluoro-4-morpholinoaniline 23 brown solid; yield 59%; mp: 119-121 °C (n-hexane/AcOEt,
6:4); 'TH-NMR (600 MHz, CDCl3) 8y 6.81-6.77 (m, H-5, aniline), 6.43 (dd, ] = 13.5, 2.5 Hz,
H-2, aniline), 6.40 (dd, | = 8.4, 3.1 Hz, H-6, aniline), 3.87-3.83 (m, H-2, -6, morpholine),
3.56 (s, 2H, NHj), 2.98-2.94 (m, H-3, -5, morpholine) ppm. I3C-NMR (150 MHz, CDCl3)
Sc 157.6 (d, 1Jc_g = 245.2 Hz, C-3, aniline), 142.9 (d, 3Jc_r = 10.4 Hz, C-1, aniline), 131.8 (d,
2Jc_p = 9.7 Hz, C-4, aniline), 120.3 (d, 3Jc_p = 4.2 Hz, C-5, aniline), 110.7 (d, 4Jc_r = 3.1 Hz,
C-6, aniline), 103.9 (d, 2Jc_ = 23.9 Hz, C-2, aniline), 67.3 (C-3, -5, morpholine), 51.8 (C-2, -6,
morpholine) ppm [19].

4-(Azepan-1-yl)-3-fluoroaniline 24 black oil; yield 62%; (n-hexane/AcOEt, 6:4); 'H-NMR
(600 MHz, DMSO-dg) 6y 6.71 (dd, | = 10.2, 8.6 Hz, H-5, aniline), 6.30 (dd, ] = 14.9, 2.5 Hz,
H-2, aniline), 6.25 (dd, | = 8.5, 2.5 Hz, H-6, aniline), 4.81 (s, 2H, NH,), 3.07-3.03 (m,
H-2, -7, azepane), 1.70-1.66 (m, H-3, -6, azepane), 1.58-1.55 (m, H-4, -5, azepane), 13-
NMR (150 MHz, DMSO dg) ¢ 156.1 (d, YJc_r = 243.6 Hz, C-3, aniline) ppm. 143.5 (d,
3]c_r = 10.2 Hz, C-1, aniline), 133.8 (d, ?Jc_r = 9.4 Hz, C-4, aniline), 120.4 (d, 3]c_r = 4.9 Hz,
C-5, aniline), 109.6 (d, *Jc_p = 3.0 Hz, C-6, aniline), 100.2 (d, 2Jc_ = 24.4 Hz, C-2, aniline),
53.1 (C-4, -5, azepane), 28.8 (C-3, -7, azepane), 26.8 (C-3, -6, azepane) ppm [19].

D. General Procedure for the Synthesis of Boronic Acid Derivatives 2940 [19,24]

At room temperature and under nitrogen atmosphere, (0.49 mmol, 1.0 equiv.) of
boronic acids 27 and 28, (0.98, 2.0 equiv.) of the coupling agent N-(3-dimethylaminopropyl)-
N’-Ethylcarbodiimide hydrochloride, and (0.98 mmol, 2.0 equiv.) of 1-hydroxybenzotriazole
reagent were added to 10.0 mL of anhydrous N'N-dimethylformamide, in which the re-
action medium was stirred for 2 h. Then, simultaneously, (0.74 mmol, 1.5 equiv.) of the
aromatic amines 19-24 and N,N-diisopropylethylamine (DIPEA) were added, and they
remained under stirring for 48 h, in N, at room temperature. After this time, 50.0 mL of
water was added to the reaction medium, and the resulting solution was washed with
ethyl acetate (3 x 50.0 mL) in a separatory funnel. The organic phase was collected and
concentrated under reduced pressure. The resulting products were purified by column chro-
matography (eluent, n-hexane/AcOEt/MeOH, gradient mode, starting with Hex/AcOEt
80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10) [18,24].

{3-({3-Fluoro-4-[4-(pyridin-2-yl)piperazin-1-yl[phenyl }carbamoyl)phenylboronic acid 29 white
solid; yield 22%; mp: 235-239 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with
Hex/AcOEt 80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10);
IR (KBr) vimax 3263 (B—OH boronic acid; N-H amide), 2848 (B-O boronic acid), 1643 (C=O
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amide), 1600 (C=C aromatic), 1440 (C=C aromatic), 1315 (C-F allyl floride), 1242 (C-H
methylene) cm~!. 'H-NMR (600 MHz, DMSO-dg) dy 10.30 (s, 1H, NH), 8.32 (m, H-2,
carbamoyphenylboronic acid), 8.24 (s, 2H, OH), 8.15-8.13 (ddd, | = 4.9, 2.0 Hz, H-6, pyri-
dine), 7.98-7.96 (dd, | = 7.4, 1.2 Hz, H-6, carbamoyphenylboronic acid), 7.94-7.93 (m, H-4,
carbamoyphenylboronic acid), 7.75-7.72 (dd, | = 14.9, 2.4 Hz, H-2, fluorophenyl), 7.57-7.55
(ddd, ] =9.0,7.1, 2.0 Hz, H-4, pyridine), 7.50-7.49 (m, H-5, carbamoyphenylboronic acid),
7.49-7 48 (m, H-6, fluorophenyl), 7.10-7.07 (m, H-5, flhorophenyl), 6.90-6.88 (ddd, | =7.1,
4.9 Hz, H-3, pyridine), 3.65-3.63 (m, H- 2, -6, piperazine), 3.09-3.07 (m, H-3, -5, piperazine)
ppm. *C-NMR (150 MHz, DMSO-dg) ¢ 166.0 (1C, C=0), 158.9 (C-2, pyridine), 155.2
(d, YJc_p = 247.2 Hz, C-3, fluorophenyl), 147.6 (C-6, pyridine), 137.6 (C-4, pyridine), 137.1
(C-6, carbamoyphenylboronic acid), 135.6 (d, 'Jc_r = 9.4 Hz, C-4, fluorophenyl), 134.6
(d, 3Jc_r = 11.0 Hz, C-1, fluorophenyl), 134.1 (C-3, carbamoyphenylboronic acid), 133.4
(C-2, carbamoyphenylboronic acid), 129.2 (C-4, carbamoyphenylboronic acid), 127.4 (C-
5, carbamoyphenylboronic acid), 119.4 (d, 3]c_p = 4.6 Hz, C-5, fluorophenyl), 116.2 (d,
4Jc_p = 3.7 Hz, C-6, fluorophenyl), 113.3 (C-5, pyridine), 108.4 (d, ?Jc_r = 25.7 Hz, C-2,
fluorophenyl), 107.2 (C-3, pyridine), 50.3 (C-3, -5, piperazine), 44.8 (C-2, -6, piperazine)
ppm. HMRS (ESI*, methanol) CyyHy3BFN, O3 [M+H]* = 421.1843.

[3-({3-Fluoro-4-[4-(pyrimidin-2-yl)piperazin-1-yllphenyljcarbamoyl)phenyl Jboronic acid 30 white
solid; yield 41%; mp: 262-266 °C (n-hexane/AcOEt/MeOH, gradient mode, starting
with Hex/AcOEt 80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH
90:10); IR (KBr) vmax 3360 (N-H amide), 3265 (B-OH boronic acid), 2908 (C-H methy-
lene), 1647 (C=0 amide), 1591 (C=C aromatic), 1442 (C=C aromatic), 1311 (B-O boronic
acid), 1247 (C-F allyl floride) cm 1. TH-NMR (600 MHz, DMSO-d) &5 10.30 (s, 1H, NH),
8.40-8.39 (d, ] =4.7 Hz, H-4, -6, pyrimidine), 8.32 (m, H-2, carbamoyphenylboronic acid),
8.24 (s, 2H, OH), 7.98-7.97 (m, H-6, carbamoyphenylboronic acid), 7.94-7.93 (m, H-4, car-
bamoyphenylboronic acid), 7.75-7.72 (dd, | = 14.9, 2.3 Hz, H-2, fluorophenyl), 7.50-7.49
(m, H-5, carbamoyphenylboronic acid), 7.49-7.48 (m, H-6, fluorophenyl), 7.09-7.06 (m, H-5,
fluorophenyl), 6.67-6.65 (t, | = 4.7 Hz, H-5, pyrimidine), 3.90-3.89 (m, H-2, -6, piperazine),
3.05-3.03 (m, H-3, -5, piperazine) ppm. 3C-NMR (151 MHz, DMSO-d¢) ¢ 166.0 (1C,
C=0), 161.2 (C-2, pyrimidine), 158.0 (C-4, -6, pyrimidine), 155.2 (d, e p =243.4 Hz, C-3,
fluorophenyl), 137.2 (C-6, carbamoyphenylboronic acid), 135.5 (d, ?Jc_¢ = 9.4 Hz, C-4, fluo-
rophenyl), 134.6 (d, 3Jc_g = 11.6 Hz, C-1, fluorophenyl), 134.1 (C-3, carbamoyphenylboronic
acid), 133.4 (C-2, carbamoyphenylboronic acid), 129.2 (C-4, carbamoyphenylboronic acid),
127.4 (C-5, carbamoyphenylboronic acid), 119.4 (d, 3Jc_g = 4.5 Hz, C-5, fluorophenyl), 116.2
(d, 4Jc_r = 3.5 Hz, C-6, fluorophenyl), 110.4 (C-5, pyrimidine), 108.4 (d, ?Jc_r = 25.0 Hz,
C-2, fluorophenyl), 50.4 (C-3, -5, piperazine), 49.4 (C-2, -6, piperazine) ppm. HMRS (ESI*,
methanol) ClengFN503 [M+H]+ =422.1798.

[3-({3-Fluoro-4-[4-(4-fluorophenyl)piperazin-1-yl Jphenyl fcarbamoyl)phenyl Jboronic acid 31 white
solid; yield 25%; mp: 241-246 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with
Hex/AcOEt 80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10);
IR (KBr) Vmax 3304 (B-OH boronic acid; N-H amide), 2825 (C-H methylene), 1649 (C=O
amide), 1589 (C=C aromatic), 1423 (C=C aromatic), 1365 (B—O boronic acid), 1222 (C-F
allyl floride) cm~!. 'H-NMR (600 MHz, DMSO-d) dy 10.30 (s, 1H, NH), 8.33 (m, H-2,
carbamoyphenylboronic acid), 8.24 (s, 2H, OH), 7.98-7.97 (dd, ] = 7.4, 1.2 Hz, H-6, car-
bamoyphenylboronic acid), 7.94-7.93 (m, H-4, carbamoyphenylboronic acid), 7.74-7.71
(dd, ] = 15.0, 2.4 Hz, H-2, fluorophenyl), 7.51-7.50 (m, H-5, carbamoyphenylboronic
acid), 7.50-7.48 (m, H-6, fluorophenyl), 7.11-7.09 (m, H-5, fluorophenyl), 7.07-7.05 (m,
H-3, -5, fluorobenzene), 7.03-7.00 (dt, ] = 7.1, 2.3 Hz, H-2, -6, fluorobenzene), 3.65-3.63
(m, H-2, -6, piperazine), 3.09-3.07 (m, H-3, -5, piperazine) ppm. 3C-NMR (150 MHz,
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DMSO-dg) d¢c 166.0 (1C, C=0), 156.9 (d, Jc_r = 236.6 Hz, C-4, fluorobenzene), 155.2
(d, YJc_g = 241.8 Hz, C-3, fluorophenyl), 147.9 (d, *Jc_r = 2.1 Hz, C-1, fluorobenzene),
137.2 (C-6, carbamoyphenylboronic acid), 135.4 (d, ?Jc_g = 9.4 Hz, C-4, fluorophenyl),
134.5 (d, 3Jc_r = 11.8 Hz, C-1, fluorophenyl), 134.1 (C-3, carbamoyphenylboronic acid),
133.4 (C-2, carbamoyphenylboronic acid), 129.2 (C-4, carbamoyphenylboronic acid), 127.4
(C-5, carbamoyphenylboronic acid), 119.3 (d, 3Jc_r = 4.5 Hz, C-5, fluorophenyl), 117.4
(d, 3Jc_r = 7.9 Hz, C-2, -6, fluorobenzene),116.2 (d, 4Jc_r = 3.2 Hz, C-6, fluorophenyl),
115.3 (d, ?Jc_p = 21.7 Hz, C-3, -5, fluorobenzene), 108.4 (d, ?Jc_r = 24.6 Hz, C-2, fluo-
rophenyl), 50.3 (C-3, -5, piperazine), 44.8 (C-2, -6, piperazine) ppm. HMRS (ESI*, methanol)
Co3Hp3BF,N3O3 [M+H]* = 438.1796.

{3-[(3-Fluoro-4-thiomorpholinophenyl)carbamoylphenyl }boronic acid 32 white solid; yield 52%;
mp: 116-122 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with Hex/AcOEt
80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10); IR (KBr)
Vmax 3327 (N-H amide), 3268 (B-OH boronic acid), 2810 (C—H methylene), 1654 (C=O
amide), 1589 (C=C aromatic), 1433 (C=C aromatic), 1319 (B-O boronic acid), 1249 (C-F
allyl floride) cm~!. 'H-NMR (600 MHz, DMSO-d) d 10.28 (s, 1H, NH), 8.32 (m, H-2,
carbamoyphenylboronic acid), 8.22 (s, 2H, OH), 7.98-7.96 (m, H-6, carbamoyphenylboronic
acid), 7.94-7.93 (m, H-4, carbamoyphenylboronic acid), 7.71-7.69 (dd, | = 14.6, 2.3 Hz,
H-2, fluorophenyl), 7.50-7.49 (m, H-5, carbamoyphenylboronic acid), 7.48-7.47 (m, H-6,
fluorophenyl), 7.09-7.05 (t, ] = 9.3 Hz, H-5, fluorophenyl), 3.28-3.20 (m, H-3, -5, thiomor-
pholine), 2.76-2.74 (m, H-2, -6, thiomorpholine) ppm. '*C-NMR (151 MHz, DMSO-dg) dc
166.0 (1C, C=0), 155.3 (d, }Jc_p = 244.8 Hz, C-3, fluorophenyl), 137.1 (C-6, carbamoyphenyl-
boronic acid), 136.4 (d, ?Jc_g = 9.9 Hz, C-4, fluorophenyl), 134.8 (d, 3]c_r = 10.8 Hz, C-1, flu-
orophenyl), 134.1 (C-3, carbamoyphenylboronic acid), 133.4 (C-2, carbamoyphenylboronic
acid), 129.1 (C-4, carbamoyphenylboronic acid), 127.4 (C-5, carbamoyphenylboronic acid),
120.4 (d, 3Jc_p = 3.8 Hz, C-5, fluorophenyl), 116.2 (d, *Jc_r = 3.5 Hz, C-6, fluorophenyl),
108.4 (d, ?Jc_p = 25.8 Hz, C-2, fluorophenyl), 50.4 (C-2, -6, thiomorpholine), 49.4 (C-3, -5,
thiomorpholine) ppm. HMRS (ESI*, methanol) C;7H19BFN,O3S [M+H]" = 361.1192.

{3-[(3-Fluoro-4-morpholinophenyl)carbamoyllphenyl}boronic acid 33 white solid; yield 39%;
mp: 248-256 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with Hex/AcOEt
80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10); IR (KBr)
Vmax 3533 (N-H amide), 3298 (B-OH boronic acid), 2843 (C-H methylene), 1643 (C=O
amide), 1589 (C=C aromatic), 1409 (C=C aromatic), 1315 (B-O boronic acid), 1255 (C-F
allyl floride) cm~!. 'H-NMR (600 MHz, DMSO-d) dyy 10.28 (s, 1H, NH), 8.32 (m, H-2,
carbamoyphenylboronic acid), 8.23 (s, 2H, OH), 7.98-7.96 (dt, | = 7.4, 1.1 Hz, H-6, car-
bamoyphenylboronic acid), 7.94-7.92 (m, H-4, carbamoyphenylboronic acid), 7.72-7.69
(dd, J =15.0, 2.3 Hz, H-2, fluorophenyl), 7.50-7.49 (m, H-5, carbamoyphenylboronic acid),
7.49-7.48 (m, H-6, fluorophenyl), 7.05-7.02 (m, H-5, fluorophenyl), 3.75-3.73 (m, H-3, -5,
morpholine), 2.98-2.96 (m, H-2, -6, morpholine) ppm. '*C-NMR (151 MHz, DMSO-d) ¢
166.0 (1C, C=0), 155.2 (d, 'Jc_g = 243.0 Hz, C-3, fluorophenyl), 137.2 (C-6, carbamoyphenyl-
boronic acid), 135.5 (d, ?Jc_p = 9.5 Hz, C-4, fluorophenyl), 134.4 (d, 3]c_g = 11.5 Hz, C-1, flu-
orophenyl), 134.1 (C-3, carbamoyphenylboronic acid), 133.4 (C-2, carbamoyphenylboronic
acid), 129.1 (C-4, carbamoyphenylboronic acid), 127.4 (C-5, carbamoyphenylboronic acid),
119.0 (d, 3Jc_ = 4.2 Hz, C-5, fluorophenyl), 116.2 (d, *]c_r = 3.2 Hz, C-6, fluorophenyl), 108.4
(d, ?Jc_p =24.9 Hz, C-2, fluorophenyl), 66.2 (C-3, -5, morpholine), 50.8 (C-2, -6, morpholine)
ppm. HMRS (ESI*, methanol) C1;H19BFN,O, [M+H]* = 345.1420.

(3-{[4-(Azepan-1-yl)-3-fluorophenyl]carbamoyl fphenyl)boronic acid 34 white solid; yield 32%;
mp: 107-114 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with Hex/AcOEt 80:20
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increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10); IR (KBr) vimax 3495
(N-H amide), 3321 (B-OH boronic acid), 2924 (C-H methylene), 1643 (C=0O amide), 1591
(C=C aromatic), 1425 (C=C aromatic), 1340 (B-O boronic acid), 1271 (C-F allyl floride) cm .
'H-NMR (600 MHz, DMSO-dg) 8y 10.14 (s, 1H, NH), 8.31 (m, H-2, carbamoyphenylboronic
acid), 8.21 (s, 2H, OH), 7.97-7.95 (dt, | = 7.5, 1.1 Hz, H-6, carbamoyphenylboronic acid),
7.93-791 (dt, ] = 7.8, 1.1 Hz, H-4, carbamoyphenylboronic acid), 7.63-7.60 (dd, | =16.2,
2.2 Hz, H-2, fluorophenyl), 7.49-7.46 (t, ] = 7.5 Hz, H-5, carbamoyphenylboronic acid),
7.39-7.37 (dd, ] = 9.0, 2.2 Hz, H-6, fluorophenyl), 6.92-6.89 (t, ] = 10.4, 9.0 Hz, H-5, fluo-
rophenyl), 3.20-3.28 (t, ] = 5.7 Hz, H-2, -7, azepane), 1.75 (m, H-3, -6, azepane), 1.57-1.55 (t,
] =5.7,2.6 Hz, H-4, -5, azepane) ppm. 3C-NMR (150 MHz, DMSO-dg) dc 165.7 (1C, C=0),
152.8 (d, Jc_p = 239.2 Hz, C-3, fluorophenyl), 137.0 (C-7, carbamoyphenylboronic acid),
135.6 (d, 2Jc_ = 9.8 Hz, C-4, fluorophenyl), 134.1 (C-3, carbamoyphenylboronic acid), 133.3
(C-2, carbamoyphenylboronic acid), 130.9 (d, 3Jc_r = 11.2 Hz, C-1, fluorophenyl), 129.0
(C-4, carbamoyphenylboronic acid), 127.4 (C-5, carbamoyphenylboronic acid), 117.1 (d,
3Jc_r = 5.8 Hz, C-5, fluorophenyl), 116.2 (d, *Jc_r = 3.2 Hz, C-6, fluorophenyl), 108.8 (d,
2Jc_p =26.6 Hz, C-2, fluorophenyl), 51.7 (C-2, -7, azepane), 28.5 (C-3, -6, azepane), 26.7 (C-4,
-5, azepane). HMRS (ESI*, methanol) C19Hy3BFN20; [M+H]* = 357.1787.

[4-({3-Fluoro-4-[4-(pyridin-2-yl)piperazin-1-yl[phenyl carbamoyl)phenyl]boronic acid 35 white
solid; yield 53%; mp: 198-204 °C (n-hexane/AcOEt/MeOH, gradient mode, starting
with Hex/AcOEt 80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH
90:10); IR (KBr) vimax 3277 (B-OH boronic acid; N-H amide), 1643 (C=0 amide), 1591
(C=C aromatic), 1444 (C=C aromatic), 1317 (B-O boronic acid), 1240 (C-F allyl floride)
cm ™. TH-NMR (600 MHz, DMSO-d;) 6 10.28 (s, 1H, NH), 8.25 (s, 2H, OH), 8.14-8.13
(dd, ] = 4.6, 1.6 Hz, H-6, pyridine), 7.93-7.91 (m, H-3, -5, carbamoyphenylboronic acid),
7.90-7.89 (m, H-2, -6, carbamoyphenylboronic acid), 7.75-7.73 (dd, ] = 14.9, 2.3 Hz, H-2,
fluorophenyl), 7.56-7.54 (ddd, | = 8.6, 7.1, 2.0 Hz, H-4, pyridine), 7.51-7.49 (dd, ] = 8.7,
1.8 Hz, H-6, fluorophenyl), 7.10-7.07 (m, H-5, fluorophenyl), 6.89-6.88 (d, | = 8.6 Hz, H-3,
pyridine), 6.68-6.66 (m, H-5, pyridine), 3.65-3.66 (m, H-2, -6, piperazine), 3.09-3.07 (m,
H-3, -5, piperazine) ppm. 3C-NMR (150 MHz, DMSO-dg) d¢ 165.5 (1C, C=0), 159.0 (C-2,
pyridine), 155.2 (d, e = 248.2 Hz, C-3, fluorophenyl), 147.6 (C-6, pyperidine), 137.6
(C-4, pyperidine), 136.0 (C-4, carbamoyphenylboronic acid), 135.8 (d, 3 Jc_r = 9.3 Hz, C-1,
fluorophenyl), 134.4 (d, 2Jc_r=11,0 Hz, C-4, fluorophenyl), 134.0 (C-3, -5, carbamoyphenyl-
boronic acid), 126.5 (C-2, -4, carbamoyphenylboronic acid), 119.3 (d, 3]c_r = 4.8 Hz, C-5,
fluorophenyl), 116.3 (d, 4Jc_p =2.8Hz, C-6, fluorophenyl), 113.3 (C-2, pyridine), 108.4 (d,
2Jc_p =252 Hz, C-2, fluorophenyl), 107.2 (C-3, pyridine), 50.3 (C-3, -5, piperazine), 44.8
(C-2, -6, piperazine) ppm. HMRS (ESI*, methanol) Cp;Hp3 BFN4O3 [M+H]* = 421.1840.

[4-({3-Fluoro-4-[4-(pyrimidin-2-yl)piperazin-1-ylIphenyl }carbamoyl)phenyl Jboronic acid 36 white
solid; yield 53%; mp: 214-220 °C (n-hexane/AcOEt/MeOH, gradient mode, starting
with Hex/AcOEt 80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH
90:10); IR (KBr) vmax 3460 (N-H amide), 3286 (B—-OH boronic acid), 2852 (C-H methy-
lene), 1645 (C=0 amide), 1591 (C=C aromatic), 1442 (C=C aromatic), 1317 (B-O boronic
acid), 1251 (C-F allyl floride) cm . "H-NMR (600 MHz, DMSO-dg) 5y 10.27 (s, 1H, NH),
8.39-8.38 (ddd, | = 4.7 Hz, H-4, -6, pyrimidine), 8.24 (s, 2H, OH), 7.92-7.91 (m, H-3, -5, car-
bamoyphenylboronic acid), 7.90-7.88 (m, H-2, -6, carbamoyphenylboronic acid), 7.75-7.72
(dd, ] =14.9, 2.0 Hz, H-2, fluorophenyl), 7.50-7.48 (m, H-6, fluorophenyl), 7.09-7.07 (m,
H-5, fluorophenyl), 6.66-6.65 (t, | = 4.7 Hz, H-5, pyrimidine), 3.90-3.89 (m, H-2, -6, piper-
azine), 3.05-3.03 (m, H-3, -5, piperazine) ppm. >*C-NMR (150 MHz, DMSO-ds) 6y 165.5
(1C, C=0), 161.2 (C-2, pyrimidine), 158.0 (C-4, -6, pyrimidine), 155.2 (d, e g =242.8 Hz,
C-3, fluorophenyl), 136.0 (C-4, carbamoyphenylboronic acid), 135.6 (d, 3Jc_r =89 Hz, C-1,
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fluorophenyl), 134.5 (d, ?Jc_r = 10.8 Hz, C-4, fluorophenyl), 134.0 (C-3, -5, carbamoyphenyl-
boronic acid), 126.5 (C-2, -6, carbamoyphenylboronic acid), 119.4 (d, 3Jc_r = 3.7 Hz, C-5,
fluorophenyl), 116.3 (d, *Jc_r = 2.4 Hz, C-6, fluorophenyl), 110.3 (C-5, pyrimidine), 108.4 (d,
2Jc_r = 25.5 Hz, C-2, fluorophenyl), 50.3 (C-3, -5, piperazine), 43.4 (C-2, -6, piperazine) ppm.
HMRS (ESI*, methanol) C;Hy»BFN5O3 [M+H]* = 422.1801.

[4-({3-Fluoro-4-[4-(4-fluorophenyl)piperazin-1-yl Jphenyl fcarbamoyl)phenyl Jboronic acid 37 white
solid; yield 51%; mp: 225-232 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with
Hex/AcOEt 80:20 increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10);
IR (KBr) Vmax 3304 (B-OH boronic acid; N-H amide), 2850 (C—H methylene), 1643 (C=O
amide), 1589 (C=C aromatic), 1222 (C-F allyl floride) cm~!. '"H-NMR (600 MHz, DMSO-dy)
oy 10.28 (s, 1H, NH), 8.24 (s, 2H, OH), 7.93-7.91 (m, H-3, -5, carbamoyphenylboronic acid),
7.90-7.88 (m, H-2, -6, carbamoyphenylboronic acid), 7.76-7.71 (dd, ] = 15.0, 2.3 Hz, H-2,
fluorophenyl), 7.52-7.50 (m, H-6, fluorophenyl), 7.12-7.09 (m, H-5, fluorophenyl), 7.08-7.06
(m, H-3, -5, fluorobenzene), 7.03-7.09 (m, H-H-2, -6, fluorobenzene), 3.25-3.23 (m, H-2, -6,
piperazine), 3.15-3.12 (m, H-3, -5, piperazine) ppm. 3C-NMR (150 MHz, DMSO-dg) dc
165.5 (1C, C=0), 156.9 (d, Jc_p = 234.5 Hz, C-4, fluorobenzene), 155.2 (d, !Jc_r = 243.3 Hz,
C-3, fluorophenyl), 147.9 (C-1, fluorobenzene), 136.0 (C-4, carbamoyphenylboronic acid),
135.5 (d, 3Jc_r = 9.8 Hz, C-1, fluorophenyl), 134.4 (d, ?Jc_r = 11.0 Hz, C-4, fluorophenyl),
134.0 (C-3, -5, carbamoyphenylboronic acid), 126.5 (C-2, -6, carbamoyphenylboronic acid),
119.2 (d, 3Jc_p = 4.1 Hz, C-5, fluorophenyl), 117.4 (d, 3]c_r = 8.6 Hz, C-2, -6, fluorobenzene),
116.3 (d, *Jc_r = 2.9 Hz, C-6, fluorophenyl), 115.4 (d, ?Jc_r = 22.1 Hz, C-3, -5, fluoroben-
zene), 108.4 (d, ?Jc_p = 26.7 Hz, C-2, fluorophenyl), 50.4 (C-3, -5, piperazine), 49.3 (C-2, -6,
piperazine) ppm. HMRS (ESI*, methanol) Cy3Hy3BF,N3O5 [M+H]* = 438.1795.

{4-[(3-Fluoro-4-thiomorpholinophenyl)carbamoyl]phenyl }boronic acid 38 white solid; yield 47%;
mp: 194-198 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with Hex/AcOEt 80:20
increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10); IR (KBr) vimax 3302
(B-OH boronic acid; N-H amide), 2823 (C-H methylene), 1643 (C=0O amide), 1589 (C=C
aromatic), 1425 (C=C aromatic), 1327 (B-O boronic acid), 1284 (C-F allyl floride) cm 1 TH-
NMR (600 MHz, DMSO-d6) 6y 10.27 (s, 1H, NH), 8.25 (s, 2H, OH), 7.92-7.91 (m, H-3, -5 car-
bamoyphenylboronic acid), 7.89-7.88 (m, H-2, -6, carbamoyphenylboronic acid), 7.72-7.69
(dd, ] = 14.6, 2.2 Hz, H-2, fluorophenyl), 7.49-7.48 (m, H-6, fluorophenyl), 7.09-7.06 (m, H-5,
fluorophenyl), 3.22-3.20 (m, H-3, -5, thiomorpholine), 3.15-3.12 (m, H-2, -6, thiomorpholine)
ppm. BC-NMR (150 MHz, DMSO-dg) ¢ 165.5 (1C, C=0), 155.3 (d, Jc_f = 242.1 Hz, C-3,
fluorophenyl), 136.5 (d, 3Jc_r = 10.1 Hz, C-1, fluorophenyl), 135.9 (C-4, carbamoyphenyl-
boronic acid), 134.6 (d, 2Jc_r = 11.0 Hz, C-4, fluorophenyl), 134.0 (C-3, -5, carbamoyphenyl-
boronic acid), 126.5 (C-2, -6, carbamoyphenylboronic acid), 120.4 (d, 3Jc_p = 4.2 Hz, C-5,
fluorophenyl), 116.3 (d, *Jc_ = 2.8 Hz, C-6, fluorophenyl), 108.4 (d, ?Jc_r = 26.2 Hz, C-2,
fluorophenyl), 50.1 (C-2, -6, thiomorpholine), 50.4 (C-3, -5, thiomorpholine) ppm. HMRS
(ESI*, methanol) C17H19BFN,O3S [M+H]* = 361.1184.

{4-[(3-Fluoro-4-morpholinophenyl)carbamoylJphenyl}boronic acid 39 brown solid; yield 28%;
mp: 206214 °C (n-hexane/AcOEt/MeOH, gradient mode, starting with Hex/AcOEt 80:20
increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10); IR (KBr) Vmax
3273 (B-OH boronic acid; N-H amide), 1647 (C=0 amide), 1591 (C=C aromatic), 1440 (C=C
aromatic), 1317 (B-O boronic acid), 1257 (C-F allyl floride) cm~!. 'H-NMR (600 MHz,
DMSO-dg) 611 10.26 (s, 1H, NH), 8.24 (s, 2H, OH), 7.92-7.91 (m, H-3, -5, carbamoyphenyl-
boronic acid), 7.89-7.88 (m, H-2, -6, carbamoyphenylboronic acid), 7.73-7.70 (dd, ] = 15.0,
2.0 Hz, H-2, fluorophenyl), 7.50-7.48 (dd, ] = 9.0, 2.0 Hz, H-6, flhorophenyl), 7.05-7.02
(t, ] =9.0 Hz, H-5, fluorophenyl), 3.75-3.73 (m, H-3, -5, morpholine), 2.98-2.96 (m, H-
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2, -6, morpholine) ppm. *C-NMR (151 MHz, DMSO-d¢) é¢c 165.4 (1C, C=0), 155.1 (d,
Yc_r = 242.0 Hz, C-3, fluorophenyl), 136.0 (C-4, carbamoyphenylboronic acid), 135.5 (d,
3Jc_r = 10.5 Hz, C-1, fluorophenyl), 134.3 (d, 2Jc_r = 11.2 Hz, C-4, fluorophenyl), 134.0 (C-3,
-5, carbamoyphenylboronic acid), 126.5 (C-2, -6, carbamoyphenylboronic acid), 118.9 (d,
3Jc_r = 4.4 Hz, C-5, fluorophenyl), 116.3 (d, *Jc_r = 2.8 Hz, C-6, fluorophenyl), 108.5 (d,
2Jc_p =26.1 Hz, C-2, fluorophenyl), 66.2 (C-3, -5, morpholine), 50.8 (C-2, -6, morpholine)
ppm. HMRS (ESI*, methanol) C1;H19BFN,O, [M+H]* = 345.1420.

(4-{[4-(Azepan-1-yl)-3-fluorophenyl]carbamoyl fphenyl)boronic acid 40 white solid; yield 62%;
mp: 211-216 °C (n-hexane/ AcOEt/MeOH, gradient mode, starting with Hex/AcOEt 80:20
increasing the percentage of AcOEt by 10%, up to AcOEt/MeOH 90:10); IR (KBr) Vmax
3321 (B-OH boronic acid; N-H amide), 2924 (C-H methylene), 1643 (C=0 amide), 1427
(C=C aromatic), 1340 (B-O boronic acid), 1271 (C-F allyl floride) cm~!. TH-NMR (600 MHz,
DMSO-dg) 6y 10.14 (s, 1H, NH), 8.24 (s, 2H, OH), 7.92-7.90 (m, H-3, -5, carbamoyphenyl-
boronic acid), 7.89-7.87 (m, H-2, -6, carbamoyphenylboronic acid), 7.64-7.61 (dd, ] = 16.2,
2.1 Hz, H-2, fluorophenyl), 7.40-7.38 (dd, ] = 9.0, 2.1 Hz, H-6, fluorophenyl), 6.92-6.89
(t, ] =10.3, 9.0 Hz, H-5, fluorophenyl), 3.30-3.28 (m, H-2, -7, azepane), 1.75 (m, H-3, -6,
azepane), 1.57-1.55 (m, H-4, -5, azepane) ppm. 3 C-NMR (150 MHz, DMSO-dg) ¢ 165.1
(1C, C=0), 155.7 (d, 1 Jc-r = 240.9 Hz, C-3, fluorophenyl), 136.1 (C-4, carbamoyphenyl-
boronic acid), 135.7 (d, 3Jc_r = 9.4 Hz, C-1, fluorophenyl), 130.8 (d, 2Jc_p = 11.3 Hz, C-2,
fluorophenyl), 126.5 (C-2, -6, carbamoyphenylboronic acid), 117.0 (d, 3Jc_f = 5.8 Hz, C-5,
fluorophenyl), 116.5 (d, 4Jc_r = 1.9 Hz, C-6, fluorophenyl), 109.0 (d, 2Jc_p =26.5Hz, C-2,
fluorophenyl), 51.7 (C-2, -7, azepane), 39.5 (C-3, -6, azepane), 26.7 (C-4, -5, azepane) ppm.
HMRS (ESI*, methanol) C19Hp3BFN,O5; [M+H]* = 357.1780.

E.  General Miyaura borylation synthesis procedure 41 [25-27]

In a 25.0 mL flask, (0.65 mmol, 1.0 equiv.) methyl 4-bromo-3-methylbenzoate,
(0.98 mmol, 1.5 equivalent) of bis(pinacolato)diboron (B,piny), (1.95, 3.0 equivalent) of
potassium acetate (KOAc), and (0.065 mmol, 10 mol%) of the catalyst were added. Then,
[1,1"-bis(diphenylphosphino)ferrocene]palladium(II) dichloride [PdCl,(dppf)] was added
to 10.0 mL of previously deaerated 1,4-dioxane, under a nitrogen atmosphere, at a tem-
perature of 80 °C. After 12 h of reaction, the reaction mixture was filtered through celite
545, and the solvent was removed under reduced pressure; then, the resulting product
was solubilized in dichloromethane, which was taken to a separatory funnel and washed
with saturated sodium chloride solution (3 x 50.0 mL). The collected organic phase and the
product were purified by column chromatography (eluent n-hexane/AcOEt, 9:1) [25,27].

Methyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 41 slightly yellow solid;
yield 98%; (n-hexane/AcOEt, 9:1). TH-NMR (300 MHz, DMSO-d;) 651 7.75-7.74 (m, H-2, -5,
-6, methyl benzoate), 3.85 (s, 3H, CH3, methyl benzoate), 2.51 (s, 3H, CH3, methyl acetate),
1.31 (s, 12H, CHj3, boronic ester) ppm.

F.  General procedure of bromination synthesis 42 [27]

In a 25.0 mL flask, (0.54 mmol, 1.0 equiv.) of compound 41, (0.54 mmol, 1.5 equiv.) of N-
bromosuccinimide (NBS), and (0.09 mmol, 25 mol%) of 2,2"-azobis(2-methylpropionitrile)
(AIBN) were added to 6.0 mL of anhydrous acetonitrile. The reaction was kept under
stirring for 24 h at a temperature of 80 °C and a nitrogen atmosphere. After the reaction
time, excess solvent was removed under reduced pressure, and the resulting product was
solubilized in 50.0 mL of dichloromethane. The organic phase was washed with saturated
NaHCOj3 solution (3 x 50.0 mL), where the solvent was removed under reduced pressure,
without the need to purify the final product [27].
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Methyl 3-(bromomethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 42 colorless oil;
yield 62%; 'H-NMR (300 MHz, DMSO-dg) dy 8.04-8.03 (d, | = 1.5 Hz, H-2, benzoate),
7.91-7.87 (dd, ] = 7.8, 1.5 Hz, H-6, benzoate), 7.83-7.80 (d, ] = 7.8 Hz, H-5, benzoate), 5.02 (s,
2H, CHy), 3.87 (s, 3H, CH3, methyl acetate), 1.34 (s, 12H, CHj, boronic ester).

G. General procedure for obtaining the benzoxaborole intermediate 43

To a THF (2 mL)/NaOH aq (5 mL distilled water, 3.60 mmol, 10 equiv. NaOH)
solution and under vigorous stirring, compound 42 (0.32 mmol, 1.0 equiv.) was added and
the reaction mixture was heated at 50 °C for 2 h. Next, in the same conditions, a 6.0 M
hydrochloric acid solution was added dropwise, until pH~2.0; stirring was continued for
an additional 2 h at 50 °C. The reaction mixture as a solution was then cooled to room
temperature and extracted with ethyl acetate (3 x 50 mL). The combined organic layers
were dried over anhyd Na;SOy, filtered off, and evaporated under reduced pressure to
dryness. The residue was purified by column chromatography in gradient mode, starting
the mobile phase n-hexane/AcOEt (1:4 v/v), up to 95% EtOAc and 5% glacial acetic
acid. [27].

1-Hydroxy-1,3-dihydrobenzo[c][1,2 ]Joxaborole-5-carboxylic acid 43 white solid; yield 65%; (n-
hexane/AcOEt (20:80), up to 95% EtOAc and 5% glacial acetic acid); IR (KBr) vmax 3331
(O-H carboxylic acid), 3068 (B-OH benzoxaborole), 1693 (C=0 carboxylic acid), 1489 (C=C
aromatic), 1421 (C-H methylene), 1367 (B-O benzoxaborole) cm .. TH-NMR (600 MHz,
DMSO-dg) oy 13.03 (s, 1H, OH, carboxylic acid), 9.39 (s, 1H, OH, oxaborole), 7.96 (m, H-4,
benzoxaborole), 7.93-7.90 (d, | = 7.6 Hz, H-6, benzoxaborole), 7.84-7.81 (d, ] = 7.6 Hz, H-7,
benzoxaborole), 5.05 (s,H-3, oxaborole) ppm.

H. General procedure for obtaining benzoxaborole derivative 44 and 45

For the synthesis of the benzoxaborole derivative 44 and 45, (0.68 mmol, 1.0 equiv.) of
the compound 43 and anhydrous N'N-diisopropylethylamine (DIPEA) in 5.0 mL of N'N-
dimethylformamide were added to a 25.0 mL flask. (DMF) and stirred for 10 min at room
temperature in a nitrogen atmosphere. After this time, (0.75 mmol, 1.1 equiv.) of the HATU
coupling agent was added, and the reaction medium was stirred for another 2 h. Then,
(0.68 mmol, 1.0 equiv.) of the compounds 19 and 22 was added, where the reaction remained
under stirring for 24 h, at room temperature in a nitrogen atmosphere. The reaction was
terminated with the addition of 50.0 mL of distilled water, in a separatory funnel, where
it was extracted with ethyl acetate (3 x 50.0 mL); the organic phase was collected, dried
with anhydrous sodium sulfate, and filtered, and the resulting solvent was removed under
reduced pressure. The crude product was purified by column chromatography (eluent
n-hexane/AcOEt 20:80) [50].

N-{3-fluoro-4-[4-(pyridin-2-yl)piperazin-1-ylIphenyl}-1-hydroxy-1,3-dihydrobenzo[c][1,2 Joxaborole-
5-carboxamide 44 light brown solid; yield 31%; mp: 211-216 °C (n-hexane/AcOEt 20:80) IR
(KBr) vmax 3327 (B-OH benzoxaborole), 1643 (C=0 amide), 1593 (C=C aromatic), 1525 (N-H
amide), 1421 (C=C aromatic), 1319 (C-F aryl fluoride) cm~!. "TH-NMR (600 MHz, DMSO-d¢)
oy 10.37 (s, 1H, NH), 9.39 (s, 1H, OH), 8.14-8.13 (dd, | = 4.8, 1.2 Hz, H-6, pyridine), 7.94 (m,
H-4, benzoxaborole), 7.90-7.88 (d, ] = 7.7 Hz, H-6, benzoxaborole), 7.86-7.85 (d, | = 7.7 Hz,
H-7, benzoxaborole), 7.75-7.72 (dd, | = 14.9, 2.2 Hz, H-2, fluoropheyl), 7.57-7.54 (ddd,
J]=8.9,72,2.0 Hz, H-4, pyridine), 7.51-7.49 (m, H-6, fluorophenyl), 7.11-7.07 (t, ] = 9.3 Hz,
H-5, fluorophenyl), 6.89-6.88 (d, ] = 8.6 Hz, H-5, pyridine), 6.68-6.66 (dd, ] =7.0, 5.4 Hz,
H-6, pyridine), 5.08 (s, H-3, benzoxaborole), 3.65-3.63 (m, H-2, -6, piperazine), 3.09-3.07 (m,
H-3, -5, piperazine) ppm. 3C-NMR (150 MHz, DMSO-dg) ¢ 165.6 (1C, C=0), 159.0 (C-2,
pyridine), 155.2 (d, !Jc_g = 242.8 Hz, C-3, fluorophenyl), 154.0 (C-3a, benzoxaborole), 147.6
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(C-6, pyridine), 137.6 (C-5, benzoxaborole), 136.9 (C-4, pyridine), 135.7 (d, ?Jc_r = 9.2 Hz,
C-4, fluorophenyl), 134.3 (d, 3Jc_r =109 Hz, C-1, fluorophenyl), 130.5 (C-7, benzoxabo-
role), 126.3 (C-6, benzoxaborole), 120.5 (C-4, benzoxaborole), 119.3 (d, 3]c_g = 4.5 Hz, C-5,
fluorophenyl), 116.3 (d, *Jc_r = 3.3 Hz, C-6, fluorophenyl), 113.3 (C-5, pyridine), 108.4 (d,
2Jc_r = 25.7 Hz, C-2, fluorophenyl), 107.2 (C-3, pyridine), 69.9 (C-3, benzoxaborole), 50.2
(C-3, -5, piperazine), 44.8 (C-2, -6, piperazine) ppm. HRMS (ESI*, methanol) Co3Hy3BF403
[M+H]* = 433.1840.

N-(3-fluoro-4-thiomorpholinophenyl)-1-hydroxy-1,3-dihydrobenzo[ci[1,2 Joxaborole-5-carboxamide 45
brown oil; yield 15%; (n-hexane/AcOEt 20:80) IR (KBr) vmax 3439 (B-OH benzoxaborole),
1647 (C=0 amide), 1527 (N-H amide), 1423 (C=C aromatic), 1278 (C-F aryl fluoride) cm L,
TH-NMR (600 MHz, DMSO-dg) 6y 10.36 (s, 1H, NH), 9.37 (s, 1H, OH), 7.93 (m, H-4, ben-
zoxaborole), 7.89-7.88 (d, | = 7.8 Hz, H-6, benzoxaborole), 7.86-7.85 (d, | = 7.8 Hz, H-7,
benzoxaborole), 7.72-7.69 (dd, | = 14.6, 1.9 Hz, H-2, fluorophenyl), 7.48-7.46 (m, H-6, fluo-
rophenyl), 7.09-7.06 (t, ] = 9.3 Hz, H-5, fluorophenyl), 5.08 (s, H-2, benzoxaborole), 3.22-3.21
(m, H-3, -5, thiomorpholine), 2.76-2.74 (m, H-2, -6, thiomorpholine) ppm. I3C_NMR (150
MHz, DMSO-d°) 6c 165.6 (1C, C=0), 155.3 (d, Jc_p = 242.9 Hz, C-3, fluorophenyl), 154.0 (C-
3a, benzoxaborole), 136.9 (C-5, benzoxaborole), 136.6 (d, 3Jc_r = 9.6 Hz, C-1, fluorophenyl),
134.5 (d, ?Jc_p = 11.9 Hz, C-4, fluorophenyl), 130.5 (C-7, benzoxaborole), 126.3 (C-6, ben-
zoxaborole), 120.4 (d, 3Jc_g = 4.0 Hz, C-5, fluorophenyl), 116.3 (d, 4Jc_r = 2.9 Hz, C-6,
fluorophenyl), 108.5 (d, 2Jc_p =26.5Hz, C-2, fluorophenyl), 69.9 (C-3, benzoxaborole), 53.1
(C-3, -5, thiomorpholine), 27.3 (C-2, -6, thiomorpholine) ppm. HRMS (ESI*, methanol)
C23H23BF403 [M+H]+ =373.1199.

4.1. Biological Evaluation
4.1.1. Mycobacterium tuberculosis Biological Assays

The biological tests were carried out in partnership with Prof. Dr. Fernando Rogério
Pavan'’s research group at the Prof. Dr. Hugo David Mycobacteria Laboratory, at the School
of Pharmaceutical Sciences, Sao Paulo State University—Araraquara/Brazil

Determination of the Minimum Inhibitory Concentration (MICqj) Against Strains of
Mycobacterium tuberculosis HzyRy

The minimum inhibitory concentration (MICgyy) was determined using the REMA
(resazurin microtiter assay) methodology, in which stock solutions of the compounds were
prepared in DMSO (10 mg/mL) and then diluted in Middlebrook 7H9 broth (Difco, New
Jersey, USA) supplemented with OADC (0.09-25 pg/mL). Rifampicin and isoniazid (Sigma-
Aldrich, St Louis, MO, USA) were used as standards, solubilized in DMSO and distilled
water, respectively, at concentrations of 0.004-1.0 ug/mL. In the M. tuberculosis HzyRy
strain suspension, 100 pL of inoculum was added to each well of the 96-well microplate, as
well as 100 pL of the compounds at the concentrations described above. The plates were
then incubated for seven days in an oven at 37 °C and 5% CO,. After this time, 30 uL
of resazurin (Sigma-Aldrich, St Louis, MO, USA) was added. After the 24 h incubation
period, the fluorescence of the wells was measured using Cytation 3 equipment Biotek®
(Agilent, Santa Clara, CA, USA). The MICyy was determined as the lowest concentration of
the compounds capable of inhibiting 90% of the bacillus” growth [51].

Cytotoxicity Assay (ICsg) and Selectivity Index (IS)

The cytotoxicity test was carried out on the most active compounds in the series,
i.e., those with the lowest MICyy values. For the test, MRC-5 (ATCC CCL-171) and
J774A.1 (ATCC TIB-67) cells were used; they were cultured in a medium containing DNEM
(Vitrocell®, Waldkirch, Germany) and RPMI (Vitrocell®, Waldkirch, Germany). Then, 10%
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fetal bovine serum, gentamicin sulfate (50 mg/mL) and amphotericin B (2 mg/L) were
added. The cells were incubated in an oven at 37 °C with 5% CO,, and a specific amount of
each cell type (2.5 x 10° cells/mL for MRC-5 and 1.0 x 106 for J774A.1) was distributed
in a 96-well microplate, with a total volume of 100 uL. They were then incubated for 24 h
at 37 °C in an atmosphere containing 5% CO,. The compounds were then added to the
wells, at dilutions of 0.39-100 pg/mL, and incubated again for a further 24 h. After this
interval, 50 pL of 0.01% resazurin solution was added, and after 3 h, the fluorescence of the
wells was measured using a Synergy H1 reader Biotek® (Agilent, Santa Clara, CA, USA).
To determine the ICsj values, those concentrations capable of maintaining the viability of
50% of the cells were characterized. The selectivity index (SI) was determined by the ratio
between the IC5p and MICyg values (SI = ICs/MICgyg). Compounds with an IS greater than
or equal to 10 are considered selective, meaning that the compound is 10 times more toxic
to the M. tuberculosis strain than to eukaryotic cells [52,53].

4.1.2. Antifungal Assays
Microorganisms and Culture Conditions

This research used strains of Candida albicans ATCC 90028, T. rubrum ATCC 28189,
and T. mentagrophytes 11481 clinical isolates. The ATCC strains were obtained from the
library of the Mycology Laboratory of the Clinical Analysis Department of the School of
Pharmaceutical Sciences, UNESP, Brazil.

Candida albicans were maintained on Sabouraud agar for 24 h at 35 °C, according
to the norms stipulated by the Clinical and Laboratory Standards Institute (CLSI) M27-
A3 protocol. T. rubrum and T mentagrophytes were maintained on Sabouraud agar and
incubated at 28 °C for 7 to 15 days. Then, the strain was cultivated on malt extract agar
[malt extract (Kasvi) 2%, peptone from animal tissue (Sigma-Aldrich, St Louis, MO, USA)
2%, glucose (Synth, Sao Paulo, Brazil) 2%, and agar (Kasvi, Parana, Brazil) 2%], pH 5.7, and
kept at 25 °C for 7 days or until sporulation [54,55].

Determination of Minimum Inhibitory Concentration (MIC)

The susceptibility tests were carried out according to the Clinical and Laboratory
Standards Institute (CLSI) M27-A3 for C. albicans and to the document M38-A2 for T.
rubrum and T. mentagrophytes [56,57].

Briefly, the compounds were solubilized in 100% dimethyl sulfoxide (DMSO) at a stock
concentration of 30,000 mg/L and stored at —80 °C. The working solution of the compounds
was prepared in Roswell Park Memorial Institute (RPMI-1640) with L-glucose, without
sodium bicarbonate, and with phenol red as the pH indicator (Gibco, New York, USA) and
buffered with 4-Morpholinepropanesulfonic acid hemisodium salt (MOPS) (Sigma-Aldrich,
St Louis, MO, USA), pH =7, at concentrations ranging from 0.24 to 125 mg/L. Terbinafine
(Sigma-Aldrich, St Louis, MO, USA) (0.001 to 0.5 mg/L) and fluconazole) (0.12 to 64 mg/L)
were used for quality control.

For the establishment of the MIC, an initial inoculum of C. albicans was prepared in
saline 0.85% NaCl containing 1 to 5 x 100 cells/mL; from this inoculum, two dilutions of
1:100 and 1:20 were subsequently made in RPMI 1640, so that the final concentration of
cells was from 5 x 102 to 2.5 x 10 cells/mL. For dermatophytes, fungal suspensions were
prepared in 0.85% NaCl and conidia, adjusted to a final concentration of 2.5 x 10* cells/mL
using a hemocytometer, and then added to microdilution plates. The volume of 100 pL of
the dilutions of the compounds and antifungal drugs was added to a 96-well microplate
following 100 pL of the inoculum. The MIC was stipulated using visual and colorimetric
readings by adding 30 uL of 0.03% resazurin [56-58].
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Determination of the Minimum Fungicide Concentration (MFC)

Briefly, aliquots of 100 pL from each well from the MIC assay were added to Sabouraud
dextrose agar (BD Difco TM, New Jersey, USA) in Petri dishes and incubated for 96 h at
28 °C. The MFC was defined as the lowest concentration of the compound capable of no
growth of fungal colonies [56].

Cytotoxicity Assay

For the cytotoxicity assay, the HaCat cell line, characterized as immortalized normal
human keratinocytes, was used. The cells were maintained in (DMEM) supplemented with
10% of bovine fetal serum (BFS) (Sigma-Aldrich, St Louis, MO, USA) in cell culture bottles
with 5% CO; at 37 °C. After a confluence of 75%, the cells were treated with trypsin + EDTA
0.25%, centrifugated at 1500 rpm for 10 min, and 5 x 10* cells/well were seeded in 96-well
plates for incubation for 24 h for cell adhesion before treatment. After adhesion, the cells
were treated with 100 pL of the compounds 34 and 40, with fungi activity in concentrations
between 3.90 and 125 pg/mL. Regarding the controls, DMSO in the concentration range
of (1-4%) was used as a positive control for cytotoxicity; the beyond negative control
comprised HaCaT cells only in DMEM medium (Sigma-Aldrich, St Louis, MO, USA). After
24 h of treatment, 30 pL of resazurin 50 uM was added to each well for 4 h, and the plates
were read at 560 and 600 nm using microplate reader BioTek (Agilent, Santa Clara, CA,
USA), Gen 5 software (version 2.09). The minimum inhibitory concentration (ICsp) for each
compound was determined based on resazurin reduction. Three independent assays were
performed [59].

4.1.3. Anticancer Assays

The SCC-25 was purchased from Rio de Janeiro Cell Bank, and NOK-si was kindly
provided by Prof. Carlos Rossa from the School of Dentistry—UNESP. The cell lines were
initially thawed and cultured in 25 cm? cell culture flasks. Cell growth was monitored
using a microscope, and the culture medium was changed periodically. Upon reaching
confluency, cell dissociation was achieved by adding 5 mL of trypsin (Sigma-Aldrich, St
Louis, MO, USA) and incubating the bottles in a CO, incubator for 10 min. Subsequently,
the cells were transferred to 15 mL Falcon tubes and centrifuged at 2000 rpm for 10 min. Cell
counting was performed using a Countess II FL automated cell counter (ThermoFischer,
Waltham, MA, USA). The cells were seeded at a density of 30,000 cells per well in 96-well
plates. The plates were then incubated at 37 °C in 5% CO, for 24 h. Following this, test
compounds were incubated for another 24 h at 10 different concentrations: 50, 25, 12.5,
6.25,3.12,1.56, 0.78, 0.39, 0.19, and 0.097 ug/mL. After the specified time, MTT reagent
(3 mg/mL) (Sigma-Aldrich, St Louis, MO, USA) dissolved in phenol-free RPMI 1640 was
added and incubated for 4 h. The formed MTT crystals were solubilized using 2-propanol
P.A (Sigma-Aldrich, St Louis, MO, USA) with agitation. Absorbance was read at 562
nm using an EZ Read 400 microplate reader (Biochrom, Cambridge, UK) and ADAP 2.0
Biochrom software (version 2.0). ICsy values and graphs were calculated by Dr. Paula
Aboud Barbugli using Excel and Prism software (version 10.4.1). The MTT assay results
were evaluated for normality using the Shapiro-Wilk test, followed by one-way ANOVA
with Tukey’s post hoc test at a significance level of 5%.

5. Conclusions

The objective of this study was to develop and characterize novel boronic acid and
benzoboroxole compounds due to their potential as antimycobacterial, antifungal, and
antitumor agents. Fourteen new derivatives were synthesized and evaluated for bio-
logical activity. While none of the compounds exhibited significant antimycobacterial
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properties against Mycobacterium tuberculosis (H37Ry), one derivative, 34, demonstrated
moderate antifungal activity against dermatophyte fungi, T. rubrum, and T. mentagrophytes
(MICgyy = 42.0 uM and 21.0 uM, respectively). Furthermore, two compounds, 31 and 35, ex-
hibited promising antitumor activity against head and neck cancer cell lines, demonstrating
selectivity with ICsg values of 59.07 uM and 45.61 puM, respectively. Based on these findings,
these compounds may represent promising candidates for further exploration as potential
therapeutic agents for head and neck cancer. However, additional research is necessary to
elucidate their mechanism of action and to evaluate their efficacy in clinical trials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules30051117/s1, Figures S1-S12: Spectra of compounds 13-15
and 19-21 ('H, 3C NMR), Figures S13-S100: Spectra of compounds 29-45 (\H NMR, 13C NMR,
HRMS/ESI, IR). Detailed 'H NMR spectral data for compounds 16-18 and 22-24 is reported in
reference [19].
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Abstract: An efficient method has been developed for the rapid production of diverse arrays
of 3,5-bis-aminated pyrazolo[1,5-a]pyrimidines. The method utilizes Cul (5 mol%) and
carbazole-based ligand L-1 (N-(9H-carbazol-9-yl)-1H-pyrrole-2-carboxamide) (10 mol%)
for efficient Ullmann-type coupling of various amines to 5-amino-3-bromopyrazolo[1,5-
alpyrimidine precursors after heating in diethylene glycol (DEG) for only 1 h at 80 °C
(microwave heating). 3,5-Bis-aminated products were obtained in good to excellent yields
(60-93%, 83% average for 29 examples). 1° and 2° alkylamines, as well as a variety of
aryl- or heteroarylamines coupled efficiently, and 1° and 2° alkyl (or aryl) amines at C-
5 were well tolerated. The optimized conditions worked well on both the 50 mg and
1.0 g scales and gave products in only two steps from commercially available 3-bromo-
5-chloropyrazolo[1,5-a]pyrimidine. Advantages provided by this method include short
reaction time, excellent yields, broad substrate scope, and avoidance of toxic reagents
commonly utilized for reductive aminations of C-3 NH; substituted precursors.

Keywords: pyrazolo[1,5-a]pyrimidines; copper catalyzed amination; microwave-assisted
reactions; ullmann-type arylation

1. Introduction

The pyrazolo[1,5-a]pyrimidine scaffold (1) is a versatile template that has been ex-
tensively investigated for a number of important medicinal and biologically relevant
applications. For example, pyrazolo[1,5-a]pyrimidine derivatives have been investigated as
potential therapeutics for diabetes [1], cancer [2], neurodegenerative diseases [3], and vari-
ous infectious diseases, including viral [4], protozoal [5], fungal [6], trypanosomal [7], and
bacterial infections [8]. In addition, pyrazolo[1,5-a]pyrimidines have been used in dyes [9],
fluorophores [10], chemosensors [11], tumor imaging [12], and as inhibitors of protein or
lipid kinases [13]. Anti-inflammatory [14], anti-anxiolytic [15], and sedative-hypnotic [16]
properties have also been reported. The clinical anticancer drugs Larotrectinib [17] and
Reprotrectinib [18], along with several other structurally related clinical [19] or preclin-
ical [13] candidates, as well as other promising disease-related enzyme inhibitors [20],
have stimulated increased interest in the pyrazolo[1,5-a]pyrimidine scaffold (Figure 1).
Of particular interest in recent years has been the synthesis and biological evaluation of
C-3 aminated analogs, as underscored by the number of recently reported methodologies
for converting C-3 brominated precursors to C-3 aminated derivatives (Figure 2) [21-26].
These methods involve transition-metal-catalyzed Buchwald-Hartwig or Ullmann-type

Molecules 2025, 30, 458 https:/ /doi.org/10.3390/molecules30030458
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coupling reactions, whereas the originally reported method for preparing Larotrectinib
involved the reduction of a C-3 nitro group followed by a two-step formation of the urea
(Figure 3) [27,28]. The most commonly reported methods for preparing 3,5-bis-aminated
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Figure 1. Clinical and preclinical biologically active pyrazolo[1,5-a]pyrimidines.
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Figure 2. Buchwald-Hartwig or Ullmann-type coupling methods for C-3 amination. # [21], ? [22],
¢ [23],9 [24],© [25], [26].

pyrazolo[1,5-a]pyrimidine derivatives have either followed the route originally reported
for Larotrectinib or related approaches varying essentially only in the order of C-3 nitration,
reduction, and/or C-5 Nucleophilic Aromatic Substitution (SNAr) (Figure 3) [13,20,27-29].
Although these methods have provided compound libraries for SAR (Structure Activity
Relationship) screening, they suffer from several drawbacks, including low yields, multiple
steps, and/or limited synthetic versatility for functionalizing the C-3 NH, moiety. Indeed,
the C-3 NH; of C-5 aminated derivatives has so far only been converted to ureas or thioureas
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via two-step carbamoylation/amination or to the N(CHj3), group via reductive amination
utilizing toxic reagents paraformaldehyde and NaBH3CN (Figure 3). Ideally, a synthetic
method that avoids these limitations would provide efficient access to a broader array of
analogs in short reaction times, high yields, and fewer steps, and it would avoid the use
of toxic reagents. Given the considerable biological potential of such derivatives, methods
meeting these criteria are highly desirable. Here, we report a new method that achieves these
objectives, giving 3,5-bis-aminated products in 83% yield (average from 29 examples), utilizing
5 mol% of Cul catalyst and 10 mol% of carbazole-based ligand (L-1) after heating for only
1 h at 80 °C for C-3 amination. The reaction proceeded in only two steps from commer-
cially available 3-bromo-5-chloropyrazolo[1,5-a]pyrimidine (Scheme 1) and provided a broad
array of 3,5-bis-aminated products in good to excellent yields (Table 2). Substrates with
both 1° alkyl (or aryl) and 2° alkylamines at C-5 were coupled effectively, and efficient C-3
amination was achieved using a variety of 1° or 2° alkylamine as well as aryl- and het-
eroarylamine C-3 coupling partners. With this method, rapid and efficient access to diverse
libraries of 3,5-bis-aminated derivatives consisting of previously unavailable analogs is now
readily attainable.
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Figure 3. Synthesis of 3,5-bis-aminated pyrazolo[1,5-a]pyrimidines. @ [27],  [13], ¢ [29], 4 [20].
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Scheme 1. Two-step preparation of 3,5-bis-aminated pyrazolo[1,5-a]pyrimidines 30.

2. Results

2.1. Optimization
2.1.1. Temperature, Solvent, and Base

From the recent report by Huang and co-workers wherein L-1 was shown to promote
the efficient N-arylation of cyclopropylamine with arylbromides and a Cul catalyst at
room temperature [30], we became interested in the possibility that this novel ligand
might prove useful for preparing 3,5-bis-aminated pyrazolo[1,5-a]pyrimidines that were
inaccessible via previously published methods (see Figures 2 and 3). Despite the fact
that our previous L-proline/Cul method worked well for preparing C-3 mono-aminated
derivatives from substrates that lacked a C-5 amino substituent (see Figure 2f) [26], the
yields for converting C-5 amino substituted precursors (e.g., 29a or 29b) to 3,5-bis-aminated
products 30 were consistently (and unacceptably) low (<35%), with much of the mass
balance being attributed to the debrominated byproduct (e.g., 31). In order to determine if
the L-1/Cul catalyst system could overcome this limitation, we applied Huang’s conditions,
utilizing 29a and morpholine as our model system (Table 1, entry 1). Disappointingly, L-
1/Cul failed to produce any detectable amount of 30e, and only unreacted starting material
29a (with trace amounts of 31) were detected, even after 7 days at RT (Table 1, entry 1).
Heating the reaction at incrementally higher temperatures (50-70 °C, using an oil bath) for
1-2 days gave a slightly better conversion, but substantial quantities of unreacted starting
material (70-92%) remained (Table 1, entries 2-3). Heating at 80 °C was required for the
complete conversion of 29a; however, 18% of the debrominated byproduct (31) was also
obtained (Table 1, entry 4). Next, microwave heating was examined. Encouragingly, our
first attempt with microwave heating (Table 1, entry 5) gave 61.4% 30e, with 1.4% of the
debrominated byproduct 31 after heating for only 30 min at 70 °C. Increasing the reaction
time (from 30 min to 3h) at 70 °C gave increased conversions, but debromination also
increased from 1.8-2.7% (Table 1, entries 5-9). Microwave heating at 80 °C for 1 h gave
approximately equivalent results to the reaction run at 70 °C for 3 h (Table 1, entries 9
and 11), while a reaction time of 30 min at 80 °C left 4.4% unreacted 29a (Table 1, entries
10-11). A longer reaction time at 80 °C (1.5 h) gave product with essentially identical
conversion to that obtained after only 1 h (Table 1, entries 11-12). At this point, it seemed
reasonable to perform a solvent survey in order to confirm that, in keeping with Huang’s
observations regarding arylation of cyclopropylamine with L-1/Cul, diethylene glycol
(DEG) was the most suitable solvent [30]. Accordingly, six common polar solvents were
evaluated (Table 1, entries 13-18). Of these solvents, ethylene glycol and 1,2-propanediol
gave comparable results (90-94% conversion), but suffered from higher percentages of
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debromination (5.7-9.9%, Table 1, entries 13 and 18). NMP gave a lower yield (78%)
with 19% debromination (Table 1, entry 17). The reaction in 1,4-dioxane failed to give
any detectable C-3 aminated product (entry 16), while n-butanol and DMSO gave only
3.6-10.2% conversion, respectively (Table 1, entries 14-15). Next, a survey of four bases
commonly used for transition-metal-catalyzed coupling was conducted (Table 1, entries
19-22). The inorganic base K3POy gave inferior conversion (94% compared to 97%), while
tBuOK and TMSONa gave product 30e in yields comparable to those obtained with K,CO3
(Table 1, entries 11 and 19-20). DBU afforded the least effective conversion (48.8%; Table 1,
entry 22). Based on these data and the relative cost efficiency of K,COj3 compared to
TMSONa (which is approx. 55-fold more expensive than K,COj3 on a 100 g basis), we opted
to use the conditions in entry 11 (80 °C, 1 h, DEG, K,CO3) for further optimization and
substrate scope determination (vide infra).

Table 1. Optimization. ¢

fN,N\ Cul (5 mol%), L-1 (10 mol%), f\N,N\ f\NJ\l\
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292 Br d ) 30e b 31 H

_/ fo)
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3 702 L1 24h DEG K,CO; 072 ?2)9?'910/((5'80/(’);
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5 70" L1 30 min DEG K,CO3 e 014 ?3)6?’810/8'80/");
6 70 L1 1h DEG K>CO; 30e (87 ?‘i)sf”glo/g'w‘))"
7 70° L-1 15h DEG K,CO3 S0 (izaz(/l)os;/(fl/ o)
8 70® L1 2h DEG K,COs 30e (95510/&’3_23/0()2'50/ o)
9 70® L-1 3h DEG K,CO;3 30e (97239?)(3_1) 2.7%);
10 80 b L-1 30 min DEG K,CO; 30e (95’;0/(‘223/0()1'90/ o)
11 80° L-1 1h DEG K,CO; 30e (97219?)(_%_1) (2.9%);
12 80° L-1 1.5h DEG K,CO; 30e (97;;‘?)(_?_1) (3.0%);
13 80" L1 1h Egzlce(ﬂe K2CO3 30e (9022‘?)(3_1) (9:9%);
14 80° L-1 1h DMSO K,CO; 30e (12(;'3?"8)41_3710/5?‘10/")"
15 80° L-1 1h " Butanol K,CO; 30e (3'60/85 156) 3%); 292
16 80" L1 1h Dioxane K2CO; 30e <""(§21_§Z/j°/ o) 292
17 80° L1 1h NMP Kco, % (780/°)(§3/0§190/°); 2
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Table 1. Cont.

fN,N\ Cul (5 mol%), L-1 (10 mol%), fN,N\ fN,N\
N \N/‘Qg Base, Solvent, Temp. N \N)Qg N \N/‘Qg
B N H
@ 29a r O/_\NH (1.5 equiv) Q 30e &w O 31
o
Entry Temp. (°C) Ligand Time Solvent Base ¢ Products 4
1,2- 30e (94.3%) 31 (5.7%); 29a
b _
18 80 L-1 1h Propanediol K,CO3 ()
19 g0 b L1 1h DEG {BUOK 30e (95.2 /0)(_32) (4.8%); 29a
20 80b L1 1h DEG TMSONa 30e (97.1% )(31) (2.9%); 29a
2 g0b L1 1h DEG K5PO, 30e (94.3 /o)(_?f) (5.7%); 29a
30e (48.8%) 31 (1.4%); 29a
b -
22 80 L-1 1h DEG DBU (49.8%)
[») 0, .
23 80b L2 1h DEG K,COs 30e (21% z 43610 /()39 Ve); 292
30e (17.4%) 31 (0.7%); 29a
b -
24 80 L-3 1h DEG K,CO3 (81.9%)
30e (12.3%) 31 (---); 29a
b -
25 80 L-4 1h DEG K,CO3 (87.7%)

2 Conventional oil bath heating; b Microwave heating; © 2.0 equiv.; d Percent conversion as determined by THNMR;
¢ Trace amounts ('H NMR signal detected, but barely distinguishable from baseline noise).

2.1.2. Ligand and C-3 Halogenated Precursor

A brief survey of structurally related ligands (L-2, L-3, and L-4) further confirmed the
suitability of the L-1/Cul catalyst system (Table 1, entries 23-25). Notably, L-2 (which was
recently shown to promote the efficient Cul-catalyzed arylation of phenols) [31] gave a

nearly 2:1 ratio of debrominated 31:30e, while L-3 and L-4 gave substantially less efficient

conversions (12-17%) under our optimized microwave conditions. In order to confirm

the suitability of the C-3 brominated precursors, we also screened 3-chloro and 3-iodo

derivatives (32a-b) using our optimized conditions (Scheme 2). The reaction for the 3-

chloro derivative was markedly inferior (<4% conversion), while the 3-iodo derivative gave

excellent yields but suffered from greater dehalogenated byproduct (31) compared to the

3-bromo derivative 29a (5.4 and 2.9%, respectively).

N
31

J

N
32a

J

N
32b

A

Z NN
WA=
Z NN
A=
NN
WA=
|

NIS or NCS

H 0

CH4CN, CH,Cl,

°C-RT,2h

Cul (5 mol%), L-1 (10 mol%),

W

-N
L0
X ~ or

32a

N
Cl

d

93%

Cl
0

KzCOs,a DEG, 80 °C mw, 1h

NH (1.5 equiv.)

Cul (5 mol%), L-1 (10 mol%),

O”

o)

K2003,a DEG, 80 °C mw, 1h

NH (1.5 equiv.)

N

/N\
\)\2 + 32a

=
H

N" N
30e N 31 91.7%
3.7% O 4.6%
o
_N _
\ = N A\
+ - )Qg + 32b
NN ]
31 H 0%

d

30e N
94.6% < >
o

Scheme 2. C-3 amination with 3-chloro or 3-iodo precursors. ? (2.0 equiv).
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3. Discussion

Using the optimized conditions established in our preliminary experiments (Table 1
and Scheme 2), we applied this methodology to the substrates listed in Table 2. We were
pleased to note the broad substrate scope and functional group compatibility exemplified
by a variety of 1° alkyl and 2° alkylamines and aryl- or heteroarylamines, with key func-
tionalities such as azides or BOC groups being well tolerated (Table 2). However, amides
and ureas did not couple efficiently with our method (and the coupling products from those
substrates formed in only trace amounts under our optimized conditions). Notwithstand-
ing, the substrate scope presented in Table 2 is the broadest and most comprehensive scope
of 3,5-bis-aminated products yet to be reported for the pyrazolo[1,5-a]pyrimidine scaffold
coupled with alkyl- or arylamines [21-28]. Previous methods have been restricted to only
C-3 mono-aminated derivates or an extremely limited number of 3,5-bis-aminated products,
as illustrated in Figure 3. (The reactions highlighted in Figure 3 are summarized from an
exhaustive Scifinder Scholar search conducted in November 2024). These methods were
limited to either C-3 ureas, urethanes, or the (CHj3),N group, each of which was obtained
via a somewhat circuitous approach requiring C-3 nitration, followed by reduction, with a
final step involving either acylation or reductive amination. In our case, C-5 alkylamine- or
arylamine-substituted precursors were obtained directly in one step from commercially
available 3-bromo-5-chloropyrazolo[1,5-a]pyrimidine (Scheme 1). C-3 amination of both
C-5 alkylamine and C-5 arylamine substrates worked equally well, and 29a—b and 29c—e
gave 3,5-bis-aminated products in 82.2% and 83.1% (average yields, respectively). Thus,
a broad range of 3,5-bis-aminated products, consisting of both 3,5-bis arylamine, 3,5-bis
alkylamine, or 3,5-bis alkyl/aryl amine combinations, could be efficiently obtained in only
two steps utilizing our method. The functional group tolerance is noteworthy, given the
significant potential that derivatives such as 30d, 30g, 30n, and 30z—c” have for further
elaboration into more complex libraries of compounds. Facile TFA-promoted cleavage of
the BOC protecting groups or reduction of the azide would provide the corresponding
amine products for further functionalization, and the aryl chloride moieties of 30z—c” could
also be used for Suzuki-Miyaura coupling. An additional advantage of azide 30n is its po-
tential use in conventional “click” coupling chemistry for conjugating biologically relevant
payloads for biological applications.

3,5-Bis-aminated derivatives with other C-5 amino groups could also be envisioned
since model substrates 29a—e establish that a variety of alkyl or aryl amines at this position
are well tolerated. Advantages of this method include rapid reaction time (1 h for C-3
amination), high yield (83% average for all 29 substrates examined), avoidance of toxic
reagents such as paraformaldehyde and NaBH3CN, and a short reaction sequence (only
two steps from commercially available 3-bromo-5-chloropyrazolo[1,5-a]pyrimidine). In
addition, our method avoids expensive air- and moisture-sensitive palladium catalysts
and provides much greater synthetic versatility than any previously reported method
(Figures 2 and 3). Perhaps the most striking drawback of the previous methods for 3,5-
bis-aminated pyrazolo[1,5-a]pyrimidines is their limited scope (limited to C-3 ureas or
dimethylamine). Our method opens up the possibility of preparing much broader, diversity-
rich compound libraries for screening novel and/or enhanced biological, medicinal, or
fluorometric properties.
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Table 2. Substrate scope for C-3 amination. abe
= N—N\ Cul (5 mol%), NHR3R*(H), = NfN\
R™ X S R X S
NT N L1 (10 mol%), K,CO5, DEG,  N™ N R,
R2(H)29a-e ' 80°C,mw, 1h R2(H) 30 1 (H)
R

N’N

S L g
303)\{| 30b)\io 30c w> Q 3oj\<‘NHTO7<

90% 91% 60% 88% e}
-N _N -N -N
L2 L IS L5
o =
o g Ag A=
30e w @ 30f O 309 O 30h HNW
92%(88%)°& 93% < ) 64% O 88%
f IS
)\2 <; N \N/‘kg N=
o HNO @ 3°’ octs @ 30k HN—<\N>

82% 84%
N N .
L L= B
NTSNT S N-NH 2\‘ SN NH SO Oy
s N som FN O‘ 30n °© 3
82% 67% 66%

»{y »fu@x R
90% 87% 905/5&

N
30r HN\{ 30s 30t HN H 30u HN\( =
91% 91% &3 81% 81% Y

S0 HN 30w a0 HN N 30y HN\(N\
90% 87% &3 80% 69% Y

RONGS OGS ERONGS I oW G
H 30z HN{ H 30a N N 30b HN N 30.: HN\(N\
87% 91% &3 75% 75% N_/

o]

# Reaction conditions: 29a-e (50 mg, 0.15-0.20 mmol), amine (1.5 equiv.), K,COj3 (2.0 equiv.), Cul (5 mol%), L-1
(10 mol%), diethyleneglycol (DEG) (1.0 mL);  Isolated yields; ¢ Reaction performed on 1.0 g (3.80 mmol) scale.

4. Materials and Methods
4.1. General Experimental

All reactions were performed in either appropriately sized pressure vessels (conven-
tional heating) or in 10 mL microreactor vessels (microwave heating) without previous
drying, unless otherwise noted. Conventional heating was performed in an oil bath, and
microwave heating was achieved using a CEM Microwave reactor. Reagent-grade solvents
and all other reagents were used directly as supplied by commercial suppliers without
additional drying or purification. 'H NMR and 3C NMR spectra were determined in
CDCl3 or DMSO-dg using internal references: § 7.27 or 2.50 (‘H) and & 77.23 or 39.52
(13C), respectively. Abbreviations such as “d”, “t”, or “bs” refer to “apparent doublet”,
“apparent triplet”, or “apparent broad singlet”, where such apparent multiplicities repre-
sent experimentally observed splitting patterns that result from line-broadening caused
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by conformational isomerism and/or concentration. High-resolution mass spectra were
obtained using fast atom bombardment electrospray (ES) ionization techniques and had
errors of less than £5 ppm.

4.2. Ligand Synthesis

The method for preparing ligands L-1, L-2, L-3, and L-4 is a modification of the
method reported by Huang and co-workers [30] (Supplementary Materials, Scheme S1).
In our hands, their method for preparing L-1, which employed SOCI, for generating an
acyl chloride from pyrrole 2-carboxylic acid, consistently gave yields <35%, even after
rigorous drying of glassware, solvents, and reagents. We employed PhzP/NIS to generate
a reactive acyl iodide intermediate [32,33] and obtained the desired amidation of N-amino-
9H-carbazole [34] in higher yields (38-67%; ave = 49%). (Scheme S1).

4.3. 5-Amino-3-Bromopyrazolo[1,5-a]Pyrimidines 29

General Procedure: A solution of 28 (200 mg, 0.86 mmol), pyrrolidine (123 mg, 1.73 mmol,
2.0 equiv), CsF (131 mg, 0.86 mmol, 1.0 equiv), and BnNEt;CI (20 mg, 0.088 mmol, 10 mol%), in
DMSO (6 mL) was stirred in a sealed pressure vessel (15 mL) and heated at 100 °C for 8 h [32,35].
After cooling to ambient temperature, H,O (60 mL) was added. The mixture was diluted with
ethyl acetate and the organic layer was separated. The aqueous layer was partitioned with
EtOAc (2 x 60 mL) and the combined organic layers were washed with saturated sodium
bicarbonate solution (2 x 60 mL) and water (2 x 60 mL). The organic layer was dried over
anhydrous magnesium sulfate, filtered, and evaporated under reduced pressure. The crude
product was purified using flash chromatography (EtOAc/Hexanes) to give pure 29a (222 mg,
0.83 mmol, 97%).

3-Bromo-5-(pyrrolidin-1-ylpyrazolo[1,5-alpyrimidine (29a)

3-Bromo-5-chloropyrazolo[1,5-a]pyrimidine (200 mg, 0.86 mmol), pyrrolidine (123 mg,
1.73 mmol, 2.0 equiv), CsF (131 mg, 0.86 mmol, 1.0 equiv), BnNEt;Cl (20 mg, 0.088 mmol,
10 mol%), DMSO (6 mL); 29a (222 mg, 0.83 mmol, 97%); 'H NMR (DMSO-dg, 500 MHz) & 8.70
(d, ] =7.7 Hz, 1H), 8.01 (s, 1H), 6.53 (d, ] = 7.7 Hz, 1H), 3.62 (“bs”, 4H), 2.06 (“bs”, 4H); 13C
NMR (DMSO-dg, 125 MHz) 6 154.5, 145.5, 144.0, 136.2, 99.2, 76.9, 47 .2, 25.7, 24.9; HRMS Calcd.
for C1oH12BrNy [M + HJ: 267.0245; Found: 267.0237 (A = 3.0 ppm).

3-Bromo-5-(N-(isopropyamino)pyrazolo[1,5-alpyrimidine (29b)

3-Bromo-5-chloropyrazolo[1,5-a]pyrimidine (100 mg, 0.43 mmol), isopropylamine
(51 mg, 0.86 mmol, 2.0 equiv), CsF (65 mg, 0.43 mmol, 1.0 equiv), BnNEt3Cl (10 mg,
0.044 mmol,10 mol%), DMSO (3 mL); 29b (105 mg, 0.41 mmol, 96%); TH NMR (DMSO-dg,
500 MHz) b 8.42 (d, ] = 7.5 Hz, 1H), 7.85 (s, 1H), 7.54 (d, ] = 7.4 Hz, 1H), 6.23 (d, | = 7.4
Hz, 1H), 4.15 (“d”, ] = 5.0 Hz, 1H), 1.19 (d, ] = 6.5 Hz, 6H); 3C NMR (DMSO-d¢, 125 MHz)
5 155.8, 145.6, 143.5, 135.6, 101.6, 77.5, 42.1, 22.5; HRMS Calcd. for CoH;,BrNy [M + H]J:
255.0245; Found: 255.0237 (A = 3.1 ppm).

3-Bromo-5-(4-(methoxy)anilin-1-yl)pyrazolo[1,5-alpyrimidine (29c)

3-Bromo-5-chloropyrazolo[1,5-a]pyrimidine (400 mg, 1.73 mmol), 4-methoxyaniline
(426 mg, 3.46 mmol, 2.0 equiv), CsF (263 mg, 1.73 mmol, 1.0 equiv), BnNEt;Cl (39 mg,
0.172 mmol, 10 mol%), DMSO (12 mL); 29¢ (473 mg, 1.49 mmol, 86%); 'H NMR (DMSO-ds,
500 MHz) 6 9.73 (s, 1H), 8.62 (d, ] = 7.6 Hz, 1H), 7.99 (s, 1H), 7.81 (d, ] = 8.8 Hz, 2H), 6.96 (d,
J =9.0 Hz, 2H), 6.50 (d, ] = 7.6 Hz, 1H), 3.76 (s, 3H); 13C NMR (DMSO-d, 125 MHz) § 155.3,
153.9,144.9,143.9,136.4,133.5,121.2, 114.5, 102.1, 78.8, 55.7; HRMS Calcd. for C13H1,BrN,O
[M + H]J: 319.0194; Found: 319.0181 (A = 4.1 ppm).
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3-Bromo-5-(4-(isopropylanilin-1-yl)pyrazolo[1,5-alpyrimidine (29d)

3-Bromo-5-chloropyrazolo[1,5-a]pyrimidine (400 mg, 0.43 mmol), 4-isopropylaniline
(467 mg, 3.46 mmol, 2.0 equiv), CsF (263 mg, 1.73 mmol, 1.0 equiv), BhnNEt;Cl (39 mg,
0.172 mmol,10 mol%), DMSO (12 mL); 29d (525 mg, 1.59 mmol, 92%); 'H NMR (DMSO-d,,
500 MHz) 6 9.82 (s, 1H), 8.61 (d, ] = 7.6 Hz, 1H), 7.99 (s, 1H), 7.83 (d, ] = 8.5 Hz, 2H), 7.22
(d, ] =8.3 Hz, 2H), 6.53 (d, ] = 7.6 Hz, 1H), 2.83 (sept, ] = 6.9 Hz, 1H), 1.18 (d, ] = 6.9 Hz,
6H); 13C NMR (DMSO-dg, 125 MHz) § 153.9, 144.8, 143.9, 143.2, 138.0, 136.4, 127.0, 119.8,
102.3, 79.0, 33.3, 24.4; HRMS Calcd. for C15H14BrNy [M + HJ: 331.0558; Found: 331.0556
(A =0.6 ppm).

3-Bomo-5-(4-(chloro)anilin-1-yl)-pyrazolo[1,5-a]pyrimidine (29e)

3-Bromo-5-chloropyrazolo[1,5-a]pyrimidine (400 mg, 1.73 mmol), 4-chloroaniline
(439 mg, 3.46 mmol, 2.0 equiv), CsF (263 mg, 1.73 mmol, 1.0 equiv), BnNEt;Cl (39 mg,
0.172 mmol,10 mol%), DMSO (12 mL); 29e (312 mg, 0.97 mmol, 56%); & 10.04 (s, 1H),
8.67 (d, ] =7.5Hz, 1H), 8.03 (s, 1H), 7.93 (d, ] = 8.9 Hz, 2H), 7.41 (d, | = 8.9 Hz, 2H), 6.55
(d, ] = 7.6 Hz, 1H); 3C NMR (DMSO-dg, 125 MHz) & 153.7, 144.5, 144.1, 139.3, 136.8, 129.1,
126.5,121.0, 102.3, 79.4; HRMS Calcd. for C1oHgBrCINy [M + H]: 322.9699; Found: 322.9694
(A=15ppm).

4.4. 3,5-Bis-Aminopyrazolo[1,5-a]Pyrimidines 30

General Procedure: A solution of 3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine
(29a) (50 mg, 0.19 mmol), morpholine (25 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol,
10 mol%), Cul (2 mg, 0.01 mmol, 5 mol%), and K,COj (52 mg, 0.38 mmol, 2 equiv.) in
diethyleneglycol (DEG, 1 mL) was stirred in a 10 mL microwave reactor vessel and heated at
80 °C for 1 h. After cooling to ambient temperature, H,O (5 mL) was added. The mixture
was diluted with CH,Cl, (5 mL) and the organic layer was separated. The aqueous layer
was partitioned with CH,Cl, (2 x 10 mL), and the combined organic layers were washed
with brine (2 x 10 mL), followed by water (2 x 10 mL). The organic layer was dried over
anhydrous magnesium sulfate, filtered, and removed under reduced pressure. The crude
product was then purified using flash chromatography (EtOAc/Hexanes or MeOH /CH,Cl,)
to give pure product 30e (48 mg, 0.176 mmol, 92%).

3-(N-(Isopropyl)amino)-5-(pyrrolidin-1-yl)pyrazolo[1,5-aJpyrimidine (30a)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), isopropy-
lamine (17 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01
mmol, 5 mol%), and K,CO3 (52 mg, 0.38 mmol, 2 equiv.); 30a (42 mg, 0.171 mmol, 90%);
"H NMR (DMSO-dg, 500 MHz) 6§ 8.39 (d, ] = 7.8 Hz, 1H), 7.51 (s, 1H), 6.23 (d, ] = 7.7 Hz,
1H), 3.47-3.41 (m, 5H), 1.94 (t, ] = 6.4 Hz, 4H), 1.07 (d, ] = 6.3 Hz, 6H); 13C NMR (DMSO-dg,
125 MHz) 6 152.2, 138.7, 136.6, 135.6, 116.3, 97.7, 47.8, 47.0, 25.4, 23.7; HRMS Calcd. for
Cy3HyoN5 [M + HJ: 246.1719; Found: 246.1712 (A = 2.8 ppm).

3-(N-(Cyclohexyl)amino)-5-(pyrrolidin-1-yDpyrazolo[1,5-a]Jpyrimidine (30b)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), cyclohexy-
lamine (29 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01 mmol,
5 mol%), and K,COj3 (52 mg, 0.38 mmol, 2 equiv.); 30b (49 mg, 0.172 mmol, 91%); 'H NMR
(DMSO-dg, 500 MHz) 6 8.38 (d, ] = 7.7 Hz, 1H), 7.50 (s, 1H), 6.22 (d, ] = 7.7 Hz, 1H), 3.47 (‘bs’,
4H), 3.12 (t, ] = 9.7 Hz, 1H), 1.95 (t, ] = 6.3 Hz, 4H), 1.89-1.87 (m, 2H), 1.70- 1.68 (m, 2H),
1.57-1.55 (m, 1H), 1.26-1.09 (m, 5H); 13C NMR (DMSO-d,, 125 MHz) § 152.1, 138.5, 136.6,
135.6,115.9,97.7,72.7,60.7, 55.4, 47.0, 33.8, 26.2, 25.4, 25.1; HRMS Calcd. for C14Hp4N5 [M +
H]: 286.2032; Found: 286.2024 (A = 2.8 ppm).
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3-(N-((Cyclopropyl)methyl)amino)-5-(pyrrolidin-1-ypyrazolo[1,5-alpyrimidine (30c)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), cyclopropy-
lamine (21 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01
mmol, 5 mol%), and K,COj (52 mg, 0.38 mmol, 2 equiv.); 30c (29 mg, 0.113 mmol, 60%);
'H NMR (CDCl3, 500 MHz) § 8.11 (d, ] = 7.7 Hz, 1H), 7.61 (s, 1H), 6.04 (d, ] = 7.2 Hz, 1H),
3.55 (“bs”, 4H),2.98 (d, ] = 6.9 Hz, 2H), 2.02 (t, ] = 6.6 Hz, 4H), 1.17-1.13 (m, 1H), 0.53 (dd,
J = 12.6, 5.5 Hz, 2H), 0.23 (dd, ] = 10, 4.9 Hz, 2H); 3C NMR (CDCl;, 125 MHz) § 152.2,
138.7,135.3,134.7,117.5,97.2,54.1, 46.9, 25.5, 11.6, 3.4; HRMS Calcd. for C14HoN5 [M + H]:
258.1719; Found: 258.1704 (A = 2.7 ppm).

3-[2-(tert-Butyloxycarbonyl)amino)-1-N-methylamino)ethyl]-5-(pyrrolidin-1-yl)pyrazolo
pyrimidine (30d)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 1-(tert-
butyloxycarbonylamino)-2-(N-methylamino)ethane (51 mg, 0.29 mmol, 1.5 equiv.), L-1 (6
mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01 mmol, 5 mol%), and K,COj3 (52 mg, 0.38 mmol, 2
equiv.); 30d (60 mg, 0.167 mmol, 88%); 'H NMR (CDCl;, 500 MHz) & 8.07 (d, ] = 7.7 Hz,
1H), 7.67 (s, 1H), 6.42 (s, 1H), 6.02 (d, ] = 7.7 Hz, 1H), 3.53 (“bs”, 4H), 3.12-3.09 (m, 2H),
2.97-2.95 (m, 2H), 2.77 (s, 3H), 1.97 (“bs”, 4H), 1.38 (s, 9H); 1*C NMR CDCl;, 125 MHz) §
156.2,152.7,141.5,137.4,135.1, 119.6, 97.6, 78.5, 57.6, 47.1, 43.0, 38.8, 28.6, 25.5; HRMS Calcd.
for C13H9NeO, [M + HJ: 361.2352; Found: 361.2344 (A = 2.2 ppm).

3-(Morpholin-1-yD)-5-(pyrrolidin-1-yl)pyrazolo[1,5-alpyrimidine (30e)

(@) 50 mg scale: 3-bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine 29a (50 mg,
0.19 mmol), morpholine (25 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%),
Cul (2 mg, 0.01 mmol, 5 mol%), and K,CO;3 (52 mg, 0.38 mmol, 2 equiv.); 30e (48 mg,
0.176 mmol, 92%); (b) 1.0 g scale: 29a (1.0 g, 3.8 mmol), morpholine (496 mg, 5.7 mmol,
1.5 equiv.), L-1 (105 mg, 0.38 mmol, 10 mol%), Cul (36 mg, 0.19 mmol, 5 mol%), and K,CO3
(1.04 g, 7.6 mmol, 2 equiv.); 30e (913 mg, 3.34 mmol, 88%); 'H NMR (DMSO-d,, 500 MHz) &
8.45 (d, ] =7.8 Hz, 1H), 7.58 (s, 1H), 6.30 (d, ] = 7.7 Hz, 1H), 3.74 (t, | = 4.6 Hz, 4H), 3.47 (t,
J = 6.6 Hz, 4H), 3.09 (t, ] = 4.4 Hz, 4H), 1.95 (“bs”, 4H); 13C NMR (CDCl3, 125 MHz) § 152.0,
139.4, 134.8, 134.3, 120.6, 97.4, 67.0, 51.5, 46.8, 25.4; HRMS Calcd. for C14H)N5O [M + H]:
274.1668; Found: 274.1659 (A = 3.3 ppm).

3-(Piperidin-1-yl)-5-(pyrrolidin-1-yl)pyrazolo[1,5-alpyrimidine (30f)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), piperidine
(25 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01 mmol,
5 mol%), and K,CO3 (52 mg, 0.38 mmol, 2 equiv.); 30f (48 mg, 0.177 mmol, 93%); 'H NMR
(DMSO-dg, 500 MHz) 6 8.42 (d, ] = 7.8 Hz, 1H), 7.56 (s, 1H), 6.28 (d, | = 7.7 Hz, 1H), 3.47 (t,
J=6.5Hz, 4H), 3.05 (t, ] = 5.1 Hz, 4H), 1.95 (“bs”, 4H), 1.65-1.61 (m, 4H), 1.51- 1.46 (m, 2H);
13C NMR (DMSO-d,, 125 MHz) 6§ 151.9, 138.5, 135.7, 134.5, 121.7, 97.9, 52.2, 46.9, 25.9, 25 4,
24.4; HRMS Calcd. for C15Hp N5 [M + HJ: 272.1875; Found: 272.1875 (A = 2.9 ppm).

tert-Butyl 4-(5-(pyrrolidin-1-yDpyrazolo[1,5-alpyrimidin-3-yDpiperazine-1-carboxylate
(309)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), tert-butyl
piperazine-1-carboxylate (54 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%),
Cul (2 mg, 0.01 mmol, 5 mol%), and K,COj3 (52 mg, 0.38 mmol, 2 equiv.); 30g (45 mg,
0.120 mmol, 64%); 'H NMR (DMSO-ds, 500 MHz) 5 8.44 (d, | = 7.7 Hz, 1H), 7.59 (s, 1H),
6.29 (d, ] = 7.7 Hz, 1H), 3.48-3.30 (m, 8H), 3.04 (t, ] = 4.7 Hz, 4H), 1.94 (“bs”, 4H), 1.42 (s,
9H); 13C NMR (DMSO-dg, 125 MHz) § 154.4, 152.1, 138.8, 135.8, 134.8, 120.2, 98.1, 79.3,
50.9, 47.0, 28.5, 25.4;, HRMS Calcd. for C19Hy9NgO, [M + H]: 373.2352; Found: 373.2347
(A =13 ppm).
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3-(4-(tert-Butylanilin-1-yl)-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (30h)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 4-tert-
butylaniline (43 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg,
0.01 mmol, 5 mol%), and K,COs3 (52 mg, 0.38 mmol, 2 equiv.); 30h (56 mg, 0.167 mmol, 88%);
'H NMR (DMSO-dg, 500 MHz) § 8.53 (d, ] = 7.7 Hz, 1H), 7.78 (s, 1H), 7.07 (d, ] = 8.7 Hz, 2H),
6.87 (s, 1H), 6.55 (dd, | = 6.8, 1.9 Hz, 2H), 6.35 (d, | = 7.8Hz, 1H), 3.45 (t, | = 6.4 Hz, 4H), 1.92
(“bs”, 4H), 1.21 (s, 9H); 13C NMR (DMSO-d,, 125 MHz) 5 153.4, 146.7, 143.3, 142.4, 138.8, 136.0,
125.8,112.7, 108.4, 98.3, 47.2, 33.9, 32.0, 25.4; HRMS Calcd. for CooHagNs [M + HJ: 336.2188;
Found: 336.2196 (A = 2.4 ppm).

3-(4-(Phenoxy)anilin-1-y1)-5-(pyrrolidin-1-ypyrazolo[1,5-alpyrimidine (30i)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 4-phenoxyaniline
(54 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01 mmol, 5 mol%),
and K»COj3 (52 mg, 0.38 mmol, 2 equiv.); 30i (59 mg, 0.160 mmol, 84%); 'H NMR (DMSO-dg, 500
MHz) 6 854 (d, ] =7.7 Hz, 1H), 7.82 (s, 1H), 7.30 (dd, | = 8.4, 7.6 Hz, 2H), 7.10 (s, 1H), 7.00 (t, ] =
74 Hz, 1H), 6.86 (d, ] =7.8 Hz, 2H), 6.82 (dd, ] = 12.2, 3.3 Hz, 2H), 6.66—6.63 (m, 2H), 6.36 (d, | =
7.8 Hz, 1H), 3.46 (t, ] = 6.4 Hz, 4H) 1.93 (“bs”, 4H); 13C NMR (DMSO-dy, 125 MHz) § 159.4, 1534,
146.3,145.9,143.2,142.3, 136.1, 130.1, 122.2, 121.3, 116.9, 114.1, 108.3, 98.3, 47.2, 25.3; HRMS Calcd.
for CH»oN50 [M + HJ: 372.1824; Found: 372.1830 (A = 1.6 ppm).

3-((4-Methoxy-3-methylanilin-1-yl)-5-(pyrrolidin-1-yl)pyrazolo[1,5-alpyrimidine (305)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 4-methoxy-
3-methylaniline (40 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg,
0.01 mmol, 5 mol%), and K,CO;3 (52 mg, 0.38 mmol, 2 equiv.); 30j (50 mg, 0.156 mmol, 82%);
'H NMR (DMSO-dg, 500 MHz) § 8.52 (d, ] = 7.7 Hz, 1H), 7.76 (s, 1H), 6.66 (d, ] = 8.7 Hz, 1H),
6.60 (s, 1H), 6.48 (d, ] = 2.4 Hz, 1H), 6.40 (dd, ] = 8.7,2.7 Hz, 1H), 6.34 (d, ] = 7.8 Hz, 1H),
3.65 (s, 3H), 3.45 (t, | = 6.4Hz, 4H), 2.03 (s, 3H), 1.93 (“bs”, 4H); 13C NMR (DMSO-d,, 125
MHz) 6 153.3, 149.6, 143.0, 142.8, 142.1, 136.0, 126.3, 116.1, 112.0, 110.9, 109.2, 98.2, 56.1, 47.1,
25.4,16.7; HRMS Calcd. for C1sHoN50 [M + H]: 324.1824; Found: 324.1817 (A = 2.2 ppm).

3-(N-(Pyrimidin-2-yl)amino)-5-(pyrrolidin-1-yl)pyrazolo[1,5-alpyrimidine (30k)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 2-aminopy
rimidine (28 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg,
0.01 mmol, 5 mol%), and K,COs3 (52 mg, 0.38 mmol, 2 equiv.); 30k (45 mg, 0.160 mmol,
84%); 'H NMR (DMSO-dg, 500 MHz) § 8.53 (d, ] = 7.7 Hz, 1H), 8.31 (t, | = 4.7 Hz, 3H),
7.95 (s, 1H), 6.66 (t, ] = 4.8 Hz, 1H), 6.35 (d, ] = 7.7 Hz, 1H), 3.47 (t, ] = 6.6 Hz, 4H), 1.93
(“bs”, 4H); 13C NMR (DMSO-d,, 125 MHz) § 162.3, 158.5, 153.4, 142.1, 141.6, 135.8, 111.4,
105.9, 98.3, 47.1, 25.4; HRMS Calcd. for C14H14N7 [M + HJ: 282.1467; Found: 282.1459
(A =28 ppm).

3-(N-(Pyrazol-3-yl)amino)-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (301)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 3-aminopyr
azole (24 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01 mmol,
5 mol%), and K,COj (52 mg, 0.38 mmol, 2 equiv.); 301 (42 mg, 0.156 mmol, 82%); 'H NMR
(DMSO-dg, 500 MHz) 6 8.64 (d, ] = 7.8 Hz, 1H), 8.00 (s, 1H), 7.26 (d, ] = 1.8 Hz, 1H), 6.47 (d,
J =7.8 Hz, 1H), 5.65 (s, 2H), 5.41 (d, ] = 1.8 Hz, 1H), 3.50 (“bs”, 4H), 1.97 (“bs”, 4H); 13C
NMR (DMSO, 125 MHz) 6 153.7, 148.0, 140.4, 139.7, 139.4, 136.6, 108.1, 98.8, 88.7, 47.3, 25.8;
HRMS Calcd. for C13H14N7 [M + H]: 270.1467; Found: 270.1460 (A = 2.6 ppm).
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3-(N-(5-Bromopyrazol-3-yl)amino)-5-(pyrrolidin-1-yDpyrazolo[1,5-alpyrimidine (30m)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 3-amino-5-
bromopyrazole (47 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg,
0.01 mmol, 5 mol%), and K,COj3 (52 mg, 0.38 mmol, 2 equiv.); 30m (44 mg, 0.127 mmol, 67%);
TH NMR (DMSO-ds, 500 MHz) 6§ 8.65 (d, | = 7.8 Hz, 1H), 8.01 (s, 1H), 7.41 (s, 1H), 6.48 (d,
] =7.8 Hz, 1H), 5.79 (bs, 1H), 5.76 (s, 1H), 3.51 (“bs”, 4H), 1.98 (“bs”, 4H); 13C NMR (DMSO-d,,
125 MHz) 6 153.8, 145.4, 139.9, 139.6, 136.6, 107.6, 99.0, 74.0, 47 .4, 25.8, 24.8; HRMS Calcd. for
C13H15N7Br [M + HJ: 348.0572; Found: 348.0566 (A = 1.7 ppm).

N-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-5-(pyrrolidin-1-yDpyrazolo[1,5-alpyrimid
in-3-amine (30n)

3-Bromo-5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.19 mmol), 2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethan-1-amine (63 mg, 0.29 mmol, 1.5 equiv.), L-1 (6 mg, 0.02
mmol, 10 mol%), Cul (2 mg, 0.01 mmol, 5 mol%), and K,CO3 (52 mg, 0.38 mmol, 2 equiv.);
30n (51 mg, 0.126 mmol, 66%); 'H NMR (CDCl;, 500 MHz) § 8.02 (d, ] = 7.7 Hz, 1H), 7.60
(s, 1H), 6.04 (d, ] = 7.7 Hz, 1H), 3.70-3.66 (m, 12H), 3.54 (“bs”, 4H), 3.37 (t, ] = 5.0 Hz, 2H),
3.33 (t, ] = 5.3 Hz, 2H), 2.03-2.00 (m, 4H); 3C NMR (CDCls, 125 MHz) § 152.1, 137.5, 135.6,
134.7,117.6, 97.8, 70.30, 70.29, 70.23, 70.17, 70.13, 69.7, 50.4, 47.3, 47.0, 25.4; HRMS Calcd.
for C18H29NgO3 [M + H]: 405.2363; Found: 405.2382 (A = 4.7 ppm).

5-(N-(Isopropyl)amino)-3-(2-N-(thiophen-2-yl)ethylamino)pyrazolo[1,5-a]pyrimidine (300)

3-Bromo-5-(N-(isopropyl)amino)pyrazolo[1,5-a]pyrimidine (50 mg, 0.20 mmol), 2-
(thiophen-2-yl)ethan-1-amine (38 mg, 0.30 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10
mol%), Cul (2 mg, 0.01 mmol, 5 mol%), and K,COj3 (52 mg, 0.38 mmol, 2 equiv.); 300
(54 mg, 0.180 mmol, 90%); 'H NMR (DMSO-ds, 500 MHz) § 8.22 (d, | = 7.6 Hz, 1H), 7.47 (s,
1H),7.31(dd, ] =5.1,1.2 Hz, 1H), 7.02 (d, ] = 7.3 Hz, 1H), 6.94 (dd, ] = 5.1, 3.4 Hz, 1H), 6.90
(dd, ] =3.3 Hz,Jz=1.0 Hz, 1H), 6.05 (d, ] = 7.6 Hz, 1H), 4.12-4.06 (m, 1H), 3.82 (s, 1H), 3.32
(t,] =7.1Hz, 2H), 3.02 (t, ] = 7.2 Hz, 2H), 1.17 (d, ] = 6.5 Hz, 6H); '3C NMR (DMSO-dg, 125
MHz) § 153.1, 142.8, 137.8, 135.0, 134.8, 127.4, 125.4, 124.1, 117.3, 100.3, 49.6, 42.0, 30.5, 22.7;
HRMS Calcd. for C15HpN5S [M + H]: 302.1439; Found: 302.1428 (A = 3.6 ppm).

3-(4-(tert-Butyl)anilin-1-yl)-5-(N-(isopropyl)amino)pyrazolo[1,5-alpyrimidine (30p)

3-Bromo-5-(N-(isopropyl)amino)pyrazolo[1,5-a]pyrimidine (50 mg, 0.20 mmol), 4-tert-
butylaniline (45 mg, 0.30 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg, 0.01
mmol, 5 mol%), and K,COj3 (52 mg, 0.38 mmol, 2 equiv.); 30p (56 mg, 0.173 mmol, 87%);
'H NMR (DMSO-dg, 500 MHz) § 8.35 (d, ] = 7.6 Hz, 1H), 7.71 (s, 1H), 7.22 (d, ] = 7.6 Hz,
1H), 7.06 (d, ] = 8.7 Hz, 2H), 6.84 (s, 1H), 6.56 (d, | = 8.7 Hz, 2H), 6.16 (d, | = 7.6 Hz, 1H),
4.06-4.00 (m, 1H), 1.20 (s, 9H), 1.12 (d, | = 6.5 Hz, 6H); 13C NMR (DMSO-dg, 125 MHz) 5
154.5, 146.5, 143.1, 141.6, 138.9, 135.5, 125.7, 112.9, 108.9, 100.6, 41.9, 33.9, 31.9, 22.7; HRMS
Calcd. for C19HsN5 [M + HJ: 324.2188; Found: 324.2174 (A = 4.3 ppm).

5-(N-(Isopropyl)amino)-3-(morpholin-1-yl)pyrazolo[1,5-a]pyrimidine (30q)

3-Bromo-5-(N-(isopropyl)amino)pyrazolo[1,5-a]pyrimidine (50 mg, 0.20 mmol), mor-
pholine (26 mg, 0.30 mmol, 1.5 equiv.), L-1 (6 mg, 0.02 mmol, 10 mol%), Cul (2 mg,
0.01 mmol, 5 mol%), and K,CO3 (52 mg, 0.38 mmol, 2 equiv.); 30q (47 mg, 0.180 mmol,
90%); 'TH NMR (DMSO-ds, 500 MHz) 5 8.28 (d, | = 7.6 Hz, 1H), 7.53 (s, 1H), 7.14 (d,
J=7.0Hz, 1H), 6.11 (d, ] = 7.6 Hz, 1H), 4.06-4.00 (m, 1H), 3.72 (t, ] = 4.6 Hz, 4H), 3.08 (“bs”,
4H), 1.17 (d, ] = 6.5 Hz, 6H); 3C NMR (DMSO-d,, 125 MHz) § 152.0, 137.5, 134.3, 133.0,
119.8,99.3, 65.5, 50.6, 41.1, 21.5; HRMS Calcd. for C13HyoN50 [M + H]: 262.1668; Found:
262.1656 (A = 4.6 ppm).
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3-(N-(Isopropyl)amino)-5-(4-(methoxy)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (30r)

3-Bromo-5-(4-(methoxy)anilin-1-yl)-pyrazolo[1,5-a]pyrimidine (50 mg, 0.16 mmol), iso-
propylamine (14 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul
(1.5 mg, 0.008 mmol, 5 mol%), and K,COj3 (44 mg, 0.32 mmol, 2 equiv.); 30r (43 mg, 0.145
mmol, 91%); 'TH NMR (DMSO-ds, 500 MHz) § 9.31 (s, 1H), 8.40 (d, ] = 7.5 Hz, 1H), 7.78 (d,
] = 8.9 Hz, 2H), 7.55 (s, 1H), 6.91 (d, ] = 8.9 Hz, 2H), 6.29 (d, ] = 7.6 Hz, 1H), 3.74 (s, 3H),
3.65-3.60 (bs, 1H), 3.53 (sept, | = 6.3 Hz, 1H), 1.12 (d, ] = 6.2 Hz, 6H); '3C NMR (DMSO-d,,
125 MHz) & 154.6, 150.7, 137.2, 136.3, 135.7, 134.4, 120.5, 117.8, 114.3,100.7, 55.6, 47.9, 23.7;
HRMS Calcd. for C16HpoN50 [M + HJ: 298.1668; Found: 298.1668 (A = 0 ppm).

5-(4-(Methoxy)anilin-1-yl)-3-(morpholin-1-yl)pyrazolo[1,5-a]pyrimidine (30s)

3-Bromo-5-(4-(methoxy)anilin-1-yl)-pyrazolo[1,5-a]pyrimidine (50 mg, 0.16 mmol), mor-
pholine (21 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul (1.5 mg,
0.008 mmol, 5 mol%), and KoCO3 (44 mg, 0.32 mmol, 2 equiv.); 30s (47 mg, 0.145 mmol, 91%);
'H NMR (DMSO-dg, 500 MHz) § 9.41 (s, 1H), 8.47 (d, ] = 7.6 Hz, 1H), 7.69 (d, ] = 9.0 Hz, 2H),
7.65 (s, 1H), 6.92 (d, ] =9.1 Hz, 2H), 6.35 (d, ] = 7.6 Hz, 1H), 3.78 (t, ] = 4.6 Hz, 4H), 3.74 (s, 3H),
3.78 (t, ] = 4.6 Hz, 4H); 13C NMR (DMSO-d,, 125 MHz) 5 154.9, 150.7, 137.3, 136.0, 134.3, 134.0,
121.9, 120.7, 114.4, 101.0, 66.6, 55.7, 51.7, HRMS Calcd. for C17HN50, [M + H]: 326.1617;
Found: 326.1611 (A = 1.8 ppm).

5-(4-(Methoxy)anilin-1-yl)-3-(anilin-1-yl)pyrazolo[1,5-alpyrimidine (30t)

3-Bromo-5-(4-(methoxy)anilin-1-yl)-pyrazolo[1,5-a] pyrimidine (50 mg, 0.16 mmol), aniline
(22 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul (1.5 mg, 0.008 mmol,
5 mol%), and K,CO3 (44 mg, 0.32 mmol, 2 equiv.); 30t (43 mg, 0.13 mmol, 81%); 'H NMR
(DMSO-dg, 500 MHz) 6 9.47 (s, 1H), 8.54 (d, ] = 7.6 Hz, 1H), 7.86 (s, 1H), 7.64 (d, ] = 9.0 Hz,
2H),7.21 (s, 1H), 7.09 (t, ] = 7.6 Hz, 2H), 6.75 (d, ] = 9.0 Hz, 2H), 6.70 (d, ] = 7.9 Hz, 2H), 6.61 (t,
] =7.3Hz, 1H), 6.41 (d, ] = 7.6 Hz, 1H), 3.69 (s, 3H); 13C NMR (DMSO-d, 125 MHz) § 154.8,
152.1,148.5, 141.6, 141.5, 136.2, 133.9, 129.2, 120.9, 116.9, 114.2, 113.6, 109.9, 101.2, 55.6; HRMS
Calcd. for C19H;3sN50 [M + HJ: 332.1511; Found: 332.1524 (A = 3.9 ppm).

5-(4-(Methoxy)anilin-1-yl)-3-(N-(pyrimidin-2-y)amino)pyrazolo[1,5-a]pyrimidine (30u)

3-Bromo-5-(4-(methoxy)anilin-1-yl)pyrazolo[1,5-a]Jpyrimidine (50 mg, 0.16 mmol), 2-
aminopyrimidine (23 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul
(1.5 mg, 0.008 mmol, 5 mol%), and K,CO3 (44 mg, 0.32 mmol, 2 equiv.); 30u (42 mg, 0.13
mmol, 81%); 'H NMR (DMSO-ds, 500 MHz) 5 9.48 (s, 1H), 8.63 (s, 1H), 8.54 (d, ] = 7.6 Hz,
1H), 8.35 (d, ] = 4.7 Hz, 2H), 8.04 (s, 1H), 7.73 (d, | = 8.9 Hz, 2H), 6.83 (d, ] = 9.0 Hz, 2H),
6.71 (t, ] =4.7 Hz, 1H), 6.41 (d, ] = 7.6 Hz, 1H), 3.72 (s, 3H); 13C NMR (DMSO-d, 125 MHz)
5166.9, 163.2, 159.6, 156.9, 145.7, 145.4, 140.8, 138.7, 125.7, 119.0, 116.3, 112.4, 106.0; HRMS
Calcd. for C17H14N7O [M + HJ: 334.1416; Found: 334.1421 (A = 1.5 ppm).

3-(N-(Isopropyl)amino)-5-(4-(isopropyl)anilin-1-y)pyrazolo[1,5-alpyrimidine (30v)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.15 mmol), iso-
propylamine (14 mg, 0.23 mmol, 1.5 equiv.), L-1 (4 mg, 0.015 mmol, 10 mol%), Cul (1.4 mg,
0.007 mmol, 5 mol%), and K,COj5 (41 mg, 0.30 mmol, 2 equiv.); 30v (42 mg, 0.136 mmol, 90%);
'H NMR (DMSO-dg, 500 MHz) & 8.10 (d, ] = 7.6 Hz, 1H), 7.61 (s, 1H), 7.34 (d, ] = 8.4 Hz,
2H), 7.19 (s, 1H), 7.16 (d, ] = 8.4 Hz, 2H), 6.58 (bs, 1H), 6.13 (d, | = 7.6 Hz, 1H), 3.38 (sept,
] = 6.3 Hz, 1H), 2.84 (sept, | = 6.9 Hz, 1H), 1.20 (d, ] = 6.9 Hz, 6H), 1.15 (d, ] = 6.3 Hz, 6H);
13C NMR (DMSO-dg, 125 MHz) § 150.8, 142.2, 138.8, 137.2, 136.5, 135.8, 126.9, 119.0, 117.9,
100.9, 48.0, 33.3, 24.5, 23.6; HRMS Calcd. for C1gHp4N5 [M + H]: 310.2032; Found: 310.2027
(A=1.6ppm).
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5-(4-(Isopropylanilin-1-yl)-3-(morpholin-1-ypyrazolo[1,5-alpyrimidine (30w)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.15 mmol), mor-
pholine (20 mg, 0.23 mmol, 1.5 equiv.), L-1 (4 mg, 0.015 mmol, 10 mol%), Cul (1.4 mg, 0.007
mmol, 5 mol%), and K;COj3 (41 mg, 0.30 mmol, 2 equiv.); 30w (44 mg, 0.13 mmol, 87%); 'H
NMR (DMSO-dg, 500 MHz) 6 9.52 (s, 1H), 8.46 (d, ] = 7.6 Hz, 1H), 7.68 (d, ] = 8.4 Hz, 2H),
7.66 (s, 1H), 7.18 (d, ] = 8.5 Hz, 2H), 6.39 (d, ] = 7.6 Hz, 1H), 3.77 (t, ] = 4.6 Hz, 4H), 3.13 (t,
J = 4.5 Hz, 4H), 2.84 (sept, ] = 6.9 Hz, 1H), 1.18 (d, ] = 6.9 Hz, 6H); 1*C NMR (DMSO-dg,
125 MHz) 6 150.7, 142.5, 138.5, 137.4, 136.0, 134.4, 126.9, 119.2, 101.2, 66.5, 51.6, 33.3, 24.5;
HRMS Calcd. for C19Hp4N50 [M + HJ: 338.1981; Found: 338.1984 (A = 0.9 ppm).

5-(4-(Isopropylanilin-1-yl)-3-(anilin-1-yl)pyrazolo[1,5-alpyrimidine (30x)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.15 mmol), ani-
line (21 mg, 0.23 mmol, 1.5 equiv.), L-1 (4 mg, 0.015 mmol, 10 mol%), Cul (1.4 mg, 0.007 mmol,
5 mol%), and K,COj3 (41 mg, 0.30 mmol, 2 equiv.); 30x (41 mg, 0.12 mmol, 80%); H NMR
(DMSO-dg, 500 MHz) 4 9.56 (s, 1H), 8.54 (d, ] = 7.5 Hz, 1H), 7.86 (s, 1H), 7.61 (d, ] = 8.2 Hz,
2H), 7.20 (s, 1H), 7.10 (t, ] = 7.2 Hz, 2H), 7.02 (d, | = 7.9 Hz, 2H), 6.70 (d, ] = 8.1 Hz, 2H), 6.61 (t,
] =72Hz, 1H), 6.44 (d, ] = 7.5 Hz, 1H), 2.78 (sept, ] = 6.8 Hz, 1H), 1.14 (d, ] = 6.8 Hz, 6H); 1>C
NMR (DMSO-dg, 125 MHz) 6 152.1, 148.3, 142.5, 141.5, 141.4, 138.3, 136.2, 129.2, 126.7, 119.5,
117.0, 113.6, 110.1, 101.3, 33.2, 24.4; HRMS Calcd. for Cy1H»p N5 [M + H]: 344.1875; Found:
344.1865 (A = 2.9 ppm).

5-(4-(Isopropyl)anilin-1-y1)-3-(N-(pyrimidin-2-yl)amino)pyrazolo[1,5-a]pyrimidine (30y)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.15 mmol), 2-
aminopyrimidine (22 mg, 0.23 mmol, 1.5 equiv.), L-1 (4 mg, 0.015 mmol, 10 mol%), Cul (1.4
mg, 0.007 mmol, 5 mol%), and K,CO;3 (41 mg, 0.30 mmol, 2 equiv.); 30y (36 mg, 0.104 mmol,
69%); TH NMR (DMSO-d,, 500 MHz) 5 9.54 (s, 1H), 8.64 (s, 1H), 8.56 (d, ] = 7.5 Hz, 1H), 8.36
(d, ] =4.7 Hz, 2H), 8.05 (s, 1H), 7.71 (d, ] = 8.5 Hz, 2H), 7.11 (d, | = 8.5 Hz, 2H), 6.71 (t, ] =
4.7 Hz, 1H), 6.44 (d, ] = 7.6 Hz, 1H), 2.83 (sept, ] = 6.9 Hz, 1H), 1.18 (d, ] = 6.9 Hz, 6H); 13C
NMR (DMSO-dg, 125 MHz) 6 162.1, 158.5, 152.1, 142.4, 140.9, 140.6, 138.4, 136.1, 126.8, 119.5,
111.6,107.8, 101.3, 33.3, 24.5; HRMS Calcd. for C19HyoN7 [M + H]: 346.1780; Found: 346.1784
(A=12ppm).

5-(4-(Chloro)anilin-1-yl)-3-(N-isopropylamino)pyrazolo[1,5-alpyrimidine (30z)

3-Bromo-5-(4-(chloro)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.16 mmol), isopropy-
lamine (14 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul (1.5 mg, 0.008
mmol, 5 mol%), and K,CO3 (44 mg, 0.32 mmol, 2 equiv.); 30z (42 mg, 0.14 mmol, 87%); sl
NMR (DMSO-dg, 500 MHz) & 9.60 (s, 1H), 8.47 (d, ] = 7.5 Hz, 1H), 7.91 (d, | = 7.0 Hz, 2H),
7.59 (s, 1H), 7.36 (d, ] = 8.9 Hz, 2H), 6.33 (d, ] = 7.6 Hz, 1H), 3.70 (bs, 1H), 3.54 (m, 1H), 1.13
(d, ] = 6.3 Hz, 6H); 13C NMR (DMSO-ds, 125 MHz) § 150.3, 140.1, 136.5, 136.23, 136.18, 128.9,
125.3, 1204, 118.5, 100.7, 47.8, 23.7; HRMS Calcd. for C15H;7CIN5 [M + H]: 302.1172; Found:
302.1179 (A = 2.3 ppm).

5-(4-(Chloro)anilin-1-yl)-3-(mmorpholin-1-yDpyrazolo[1,5-a]pyrimidine (30a’)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.16 mmol), mor-
pholine (21 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul (1.5 mg, 0.008
mmol, 5 mol%), and K,COs (44 mg, 0.32 mmol, 2 equiv.); 30a” (48 mg, 0.146 mmol, 91%); H
NMR (DMSO-dg, 500 MHz) 6 9.75 (s, 1H), 8.51 (d, | = 7.6 Hz, 1H), 7.80 (d, ] = 8.9 Hz, 2H), 7.69
(s,1H),7.37 (d,] =8.7Hz,2H), 6.40 (d,] =7.6 Hz, 1H), 3.77 (t, ] =45 Hz, 4H), 3.12 (t, ] = 4.4
Hz, 4H); 13C NMR (DMSO-d,, 125 MHz) 5 150.4, 139.7, 136.9, 136.4, 134.4, 129.0, 125.7, 122.4,
120.6, 101.2, 66.5, 51.6; HRMS Calcd. for C14H;17CIN5O [M + H]: 130.1122; Found: 330.1118
(A=12ppm).
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5-(4-(Chloro)anilin-1-yl)-3-(anilin-1-yl)pyrazolo[1,5-alpyrimidine (30b’)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a] (50 mg, 0.16 mmol), aniline
(22 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul (1.5 mg, 0.008
mmol, 5 mol%), and K,COj3 (44 mg, 0.32 mmol, 2 equiv.); 30b” (39 mg, 0.12 mmol, 75%);
TH NMR (DMSO-dg, 500 MHz) § 9.77 (s, 1H), 8.63 (d, ] = 7.5 Hz, 1H), 7.92 (s, 1H), 7.75 (d,
J=7.0Hz,2H), 7.29 (s, 1H), 7.16 (d, ] = 7.0 Hz, 2H), 7.11 (dd, | = 8.3, 7.4 Hz, 2H), 6.72 (d,
] = 7.7 Hz, 2H), 6.63 (t, | = 7.3 Hz, 1H), 6.46 (d, ] = 7.6 Hz, 1H); 13C NMR (DMSO-dj,
125 MHz) 6 151.6, 148.1, 141.5, 140.8, 139.6, 136.7, 129.2, 128.8, 125.6, 120.7, 117.1,
113.8, 110.6, 101.3; HRMS Calcd. for C1gH15CIN5 [M + H]: 336.1016; Found: 336.1009
(A=21ppm).

5-(4-(Chloro)anilin-1-yl)-3-(N-(pyrimidin-2-yl)amino)pyrazolo[1,5-alpyrimidine (30c’)

3-Bromo-5-(4-(isopropyl)anilin-1-yl)pyrazolo[1,5-a]pyrimidine (50 mg, 0.16 mmol),
2-aminopyrimidine (23 mg, 0.24 mmol, 1.5 equiv.), L-1 (4.4 mg, 0.016 mmol, 10 mol%), Cul
(1.5 mg, 0.008 mmol, 5 mol%), and K,CO3 (44 mg, 0.32 mmol, 2 equiv.); 30¢” (40 mg, 0.12
mmol, 75%); 'H NMR (DMSO-ds, 500 MHz) 5 9.77 (s, 1H), 8.76 (s, 1H), 8.62 (d, ] = 7.5 Hz,
1H), 8.37 (d, ] = 4.7 Hz, 2H), 8.12 (s, 1H), 7.86 (d, | = 8.9 Hz, 2H), 7.26 (d, ] = 8.9 Hz, 2H),
6.73 (t, ] = 4.7 Hz, 1H), 6.46 (d, | = 7.6 Hz, 1H); 13C NMR (DMSO-ds, 125 MHz) § 161.9,
158.5, 151.7, 140.8, 139.9, 139.7, 136.4, 128.8, 125.6, 120.8, 111.6, 108.4, 101.4; HRMS Calcd.
for C1H13CINy [M + HJ: 338.0921; Found: 338.0912 (A = 2.7 ppm).

5-(Pyrrolidin-1-yl)pyrazolo[1,5-alpyrimidine (31)

Similar to the method for preparing 29a-e. 5-chloropyrazolo[1,5-a]pyrimidine (1.0 g,
6.5 mmol), pyrrolidine (925 mg, 13 mmol, 2.0 equiv), CsF (988 mg, 6.5 mmol, 1.0 equiv), and
BnNEt3ClI (148 mg, 0.65 mmol, 10 mol%), in DMSO (30 mL) was stirred in a sealed pressure
vessel (350 mL) and heated at 100 °C for 8 hrs. After cooling to ambient temperature, HyO
(300 mL) was added. The mixture was diluted using ethyl acetate, and the organic layer was
separated. The aqueous layer was partitioned with EtOAc (2 x 300 mL), and the combined
organic layers were washed with saturated sodium bicarbonate solution (2 x 300 mL) and
then water (2 x 300 mL). The organic layer was dried over anhydrous magnesium sulfate,
filtered, and then evaporated under reduced pressure. The crude product was purified
using flash chromatography (EtOAc/Hexanes) to give pure 31 (1.13 g, 6.0 mmol, 92%); 'H
NMR (DMSO-dg, 500 MHz)  8.59 (dd, ] =7.7, 0.5 Hz, 1H), 7.81 (d, ] = 2.1 Hz, 1H), 6.36 (d, |
=7.7Hz, 1H), 5.98 (d, ] = 1.5 Hz, 1H), 3.48 (t, | = 6.5 Hz, 4H), 1.95 (“bs”, 4H); 13C (DMSO,
125 MHz) 6 154.0, 148.8, 144.5, 135.6, 98.3, 91.1, 47.1, 25.4; HRMS Calcd. for C19H13N4 [M +
H]: 189.1140; Found: 189.1132 (A = 4.2 ppm).

4.5. 3-Halo-5-(Pyrrolidin-1-yl)Pyrazolo[1,5-a]Pyrimidines 32

General Procedure: To a stirred solution of 5-(pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine
(31) (100 mg) in CH3CN:CH,Cl, (1:3, 2 mL) chilled to 0 °C was added N-halosuccinimide
(1.0 equiv in 0.5 mL CH3CN), over 30 min. The mixture was stirred while slowly warming to
ambient temperature (approx. 2 h). The solvents were removed under reduced pressure, and
the crude residue was purified by flash chromatography (20% EtOAc/CH,Cly).

3-Chloro-5-(pyrrolidin-1-yl)pyrazolo[1,5-alpyrimidine (32a)

5-(Pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (100 mg, 0.53 mmol) in 2 mL (CH3CN:CH,Cl,,
1:3), N-chlorosuccinimide (70 mg, 0.53 mmol) in 0.5 mL CH3CNj 32a (110 mg, 0.49 mmol, 93%);
'H NMR (DMSO-dg, 500 MHz)  8.59 (d, ] = 7.8 Hz, 1H), 7.93 (s, 1H), 6.44 (d, ] = 7.7 Hz, 1H),
3.52 (“bs”, 4H), 1.96 (“bs”, 4H); 13C NMR (DMSO-dg, 125 MHz) § 154.3, 144.2, 142.2, 136.2,
99.2,92.1, 47.2,25.7, 24.9; HRMS Calcd. for C;oH;,CINy [M + H]: 223.0750; Found: 223.0761
(A =49 ppm).
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3-Iodo-5-(pyrrolidin-1-ypyrazolo[1,5-alpyrimidine (32b)

5-(Pyrrolidin-1-yl)pyrazolo[1,5-a]pyrimidine (100 mg, 0.53 mmol) in 2 mL (CH3CN:CH,Cl,,
1:3); N-iodosuccinimide (119 mg, 0.53 mmol) in 0.5 mL CH3CN; 32b (160 mg, 0.51 mmol; 96%);
TH NMR (DMSO-dy, 500 MHz) § 8.60 (d, | = 7.8 Hz, 1H), 7.87 (s, 1H), 6.40 (d, ] = 7.7 Hz, 1H),
3.52 (“bs”, 4H), 1.96 (“bs”, 4H); 3C NMR (DMSO-dg, 125 MHz) § 154.7, 148.2, 148.0, 136.2,
99.1, 47.2, 43.3, 25.7, 24.9; HRMS Calcd. for C1gH12INy [M + H]: 315.0107; Found: 315.0096
(A =3.5ppm).

5. Conclusions

We have developed an efficient method for rapid generation of diverse arrays of
3,5-bis-aminated pyrazolo[1,5-a]pyrimidine derivatives. The reaction proceeds in only two
steps from commercially available 3-bromo-5-chloropyrazolo[1,5-a]pyrimidine and features
efficient copper catalyzed C-3 amination of C-5 aminated precursors. 3,5-bis-aminated
products consisting of both 3,5-bis arylamine, 3,5-bis alkylamine, or 3,5-bis alkyl/aryl
amine combinations were efficiently obtained in only two steps utilizing our method.
This represents the most comprehensive substrate scope for 3,5-bis-aminated pyrazolo[1,5-
a]pyrimidines ever reported. Advantages of this method include rapid reaction time (1 h
for C-3 amination), high yield, avoidance of toxic reagents such as NaBH3CN commonly
used for reductive amination, and utilization of inexpensive Cul catalyst (5 mol%) in place
of more expensive and/or less efficient air and moisture-sensitive palladium catalysts
previously utilized for C-3 amination (Figure 2). With these advantages now in hand,
access to broad, diversity-rich libraries of 3,5-bis-aminated pyrazolo[1,5-a]pyrimidines
for screening novel or enhanced biological, medicinal, or fluorometric properties is now
readily available.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules30030458 /s1, Experimental procedures for preparing L-1-L-4;
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Abstract: A concise, transition metal-free four-step synthetic pathway has been devel-
oped for the synthesis of tetracyclic heterosteroidal compounds, 14-aza-12-oxasteroids,
starting from readily available 2-naphthol analogues. After conversion of 2-naphthols to 2-
naphthylamines by the Bucherer reaction, subsequent selective C-acetylation was achieved
via the Sugasawa reaction and reduction of the acetyl group using borohydride, which
resulted into the corresponding amino-alcohols. The naphthalene-based amino-alcohols
underwent double dehydrations and double intramolecular cyclization with oxo-acids
leading to one-pot formation of a C-N bond, a C-O bond and an amide bond in tandem, to
generate two additional rings completing the steroidal framework. A series of 14-aza-12-
oxasteroids were synthesized using our developed synthetic strategy in moderate yields,
and the structure of one of the final products, 12a-Methyl-11-phenyl-11,12a-dihydro-1H-
naphthol2,1-d]pyrrolo[2,1-b][1,3]oxazin-3(2H)-one, was further confirmed by single crystal
X-ray crystallography.

Keywords: heterosteroids; 14-aza-12-oxosteroid; Sugasawa reaction; Dean-Stark condensation;
double dehydration

1. Introduction

Steroids serve as an important class of natural products by virtue of their ability to
penetrate cells and bind to membranes and nuclear receptors [1,2]. Steroidal hormones are
classified as glucocorticoids, mineralocorticoids, estrogen, progestogens, and androgens
because of their binding to a particular receptor to express their biological response [34].
Estrogens (Figure 1), an aromatic ring containing steroidal hormone, bind with estrogen
receptors (ER) and trigger them in promoting a variety of physiological responses such
as bone maturation, neuroprotective effects, reproductive functions, modulation of blood
lipid profile, and breast cell proliferation [5,6]. Progesterone is a pro-gestational steroid
hormone secreted by the female reproductive system. It is associated with the menstrual
cycle, pregnancy, and development of an embryo (Figure 1) [7]. Medicinal chemists are
intrigued with the biological activities of various modified steroids for the drug design
and development process. While retaining the steroidal framework, the structural modifi-
cations allow for modulation of the biological activities for the resulting molecules. The
naturally occurring steroidal frameworks have been modified in various ways with the aim
of identifying active compounds with improved efficacy and reduced toxicity [8,9]. Het-
erosteroids are one such modification of the natural steroids, where one or more carbons are
replaced by heteroatom(s). The incorporation of heteroatoms leads to distinct chemical and
biological properties, enabling a wide range of potential therapeutic applications of these
compounds. The electron-rich nitrogen atoms in N-containing heterocycles are capable of

Molecules 2025, 30, 415 https:/ /doi.org/10.3390/molecules30020415
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easily accepting or donating protons. Due to their ability to form diverse weak interactions,

they can also readily interact with enzymes and receptors in biological targets [10].

Stanozolol

NH

7< Danazol

Finasteride

F  Dutasteride

Figure 1. Representative natural steroids and clinically used heterosteroids.

The medicinal chemistry of heterosteroids has been extensively studied [11-15]. A
few of the heterosteroids have already culminated into successful drugs, such as stanozolol
(hereditary angioedema) [16], danazol (antiestrogen) [17], RU-5135 (antagonist of GABA
in the CNS) [18], finasteride (antihyperplastics) [19], and dutasteride (benign prostatic
hyperplasia) [20] (Figure 1).

Although synthesis of these structurally complex molecules in a short route from
readily available starting materials is a challenge in the field of organic chemistry, several
aza- and oxa-steroids have been synthesized by various research groups in the past by
following different synthetic protocols. Oumdzil et al. [21] reported total synthesis of an
11-oxasteroid having a pyridine ring as the A ring, using an intramolecular Diels—Alder
reaction. Singh and Panda [22] described an efficient approach for the synthesis of 14-
azasteroids using L-proline via an intramolecular SN2’ cyclization reaction as a key step
for the construction of the nitrogen-containing ring C. Bernath et al. [23] reported the
stereospecific synthesis of 8-aza-12-oxasteroids. In continuation of our efforts in devel-
oping complex heterosteroids [24,25], we herein report a concise synthesis of 14-aza-12-
oxosteroids in four simple steps. We have previously reported the synthesis of tricyclic
7-oxa-2-azatricyclo[7.4.0.02,6]trideca-1(9),10,12-trien-3-ones and their homologs, by the
reaction of keto acids with methyl chloroformate and variously substituted o-aminobenzyl
alcohols using triethylamine as a base in toluene at room temperature [26]; a similar type
of synthesis with a different approach is reported here.
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2. Results

We envisioned a synthetic strategy to obtain our designed 14-aza-12-oxasteroids with
general structure A, the retrosynthetic analysis of which is presented in Scheme 1. Double
dehydration and cyclization between B and the oxo-acids C would yield the target 14-aza-
12-oxasteroids A. Naphthalene-based amino-alcohols B can be prepared by the reduction
of 1-acyl-2-aminonaphthalenes D, which in turn can be synthesized via the Sugasawa
reaction [27] of E with various aryl and alkyl nitriles F. 2-Aminonaphthalenes E can be
obtained from commercially available 2-naphthols G via the Bucherer reaction [28].

--._R*
e
R2 0 R3 e R“ R2 oH O /AOXO -acids o)
* HO
/ Annulatlon through NH @] NH
OO \!( double dehydratlon OO 2 Reduction OO 2
——
R1
B D

(o-acylation)

R? F
+
OH Bucherer Reaction NHZ
R! R!
E

G

Sugasawa Reaction “
N

Scheme 1. Retrosynthetic analysis for the synthesis of 14-aza-12-oxasteroids A.

Our synthetic scheme started from commercially available 2-naphthol and 6-bromo-2-
naphthol (Scheme 2), which were converted into 2-napthylamine (1a, 78% yield, Caution:
Carcinogenic!) and 6-bromo-2-napthylamine (1e, 85% yield), respectively, by using the
Bucherer reaction [24,28]. The Friedel-Craft acylation is a common technique to attach
acetyl groups on aromatic rings [29]. However, in an aniline system, coordination of the
amino group with the Lewis acid results in a deactivated aromatic system. Sugasawa [27]
took a unique approach to achieve ortho-acylation of anilines by using nitriles and two
Lewis acids for the reaction. We successfully achieved ortho-acylation of 2-napthylamines
(1a and 1e) by using various nitriles (benzyl nitrile, benzonitrile, acetonitrile, and buty-
ronitrile) by the Sugasawa protocol employing the BCl; and AICI; system to obtain our
desired amino-ketone compounds 2a-h (Scheme 2). The reactions were performed under
inert atmosphere since moisture in the air would react with the Lewis acids to form the
respective hydroxides. During the work-up of this reaction, dilute acid was used to convert
imine intermediates to the desired ketones, although in the case of compounds 2b and
2f, extensive amounts of conc. acids and significantly longer heating times were required.
Requirement of the forcing conditions for imine hydrolysis was probably due to poor
solubility or greater stability of these imines having conjugation with naphthalene and
benzene rings. The ortho-acylated compounds 2a-h were obtained in 50-95% yields after
purification by column chromatography. Furthermore, these acylated 2-aminonaphthalenes
2a-h were reduced to the corresponding amino-alcohol analogues 3a-h, by borohydride
reduction [30,31]. The crude compounds 3a-h were obtained in 93-98% yields; these com-
pounds were used for the next reaction without further purification. A greener approach
not involving any reagents, with recoverable solvent and lesser reaction time, was explored
to induce the double dehydration reaction between keto acids and the amino-alcohols 3a-h
utilizing a Dean-Stark apparatus as compared to our previous report for the synthesis of
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similar tricyclic compounds [26]. It was gratifying that the attempt to achieve the double de-
hydration and subsequent formation of three bonds in tandem between naphthalene-based
amino-alcohols 3a—h and various keto acids (levulinic acid/2-carboxybenzaldehyde/4-
acetylbutyric acid/(2-oxopropyl sulfanyl)-acetic acid) was successful. Formation of new
C-N, C-O, and amide bonds along with two cyclization reactions lead to the synthesis of
our desired 14-aza-12-oxasteroid compounds 4a-1, in moderate to decent yields (30-78%,
Scheme 2). The structures of all the synthesized compounds 1a, 1e, 2a-h, 3a-h, and 4a-
1 were unambiguously established based on their spectral (*H-, 13C NMR, and HRMS)
data analysis. The structures of known compounds 1a and 1e were further confirmed
on the basis of comparison of their physical and spectral data with those reported in the

literature [24,28].
4
oH, NHe NH, NH, Y /R
o OO OO OQ
R': HorBr 1a (78%) 2a-h (50-95%) 3a—h (93-98%) 4a-1(30-78%)
e (85%)
Suffix | R R? R® R4
a H Bn Me CH,CH,
b H Ph Me CH,CH,
c H Me Me CH,CH,
d H n-Pr Me CH,CH,
e Br Bn Me CH,CH,
f Br Ph Me CH,CH,
g Br Me Me CH,CH,
h Br n-Pr Me CH,CH,
i H Me H 0-CgHy4
j Br Me H 0-CgHy4
k H Me Me | CH,CH,CH,
I H Me Me CH,SCH,

Scheme 2. Reagents and conditions: (i) (NH4),SO3 (2.0 equiv.), 28% aq. NH3, 100 psi, 150 °C, 5-6 h;
(ii) (a) R2CN (6.5 equiv.), BCl3 (1.2 equiv.), AlCl;3 (1.2 equiv.), Ny, toluene, 2—4 h; (b) 1.0 M HCI
(1.2 equiv. except for 2b and 2f where 12 M, 500.0 equiv. used), 30 min—4 h; (iii) NaBHjy (6.0 equiv.,
12.0 equiv. for 2b and 2f, respectively), MeOH:THF (1:1), Ny, 1 h; (iv) keto acids [1.5 equiv., levulinic
acid/2-carboxybenzaldehyde/4-acetylbutyric acid / (2-oxopropylsulfanyl)-acetic acid], toluene, reflux,
Dean-Stark trap, 2 h. “*” represents chiral centers. The yields reported are unoptimized.

3. Discussion

The most plausible mechanism for the cyclization and dehydration reaction is shown
in Scheme 3, taking 4b as a representative example. The amino-alcohol 3b contains two
nucleophiles with varying nucleophilicity. The amine group is more nucleophilic than
the alcohol group; therefore, it attacks the more electrophilic ketone carbonyl on levulinic
acid first, eventually leading to imine formation via dehydration (I and II). Subsequent
nucleophilic attack from the alcoholic hydroxy group onto the imine carbon results in
intramolecular cyclization, forming the amino-acetal C-ring (III). After proton transfer,
the final attack from the newly formed more nucleophilic secondary amino group, on the
carboxylic acid under azeotropic distillation conditions, forces the formation of the lactam
ring in 4b.
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Scheme 3. A plausible mechanism for synthesis of 14-aza-12-oxasteroids considering synthesis of 4b
as the representative example. The intermediates are labelled as I-IV.

The heterosteroidal products 4a-1 obtained following this synthetic pathway were
expected to give a mixture of up to four stereoisomeric products: the (R,R) and (S,S)
enantiomeric pair and the (R,S) and (S,R) enantiomeric pair, as we did not incorporate any
means for enantioselection. In most cases (except in 4i and 4j), there was no evidence for
the formation of mixtures of diastereomers in the NMR data. The final compounds 4a-h
and 4k-1 showed only one set of peaks in their NMR spectra (see Supporting Information),
which indicates that these molecules were synthesized as one set of enantiomeric pairs.

The diastereoselectivity observed in the formation of the target compounds indi-
cated that among the diastereomeric pairs, the thermodynamically more stable pair of
enantiomers were exclusively obtained except in the cases of 4i and 4j where diastereos-
electivities of 6:4 and 8:2, respectively, were obtained. Inspection of the 3D structure of
the target molecules reveals that the RS/SR enantiomeric pair (e.g., see structure of SR-4b
in Figure 2) would be more thermodynamically stable as the two bulky substituents on
the ring C at position C4 (Me/Ph) and C6 (the part of pyrrolidine ring) are cis to each
other [32]. Such thermodynamic stability is expected to diminish in the case of 4i and 4;
where the angular Me at position C4 is replaced by H. This explains the formation of all
four stereoisomers (albeit diastereoselectively) in the cases of 4i and 4;.
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(a) (b)

Figure 2. (a) ORTEP diagram of compound 4b drawn in 50% thermal probability ellipsoids as a
single (4S,6R) enantiomer; (b) chemical structure of 4b with similar numbering and atom colouring
patterns as in the X-ray crystal structure.

To address the actual stereochemistry of the compounds 4a-1, X-ray crystallographic
studies on a representative compound (4b) were undertaken. The analysis of the X-ray
crystallographic data of compound 4b (Figure 2) showed it to crystallize in the non-
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centrosymmetric, polar space group Pna2;, with two molecules in the independent unit.
The crystal is not a racemic mixture, containing only one of the possible enantiomeric pairs.
The R (C6 and C28), S (C4 and C28) enantiomer (see SI) may have crystallized preferentially,
or a crystal of this type may have been randomly selected for analysis from a mixture of
crystal forms.

While there are two chiral carbon centers in each molecule, the nitrogen atom is not
pyramidal and therefore not chiral. In each molecule, it is best described as being sp?
hybridized, with bond angles close to 120°, distorted slightly by the geometry restrictions
caused by being part of two different ring systems. Neither of the rings is planar but the
nitrogen atom does not lie any further out of the ring planes than the other atoms in any of
the rings. The sum of the bond angles around the nitrogen center in each molecule is 354°,
which is again characteristic of trigonal planar hybridization; pyramidal nitrogen centers
have total angle sums of closer to 340° [33]. The Cx=0 and Cx-N bond lengths (1.218(2)
and 1.376(2) A in both molecules) suggest donation of electron density from the former into
the latter bond, possible from the sp? hybridization at the nitrogen centers. These bond
lengths are similar to those found in lactams [34], with the Cx=0O bonds slightly shorter
and the latter Cx-N bonds slightly longer, suggesting less donation in the molecules of
4b. Finally, the crystal structure of compound 4b shows that the methyl group (bonded
to C4) and the phenyl group (bonded to C6) are in a trans geometry indicating that the
most thermodynamically stable product has been formed. The crystallographic data of
compound 4b were deposited in the Cambridge Crystallographic Data Centre with CCDC
no. 2006680. The ORTEP diagram of one of the independent molecules in compound 4b is
shown in Figure 2.

4. Materials and Methods

General: All the chemicals and solvents used for these syntheses were obtained from
commercial sources and were used without modification, except for toluene and methanol.
Toluene was dried with sodium metal overnight and distilled before reactions. Methanol
was dried with molecular sieves overnight before use. (2-Oxopropylsulfanyl)-acetic acid
was synthesized by following a literature procedure [35] starting from mercaptoacetic acid.
TLCs were performed on pre-coated Merck silica gel 60F254 plates with the spots detected
under UV light. The silica gel used in column chromatography was 230-400 mesh. All
column chromatographies were performed using DCM: methanol gradient as the eluent
and the TLCs were analyzed using UV chamber by comparing the Rf values of the starting
material and the product. NMR spectra were recorded using a Bruker AC-300 Avance
spectrometer (Bruker Corporation, Billerica, MA, USA) at 300 MHz for 'H NMR and
75 MHz for 13C NMR. The 'H and '3C NMR spectra were recorded in either CDClz or
DMSO-d; solvents. 'H NMR spectra were reported relative to CHCl; (5: 7.26) or DMSO (&:
2.50). 13C NMR spectra were reported relative to CDCl3 (5: 77.16) or DMSO-dj (5: 39.52).
HRMS (ESI) spectra were recorded using an Orbitrap Q-exactive analyzer (Thermo Fisher
Scientific, San Jose, CA, USA; Software: Xcalibur, version 3.1). In X-ray crystallography, the
crystal chosen was attached to the tip of a MicroLoop with Paratone-N oil. Measurements
were made on a Bruker D8 VENTURE diffractometer equipped with a PHOTON III CMOS
detector using monochromated Cu Ko radiation (A = 1.54178 A) from an Incoatec micro-
focus sealed tube at 100 K (Bruker AXS Inc., Madison, WI, USA).

General procedure for the synthesis of 1-acyl-2-aminonaphthalenes (2a-h):

In a Np-flushed 250 mL RB flask, 2-naphthylamines (2.00 g, 1a: 13.96 mmol; 1e:
9.01 mmol, 1.0 equiv.) and AICI; (1.2 equiv.) were added. The flask was flushed again with
Nj. Toluene was added to the reaction mixture followed by a BClz heptane solution (1.0 M,
1.2 equiv.). The R2CN (acetonitrile/ butyronitrile/benzonitrile /benzyl nitrile, 6.5 equiv.)
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was then added to the reaction mixture. The mixture was refluxed and was monitored with
TLC (2% MeOH in DCM). Compounds 2a-b, 2¢c—d, 2e—f, and 2g-h required 3.5 h, 2.0 h,
4.0 h, and 2.5 h, respectively, for reaction completion. After cooling to rt, aq. HCI (1.0 M,
1.2 equiv,, 2b and 2f: 12.0 M, ~500 equiv.) was added to the resultant mixture forming a
yellow-orange mixture, which was heated at 80 °C for 30 min (4 h for 2b and 2f). During
the work-up, the reaction mixture was cooled to rt, and the yellow-orange mixture was
poured into ice water (ca. 50 mL). This was followed by the addition of aq. NaOH (5.0 M)
until pH > 13. More ice and NaOH pellets were used as needed with 2b and 2f, to bring
the pH > 13. The mixture was extracted with EtOAc (3 x 50 mL). The organic layers were
added together and washed with brine (50 mL) and dried with anh. Na;SOy. The solvent
was removed in vacuo to form the crude product. The crude product was purified by
column chromatography (using DCM as eluent and slowly increasing the polarity with
MeOH) to yield 2a-h.

1-(2-Aminonaphthalen-1-yl)-2-phenylethanone (2a): Dark orange solid; 50% yield (1.81 g);
m.p. 72-73 °C; TH NMR (CDCl3, 300 MHz): 8y 7.85 (d, 3Ju.u = 9.0 Hz, 1H, ArH), 7.75
(d, 3Jra = 9.0 Hz, 1H, ArH), 7.70 (d, 3J.i = 9.0 Hz, 1H, ArH), 7.51 (t, 3]y = 7.5 Hz, 1H,
ArH), 7.39-7.28 (m, 6H, ArH), 6.83 (d, 3Jg.p = 9.0 Hz, 1H, ArH), 5.48 (brs, 2H, NH,),
4.36 (s, 2H, CH,Ph); 13C NMR (CDCl3, 75 MHz): §c 203.6 (CO), 146.0, 135.6, 133.4,
129.4, 128.7, 128.4, 127.4, 126.6, 124.1, 122.6, 122.6, 119.2, 115.4 (ArCs), 50.0 (CH,Ph);
HRMS (ESI*) MeOH/CHCl3, m/z (RI): 262.1227 (IM + HJ*, 100%). [M + H]* calcd. for
C18H15NO, 262.1226.

(2-Aminonaphthalen-1-yl)(phenyl)methanone (2b): Yellow crystals; 60% yield (2.06 g); m.p.
166-167 °C; TH NMR (DMSO-dg, 300 MHz): 831 7.78 (d, 3Ji.ix = 9.0 Hz, 1H, ArH), 7.71 (d,
3Ttn = 6.0 Hz, 1H, ArH), 7.66 (d, 3Juu = 6.0 Hz, 2H, ArH), 7.59 (t, 3Jyn = 6.0 Hz, 1H,
ArH), 7.46 (t, ®Jyu = 7.5 Hz, 2H, ArH), 7.17-7.06 (m, 4H, ArH), 5.93 (brs, 2H, NH,); 13C
NMR (DMSO-dg, 75 MHz): §¢ 197.8 (CO), 145.7, 138.6, 132.8, 132.2, 131.4, 129.0, 128.5,
128.0, 126.3, 125.9, 123.3, 121.2, 118.9, 112.4 (ArCs); HRMS (ESI*) MeOH /CHCl3, m/z (RI):
248.1070 ([M + H]*, 100%). [M + H] calcd. for C17H;3NO, 248.1070.

1-Acetyl-2-aminonaphthalene (2c): Orange solid; 63% yield (1.62 g); m.p. 107-108 °C; 'H
NMR (CDCl3, 300 MHz): &y 7.82 (d, [y = 9.0 Hz, 1H, ArH), 7.68 (d, 3]y = 6.0 Hz,
1H, ArH), 7.65 (d, 3] = 6.0 Hz, 1H, ArH), 7.46 (t, 3]sy = 9.0 Hz, 1H, ArH), 7.27 (t,
3Tt = 9.0 Hz, 1H, ArH), 6.85 (d, 3]y = 9.0 Hz, 1H, ArH), 5.80 (brs, 2H, NH,), 2.70 (s,
3H, CH3); 13C NMR (CDCl3, 75 MHz): 5¢ 202.9 (CO), 146.4, 133.8, 132.6, 128.7, 127.7,
127.4,124.4,122.6,119.5, 115.2 (ArCs), 32.3 (CH3); HRMS (ESI*) MeOH/CHCl3, n1/z (RI):
186.2337 ([M + H]*, 100%). [M + H] calcd. for C1o,H11NO, 186.2335.

1-(2-Aminonaphalen-1-yl)butan-1-one (2d): Orange oil; 50% yield (1.33 g); TH NMR (CDCl3,
300 MHz): by 7.74-7.68 (m, 2H, ArH), 7.66 (d, 3Jy.uy = 9.0 Hz, 1H, ArH), 7.46 (t,
3Ttn = 9.0 Hz, 1H, ArH), 7.28 (t, 3.y = 7.5 Hz, 1H, ArH), 6.87 (d, 3Jy.pq = 9.0 Hz, 1H, ArH),
5.17 (brs, 2H, NH>), 2.99 (t, 3]s = 7.5 Hz, 2H, CH,CH,CHj3), 1.86 (sx, *Jy.p = 7.8 Hz, 2H,
CH,CH,CHj3), 0.97 (t, 3J11.1q = 6.0 Hz, 3H, CH,CH,CHj3); 13C NMR (CDCl3, 75 MHz): §¢
207.7 (CO), 144.8,132.8,131.2, 128.6, 127.6, 127.2, 124.0, 122.5, 119.6, 116.4 (ArCs), 46.2, 19.3,
13.8 (n-Pr); HRMS (ESI*) MeOH/CHCl3, m/z (RI): 214.1231 (M + H]*, 100%). [M + H]*
caled. for C14H15NO, 214.1226.

1-(2-Amino-6-bromonaphthalen-1-yl)-2-phenylethanone (2e): Dark purple solid; 75% yield
(2.29 g); m.p. 101-102 °C; TH NMR (CDCl3, 300 MHz): &y 7.84 (s, 1H, ArH), 7.65 (d,
3Tt.n = 9.0 Hz, 1H, ArH), 7.55 (m, 2H, ArH), 7.34-7.26 (m, 5H, ArH), 6.83 (d, 3Jy.p = 12.0 Hz,
1H, ArH), 5.46 (brs, 2H, NH>), 4.26 (s, 2H, CH,Ph); 13C NMR (CDCl3, 75 MHz): 5c 203.2
(CO), 146.0, 135.3, 132.3, 130.6, 130.4, 129.3, 128.7, 128.5, 126.8, 125.7, 120.3, 115.9 (ArCs),
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50.1 (CH,Ph); HRMS (ESI*) MeOH /CHClI3, m/z (RI): 340.0335 (IM + H]*, 98%). [M + H]*
caled. for C1gH14BrNO, 340.0332.

(2-Amino-6-bromonaphthalen-1-yl)(phenyl)methanone (2f): Yellow crystals; 65% yield (1.90 g);
m.p. 120-121 °C; "H NMR (DMSO-dg, 300 MHz): &y 7.97 (d, 4/ = 1.5 Hz, 1H, ArH),
7.77 (d, 3Jyp = 12.0 Hz, 1H, ArH), 7.64 (d, 3Jip = 6.0 Hz, 2H, ArH), 7.60 (d, 3Jy.1 = 6.0 Hz,
1H, ArH), 7.46 (t, ®Jyy = 7.5 Hz, 2H, ArH), 7.27 (d, 3Juu = 6.0 Hz, 1H, ArH), 7.16 (d,
3Tt = 9.0 Hz, 1H, ArH), 7.00 (d, 3] = 9.0 Hz, 1H, ArH), 6.03 (s, 2H, NH,); 3C NMR
(DMSO-dg, 75 MHz): 5¢ 197.6 (CO), 146.4, 138.6, 133.3, 131.1, 130.9, 129.9, 129.3, 128.9,
127.4, 125.6, 120.4, 113.9, 112.3 (ArCs); HRMS (ESI*) MeOH/CHCl3, m/z (RI): 326.0184
(IM + H]*, 100%). [M + H]* caled. for C17H1,BrNO, 326.0175.

1-Acetyl-2-amino-6-bromonaphthalene (2g): Orange solid; 95% yield (2.25 g); m.p. 135-137 °C.
TH NMR (CDClj3, 300 MHz): 855 7.80 (s, 1H, ArH), 7.68 (d, 3]y = 9.0 Hz, 1H, ArH), 7.55
(d, 3] = 9.0 Hz, 2H, ArH), 6.84 (d, 3. = 9.0 Hz, 1H, ArH), 5.94 (brs, 2H, NH,), 2.66
(s, 3H, CH3); ¥3C NMR (CDCl3, 75 MHz): §¢ 202.3 (CO), 147.0, 132.7, 131.2, 130.6, 130.4,
130.0, 128.8, 128.2, 125.9, 120.6 (ArCs), 32.2 (CH3); HRMS (ESI*) MeOH/CHCl3, m/z (RI):
265.1291 ([M + H]*, 100%). [M + H]* calcd. for C1,H;1BrNO, 265.1295.

1-(2-Amino-6-bromonaphalen-1-yl)butan-1-one (2h): Brown solid; 60% yield (1.57 g); m.p.
42-43 °C; TH NMR (CDCls, 300 MHz): 5y 7.81 (s, 1H, ArH), 7.59-7.47 (m, 3H, ArH), 6.86 (d,
3Tem = 9.0 Hz, 1H, ArH), 5.02 (brs, 2H, NH), 2.92 (t, *Jy.i = 7.5 Hz, 2H, CH,CH,CH3), 1.79
(dd, 3Jt1 = 15.0 Hz, 9.0 Hz, 2H, CH,CH,CHy3), 0.95 (t, *J1.1q = 7.5 Hz, 3H, CH,CH,CH3);
13C NMR (CDCls, 75 MHz): §¢ 207.1 (CO), 145.1, 131.8, 130.7, 130.5, 130.2, 128.7, 125.6,
120.3, 116.1, 115.7 (ArCs), 46.2, 19.3, 13.8 (n-Pr); HRMS (ESI*) MeOH/CHCls, m/z (RI):
292.0337 (IM + H]*, 100%). [M + H]* calcd. for C;4H;4BrNO, 292.0332.

General procedure for the synthesis of 1-(1-hydroxyalkyl)-2-aminonaphthalenes (3a-h):

In a 50 mL RB flask, 2a-h (500 mg, 1.0 equiv.) was dissolved in a 1:1 mixture of
methanol and THF (10 mL). The reaction flask was flushed with N, gas and cooled to 0 °C
in an ice bath. While stirring, NaBH4 powder (6.0 equiv., except 2b and 2f: 12.0 equiv.) was
added in small batches. The reaction was stirred in an RB flask with a N balloon for 5 min.
in the ice bath, and further stirred at rt until no starting material was observed on the TLC
(ca. 1 h). The solvent was removed in vacuo leaving a solid. Distilled water (ca. 5 mL) was
added, and the products were extracted with EtOAc (2 x 25 mL) and washed with distilled
water (2 x 10 mL). The organic layer was dried with anh. Na;SO, and the solvent was
removed in vacuo yielding the products in pure form.

1-(2-Amimonaphthalen-1-yl)-2-phenylethanol (3a): Orange solid; 93% yield (467 mg); m.p.
129-131 °C; TH NMR (CDCl3, 300 MHz): & 7.82 (d, 3Jy.y = 6.0 Hz, 1H, ArH), 7.73 (d,
3Tty = 6.0 Hz, 1H, ArH), 7.61 (d, 3]y = 9.0 Hz, 1H, ArH), 7.44 (t, 3Jy.ip = 7.5 Hz, 1H, ArH),
7.39-7.25 (m, 6H, ArH), 6.89 (d, 3.y = 9.0, 1H, ArH), 5.85 (dd, %[y = 9.0 Hz, 3.0 Hz, 1H,
ArH), 3.81 (brs, 3H, NH, and OH), 3.39 (dd, ?Ji.i1 = 15.0 Hz, 3]s = 9.0 Hz, 1H, CH,Ph),
3.12(dd, ?Jy.p = 12.0 Hz, %[y = 3.0 Hz, 1H, CH,Ph); 3C NMR (CDCl3, 75 MHz): ¢ 143.1,
138.6,131.8, 129.5, 129.1, 128.8, 128.5, 128.1, 126.6, 126.6, 121.8, 120.6, 120.3, 115.9 (ArCs),
72.0 (CHOH), 40.7 (CH,Ph); HRMS (ESI*) MeOH /CHCl3, m/z (RI): 264.1383 ([M + H]*,
26%). [M + H]* calcd. for C1gH;7NO, 264.1383.

(2-Aminonaphthalen-1-yl)(phenyl)methanol (3b): Pale orange solid; 94% yield (474 mg); m.p.
131-133 °C; TH NMR (DMSO-dg, 300 MHz): 813 7.97 (d, 3J1.1 = 9.0 Hz, 1H, ArH), 7.67 (d,
3T = 9.0 Hz, 1H, ArH), 7.59 (d, 3]sz = 9.0 Hz, 1H, ArH), 7.38 (d, 3Jy.u = 6.0 Hz, 2H,
ArH), 7.31-7.23 (m, 3H, ArH), 7.19-7.09 (m, 2H, ArH), 7.02 (d, *Jy.i = 9.0 Hz, 1H, ArH),
6.62 (s, 1H, ArH), 6.16 (s, 1H, OH), 5.61 (brs, 2H, NH>); 13C NMR (DMSO-d¢, 75 MHz):
5c 144.7,144.4,132.8,128.4,128.3, 127.8, 127.0, 126.3, 126.0, 125.9, 122.1, 120.6, 119.9, 116.0
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(ArCs), 68.5 (CHOH); HRMS (ESI*) MeOH/CHCls, m/z (RI): 250.1214 ([M + H]*, 36%).
[M + H]* caled. for C17H15NO, 250.1226.

1-(1-Hydroxyethyl)-2-aminonaphthalene (3c): Colorless solid; 98% yield (499 mg); m.p. 89.9—
91.2 °C; TH NMR (CDCl3, 300 MHz): &y 7.78 (d, 3Jpu = 9.0 Hz, 1H, ArH), 7.70 (d,
3ta = 9.0 Hz, 1H, ArH), 7.58 (d, 3Ji.a = 9.0 Hz, 1H, ArH), 7.41 (t, 3y = 6.0 Hz,
1H, ArH), 7.23 (t, 3Jug = 6.0 Hz, 1H, ArH), 6.87 (d, 3Jg.n = 9.0 Hz, 1H, ArH), 5.91 (q,
3Tt.n = 7.5 Hz, 1H, ArH), 4.82 (brs, 1H, OH), 3.33 (brs, 2H, NH,), 1.65 (d, 3Jy.z = 7.5 Hz,
3H, CH3); 3C NMR (CDCl3, 75 MHz): 5c 142.8, 131.6, 128.8, 128.7, 127.9, 126.6, 121.8,
120.6, 120.2, 117.4 (ArCs), 67.0 (CHOH), 20.2 (CH3); HRMS (ESI*) MeOH /CHCl3, m/z (RI):
188.1068 ([M + H]*, 100%). [M + H]* calcd. for C1,H;3NO, 188.1070.

1-(2-Aminonaphthalen-1-yl)butan-1-ol (3d): Orange solid; 95% yield (480 mg); m.p. 86—
88 °C; TH NMR (DMSO-dg, 300 MHz): 6y 7.87 (d, 3]y = 6.0 Hz, 1H, ArH), 7.64 (d,
3Ttn = 9.0 Hz, 1H, ArH), 7.52 (d, 3Juu = 9.0 Hz, 1H, ArH), 7.32 (t, 3y = 7.5 Hz, 1H,
ArH), 7.10 (t, 3Jpy = 7.5 Hz, 1H, ArH), 6.97 (d, 3Jy.g = 9.0, 1H, ArH), 5.64 (brs, 2H,
CHOH, OH), 5.53 (brs, 2H, NH,), 2.01-1.89 (m, 1H, CH,CH,CH3), 1.73-1.62 (m, 1H,
CH,CH,CHy3), 1.57-1.46 (m, 1H, CH,CH,CH3), 1.34-1.23 (m, 1H, CH,CH,CHj3), 0.89 (t,
3Jt.1 = 7.5 Hz, 3H, CH,CH,CH3); 13C NMR (DMSO-dg, 75 MHz): 5¢ 144.5,132.2, 128.4,
127.7,126.9, 121.2, 120.5, 120.0, 116.5, 68.1 (CHOH), 37.8, 19.1, 14.1 (CH,CH,CHj; and CH3);
HRMS (ESI*) MeOH/CHCl3, m/z (RI): 216.1375 (M + H]*, 100%). [M + H]* calcd. for
C14H17NO, 216.1383.

1-(2-Amimo-6-bromonaphthalen-1-yl)-2-phenylethanol (3e): Purple solid; 93% yield (468 mg);
m.p. 144-146 °C; "TH NMR (DMSO-dg, 300 MHz): 813 7.86 (s, 1H, ArH), 7.54 (d, ] = 9.0 Hz,
1H, ArH), 7.35 (d, 3Jra = 9.0 Hz, 1H, ArH), 7.25-7.21 (m, 4H, ArH), 7.18-7.12 (m, 2H,
ArH), 7.06 (d, 3J. = 9.0, 1H, ArH), 5.80 (brs, 2H, NH,), 5.61 (brs, 1H, OH), 5 5.69 (s, 1H,
CHOH), 3.20 (dd, ?Ji.i = 15.0 Hz, 3]y = 9.0 Hz, 1H, CH,Ph), 2.96 (dd, ®Ji.1y = 12.0 Hz,
3Jt.1 = 6.0 Hz, 1H, CH,Ph); 13C NMR (DMSO-d, 75 MHz): 5¢ 145.1, 140.5, 139.3, 130.7,
129.9,129.5,128.4,128.2,127.9,127.3,125.8, 121.1, 115.9, 113.0 (ArCs), 69.6 (CHOH), 40.4
(CH,Ph); HRMS (ESI*) MeOH/CHCl3, m/z (RI): 342.0495 ([M + H]*, 100%). [M + HJ*
caled. for C1gH1¢BrNO, 342.0488.

(2-Amino-6-bromonaphthalen-1-yl)(phenyl)methanol (3f): Very pale orange solid; 94% yield
(474 mg); m.p. 171-172 °C; TH NMR (DMSO-ds, 300 MHz): &y 7.94-7.89 (m, 2H, ArH),
7.58 (d, 3Jyu = 9.0 Hz, 1H, ArH), 7.34 (d, [y = 9.0 Hz, 3H, ArH), 7.25 (t, *J.ip = 7.5 Hz,
2H, ArH), 7.16 (t, 3]y = 6.0 Hz, 1H, ArH), 7.06 (d, 3]s = 9.0 Hz, 1H, ArH), 6.54 (s, 1H,
ArH), 6.17 (s, 1H), 5.72 (brs, 2H, NH,); 13C NMR (DMSO-dg, 75 MHz): ¢ 145.2, 144.2,
131.4,129.8,128.4,127.8, 127.7, 126.3, 125.9, 124.9, 120.9, 116.1, 113.1 (ArCs), 68.2 (CHOH);
HRMS (ESI*) MeOH/CHCI3, m/z (RI): 328.0319 ([M + H]*, 76%). [M + H]* calcd. for
C17H14B1‘NO, 328.0332.

1-(1-Hydroxyethyl)-2-amino-6-bromonaphthalene (3g): Colorless solid; 98% yield (495 mg); m.p.
120-123 °C; TH NMR (DMSO-dg, 300 MHz): 31 7.90 (s, 1H, ArH), 7.87 (d, 3Jt.1 = 3.0 Hz,
1H, ArH), 7.50 (d, 3Jya = 9.0 Hz, 1H, ArH), 7.39 (d, 3Jyu = 3.0 Hz, 1H, ArH), 6.99 (d,
3y = 9.0 Hz, 1H, ArH), 5.74 (brs, 2H, NH), 5.59 (q, *Jp.p = 6.0 Hz, 1H, CHOH), 5.52
(brs, 1H, OH), 1.41 (d, *Jy.u = 6.0 Hz, 3H, CH3); 3C NMR (DMSO-dg, 75 MHz): 5c 144.6,
130.3,129.9, 128.4, 128.2,126.9, 123.7, 121.0, 117.1, 112.9 (ArCs), 64.4 (CHOH), 21.1 (CH3);
HRMS (ESI*) MeOH/CHCl3, m/z (RI): 266.0173 ([M + H]*, 100%). [M + H]* calcd. for
C12H12BI‘NO, 266.0175.

1-(2-Amino-6-bromonaphthalen-1-yl)butan-1-ol (3h): Brown solid; 98% yield (493 mg); m.p.
138-140 °C; TH NMR (DMSO-dg, 300 MHz): 51 7.87 (d, *Jy.q = 1.5 Hz, 2H, ArH), 7.52 (d,
3Tt = 9.0 Hz, 1H, ArH), 7.40 (d, *Jy.g = 9.0 Hz, 1H, ArH), 7.01 (d, *Jy. = 9.0, 1H, ArH),
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5.80 (brs, 2H, NH,), 5.61 (brs, 1HOH), 5.42 (t, 3Jyy.iy = 6.0 Hz, 1H, CHOH), 1.96-1.84 (m, 1H,
CH,CH,CHj3), 1.69-1.56 (m, 1H, CH,CH,CH3), 1.54-1.42 (m, 1H, CH,CH,CH3), 1.30-1.18
(m, 1H, CH,CH,CH3), 0.87 (t, 3Js.i = 7.5 Hz, 3H, CH,CH,CHj3); 13C NMR (DMSO-dg,
75 MHz): 5¢ 144.7,130.8,129.9, 128.4, 127.0, 121.1, 116.9, 113.0 (ArCs), 68.0 (CHOH), 36.9,
19.1, 14.1 (CH,CH,CH3); HRMS (ESI*) MeOH/CHClI3, m/z (RI) (RI): 294.0490 ([M + H]*,
3%), 276.0390 (M + H-H,O]*, 100%). [M + H]* calcd. for C14H;4BrNO, 294.0488.

General procedure for the synthesis of 14-aza-12-oxasteroid analogues (4a-1):

In a 50 mL RB flask with a stir bar, 3a-h (200 mg, 1 equiv.) was dissolved in toluene
(ca. 5mL), and then the appropriate keto acid [levulinic acid /2-carboxybenzaldehyde/4-
acetylbutyric acid / (2-oxopropyl sulfanyl)-acetic acid, 1.5 equiv.] was added. The reaction
mixture was refluxed for 2 h using a Dean—Stark apparatus, with dry toluene in the vertical
column. At this point, TLC (2% MeOH in DCM) revealed complete consumption of the
starting materials and formation of the product. The solvent was removed from the reaction
mixture in vacuo and the crude product was purified using column chromatography (using
DCM as eluent and slowly increasing the polarity with MeOH) to yield the respective
14-aza-12-oxasteroid analogues.

rac-(11R,12aS)-11-benzyl-12a-methyl-11,12a-dihydro-1H-naphtho[2,1-dlpyrrolo[2,1-b][1,3Joxazin-
3(2H)-one (4a): Orange solid; 40% yield (104 mg); R¢ 0.55 (2% MeOH in DCM); m.p.
124-126 °C; TH NMR (CDCls, 300 MHz): &5 8.16 (d, 3Jr = 9.0 Hz, 1H, ArH), 7.93 (t,
3Ttn = 7.5 Hz, 2H, ArH), 7.84 (d, 3Jyip = 9.0 Hz, 1H, ArH), 7.62 (t, 3[4 = 7.5 Hz, 1H, ArH),
7.52 (t, 3]y = 7.5 Hz, 1H, ArH), 7.27-7.22 (m, 3H, ArH), 7.07 (d, /1. = 3.0, 2H, ArH),
5.85 (d, 3Jt.1y = 3.0 Hz, 1H, PhCH,CH), 3.43 (d, ?Js. = 12.0 Hz, 1H, PhCH,CH), 3.06 (dd,
2Jth = 15.0 Hz, 3. = 6.0 Hz, 1H, PhCH,CH), 2.58 (t, 3Jt1.1 = 7.5 Hz, 2H, CH,CH,CO),
2.37-2.20 (m, 2H, CH,CH,CO), 1.42 (s, 3H, CH3); 13C NMR (DMSO, 75 MHz): 5c 172.1 (CO),
137.7,131.4,129.5,129.1, 128.4, 127.8, 126.5, 126.5, 124.9, 122.6, 121.8, 120.7 (ArCs), 89.3 (C12),
72.1 (C11), 42.8 (PhCH,), 32.6,29.8, 22.4 (CH,CH, and CH3); HRMS (ESI*) MeOH /CHCl3,
m/z (RI): 344.1644 ([M + H]*, 100%). [M + H]* calcd. for Cp3Hp NO,, 344.1645.

rac-(11R,12aS)-12a-methyl-11-phenyl-11,12a-dihydro-1H-naphtho[2,1-d]pyrrolo[2,1-b][1,3Joxazin-
3(2H)-one (4b): Yellow-orange powder; 45% yield (119 mg); R¢ 0.46 (2% MeOH in DCM);
m.p. 189-191 °C; TH NMR (CDCls, 300 MHz): 835 8.46 (d, *Jyi.p = 9.0 Hz, 1H, ArH), 7.90
(d, 3J1.q = 9.0 Hz, 1H, ArH), 7.83 (d, 3J1.iy = 9.0 Hz, 1H, ArH), 7.48 (d, 3Jyi = 9.0 Hz,
1H, ArH), 7.36 (t, 3]s = 6.0 Hz, 1H, ArH), 7.32-7.26 (m, 6H, ArH), 6.45 (s, 1H, PhCH),
2.71-2.66 (m, 2H, CH,CH,CO), 2.29 (t, 3]sz = 9.0 Hz, 2H, CH,CH,CO), 1.64 (s, 3H, CH3);
13C NMR (DMSO-dg, 75 MHz): 5¢ 172.6 (CO), 141.6, 132.3, 131.5, 129.7, 129.5, 129.2, 129.0,
129.0, 128.8, 126.6, 125.2, 124.6, 120.7, 120.6 (ArCs), 90.6 (C12), 75.8 (C11), 33.1, 30.6, 22.0
(CH,CH, and CH3); HRMS (ESI*) MeOH/CHClI3, m/z (RI): 330.1489 ([M + H]*, 100%).
[M + H]+ caled. for szngNOZ, 330.1489.

rac-(11R,12aS)-11,12a-dimethyl-11,12a-dihydro-1H-naphtho[2,1-d[pyrrolo[2,1-b][1,3]oxazin-3(2H)-one
(4c): Viscous orange liquid; 34% yield (96 mg); R¢ 0.39 (2% MeOH in DCM); 'H NMR
(CDCl3, 300 MHz): 6 8.35 (d, 4/ = 1.5 Hz, 1H, ArH), 7.87-7.78 (m, 3H, ArH), 7.53-7.43
(m, 2H, ArH), 5.66 (q, ®J.11 = 6.0 Hz, 1H, CH3CH), 2.67 (t, *J.11 = 9.0 Hz, 2H, CH,CH,CO),
2.30 (t, 3]s = 9.0 Hz, 2H, CH,CH,CO), 1.65 (d, 3111 = 6.0 Hz, 3H, CH3), 1.47 (s, 3H, CH3);
13C NMR (CDCl3, 75 MHz): 5¢ 172.1 (CO), 131.2, 130.2, 129.2, 128.9, 128.2, 126.2, 124.8,
123.3,123.1, 120.4 (ArCs), 89.3 (C12), 68.0 (C11), 32.8, 30.1, 23.1, 21.5 (CH,CH, and CHj);
HRMS (ESI*) MeOH/CHCl3, m/z (RI): 268.1332 (IM + H]*, 100%). [M + H]* calcd. for
C17H17NO», 268.1331.

rac-(11R,12aS)-12a-methyl-11-propyl-11,12a-dihydro-1H-naphtho[2,1-d]pyrrolo[2,1-b][1,3]oxazin-
3(2H)-one (4d): Orange solid; yield 45% (123 mg); R¢ 0.40 (2% MeOH in DCM); m.p. 123-
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125 °C; TH NMR (CDCl3, 300 MHz): 851 8.27 (d, 3]y = 9.0 Hz, 1H, ArH), 7.87-7.76 (m,
3H, ArH), 7.52 (t, 3. = 9.0 Hz, 1H, ArH), 7.45 (t, 3Jy.g = 9.0 Hz, 1H, ArH), 5.58 (dd,
3t = 6.0 Hz, 4]y = 1.5 Hz, 1H, CH3CH), 2.67 (t, 3Jy.u = 7.5 Hz, 2H, CH,CH,CO),
2.30 (t, 3. = 7.5 Hz, 2H, CH,CH,CO), 2.12-2.01 (m, 1H, CH,CH,CH3), 1.87-1.75 (m,
1H, CH,CH,CHj3), 1.55-1.44 (m, 1H, CH,CH,CHj3), 1.44 (s, 3H, CH3), 1.32-1.21 (m, 1H,
CH,CH,CH3), 0.87 (t, 3]y = 6.0 Hz, 3H, CH,CH,CH3); 1¥C NMR (DMSO-dg, 75 MHz):
5¢ 172.3 (CO), 131.2,131.0, 129.2, 128.9, 128.1, 126.2, 124.8, 122.9, 122.6, 120.5 (ArCs), 89.3
(C12), 71.3 (C11), 38.8, 32.8, 30.1, 21.9, 18.0, 13.9 (CH,CH, CHj, n-Pr); HRMS (ESI*)
MeOH/CHCl;, m/z (RI): 296.1631 (IM + H]*, 100%). [M + H]* caled. for C19Hy;NO,,
296.1645.

rac-(11R,12aS)-11-benzyl-8-bromo-12a-methyl-11,12a-dihydro-1H-naphtho[2,1-d]pyrrolo[2,1-b][1,3]
oxazin-3(2H)-one (4e): Purple solid; 33% yield (82 mg); R; 0.49 (2% MeOH in DCM); m.p.
106-108 °C; TH NMR (CDCl3, 300 MHz): &y 8.16 (d, 3]y = 9.0 Hz, 1H, ArH), 8.05 (d,
4m = 1.5 Hz, 1H), 7.79 (d, 3Jsa = 9.0 Hz, 1H, ArH), 7.72 (d, 3]y = 9.0 Hz, 1H, ArH),
7.66 (d, 3Jyu = 9.0 Hz, 1H, ArH), 7.23-7.19 (m, 3H, ArH), 7.00-6.99 (m, 2H, ArH), 5.79 (dd,
3Tt.1 = 6.0 Hz, 4] = 3.0 Hz, 1H, PhCH,CH), 3.36 (dd, 2] = 15.0 Hz, 3[1.1y = 3.0 Hz, 1H,
PhCH,CH), 3.04 (dd, ?Jy.11 = 15.0 Hz, 3J11.13 = 6.0 Hz, 1H, PhCH,CH), 2.56 (t, *J11.11 = 7.5 Hz,
2H, CH,CH,CO), 2.18-2.34 (m, 2H, CH,CH,CO), 1.40 (s, 3H, CH3); ¥*C NMR (DMSO-dg,
75 MHz): §¢ 172.0 (CO), 137.2, 132.3, 131.7, 131.0, 129.8, 129.4, 127.8, 127.5, 126.6, 124.4,
122.0, 121.8, 118.8 (ArCs), 71.9 (C12), 89.3 (C11), 42.8 (PhCH5), 32.6, 29.8, 22.3 (CH,CHy,,
CHj3); HRMS (ESI*) MeOH /CHCl3, m/z (RI): 421.0740 (M + H]*, 100%). [M + H]* calcd.
for C23H20B1'N02, 421.0677.

rac-(11R,12aS)-8-bromo-12a-methyl-11-phenyl-11,12a-dihydro-1H-naphtho[2,1-dJpyrrolo[2,1-b][1,3]
oxazin-3(2H)-one (4f): Purple-brown solid; 30% yield (75 mg); R¢ 0.46 (2% MeOH in DCM);
m.p. 203-205 °C; 'TH NMR (CDCl3, 300 MHz): &y 8.49 (d, 3Jyy.pg = 9.0 Hz, 1H, ArH), 7.97 (s,
1H, ArH), 7.79 (d, 3Jy.p = 9.0 Hz, 1H, ArH), 7.31-7.27 (m, 5H, ArH), 7.23-7.21 (m, 2H, ArH),
6.39 (s, 1H, PhCH), 2.70-2.65 (m, 2H, CH,CH,CO), 2.29 (t, 3Jy.p1 = 6.0 Hz, 2H, CH,CH,CO),
1.64 (s, 3H, CH3); 13C NMR (DMSO-dg, 75 MHz): 8¢ 172.2 (CO), 140.9, 132.3, 132.2, 130.6,
129.5,128.9,128.5, 128.1, 127.8, 125.9, 121.4, 120.3, 118.8 (ArCs), 90.2 (C12), 75.2 (C11), 32.7,
30.1, 21.6 (CH,CH,, CHj3); HRMS (ESI*) MeOH/CHCl3, m/z (RI): 408.0584 ([M + HJ*,
100%). [M + H]J* calcd. for CpoH13BrNO,, 408.0594.

rac-(11R,12aS)-8-bromo-11,12a-dimethyl-11,12a-dihydro-1H-naphtho[ 2,1-d[pyrrolo[2,1-b][1,3]-0xazin-
3(2H)-one (4g): Viscous orange liquid; 35% yield (92 mg); R¢ 0.41 (2% MeOH in DCM); 'H

NMR (CDCl3, 300 MHz): 5y 8.35 (d, *Jy.u = 1.5 Hz, 1H, ArH), 7.98 (s, 1H, ArH), 7.69-7.39

(m, 3H, ArH), 5.58 (q, 3.1 = 6.0 Hz, 1H, CH3CH), 2.65 (t, *Jyy.p = 7.5 Hz, 2H, CH,CH,CO),

2.27 (t, 3Jg.g = 7.5 Hz, 2H, CH,CH,CO), 1.59 (d, 3]z = 6.0 Hz, 3H, CH3), 1.43 (s, 3H,

CH3); 13C NMR (CDCl3, 75 MHz): 5¢c 172.2 (CO), 132.3, 130.7, 129.4, 127.7, 127.2, 124.8,

123.5,121.4,119.0, 118.7 (ArCs), 89.3 (C12), 67.7 (C11), 32.7, 30.0, 23.1, 21.4 (CH,CH,, CH3);

HRMS (ESI*) MeOH/CHCl3, m/z (RI): 346.0433 ([M + H]*, 100%). [M + H]* calcd. for

C17H16BI'N02, 346.0437.

rac-(11R,12aS)-8-Bromo-12a-methyl-11-propyl-11,12a-dihydro-1H-naphtho[2,1-dlpyrrolo[2,1-b][1,3]-
oxazin-3(2H)-one (4h): Purple oil; 40% yield (102 mg); R¢ 0.62 (2% MeOH in DCM); 'H NMR
(CDCl3, 300 MHz): 811 8.29 (d, *Jy.u = 9.0 Hz, 1H, ArH), 7.99 (d, ]y = 1.5 Hz, 1H, ArH),
7.70-7.62 (m, 2H, ArH), 7.56 (d, 3.y = 9.0 Hz, 1H, ArH), 5.53 (dd, 3] = 6.0 Hz, 3.0 Hz, 1H,
CH3CH), 2.66 (t, 3Js.p = 7.5 Hz, 2H, CH,CH,CO), 2.29 (t, 3]ty = 7.5 Hz, 2H, CH,CH,CO),
2.06-1.95 (m, 1H, CH,CH,CH3), 1.82-1.70 (m, 1H, CH,CH,CH3), 1.51-1.39 (m, 1H,
CH,CH,CHj3), 1.43 (s, 3H, CH3), 1.23-1.15 (m, 1H, CH,CH,CHj3), 0.85 (t, 3Jyy.q = 7.5 Hz,
3H, CH,CH,CH3); 13C NMR (DMSO-dg, 75 MHz): §¢ 172.3 (CO), 132.4, 131.3, 130.8, 129.4,
127.6, 127.2, 124.6, 122.7, 121.5, 118.7 (ArCs), 89.3 (C12), 71.1 (C11), 38.8, 32.8, 30.0, 21.8,
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17.9,13.8 (CH,CH,, CH3, n-Pr); HRMS (ESI*) MeOH/CHCl3, m/z (RI): 374.0739 (M + H]*,
100%). [M + H]J* calcd. for C19H,oBrNO,, 374.0750.

7-Methyl-7H-naphtho[2',1':4,5][1,3]oxazino[2,3-alisoindol-13(8aH)-one (4i): Viscous orange
liquid; 78% yield (249 mg). R¢ 0.79 (2% MeOH in DCM); mixture of two diastereomers (6:4).
Data for the major diastereomer are presented here; 'H NMR (CDCl3, 300 MHz): 8y 8.56
(d, 41 = 1.5 Hz, 1H, ArH), 7.94-7.43 (m, 9H, ArH), 5.95 (q, 3Ji.u = 9.0 Hz, 1H, CH3CH),
5.79 (s, 1H, NCHO), 1.72 (d, 3J11.iq = 9.0 Hz, 3H, CH3); 13C NMR (CDCls, 75 MHz): 5¢ 164.8
(CO), 140.2, 132.7,130.2, 128.9, 128.5, 126.6, 126.4, 124.7, 124.6, 124.0, 123.5, 123.2, 123.1,
122.4, 120.8, 119.0 (ArCs), 83.1, 72.4, 23.3 (CH3); HRMS (ESI*) MeOH/CHCl3, m/z (RI):
302.1173 ([M + H]*, 100%). [M + H]* caled. for CooH15NO,, 302.1176.

4-Bromo-7-methyl-7H-naphtho[2',1':4,5][1,3]oxazino[ 2,3-alisoindol-13(8aH)-one (4j): Colorless
solid; 40% yield (112 mg); R¢ 0.85 (2% MeOH in DCM); m.p. 230-233 °C. Mixture of two
diastereomers (8:2). Data for the major diastereomer are presented here; TH NMR (CDCl3,
300 MHz): 8y 8.58 (d, 3Jg.i = 9.0 Hz, 1H, ArH), 8.03 (s, 1H, ArH), 7.95 (d, *Jy.p = 9.0 Hz,
1H, ArH), 8.03-7.59 (m, 6H, ArH), 5.94 (q, 3]y = 6.0 Hz, 1H, CH3CH), 5.87 (s, 1H, NCHO),
1.70 (d, 3Js.1 = 6.0 Hz, 3H, CH3); 13C NMR (CDCl3, 75 MHz): §¢ 164.9 (CO), 140.2, 132.9,
132.2,131.0,130.5,130.0,129.7,128.2,127.7,124.9, 124.2, 123.6, 122.5, 120.3, 118.6 (ArCs), 83.2
(C-12), 72.3 (C-11), 23.4 (CH3); HRMS (ESI*) MeOH /CHCl3, m/z (RI): 380.0284 ([M + H]*,
96%). [M + H]* calcd. for CooH14BrNO,, 380.0281.

rac-(12R,13aS)-12,13a-dimethyl-1,2,3,13a-tetrahydronaphtho[2,1-d[pyrido[2,1-b][1,3loxazin-4(12H)-
one (4k): Viscous orange liquid; 30% yield (91 mg); R¢ 0.61 (2% MeOH in DCM); 'H
NMR (CDCl3, 300 MHz): 8y 7.87-7.70 (m, 4H, ArH), 7.55-7.46 (m, 2H, ArH), 5.65 (q,
3.1 = 6.0 Hz, 1H, CH3CH), 2.63 (t, 3J1.;1 = 9.0 Hz, 2H, CH,CH,CHb), 2.13 (t, 3/ = 9.0 Hz,
2H, CH,CH,CHb), 1.63 (d, 3J1y.1 = 6.0 Hz, 3H, CH3), 1.38 (s, 3H, CH3), 0.83 (t, 3Jy.1 = 9.0 Hz,
2H, CH,CH,CH,); 3C NMR (CDCl3, 75 MHz): 5¢ 170.1 (CO), 132.8, 131.6, 128.9, 128.8,
127.6, 127.1, 126.2, 125.2, 122.5 (ArCs), 86.1 (C12), 67.3 (C11), 37.0, 34.1, 25.0, 23.5, 17.0
(CH,CH,CH,;, CH3); HRMS (ESI*) MeOH /CHCl3, m/z (RI): 282.3619 ([M + H]*, 100%).
[M + H]* caled. for C1gH19NO,: 282.3625.

rac-(12R,13aS)-12,13a-dimethyl-12,13a-dihydro-1H-naphtho[2,1-d][1,4]thiazino[ 3,4-b][1,3Joxazin-
4(3H)-one (41): Viscous orange liquid; 30% yield (92 mg); R 0.62 (2% MeOH in DCM); 'H
NMR (CDCl3, 300 MHz): 8y 7.87-7.66 (m, 4H, ArH), 7.56-7.47 (m, 2H, ArH), 5.65 (q,
3. = 7.5 Hz, 1H, CH;3CH), 3.60 (m, 2H, CH,SCH,), 3.06 (s, 2H, CH,SCH5), 1.68 (d,
3. = 7.5 Hz, 3H, CH3), 1.54 (s, 3H, CH3); 3C NMR (CDCl3, 75 MHz): 5¢c 165.6 (CO),
132.1, 131.6, 128.8, 128.7, 127.2, 126.3, 125.5, 124.6, 122.5 (ArCs), 87.7 (C12), 67.5 (C11),
39.0, 33.8, 23.4, 23.3 (CH,SCH,), 2xCH3); HRMS (ESI*) MeOH /CHClj3, m/z (RI): 300.1047
(IM + HJ*, 100%). [M + H]* calcd. for C17H17NO,S: 300.1053.

5. Conclusions

We have devised a concise synthesis of 14-aza-12-oxasteroids, 4a-1 in four simple
steps, starting from inexpensive and readily available 2-naphthol analogues. The Bucherer
reaction was employed to convert naphthol analogues to their corresponding naphthy-
lamines, which in turn were ortho-acylated using the Sugasawa reaction. Furthermore, the
1-acylated-2-aminonaphthylenes were then reduced to the corresponding amino-alcohols.
Double dehydrations and double intramolecular cyclizations of the synthesized amino-
alcohols with four different oxo-acids resulted in a one-pot formation of a C-N bond,
a C-O bond, and an amide bond in tandem. A series of twelve 14-aza-12-oxasteroid
analogues were synthesized in moderate yields. The structure, stereochemistry, and con-
nectivity of the bonds were further confirmed by an X-ray crystal structure determination of
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one of the analogues, 12a-methyl-11-phenyl-11,12a-dihydro-1H-naphtho[2,1-d]pyrrolo[2,1-
b][1,3]oxazin-3(2H)-one (4b).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules30020415/s1, 'H and '3 C NMR spectra of all compounds
reported in this article. Figure S1: Structure of compound 4b showing the two molecules of the
independent unit in the correct relative orientation. Figure S2: Separate diagrams of the two molecules
in compound 4b showing the full heavy atom labelling. Table S1: Crystal data and structure
refinement for Compound 4b. Refs [36—41] are cited in Supplementary Materials.
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Abstract: Oxazole, a versatile and significant heteroarene, serves as a bridge between syn-
thetic organic chemistry and applications in the medicinal, pharmaceutical, and industrial
fields. Polycyclic aromatic compounds with amino groups substituted at the 2-position of
an oxazole, such as 2-aminonaphthoxazoles, are expected to be functional probes, but their
synthetic methods are extremely limited. Herein, we describe electrochemical reactions of 3-
amino-2-naphthol or 3-amino-2-anthracenol and isothiocyanates in DMSO, using a graphite
electrode as an anode and a platinum electrode as a cathode in the presence of potassium
iodide (KI), which afford N-arylnaphtho- and N-arylanthra[2,3-dJoxazol-2-amines via cy-
clodesulfurization. This reaction is the first example of synthesis of 2-aminoxazole-based
polycyclic compounds using an electrochemical reaction. An examination of the spec-
troscopic properties of polycyclic oxazoles revealed that the A;ps value of the tetracyclic
oxazoles was redshifted relative to that of the tricyclic oxazoles. Moreover, synthesized
naphthalene/anthracene-fused tricyclic and tetracyclic oxazoles exhibited extended -
conjugated skeletons and fluoresced in the 340-430 nm region in chloroform.

Keywords: electrochemical reaction; polycyclic benzene-fused oxazole; cyclodesulfurization;
thiourea; optical property

1. Introduction

Oxazoles are important building blocks for the synthesis of functional organic materials
and biologically active compounds [1-5]. Among them, N-substituted benzo[d]oxazol-2-
amines (2-aminobenzoxazoles) have garnered considerable attention due to their potential
applications in biological and pharmaceutical therapies. For example, suvorexant was recently
approved as a medication for treating insomnia [6,7]. Furthermore, 2-aminobenzoxazole
derivatives have demonstrated significant inhibitory effects on 5-lipoxygenase and p90 riboso-
mal S6 kinase, as well as strong «-glucosidase inhibition activity [8-10]. As a result, numerous
synthetic methods for producing 2-aminobenzoxazoles have been developed [11-13]. More-
over, 2-aminonaphthoxazole, which has one more fused benzene ring, has also been reported
to be a potential probe for detecting y-hydroxybutyric acid in soft drinks and alcoholic
beverages based on color and fluorescence changes [14]. However, only a few methods
are known for the synthesis of its parent 2-aminonaphthoxazole [14-18]. For instance, in
2018, synthesis of N-phenylnaphtho[2,3-dJoxazol-2-amine via triphenylbismuth dichloride-
promoted cyclodesulfurization of thioureas derived from 3-amino-2-naphthol and phenyl
isothiocyanate was reported [15]. Since then, Cu,O/tetrabutylammonium bromide [16]
and elemental sulfur/K,CO; systems [17] have been used as reagents for the oxidative cy-
clodesulfurization reactions, and artificial hemoglobin-containing cobalt porphyrin [18] has

Molecules 2025, 30, 319 https:/ /doi.org/10.3390/molecules30020319
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been reported to serve as a catalyst in these reactions. However, these studies were more
focused on the synthesis of benzoxazoles than on the synthesis of polycyclic N-arylnaphtho-
and anthral2,3-dJoxazol-2-amines. Moreover, the spectroscopic properties of the synthesized
compounds were not investigated despite their potential as functional materials. Electro-
chemical synthesis attracted attention as an environmentally friendly method [19-21]. Bicyclic
2-aminobenzoxazoles have been synthesized through tandem electrochemical reactions from 2-
aminophenols and isothiocyanates via thiourea [22]. Inspired by these works, this study aimed
to synthesize N-aryloxazol-2-amines fused with naphthalene and anthracene rings, namely
N-arylnaphtho- and N-arylanthral2,3-d]oxazol-2-amines, via electrochemical cyclodesulfur-
ization from 3-amino-2-naphthol or 3-amino-2-anthracenol and isothiocyanates. The optical
properties of the synthesized compounds were also investigated.

2. Results and Discussion

In the electrolytic synthesis of 2-aminobenzoxazoles from 2-aminophenols and isoth-
iocyanates, as reported by Wacharasindhu et al., two reagents, Nal and NaCl, were used
as electrolytes and/or reaction mediators with a mixed ethanol-water solvent [22]. Since
polycyclic aromatic heterocycles are poorly soluble in water, we attempted to carry out
the reaction under simpler electrolysis conditions while considering the solubility of the
products. The electrocyclization of thioamide (3a) generated from 3-amino-2-naphthol (1)
and phenyl isothiocyanate (2a) in the presence of various electrolytes was carried out to
obtain suitable reaction conditions (Table 1). To clarify the effect of the electrolyte, MeCN
was used as the solvent with a current of 20 mA using a graphite electrode as the anode
[C(+)] and a platinum electrode as the cathode [Pt(—)] (entries 1-5). KI was found to be
the best electrolyte for the reaction in terms of the yield of the desired oxazole (4). Sol-
vent screening experiments suggested that the reaction proceeded efficiently in DMSO
(87%), MeCN (83%), DMF (79%), and DMA (69%) (entries 4 and 6-8), whereas the reaction
did not proceed in EtOH or THF (entries 9 and 10). Next, several combinations of the
graphite and platinum electrodes were examined. As evident in Table 1, slightly higher
yields were obtained when graphite and platinum were used as the anode and cathode,
respectively (entries 4 and 11-13). The yield decreased when the KI concentration was
reduced (entry 14). When the applied current was reduced from 20 to 5 mA, the reaction
time increased (entry 15). Thus, the best result was obtained when 3a, generated from 1
and 2a, reacted in DMSO in the presence of a KI (0.5 M) electrolyte at a current density of
20 mA using a graphite [C(+)] anode and a platinum [Pt(—)] cathode (entry 8).

The generality of this protocol was evaluated by examining the reactions of 3-amino-
2-naphthol (1) or 3-amino-2-anthracenol (5) with aryl isothiocyanate (2); the results are
summarized in Table 2. The reaction of 1 with aryl isothiocyanate (2) gave the corresponding
tricyclic naphthoxazoles (6-8) in high yields. When 3-amino-2-anthracenols (5) were used
as a substrate instead of 1, the desired tetracyclic anthroxazoles (9-12) were obtained, albeit
in low yields. These lower yields can be attributed to the low solubility of the thiourea
intermediates (3) derived from 5 and 2.

The mechanism of this electrochemical synthesis is unclear at present. However, a
plausible mechanism has been proposed (Scheme 1). Iodine (I,) is generated from the
iodide (I7) of an electrolyte such as nBuNyl, KI, and Nal at the positive electrode of the
electrolytic system [23-25]. The thiolic form (A), a tautomer of thiourea derived from
aminophenol and isothiocyanate, reacts with iodine to produce B. The electrochemical
reaction of 1,3-diphenylthiourea (13) under standard conditions affords carbodiimide (14)
in a 62% yield (Scheme 2a), and the reductive elimination of B generates carbodiimide
(C), sulfur, and hydroiodic acid (Route A). Finally, C undergoes intramolecular cyclization
to give polycyclic oxazole. Another possible route (Route B) could be the intramolecular
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cyclization of B to give oxazole through dehydrosulfurization via D. Reactions of thiourea
(3a) using catalytic or equivalent amounts of iodine, without electrolysis, gave the corre-
sponding product (4) in a 43% yield (Scheme 2b). These results suggest that the addition of
iodine alone is less effective and that electrolytic reactions proceed more efficiently using
KI, although the reaction mechanism remains unclear.

Table 1. Screening of reaction conditions 2.

H H iti
NH —e= conditions N
Cﬂc : ¥ Ness NTN (Table 1) “‘O S—nNH
“: [ ] = “:OO S [ j > o
OH 1,18 h oH t @

1 2a 3a 4
Entry Electrolyte Electrode Current (mA) Solvent Time (h) Yield (%) P
1 Nal C(+)/Pt(—) 20 MeCN 3 64
2 NH4I C(+)/Pt(—) 20 MeCN 3 77
3 nBuyNI C(+)/Pt(—) 20 MeCN 4 76
4 KI C(+)/Pt(—) 20 MeCN 3 83
5 KBr C(+)/Pt(—) 20 MeCN 24 -—-
6 KI C(+)/Pt(—) 20 DMF 3 79
7 KI C(+)/Pt(—) 20 DMA 3 69
8 KI C(+)/Pt(—) 20 DMSO 2 87
9 KI C(+)/Pt(—) 20 EtOH 24 -—
10 KI C(+)/Pt(—) 20 THF 24 -—-
11 KI C(+)/C(-) 20 DMSO 2 72
12 KI Pt(+)/Pt(—) 20 DMSO 3 81
13 KI Pt(+)/C(-) 20 DMSO 4 81
14 ¢ KI C(+)/Pt(—) 20 DMSO 3 60
15 KI C(+)/Pt(—) 5 DMSO 24 80

4 1a (0.4 mmol), 2a (0.4 mmol), electrolyte (0.5 mmol, 0.1 M), and solvent (5 mL). b Yield of isolated product.
¢ Electrolyte (0.024 M).

Table 2. Synthesis of polycyclic N-aryloxazol-2-amines P,

B NH; 1) ArNCS (2), DMSO, rt, 18 h B N
- OH 2) C(+)/Pt(-), | =20 mA, KI (0.1 M)  “y- o  Ar

1or5 2 6-12

gy, OOy SST NS S S

" Q " Q Q

OMe F CFs OMe

6: 90% (4 h) 7: 86% (2 h) 8: 89% (2 h) 9:17% (4 h)

O

10: 36% (2 h) 11: 47% (2 h) 12: 53% (2 h)

CF;

@ All reactions were carried out using 1 or 5 (0.4 mmol), 2 (0.4 mmol), KI (0.5 mmol, 0.1 M), and DMSO (5 mL).
® Yield of isolated product.
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Scheme 1. Proposed mechanism.
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Scheme 2. Control reactions. (a) Desulfurization of thiourea. (b) Experiments using catalytic or
equivalent amounts of iodine.

The optical properties of tricyclic and tetracyclic oxazole derivatives 4 and 6-12
were evaluated based on their UV-Vis absorption and fluorescence spectra in chloroform
(Figures 1 and 2 and Table 3). Tricyclic oxazoles 4 and 6-8 exhibited an absorption band
with a maximum (A,ps) at around 330 nm. The absorption maxima were largely unaffected
by the substituents at the 4-position of the N-phenyl ring. Tetracyclic oxazoles 9-12
displayed three bands (A,ps) ranging from 350 to 400 nm, which were largely unaffected by
the substituents at the 4-position of the N-phenyl ring. It is evident that the A, value of
the tetracyclic oxazoles was redshifted by ~70 nm relative to that of the tricyclic oxazoles,
as presented in Table 3. Compounds 4 and 6-8 exhibited fluorescence maxima (Aem) at 339—
357 nm. The 4-methoxyphenyl derivative (6) exhibited negligible fluorescence, while the
4-trifluoromethyl derivative (8) showed stronger fluorescence (P = 32%) than compounds
4 and 7. Furthermore, the Aem of 4 and 6-8 was redshifted from 339 to 357 nm with an
increase in the electron-donating ability of the substituents at the 4-position on the N-phenyl
ring. Tetracyclic oxazoles 9-12 exhibited two fluorescence emission bands at around 410
and 430 nm, with @p values of 14-27%. The Aem values of tetracyclic oxazoles 9-12 were
not affected by the electronic property of the substituent on the N-phenyl ring.
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Figure 1. The (a) absorption and (b) fluorescence spectra of N-arylnaphtho[2,3-d]oxazol-2-amines 4
and 6-8 in CHCl3. The excitation wavelength was 310 nm.
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Figure 2. The (a) absorption and (b) fluorescence spectra of N-arylanthra[2,3-d]oxazol-2-amines 9-12
in CHCl3. The excitation wavelength was 380 nm.

Table 3. Absorption (C =1.30 x 1075-2.98 x 10~> M) and fluorescence (C = 1.51 x 1076-4.73 x 1076 M)
data for 4 and 6-12 in CHCl3 at room temperature.

Compound Ar Aabs (nm) Aem (nm) 2 & (%) P
6 4-MeOCgH,y 334 357 <1
4 CgHs 332 345 15
7 4-FCgHy 332 344 11
8 4-CF3C¢Hy 332 339 32
9 4-MeOCg¢H, 359, 376, 398 414, 431 27
10 CeHs 359, 376, 398 409, 431 18
11 4-FCgHy 359, 376, 398 408, 430 14
12 4-CF;CgHy 359, 376, 398 406, 430 20

2 Excitation at 310 (4 and 6-8) or 380 (9-12) nm. P The relative quantum yields were estimated using a solution of
anthracene in ethanol (®f = 0.27) for 4 and 6-8 and using 9,10-diphenyl anthracene in cyclohexane (@ = 0.90) for
9-12 [26].

3. Materials and Methods
3.1. General Information

Unless otherwise stated, all reagents and solvents were purchased from commercial
suppliers and used without further purification. 'H NMR (DMSO: ¢ 2.48 ppm as an in-
ternal standard), '*C NMR (DMSO-dg: § 39.5 ppm as an internal standard), and '°F NMR
(trifluoromethylbenzene: 6 —64.0 ppm as an external standard) spectra were recorded on a
JEOL ECZ-400S (400 MHz, 100 MHz, and 376 MHz) spectrometer (JEOL Ltd., Tokyo, Japan)
in DMSO-ds. Melting points were measured on a Yanagimoto micro melting point hot
stage apparatus (Yanaco Technical Science Co., Ltd., Tokyo, Japan) and were not corrected.
GC-MS (EI) spectra were recorded on an Agilent 5977E Diff-SST MSD-230V spectrometer

69



Molecules 2025, 30, 319

(Agilent Technologies Japan, Ltd., Tokyo, Japan). HRMS (ESI) were measured on an Agilent
6230 TOF mass spectrometer (Agilent Technologies Japan, Ltd., Tokyo, Japan). IR spectra
were recorded on an FTIR-8400S system from Shimadzu (SHIMADZU Corp., Kyoto, Japan)
and are reported using the frequency of absorption (cm~1). UV-Vis spectra were recorded
at room temperature on a HITACHI U-2800A spectrophotometer (Hitachi High-Tech Cor-
poration, Tokyo, Japan, C = 1.30 x 107°-2.98 x 10~> M in CHCl3), and fluorescence spectra
were recorded on a JASCO FP-8300 luminescence spectrometer (JASCO Corporation, Tokyo,
Japan, C = 1.51 x 107°-4.73 x 10~® M in CHCl3). Only selected IR absorbencies are re-
ported. All chromatographic separations were accomplished with Silica Gel 60N (Kanto
Chemical Co., Inc., Tokyo, Japan). Thin-layer chromatography (TLC) was performed with
Macherey-Nagel Sil G25 UV254 pre-coated TLC plates. 3-Amino-2-naphthol (1) and isoth-
iocyanates (2) were purchased from TCI Fine Chemicals, Japan. Aminophenol (5) [27] was
prepared according to the reported procedure. All electrochemical reactions were carried
out in an IKA ElectraSyn 2.0 using ElectraSyn 2.0 undivided cells (a 5 mL vial) equipped
with standard IKA ElectraSyn 2.0 electrodes (IKA Japan K.K., Osaka, Japan).

3.2. Synthesis of N-Arylnaphtho- and Anthra[2,3-d]Joxazol-2-amines

In a 5.0 mL ElectraSyn vial, a mixture of aminophenol (1 or 5: 0.4 mmol) and arylisoth-
iocyanate (2: 0.4 mmol) in DMSO (5.0 mL) was stirred well for 18 h. After complete
conversion of the reaction, KI (83.0 mg, 0.5 mmol, and 0.1 M) was added to the reaction mix-
ture. The vial was sealed with an ElectraSyn vial cap fitted with graphite SK-50 as an anode
and platinum foil as a cathode. Constant-current electrolysis was performed at 20 mA for
2-4 h. The reaction mixture was diluted with H,O (20 mL) and AcOEt (20 mL), and the
aqueous phase was extracted with AcOEt (3 x 30 mL). The combined organic phase was
washed with brine (20 mL) and dried over MgSO,. Evaporation of the solvent provided
the crude product. The crude product was then purified by column chromatography on
silica gel (copies of 'H and '3C NMR see Supplementary Materials).

3.3. Characterization Data
3.3.1. N-Phenylnaphthol[2,3-dJoxazol-2-amine (4) [15]

Yellow prisms (90.4 mg, 87%), m.p.: 198-200 °C (from CH,Cl,-Hexane), Ry = 0.45
(Hexane/AcOEt = 8:2). 'H NMR (400 MHz, DMSO-dq): § 10.9 (brs, 1H, NH), 7.93-7.90
(m, 3H, Ar-H), 7.84 (s, 1H, Ar-H), 7.79 (d, ] = 8.0 Hz, 2H, Ar-H), 7.42-7.37 (m, 4H, Ar-H),
and 7.05 (t, ] = 7.6 Hz, 1H, Ar-H) ppm. '3C NMR (100 MHz, DMSO-dy): 6 159.3 (C), 146.9
(C), 142.9 (C), 138.4 (C), 131.3 (C), 129.6 (C), 129.0 (CH), 127.6 (CH), 127.5 (CH), 124.4 (CH),
124.0 (CH), 122.6 (CH), 118.0 (CH), 112.3 (CH), and 104.5 (CH) ppm. HRMS: m/z [M + H]*
calculated for C17H;3N,O: 261.1022. Found: 261.1019. IR (KBr): v 3019 (NH) cm .

3.3.2. N-(4-Methoxyphenyl)naphtho[2,3-d]oxazol-2-amine (6) [16]

Colorless needles (104 mg, 90%), m.p.: 190-191 °C (from CH,Cl,), R¢ = 0.40 (Hex-
ane/AcOEt = 8:2). 'TH NMR (400 MHz, DMSO-dg):  10.6 (brs, 1H, NH), 7.92-7.88 (m, 3H,
Ar-H), 7.78 (s, 1H, Ar-H), 7.68 (td, ] = 9.2, 2.9 Hz, 2H, Ar-H), 7.41-7.35 (m, 2H, Ar-H), 6.96
(td, ] =9.2,2.9 Hz, 2H, Ar-H), and 3.73 (s, 3H, OCH3) ppm. '3C NMR (100 MHz, DMSO-dy):
6 160.2 (C), 155.5 (C), 147.7 (C), 143.7 (C), 132.1 (C), 131.9 (C), 130.0 (C), 128.2 (CH), 128.0
(CH), 124.9 (CH), 124.5 (CH), 120.2 (CH), 114.9 (CH), 112.5 (CH), 104.9 (CH), and 55.9 (CH3)
ppm. HRMS: m/z [M + H]* calculated for C1gH;5N,0,: 291.1128. Found: 291.1118. IR
(KBr): v 3018 (NH) cm 1.

3.3.3. N-(4-Fluorophenyl)naphthol2,3-d]Joxazol-2-amine (7)

Colorless prisms (95.6 mg, 86%), m.p.: 250-252 °C (from CH,Cl,-Hexane), R¢ = 0.4
(Hexane/AcOEt = 9:1). 'H NMR (400 MHz, DMSO-dg): 6 10.9 (brs, 1H, NH), 7.93-7.89 (m,
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3H, Ar-H), 7.82-7.78 (m, 3H, Ar-H), 7.42-7.36 (m, 2H, Ar-H), and 7.23 (tt, ] = 9.2, 3.6 Hz,
2H, Ar-H) ppm. 1*C NMR (100 MHz, DMSO-dy): 6 159.9 (C), 158.3 (d, }Jc r = 237 Hz, C),
147.6 (C), 143.4 (C), 135.4 (C), 131.9 (C), 130.1 (C), 128.2 (CH), 128.0 (CH), 125.0 (CH), 124.6
(CH), 120.2 (d, 3Jc f = 7.7 Hz, CH), 116.2 (d, ?Jc r = 22.0 Hz, CH), 112.9 (CH), and 105.1 (CH)
ppm. YFNMR (376 MHz, DMSO-dg): § —120.4 ppm. HRMS: m/z [M + H]* calculated for
C17H12FN,O: 279.0928. Found: 279.0923. IR (KBr): v 3057 (NH) cm 1.

3.3.4. N-[4-(Trifluoromethyl)phenyllnaphtho[2,3-d]oxazol-2-amine (8)

Colorless prisms (116 mg, 89%), m.p.: 201-202 °C (from CH,Cly-Hexane), R¢ = 0.43
(Hexane/AcOEt = 8:2). 'H NMR (400 MHz, DMSO-dy): 6 11.3 (brs, 1H, NH), 8.00-7.90
(m, 6H, Ar-H), 7.76 (d, | = 9.2 Hz, 2H, Ar-H), and 7.45-7.39 (m, 2H, Ar-H) ppm. 13C NMR
(100 MHz, DMSO-dy): 6 159.3 (C), 147.4 (C), 142.9 (C), 142.6 (C), 131.8 (C), 130.4 (C), 128.3
(CH), 128.2 (CH), 127.0 (q, *Jc r = 3.8 Hz, CH), 125.4 (q, Jc r = 270 Hz, C), 125.1 (CH), 124.9
(CH), 123.0 (q, ?Jc = 31.6 Hz, C), 118.4 (CH), 113.5 (CH), and 105.4 (CH) ppm. '°F NMR
(376 MHz, DMSO-dg): 6 —60.0 ppm. HRMS: m/z [M + H]* calculated for C1gH;,F3N,O:
329.0896. Found: 329.0888. IR (KBr): v 3018 (NH) cm 1.

3.3.5. N-(4-Methoxyphenyl)anthra[2,3-d]oxazol-2-amine (9)

Yellow powder (23.1 mg, 17%), m.p. > 300 °C (from THF-Hexane), R¢ = 0.40 (Hex-
ane/AcOEt = 7:3). 'TH NMR (400 MHz, DMSO-d,): 6 10.8 (brs, 1H, NH), 8.52 (d, ] = 7.9 Hz,
2H, Ar-H), 7.99 (t, ] =4.6 Hz, 3H, Ar-H), 7.88 (s, 1H, Ar-H), 7.69 (d, | = 8.6 Hz, 2H, Ar-H),
7.43-7.39 (m, 2H, Ar-H), 6.98 (d, ] = 9.1 Hz, 2H, Ar-H), and 3.74 (s, 3H, OCH3) ppm. 13C
NMR (100 MHz, DMSO-dg): ¢ 160.5 (C), 155.7 (C), 148.3 (C), 144.6 (C), 137.9 (C), 131.8
(C), 131.7 (C), 130.9 (CH), 130.5 (C), 129.2 (C), 128.14 (CH), 128.05 (CH), 126.1 (CH), 125.5
(CH), 125.3 (CH), 120.4 (CH), 114.9 (CH), 111.2 (CH), 103.8 (CH), and 55.9 (CH3) ppm.
HRMS: m/z [M + H]* calculated for CyyH17N»O;: 341.1285. Found: 341.1275. IR (KBr): v
2955 (NH) cm L.

3.3.6. N-Phenylanthra[2,3-d]oxazol-2-amine (10) [15]

Yellow powder (44.7 mg, 36%), m.p.: 278-281 °C (from AcOEt-Hexane), Ry = 0.37
(Hexane/AcOEt = 8:2). 'H NMR (400 MHz, DMSO-d,): ¢ 10.9 (brs, 1H, NH), 8.56 (d,
J =4.4Hz, 2H, Ar-H), 8.03-8.00 (m, 3H, Ar-H), 7.95 (s, 1H, Ar-H), 7.81 (d, ] = 7.2 Hz, 2H,
Ar-H), 7.45-7.38 (m, 4H, Ar-H), and 7.08 (t, ] = 7.6 Hz, 1H, Ar-H) ppm. '3C NMR (100 MHz,
DMSO-dg): § 159.7 (C), 147.5 (C), 143.7 (C), 138.2 (C), 130.3 (C), 130.2 (C), 129.9 (C), 129.0
(CH), 128.7 (CH), 127.6 (CH), 127.5 (CH), 125.5 (CH), 125.1 (CH), 124.9 (CH), 124.7 (CH),
122.8 (CH), 118.2 (CH), 111.0 (CH), and 103.3 (CH) ppm. HRMS: m/z [M + H]" calculated
for Co1H;5N,0: 311.1179. Found: 311.1168. IR (KBr): v 2997 (NH) cm .

3.3.7. N-(4-Fluorophenyl)anthra[2,3-d]oxazol-2-amine (11)

Yellow prisms (61.7 mg, 47%), m.p.: 285-286 °C (from AcOEt-Hexane), R = 0.25
(Hexane/AcOEt = 8:2). 'H NMR (400 MHz, DMSO-dg): ¢ 11.0 (brs, 1H, NH), 8.55 (d,
J = 4.8 Hz, 2H, Ar-H), 8.03-8.00 (m, 3H, Ar-H), 7.94 (s, 1H, Ar-H), 7.84-7.81 (m, 2H, Ar-H),
7.46-7.41 (m, 2H, Ar-H), and 7.26 (t, ] = 8.0 Hz, Ar-H) ppm. '3C NMR (100 MHz, DMSO-d):
5160.3 (C), 158.4 (d, 'Jc r = 237 Hz, C), 148.1 (C), 144.2 (C), 135.2 (C), 130.9 (C), 130.8 (C),
130.5 (C), 129.2 (C), 128.13 (CH), 128.11 (CH), 126.1 (C), 125.7 (C), 125.5 (CH), 125.3 (CH),
120.3 (d, 3Jcr = 7.7 Hz, CH), 116.3 (d, ?Jc ¢ = 23.0 Hz, CH), 111.6 (CH), and 103.9 (CH)
ppm. F NMR (376 MHz, DMSO-dg): 6 -120.1 ppm. HRMS: m/z [M*] calculated for
C,1H14FN,0: 329.1085. Found: 329.1076. IR (KBr): v 2928 (NH) cm 1.
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3.3.8. N-[4-(Trifluoromethyl)phenyl]anthra[2,3-dJoxazol-2-amine (12)

Yellow powder (80.1 mg, 53%), m.p. > 300 °C (from THF-Hexane), R¢ = 0.35 (Hex-
ane/AcOEt = 8:2). 'H NMR (400 MHz, DMSO-dg): & 11.4 (brs, 1H, NH), 8.57 (s, 2H, Ar-H),
8.08 (s, 1H, Ar-H), 8.03-8.00 (m, 5H, Ar-H), 7.77 (d, ] = 8.2 Hz, 2H, Ar-H), and 7.44-7.42
(m, 2H, Ar-H) ppm. ¥C NMR (100 MHz, DMSO-dg): 6 159.8 (C), 147.9 (C), 143.8 (C),
142.4 (C), 130.9 (C), 130.73 (C), 130.69 (C), 129.4 (C), 128.1 (q, *Jc r = 4.8 Hz, CH), 127.0 (q,
4Jc r = 3.8 Hz, CH), 126.2 (CH), 125.9 (CH), 125.7 (CH), 125.5 (CH), 124.9 (q, }Jc r = 273 Hz,
C), 123.3(q, ?Jcr = 31.3 Hz, C), 118.7 x 2 (CH), 112.4 (CH), and 104.3 (CH) ppm. F NMR
(376 MHz, DMSO-dg): 6 —60.0 ppm. HRMS: m/z [M + H]* calculated for CypH;4F3N,O:
379.1053. Found: 379.1047. IR (KBr): v 3059 (NH) cm ™.

4. Conclusions

In conclusion, we have demonstrated a simple method for the synthesis of polycyclic
benzene-fused oxazoles using electrochemical cyclodesulfurization reactions. These are
environmentally friendly reactions that use commercially available and inexpensive KI
as an electrolytic mediator. Oxazoles 4 and 6-12 exhibited fluorescence in the 340-430
nm region in chloroform. Detailed mechanistic investigations of these electrochemical
reactions, structural characterization, and elucidation of the physical properties of the
polycyclic oxazoles are currently underway in our laboratory.
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Abstract: The reaction between glycine-type aminonaphthol derivatives substituted with 2- or 1-
naphthol and indole or 7-azaindole has been tested. Starting from 2-naphthol as a precursor, the
reaction led to the formation of ring-closed products, while in the case of a 1-naphthol-type precursor,
the desired biaryl ester was isolated. The synthesis of a bifunctional precursor starting from 5-chloro-8-
hydroxyquinoline, morpholine, and ethyl glyoxylate via modified Mannich reaction is reported. The
formed Mannich base 10 was subjected to give bioconjugates with indole and 7-azaindole. The effect
of the aldehyde component and the amine part of the Mannich base on the synthetic pathway was
also investigated. In favor of having a preliminary overview of the structure-activity relationships,
the derivatives have been tested on cancer and normal cell lines. In the case of bioconjugate 16, as
the most powerful scaffold in the series bearing indole and a 5-chloro-8-hydroxyquinoline skeleton,
a potent toxic activity against the resistant Colo320 colon adenocarcinoma cell line was observed.
Furthermore, this derivative was selective towards cancer cell lines showing no toxicity on non-tumor
fibroblast cells.

Keywords: modified Mannich reaction; bioconjugation; 8-hydroxyquinoline skeleton; anticancer
activity; indole skeleton

1. Introduction

The Mannich reaction is a meaningful method in organic synthesis [1,2]. The modified
Mannich reaction (mMR) is considered to be a particular variation of this C—C bond-forming
reaction. 8-Hydroxyquinoline (8-HQ) as a unique electron-rich aromatic compound can be
interpreted as a potential substrate of the modified Mannich reaction, and correlations be-
tween modification of the substitution pattern of the scaffold and biological activities were
examined [3-6]. The indole skeleton proves to be a potent biological moiety through anti-
tumor activity considering its effects on the proliferation, migration, invasion of different
cancer cell lines [7], aryl hydrocarbon receptors [8], and ABCB1 efflux pump modifying [9]
properties. It also exhibits immunoregulatory, anti-inflammatory, and antioxidative effects
(IncRNAs and miRNAs expression) [10]. Additionally, symmetrical and un-symmetrical
diindolylmethane derivatives were synthesized and tested at GPR84 (G protein-coupled
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receptor). It was found that the activity can be fine-tuned by substitution of indole skele-
ton [11].

The synthesis of indole- and naphthol-containing triarylmethane derivatives has been
previously described. These compounds were synthesized by using different synthetic
methods: (i) through the reaction of naphthol and the Mannich base of indole or (ii) apply-
ing the reaction of indole and the Mannich base of naphthol [12,13]. Recently, kynurenic
acid derivatives were successfully applied as electron-rich aromatic compounds in this
latter reaction [14].

As the result of our previous research, some C-3-coupled indole and azaindole deriva-
tives showed toxicity on sensitive (Colo205) and ABCB1 efflux pump expressing (Colo320)
colon adenocarcinoma cell lines and a normal, non-cancerous fibroblast cell line MRC-
5 [15]. In addition, we previously studied the synthesis of new bifunctional precursors
through the reaction of 2- or 1-naphthol, morpholine, and ethyl glyoxylate by using a mod-
ified Mannich-type synthetic method and their transformations via [4 + 2] cycloaddition
with the use of different cyclic imines as dienophiles. Regarding the biological results,
in the case of some compounds, inhibition of the efflux pump system in susceptible and
methicillin-resistant Staphylococcus aureus strains was observed [16].

Based on the previous results, our first aim was the synthesis of a new glycine-type
precursor bearing the 8-hydroxyquinoline skeleton. Our further aim was to investigate
the reaction between some selected 8-hydroxyquinoline Mannich bases and indole or 7-
azaindole forming new diarylmethane derivatives. Finally, their activity on Colo205 and
Colo320 cell lines as well as on the normal MRC-5 cell line was also tested.

2. Results and Discussions
2.1. Synthesis

Regarding the synthetic and biological results in the field of aminonaphthol and
naphthoxazino derivatives [16] as well as compounds bearing the indole moiety [11-15],
we focused our efforts on reacting ethyl 2-(2-hydroxynaphthalen-1-yl)-2-morpholinoacetate
with indole and 7-azaindole (Scheme 1). Having in hand 2-naphthol-substituted glycine
precursor 1 reported previously and indole (2), the reaction was performed at 100 °C in
1,4-dioxane under microwave conditions. p-Toluenesulfonic acid (p-TSA) is considered
to be an acid catalyst, and is applied frequently in the modified Mannich reaction [17],
therefore, we decided to investigate its effect on the reaction. After a reaction time of
1.5 h, the formation of 3 through an ester intermediate was observed. The synthesis
of 1-(1H-indol-3-yl)naphtho|2,1-b]furan-2(1H)-one (3) was already described by Jadhav
et al. utilizing a different synthetic pathway, starting from ethyl2-(4-fluorophenylamino)-
2-(1H-indol-3-yl) acetate and 2-naphthol using scandium triflate in 1,2 dichloroethane
via arylation-cyclization [18]. Applying different reaction conditions (modification of the
solvent, temperature, and additive) led to the same product. In our next experiment,
precursor 1 was reacted with 7-azaindole (4) in the presence of 10 mol% p-TSA at 100 °C
under MW irradiation in 1,4-dioxane. Based on 'H NMR analysis of the crude reaction
mixture and thin-layer chromatography (TLC), we concluded that the synthesis did not
result in the desired derivative. The reaction was then repeated in toluene as the solvent,
and the formation of a multi-spot reaction mixture was monitored by TLC. Unfortunately,
the desired product could not be isolated even by using column chromatography. Next, the
reaction was carried out in solvent-free conditions under microwave irradiation at 100 °C.
A detailed NMR spectroscopic analysis of the product indicated the formation of a lactone
structure (compound 5) via intramolecular loss of ethanol. It is worth mentioning, that
the formation and structure of this lactone as a side product was reported in our previous
study [16].
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Scheme 1. Reactions of 2-(2-hydroxynaphthalen-1-yl)-2-morpholinoacetate with indole and 7-azaindole.

In view of these preliminary findings, we focused on testing the reaction from 1-
naphthol-substituted precursor 6 (Scheme 2). Accordingly, 6 and indole (2) were reacted in
the presence of 10 mol% p-TSA at 100 °C for 60 min under MW irradiation in 1,4-dioxane.
The progress of the synthesis was monitored by TLC showing the formation of a new
spot. On the basis of 'H NMR analysis of the crude reaction mixture, the formation of
7 as a single product was assumed. On the basis of previous observations, the reaction
was carried out under other conditions as well, applying toluene as the solvent in the
presence of 10 mol% p-TSA. However, formation of the desired product did not take place.
A similar result was found by running the reaction under solvent-free conditions. In favor
of examining the possibility of extending the reaction scope, 7-azaindole (4) was reacted
with precursor 6. However, even by applying different solvents (toluene, 1,4-dioxane),
using solvent-free conditions, and testing different temperatures (80 °C, 100 °C, 120 °C,
150 °C), the target compound did not form.

o) o} N
HN@ k/)‘l OEt HN \//

4
- OH — - 5
p-TSA O
1,4-dioxane,
M.W. 1h,
100 °C
7 (63%) 6

Scheme 2. Preparation of target compound 7 from 1-naphthol-substituted precursor 6.

Based on literature data, 8-hydroxyquinoline is a biologically active moiety [5] in-
terpreted as a potential 1-naphthol analogue. Chen et al. observed the most potent
MMP-2/9 inhibitor effect, anti-proliferation activities against several cancer cell lines, and
anti-migration/invasion activities on A549 cells in the case of Mannich bases of 5-chloro-8-
hydroxyquinoline (5-CI-8-HQ) [19]. Regarding earlier biological results, we proposed to
examine the behavior of 5-CI-8-HQ in the Mannich reaction. Accordingly, derivative 8 was
reacted with morpholine (9) in the presence of ethyl glyoxylate as an aldehyde component
(Scheme 3). According to TLC and NMR investigation of the crude reaction mixture, the
formation of a single product and the presence of initial compounds were observed. New
compound 10 was isolated and purified by crystallization and recrystallization from iPr,O.

(o]

OH H \\_40

/N N OEt
+ —_—
A [Oj toluene,
M.W. 2.5 h, 100 °C
cl (82%)
8 9

10

Scheme 3. Synthesis of ethyl 2-(5-chloro-8-hydroxyquinolin-7-yl)-2-morpholinoacetate (10).
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After introducing the newly synthesized precursor bearing the 8-hydroxyquinoline
moiety, the preparation of 11 starting from 10 and indole (2) in the presence of 10 mol%
p-TSA was accomplished (Scheme 4). In this case, 11 was isolated with a yield of 70% in
4 h at 120 °C. To study the scope and limitations of the reaction, the synthesis of 12 was
planned through the reaction of the precursor 10 with 7-azaindole (4). The reaction was
tested first in toluene at 120 °C by monitoring the conversion of the starting compounds
by TLC analysis. Since the yield was not satisfactory, the reaction was repeated at 150 °C
(Scheme 4). By using a higher temperature and a longer reaction time (3 h), the desired
product was isolated by crystallization from the reaction mixture.

N
§;> O (o} =
HN /\N OEt ) 7 HN
= HN_ _
2 OH 4
- -

OEt
OH
p-TSA cl N p-TSA
toluene, | toluene, Cl N
M.W. 120 °C A M.W. 150 °C
10
11 (70%) 12 (64%)

Scheme 4. The transformation of compound 10 bearing the 5-chloro-8-hydroxyquinoline moiety with
indole and 7-azaindole.

In order to study the effect of the aldehyde component on the synthetic pathway, 5-CI-8-
HQ and morpholine were fixed and the aldehyde moiety was varied among benzaldehyde
and paraformaldehyde. The re-synthesis of precursor 13 was achieved based on the
previously published synthetic method [20]. When precursor 13 was reacted with indole
(2) at 150 °C for 4 h, the desired triarylmethane 14 was isolated in a yield of 67% after
purification by column chromatography (Scheme 5). In contrast, the reaction between
13 and 7-azaindole (4) did not show any transformation upon testing various reaction
conditions (solvent, reaction time, reaction temperature) (Scheme 5).

-
N/
<A NH
2
- I —
p-TSA
toluene,
M.W. 150 °C
14 (67%) 13

Scheme 5. The reaction of precursor 13 with indole and 7-azaindole.

In the next step, we focused our efforts on investigating the transformations of precur-
sors that were originally prepared from paraformaldehyde as the aldehyde component. For
this reason, the re-synthesis of Mannich base 15 was accomplished by applying a synthetic
method published previously [20]. Starting from precursor 15, indole (2), and 7-azaindole
(4), the formation of target compounds 16 and 17 were isolated in low yield with relatively
long reaction times at high temperatures (Scheme 6).
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Scheme 6. The transformation of 15 containing paraformaldehyde as the aldehyde component.

Since derivative 16 is postulated to be formed in the reaction of indole with ortho-
quinone methide evolving from Mannich base 15, we carried out a systematic investigation
of the synthesis of 16. According to previous observations, the amine moiety of the
Mannich base can be interpreted as a leaving group. Consequently, two precursors have
been selected. These were compound 15 bearing the morpholine skeleton and Mannich
base 18 having the L-proline motif. This latter precursor was re-synthesized by using
our synthetic pathway published earlier [21], starting from 5-chloro-8-hydroxyquinoline,
L-proline, and aqueous formaldehyde. The parallel arylation of precursors 15 and 18 with
indole was also investigated (Scheme 7).

(\O HOOC
Joa Q 0
NH NH
2 2
cl |N p-TSA p-TSA Cl N
N toluene, toluene, N |
M.W. 120 °C M.W. 120 °C
(23%) (40%)
15 16 18

Scheme 7. Synthesis of compound 16 starting from different precursors.

This latter reaction offered a possibility to compare the effect of the leaving groups on
conversion (Figure 1). The reaction was monitored by TLC and NMR analysis of the crude
reaction mixtures every 30 min. These systematic investigations allowed us to conclude that
starting from precursor 18 the desired diaryl derivative was formed in higher conversion.

This may be explained by the better leaving group character of L-proline compared with
that of morpholine.

wn
(=]

=
n

Conversion (%)

35
30
25

20

—s— Reaction starting from compound 15 Reaction starting from compound 18 Time (min)

Figure 1. Systematic investigation of compounds 15 and 18 to determine the effect of the leaving groups.
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2.2. Biological Evaluations
Cytotoxicity Assay

In this study, the potential ABCB1 cancer efflux pump-inhibiting activity of the de-
rivatives was investigated. For this reason, the doxorubicin-sensitive Colo205 and the
doxorubicin-resistant, ABCB1-expressing Colo320 colon adenocarcinoma cell lines were
selected for biological studies. Based on the obtained results, the compounds showed a
potent toxic activity against the sensitive Colo205 and resistant Colo320 cell lines (ICsq
values were between 1.72 uM and 53.64 uM) (Table 1). Overall, it was observed that the
tested compounds were more effective on the Colo320 cell line, with the exception of
compound 14. It is worth noting that 7 and 3 showed no effect on Colo205 cells, and 3
had no effect on Colo320 either. Only derivatives 11, 12, and 14 exerted a mild cytotoxic
effect on the normal MRC-5 cell line compared to the cancer cell lines. This means that
the compounds can be considered selective, as they were not toxic to normal fibroblast
cells (Table 1). Doxorubicin was applied as a positive control, and DMSO was the solvent
control. In our research, the selectivity of the compounds towards cancer cells (with the
activity compared to normal cells) was investigated. The potential collateral sensitivity (CS)
of the derivatives was also tested by applying sensitive Colo 205 colon adenocarcinoma
cells and ABCB1- and LRP-expressing resistant Colo 320 cells [22]. The expression of the
MDR transporter ABCB1 or P-glycoprotein is associated with a poor overall response
to chemotherapy and unfavorable prognosis. Collateral sensitivity, which refers to the
ability of certain compounds to selectively kill MDR cells over their parental counterparts,
presents a potential alternative approach to overcoming MDR. This approach may lead
to the development of highly selective and potent agents capable of effectively targeting
MDR cells and resensitizing tumors to treatment [23].

Table 1. Cytotoxic effect of the compounds on sensitive (Colo205) and resistant (Colo320) colon
adenocarcinoma, and MRC-5 normal embryonal fibroblast cell lines based on the ICs values. Dox-
orubicin was used as a positive control. AV: average of 3 or 2 parallel experiments, SD: standard
deviation. DMSO was applied as a solvent control that had no toxic effect at the highest concentration
ap-plied in the assay (2% (v/v) concentration).

Colo205 Colo320 MRC-5
(uM) (uM) (uM)

AV + SD AV + SD AV + SD
3 = ;’ - - - >100 + - - - - >100 + - - - >100 =+ -
7 - A o - - - >100 + - 53.82 54.92 5218  53.64 + 1.38 - - >100 = -

(e}
10 oH 207 206 202  2.0540.02 1.565 1.813 1.79 1.72 4+ 0.14 - - >100 = -
CI IN

11 5.51 4.71 442 4.88+0.56 4.636 4.832 4.957 4814016 5446  55.08 54.77 & 0.4
12 8.05 742 884 8114071 5.157 4.923 5.109 5064012 469 4556 46.23 £ 0.95
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Table 1. Cont.

Colo205 Colo320 MRC-5
(uM) (uM) (uM)
AV + SD AV + SD AV + SD
14 2.49 2.49 2.63 2.53 +0.08 2.552 2.84 2.781 2.72 +0.15 30.08 29.28 29.68 4+ 0.57
16 13.56 13.37 1226 13.06 +0.70 4.967 474 491 487 £0.12 - - >100 + -
17 36.49 39.42 4040  38.77 £2.03 22.98 21.89 22.54 22.47 4+ 0.55 - - >100 + -
0.84 0.89 0.81 0.85 £ 0.04 3.117 3.12 2.961 3.07 £ 0.09 - - >8.62 =+ -
- - - >2% =+ - - - - >2% &+ - - - >2% &+ -

Relative resistance (RR) values were calculated as the ratio between the ICsy of a

compound against the resistant cells and the ICs( against the corresponding sensitive cells
(Table 2). Compounds with RR < 1 show selectivity against resistant cells, whereas RR < 0.5
means that the compounds are highly selective towards resistant cells. All derivatives, with
the exception of 14, were selective towards resistant tumor cells. Furthermore, 16 exerted
high potency to eliminate the MDR Colo320 cells (RR = 0.37), and this derivative showed
no toxicity on normal MRC-5 cells being the most powerful scaffold in the series.

Table 2. Selectivity indexes (SI) and relative resistance (RR) of the compounds. NA: not applicable (if
the precise value cannot be determined because of the lack of a precise ICs).

MRC-5/Col0205 MRC-5/Colo320 Colo320/Colo205

SI RR

3 Y4 - - NA
o
O

7 D@ - NA NA
®
J

10 >6 >6 0.83

11 11.2 114 0.98
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Table 2. Cont.

MRC-5/Col0205 MRC-5/Colo320 Colo320/Colo205

SI RR

12 57 9.1 0.62

14 11.7 1 1.07

16 >6 >6 0.37
/"N

17 pe NA NA 0.57

[} N

Considering the correlation between structure and biological activity, it can be con-
cluded in the case of powerful scaffolds that the biaryl structural element and 5-chloro-
8-hydroxyquinoline skeleton could be identified as a significant moiety (compound 16).
For improved cytotoxic activity, the presence of a morpholine-bearing cationic centre and
5-chloro-8-hydroxyquinoline is beneficial (compound 10).

For comparison, in the case of C-3-indole- and azaindole-coupled cyclic amine deriva-
tives, it was found that the simultaneous presence of the indole skeleton and thieno[3,2-
c]pyridine or B-carboline is favourable for cytotoxic activity. The ICsy values were deter-
mined as 21.81 uM and 24.71 uM on the Colo205 cells, and 12.94 uM and 13.55 uM on
the Colo320 cells [15]. Our present results support that the 5-chloro-8-hydroxyquinoline
skeleton connected to the indole via methylene carbon is preferable in terms of cytotoxicity
(Table 1, compound 16; ICsp: 13.06 M on Colo205 cells and 4.87 uM on Colo320 cells)
compared to the previously studied cyclic amines coupled to indole derivatives.

Furthermore, 8-hydroxyquinoline-D-proline and homo-proline hybrids and their half-
sandwich Ru(n6—p—cymene) and Rh(n®-C5Mes) complexes were synthesized, and their
in vitro cytotoxic activity on two human colon adenocarcinoma cell lines (Colo205 and
Col0320) and on one non-tumoral human lung fibroblast cell line (MRC-5) were investi-
gated by Pivarcsik et al. Regarding the biological activity, D-amino acid hybrids exhibited
significant cytotoxicity (ICsg = 12-21 uM) against the tested cancer cell lines [24]. In parallel
with our research, with Mannich base 10 having the morpholine instead of L-proline motif,
it was observed that ethyl 2-(5-chloro-8-hydroxyquinolin-7-yl)-2-morpholinoacetate (10)
showed a potent toxic activity against the doxorubicin-sensitive Colo205 (IC5p = 2.05 uM)
and -resistant Colo320 (ICsp = 1.72 pM) cell lines, and no toxicity on normal MRC-5 cells.
These results allowed us to conclude that morpholine as an amine component can improve
the cytotoxic activity. Moreover, cytotoxic activity of substituted 2-(4-hydroxyquinolin-2-yI)
acetates was evaluated using doxorubicin-sensitive and -resistant colon adenocarcinoma
cell lines (Colo205 and Colo320, respectively) and normal human embryonic MRC-5 fibrob-
lasts [25]. Interesting to note that for those compounds only the Knoevenagel products
(para-substituted benzylidene derivatives) showed improved activity which supports that
the presence of an 8-hydroxyquinoline skeleton is necessary for cytotoxic activity.
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3. Materials and Methods
3.1. Biological Assays
3.1.1. Cell Lines and Their Maintenance

The doxorubicin-sensitive Colo205 (ATCC-CCL-222) and the doxorubicin-resistant
ABCBI- and LRP-expressing Colo320/MDR-LRP (ATCC-CCL-220.1) human colon ade-
nocarcinoma cell lines were obtained from LGC Promochem in Teddington, UK. These
cell lines were cultivated in RPMI 1640 medium supplemented with 10% heat-inactivated
foetal bovine serum (FBS), 2 mM L-glutamine, 1 mM Na-pyruvate, 10 mM HEPES, along
with nystatin, and gentamicin. The normal MRC-5 (ATCC CCL-171) human embryonic
lung fibroblast cell line was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). The MRC-5 cells were cultured in EMEM medium, supplemented with 1%
non-essential amino acid (NEAA) mixture, a selection of vitamins, 10% heat-inactivated
FBS, 2 mM L-glutamine, 1 mM Na pyruvate, nystatin, and gentamicin. The cell lines were
incubated in humidified atmosphere (5% CO,, 95% air) at 37 °C. The cells were detached
with a Trypsin-Versene (EDTA) solution for 5 min at 37 °C.

3.1.2. MTT Assay

The effects of increasing concentrations of the compounds on cell growth were tested in
96-well flat-bottomed microtiter plates. Namely, 1 x 10* of human colonic adenocarcinoma
cells in 100 pL of the medium (RPMI 1640) were added to each well, except for the medium
control wells. The adherent human embryonic lung fibroblast cell line was seeded in the
EMEM medium for 24 h before the assay. The two-fold serial dilutions of the compounds
were made in a separate plate (100-0.19 uM) and then transferred to the plates containing
the cells. The starting concentration of the solvent DMSO was 2% v/v, and the highest
concentration of the compounds in the plate was 100 uM. Plates were incubated at 37 °C
for 24 h. At the end of the incubation, 20 uL of MTT (thiazolyl blue tetrazolium bromide)
solution (from a 5 mg/mL stock solution) was added to each well. After incubation at
37 °C for 4 h, 100 puL of sodium dodecyl sulfate (SDS) solution (10% SDS in 0.01 M HCI)
was added to each well, and the plates were further incubated at 37 °C overnight. Cell
growth was determined by measuring the optical density (OD) at 540 nm (ref. 630 nm)
with a Multiscan EX ELISA reader (Thermo Labsystems, Cheshire, WA, USA). Inhibition
of cell growth was expressed as ICs values, defined as the inhibitory dose that reduces
the growth of the cells exposed to the tested compounds by 50%. ICs, values and the SD
of triplicate and duplicate (in the case of MRC-5) experiments were calculated by using
GraphPad Prism software version 5.00 for Windows, with a non-linear regression curve
fit (GraphPad Software, San Diego, CA, USA; www.graphpad.com, accessed on 12 July
2021). Doxorubicin (from a 2 mg/mL stock solution, Teva Pharmaceuticals) was used as
a positive control. The solvent (DMSO) did not have any effect on the cell growth in the
tested concentrations. The relative resistance (RR) was calculated as the ratio of the ICs
value in the resistant cancer cells and the ICs, value in the sensitive cancer cell lines. The
selectivity indexes (SI) were calculated as the ratio of the ICsy value in the non-tumor cells
and the ICs) value in the cancer cell lines. The activity of the compounds towards cancer
cells is considered to be strongly selective if the selectivity index (SI) value is higher than 6,
moderately selective if 3 < SI < 6, slightly selective if 1 < SI < 3, and non-selective if the SI is
lower than 1 [22].

3.2. Preparation Protocols for the Synthesis of the New Derivatives

Melting points were determined using a Hinotek X-4 melting point apparatus. Merck
Kieselgel 60F;s54 plates were applied for TLC (Merck KGaA, Darmstadt, Germany). Mi-
crowave reactions were carried out with a CEM Discover SP microwave reactor.

IH and 13C-NMR spectra were recorded in DMSO-dg or CDClj3 solutions in 5 mm tubes
at room temperature (RT) with a Bruker DRX-500 spectrometer (Bruker Biospin, Karlsruhe,
Baden Wurttemberg, Germany) at 500 (H) and 125 (13C) MHz, with the deuterium signal
of the solvent as the lock and TMS as the internal standard (*H, 3C). All spectra (‘H,
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13C, and NOESY) were acquired and processed with the standard BRUKER software
(TopSpin 3.6.2.).

The HRMS flow injection analysis was performed with Thermo Scientific™ Orbitrap
Exploris™ 240 hybrid quadrupole-Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA)
mass spectrometer coupled to a Waters Acquity I-Class UPLC™ (Waters, Manchester, UK).
The mass spectrometer was operated in negative (7) and positive (10, 11, 12, 14, 16, 17)
ionization mode.

The FTIR analysis was performed with Thermoscientific Nicolet Summit FTIR Spectrome-
ter.

Ethyl 2-(1-hydroxynaphthalen-2-yl)-2-(1H-indol-3-yl)acetate (7)

In a 35 mL pressurized reaction vial, the mixture of ethyl 2-(1-hydroxynaphthalen-2-yl)-
2-morpholinoacetate (6; 50.0 mg, 0.16 mmol) and indole (2; 17.5 mg, 0.16 mmol) in the
presence of 10 mol% (2.8 mg, 0.016 mmol) p-TSA in 1,4-dioxane was heated at 100 °C for
1 h under MW irradiation. Following the removal of the solvent, the residue was purified
by column chromatography (n-hexane:EtOAc, 4:1); R¢ value = 0.32 (n-hexane:EtOAc, 4:1);
34.9mg, (63%); oil; 'TH-NMR (CDCl3): 1.35 (t, 3H, ] = 7.15 Hz), 4.24-4.40 (m, 2H), 5.36 (s, 1H),
7.09 (t, 1H, | = 7.51 Hz), 7.19-7.21 (m, 1H), 7.34 (t, 2H, ] = 8.86 Hz), 7.39 (d, 1H, ] = 8.51 Hz),
7.44-7.52 (m, 3H), 7.74-7.80 (m, 1H), 8.08 (brs, 1H), 8.31-8.36 (m, 1H), 8.99 (s, 1H).!1*C
NMR (CDCl3): 14.1; 29.7; 48.7; 111.1; 111.4; 115.9; 118.7; 119.9; 120.1; 122.5; 122.7; 123.6;
125.3; 126.3; 126.3; 126.5; 127.2; 128.9; 134.4; 136.5; 151.6; 176.0 (Figures S1 and S2). HRMS
calculated for [M — H]™ =344.1292 m/z, [2M — H]~ = 689.2657 m/z found 344.1287 m/z
(Am; = —1.3 ppm) and 689.2659 m/z (Am; = 0.3 ppm). The ethoxy loss followed by
ring-closing yielded proposed fragment ions with 298.0875 (Ami = 0.3 ppm) m/z during
in-source fragmentation (Figure S3). FTIR in Figure S4.

Ethyl 2-(5-chloro-8-hydroxyquinolin-7-yl)-2-morpholinoacetate (10)

A mixture of 5-chloro-8-hydroxyquinoline (8; 1.0 g, 5.56 mmol), ethyl glyoxylate (1.2 g,
5.93 mmol; 50% in toluene) and morpholine (9; 0.5 g, 5.54 mmol) in toluene (15 mL) was
placed into a 35-mL pressurized reaction vial and heated at 100 °C for 2.5 h under MW
irradiation. The solvent was removed in vacuo. The desired product was isolated by
crystallization with EtOAc (10 mL), recrystallized from iPr,O (5 mL); R¢ value = 0.43
(CH,Cly: EtOAC, 4:1); 1.6 g, (82%); white crystals; m.p. 124-126 °C; H-NMR (CDCl3):
1.23 (t, 3H, | = 7.12 Hz), 2.55-2.68 (m, 4H), 3.74-3.81 (m, 4H), 4.12-4.26 (m, 2H), 4.60 (s,
1H), 7.54-7.59 (m, 1H), 7.68 (s, 1H), 8.50 (d, 1H, ] = 8.51 Hz), 8.87 (d, 1H, ] = 4.36 Hz). 13C
NMR (CDCl3): 14.1; 51.3; 61.4; 66.8; 68.2; 116.5; 120.8; 122.8; 126.3; 127.1; 133.2; 139.0; 149.0;
150.8; 170.1 (Figures S5 and S6). HRMS calculated for [M + H]* =351.1106 m/z, [2M + Na]*
=723.1959 m/z found 351.1091 m/z (Ami = —4.3 ppm) and 723.1927 m/z (Ami = —4.4 ppm).
The loss of the morpholino group can explain the observed 264.0411 m/z (Ami = —4.2 ppm)
peak during in-source fragmentation (Figure S7). FTIR in Figure S8.

Ethyl 2-(5-chloro-8-hydroxyquinolin-7-yl)-2-(1H-indol-3-yl)acetate (11)

Bifunctional precursor 10 (50.0 mg, 0.14 mmol) and indole (2; 17.0 mg, 0.14 mmol) in the
presence of 10 mol% (2.4 mg, 0.014 mmol) p-TSA were dissolved in toluene (10 mL) in
a 35 mL pressurized reaction vial and heated at 120 °C for 4 h under MW irradiation.
Following column chromatography purification (EtOAc:n-hexane, 1:1), the eluent was
removed in vacuo; R¢ value = 0.63 (EtOAc:n-hexane, 1:1); 37.7 mg, (70%); oil; 'H-NMR
(CDCl3): 1.27 (t, 3H, ] = 7.16 Hz), 4.21-4.29 (m, 2H), 5.92 (s, 1H), 7.07 (t, 1H, | = 7.46 Hz),
7.19 (t, 1H, ] = 7.65 Hz), 7.36-7.40 (m, 2H), 7.50-7.53 (m, 1H), 7.58-7.61 (m, 2H), 8.15 (brs,
1H), 8.45 (d, 1H, | = 8.49 Hz), 8.82 (d, 1H, | = 4.33 Hz). 13C NMR (CDCls): 14.2; 41.4;
61.3; 111.2; 112.9; 119.1; 119.9; 120.4; 121.0; 122.3; 122.5; 122.9; 125.5; 126.7; 128.0; 133.3;
136.2; 138.5; 148.2; 148.4; 172.5 (Figures S9 and S10). HRMS calculated for [M + H]* =
381.1000 m/z, [2M + Na]* = 783.1748 m/z found 381.0986 m/z (Ami = —3.7 ppm) and
783.1714 m/z (Ami = —4.3 ppm) (Figure S11). FTIR in Figure S12.

Ethyl 2-(5-chloro-8-hydroxyquinolin-7-yl)-2-(7-azaindole-3-yl)acetate (12)
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In a 35 mL pressurized reaction vial a mixture of product 10 (50.0 mg, 0.14 mmol) and
7-azaindole (4; 17.0 mg, 0.14 mmol) in the presence of 10 mol% (2.4 mg, 0.014 mmol)
p-TSA in toluene was heated at 150 °C for 3 h under MW irradiation. The solvent was
removed under reduced pressure. The desired product was isolated by crystallisation with
Et,O (10 mL); R¢ value = 0.52 (n-hexane:EtOAc, 1:4); 34.8 mg, (64%); beige crystals; m.p.
228-230 °C; 'H-NMR (DMSO): 1.16 (t, 3H, ] = 7.11 Hz), 4.13-4.20 (q, 2H, ] = 7.11 Hz), 5.73
(s, 1H),7.03 (dd, 1H, J; = 4.64 Hz, ], = 7.91 Hz), 7.40 (s, 1H), 7.45-7.48 (m, 1H), 7.70-7.75
(m, 1H), 7.84 (d, 1H, ] = 7.83 Hz), 8.22 (d, 1H, | = 4.79 Hz), 8.46 (d, 1H, ] = 8.54 Hz), 8.98
(d, 1H, ] = 4.25 Hz), 11.69 (brs, 1H). 13C NMR (DMSO): 14.5; 42.4; 61.3; 110.3; 115.9; 118.7;
119.0; 122.7; 123.5; 125.0; 125.3, 127.3; 127.9; 133.0, 139.1; 143.5; 149.0; 149.7; 150.2, 172.1
(Figures S13 and S14). HRMS calculated for [M + H]* m/z = 382.0953, found m /z = 382.0939
(Amy = —3.7 ppm) (Figure S15). FTIR in Figure S16.

7-((1H-indol-3-yl)(phenyl)methyl)-5-chloroquinolin-8-ol (14)

Glycine type precursor 13 (50.0 mg, 0.14 mmol) and indole (2; 16.5 mg, 0.14 mmol) in
the presence of 10 mol% (2.4 mg, 0.014 mmol) p-TSA in toluene were heated in a 35 mL
pressurized reaction vial at 150 °C for 4 h under MW irradiation. Following the removal of
the solvent, the residue was purified by column chromatography (n-hexane:EtOAc, 3:1);
R value = 0.44 (n-hexane:EtOAc, 3:1); 36.2 mg, (67%); oil; 'H-NMR (CDCl3): 6.34 (s, 1H),
6.70 (s, 1H), 6.99 (t, 1H, ] = 7.50 Hz), 7.17 (t, 1H, ] = 7.33 Hz), 7.21-7.25 (m, 1H), 7.27-7.34
(m, 5H), 7.35-7.40 (m, 2H), 7.48-7.53 (m, 1H), 7.99 (brs, 1H), 8.46 (d, 1H, ] = 8.42 Hz), 8.80
(d, 1H, ] = 4.13 Hz). 3C NMR (CDCly): 41.3; 111.1; 118.6; 119.5; 119.8; 120.0; 122.0; 122.3;
123.9; 125.0; 125.9; 126.4; 127.0; 128.4; 128.5; 128.9; 133.3; 136.8; 138.7; 142.8; 148.1; 148.4
(Figures S17 and S18). HRMS calculated for [M + H]* m/z = 385.1102, found m/z = 385.1088
(Amj= —3.6 ppm). The in-source fragmentation resulted in 268.0514 m/z (—3.7 ppm) of
fragment ion, and the exit of indole moiety might be responsible for its formation (Figure
519). FTIR in Figure S20.

General procedure for the synthesis of 7-((1H-indol-3-yl)methyl)-5-chloroquinolin-8-ol (16) from
precursor 15 and 18

Indole (2; 20.0 mg, 0.17 mmol) and Mannich base 15 or 18 (0.17 mmol) in the presence
of 10 mol% (2.9 mg, 0.017 mmol) p-TSA in toluene were heated at 120 °C for 3 h under
MW irradiation. Following column chromatography purification (EtOAc:n-hexane, 1:2
in the case of reaction starting from precursor 15; EtOAc:n-hexane, 1:3 in the case of
reaction starting from precursor 18), the eluent was removed in vacuo; R; value = 0.68
(EtOAc:n-hexane, 1:2); 12.1 mg, (23%) in the case of reaction starting from precursor 15;
R¢ value = 0.51 EtOAc:n-hexane, 1:3); 21.0 mg (40%) in the case of reaction starting from
precursor 18; oil; "H-NMR (CDCl): 4.32 (s, 2H), 7.06-7.11 (m, 2H), 7.18 (t, 1H, ] = 7.44 Hz),
7.36 (d, 1H, ] = 8.21 Hz), 7.43 (s, 1H), 7.46-7.51 (m, 1H), 7.65 (d, 1H, ] = 7.88 Hz), 7.9 (brs,
1H), 8.45 (d, 1H, ] = 8.39 Hz), 8.81 (d, 1H, ] = 4.28 Hz). 3C NMR (CDClz): 24.8; 111.1; 114.5;
119.2; 119.5; 120.0; 121.7; 122.2; 122.5; 123.4; 124.8; 127.4; 129.3; 133.3; 136.4; 138.6; 148.1;
148.3 (Figures S21 and S22). HRMS calculated for [M + H]* 309.0789, found m/z = 309.0779
(Am; = —3.2 ppm) (Figure S23). FTIR in Figure S524.

7-((7-azaindole-3-yl)methyl)-5-chloroquinolin-8-ol (17)

A mixture of precursor 15 (50.0 mg, 0.18 mmol) and 7-azaindole (4; 21.0 mg, 0.18 mmol)
in the presence of 10 mol% (3.1 mg, 0.018 mmol) p-TSA in toluene (15 mL) was placed
into a 35-mL pressurized reaction vial and heated at 150 °C for 3 h under MW irradiation.
Following column chromatography purification (EtOAc:n-hexane, 47:3), the eluent was
removed in vacuo; oil; R¢ value = 0.79 (EtOAc:n-hexane, 47:3); 19.5 mg, (35%); 'H-NMR
(CDCl3): 5.68 (s, 2H), 6.48 (d, 1H, ] = 3.33 Hz), 7.07-7.12 (m, 1H), 7.38 (d, 1H, ] = 3.37 Hz),
745 (s, 1H), 7.49-7.54 (m, 1H), 7.93 (d, 1H, ] = 7.71 Hz), 8.38 (d, 1H, | = 4.34 Hz), 8.45
(d, 1H, J = 8.20 Hz), 8.85 (s, 1H). '3C NMR (CDCl3): 42.5; 100.2; 115.9; 120.1; 120.7; 120.7;
122.5;126.0; 128.1; 128.3; 129.2; 133.2; 139.2; 142.8; 147.4; 148.8; 149.4 (Figures S25 and S26).
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HRMS calculated for [M + H]* m/z = 310.0742, found m/z = 310.0729 (Am; = —4.2 ppm)
(Figure S27). FTIR in Figure S28.

4. Conclusions

Glycine derivatives bearing 2- and 1-naphthol were reacted with indole and 7-azaindole.
Reactions were found to depend on the naphthol skeleton. Starting from the 2-naphthol-
substituted precursor, lactam-type ring-closed products were isolated. The transformation
of 1-naphthol, in turn, led to the formation of the desired biaryl ester 7. Starting from
5-chloro-8-hydroxyquinoline, morpholine, and ethyl glyoxylate as the aldehyde compo-
nent, a new bifunctional precursor was formed using a modified Mannich-type synthetic
pathway. To further investigate the scope and limitations of the reaction, ethyl 2-(5-chloro-8-
hydroxyquinolin-7-yl)-2-morpholinoacetate was reacted with indole and 7-azaindole result-
ing in the desired diarylmethanes 11 and 12. The series of 8-hydroxyquinoline skeleton con-
taining bioactive derivatives was extended by reacting 7-aminobenzyl-8-hydroxyquinoline
and 7-aminomethyl-8-hydroxyquinoline Mannich bases with indole and 7-azaindole. The
synthesis of 7-((1H-indol-3-yl)methyl)-5-chloroquinolin-8-ol from different precursors bear-
ing the morpholine skeleton or L-proline as amines, was also achieved. These studies
represent a systematic investigation of the effect of leaving groups on conversion. The reac-
tions were performed either under microwave irradiation or solvent-free conditions. The
effect of p-toluenesulfonic acid on the reactions was investigated. On the basis of biological
evaluations, the synthesized compounds showed toxic activity against the Colo205 and
Colo320 cell lines, being more toxic on the resistant cell line expressing the ABCB1 and LRP
multidrug transporters. The possible interaction between the derivatives and the MDR
transporters should be investigated by further functional and docking studies. Regarding
the cytotoxic effect on the normal MRC-5 cell line, the compounds can be considered
tumor-selective, exhibiting low or no toxicity on non-tumor fibroblasts. The reaction of
5-chloro-8-hydroxyquinoline, morpholine, and ethyl glyoxylate resulted in the potent toxic
activity against the sensitive Colo205 and resistant Colo320 cell lines. The compound can
be considered selective, as it was not toxic to normal fibroblast cells. Besides the presence of
5-chloro-8-hydroxyquinoline, the morpholine moiety furnishing a cationic centre have been
found to be relevant in anticancer activity. 7-((1H-indol-3-yl)methyl)-5-chloroquinolin-8-ol
was detected as the most powerful scaffold in the series. This derivative exerted high
potency to eliminate the resistant Colo320 cells and showed no toxicity on normal MRC-5
cells. The biaryl structure bearing 5-chloro-8-hydroxyquinoline and an indole skeleton can
be considered favorable in the aspect of toxic activity against cancer cell lines.

Supplementary Materials: The 'H, 13C NMR spectra, FTIR spectra and HRMS spectra as supporting
information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules29174176/s1.
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Abstract: Regioselectivity and the molecular mechanism of the [3+2] cycloaddition reaction between
nitro-substituted formonitrile N-oxide 1 and electron-rich alkenes were explored on the basis of the
wb97xd/6-311+G(d) (PCM) quantum chemical calculations. It was established that the thermody-
namic factors allow for the formation of stable cycloadducts along all considered models. The analysis
of the kinetic parameters of the main processes show that all [3+2] cycloadditions should be realized
with full regioselectivity. In all cases, the formation of 5-substituted 3-nitro-2-isoxazolidines is clearly
preferred. It is interesting that regiodirection is not determined by the local electrophile/nucleophile
interactions but by steric effects. From a mechanistic point of view, all considered reactions should be
treated as polar, one-step reactions. All attempts to locate the hypothetical zwitterionic intermediates
along the cycloaddition paths were, however, not successful.

Keywords: [3+2] cycloaddition; isoxazolines; Gibbs free energy of activation; Gibbs free energy
of reaction

1. Introduction

Isoxazole ring, as well as its hydrogenated analogs (isoxazolines and isoxazolidines),
are key molecular segments of many important bioactive structures such as afoxolaner [1],
lotilaner [2], sarolaner [3], fenoxasulfone [4], and many others [5-9]. The most universal
strategy for the preparation of five-membered heterocycles (including isoxazoles) is [3+2]
cycloaddition (32CA) [10-12]. For the preparation of 2-isoxazolines, 32CA processes in-
volving nitrile N-oxides as the Three-Atom Components (TACs) are used [13,14]. Within
this group, nitro-functionalized structures play a special role because the presence of the
nitro group opens a wide range of potential further functionalization spectrum [15-19].
The nitro group additionally stimulates many bioactive functions [18,20-22].

An effective way for the preparation of 4-nitro- and 5-nitro-2-isoxazoline molecular
segments is the [3+2] cycloaddition reactions involving nitrile N-oxides and conjugated
nitroalkenes [23-26]. Necessary nitroalkenes can be easily obtained from respective ni-
troalkanes and carbonyl compounds via the Henry reaction and further elimination of water
molecules [27,28]. On the other hand, alkyl—or aryl nitrile N-oxides—can be prepared
from commercially available aldehydes via the oxime formation and further halogena-
tion/dehydrohalogenation sequence [29-32]. Consequently, a large number of effective
protocols for the synthesis of 4 and 5-nitroisoxazolines is available in the current literature
(Scheme 1).
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Scheme 1. General regioselectivity in the 32CAs involving aromatic nitrile N-oxides to 2-

substituted nitroethenes.

The preparation of 3-nitro-2-isoxazolines is more difficult. At present, only some works
discuss this important preparative problem. It is possible to eliminate hydroxyalkanes
catalyzed by ammonia or silica dioxide [33,34]. Unfortunately, this approach requires the
use of starting materials, which must be prepared using nitrosubstituted acyclic nitronates;
thus, the preparation strategy is difficult [35] (Scheme 2).

02N OZN

)1 NH; or SiO, )1
Ako-N-5~~R No” "R

)

R =Ph, CN

Scheme 2. Oxidative conversion of 2-alkoxy-3-nitroisoxazolidines into 3-nitroisoxazoline derivatives.

The parent 3-nitro-2-isoaxzoline can alternatively be prepared via the cyclisation of
3-nitro-2-hydroxy-1-chloropropane or 3-bromo-1-chloropropane in the presence of sodium
nitrite and alkyl nitrites [36,37] or via the cyclisation of 3-nitro-1-chloropropane in the
presence of sodium nitrite [38] (Scheme 3).

OH O,N
NaNO, + PrONO i \ NaNO, + i-PnONO
g N‘o b ml
NO, Cl
‘ NaN02
NO, Cl

Scheme 3. Conversion of 1,3-dihalopropane, 1-chloro-3-nitropropane, and 1-chloro-3-nitropropan-2-

ol into 3-nitroisoxazoline derivatives.

Similarly, some 3-nitro-4-R-2-isoxazolines can be synthesized based on respective
1,2-dihalo-2-R-propanes [39] (Scheme 4).

R o,N R

H\ NaNO, + PrONO N>/ <

X Br o

X=BrorC; R=Me, CHyCI, Ar
Scheme 4. Conversion of 1,3-dihalo-3-R-propanes into 3-nitroisoxazoline derivatives.

On the other hand, some 5,5-gem-substituted 3-nitro-2-isoxazolines are formed as a
result of the reaction between tetranitroethene and geminal substituted ethenes. The draw-
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back of this strategy is the preparation of the starting tetranitroethene via the decomposition
of unstable hexanitroethane [40,41] (Scheme 5).

O,N

O:N NO; p,c=CR, >/_><R
\—( P

O,N  NO, S

R =H, Ak, OR, Ar

Scheme 5. Conversion of tetranitroethene into 3-nitroisoxazoline derivatives.

All of the aforementioned strategies are not universally applicable and cannot be
treated as general procedures for the preparation of a wide range of 3-nitro-2-isoxazilines.
The [3+2] cycloaddition reaction involving formonitrile N-oxide 1, which can be obtained
via the thermal decomposition of dinitrofuroxan [42] (Scheme 6), can be considered a
potential universal protocol for the preparation of these compounds.

O,N NO, NO,
7 Il
N /N@Oe N®
(0] 00O
1

Scheme 6. Decomposition of dinitrofuroxane leading to formonitrile N-oxide 1.

Unfortunately, these reactions have not yet been the subject of deeper systematic
studies. In the literature, one may only find short communications regarding the 32CA
reaction of selected COOMe-substituted alkenes [43]. This study does not, however, con-
duct a systematic exploration of the main problem. It should be noted that at this point
the synthesis and properties of other, simply substituted nitrile N-oxides are understood
substantially better (F [44,45], CI [46—48], Br [49-51], and CN [52-54]).

Some similar reactions involving nitrile N-oxide 1 were tested under catalytic condi-
tions with the presence of an RTIL (Room-Temperature Ionic Liquid). It should, however,
be noted that the latest discoveries in the field of RTIL-catalyzed cycloaddition reactions
indicate that its selectivity and molecular mechanism is completely different from anal-
ogous thermal reactions [55-57]. So, the main problem requires a deeper and systematic
exploration. Due to the aforementioned issues, in the present work, we carried out a com-
prehensive DFT computational study regarding the 32CA processes involving formonitrile
N-oxide 1 and a series of electron-rich mono- and gem-substituted alkenes.

Due to the expected electrophilic nature of the nitro-substituted formonitrile N-oxide
1 determined by the presence of a strong EWG (Electron Withdrawing Group) character of the
nitro group, we selected nucleophilic-activated alkenes, such as isobutene 2a, methylenecy-
clopentane 2b, ethyl-vinyl ether 2¢, and N,N-dimethyl-vinyl amine 2d, as model alkenes
for carrying out the main cycloadditions. These alkenes were recently tested by us as
components of different types of cycloadditions involving electrophilic agents [58-60]
(Scheme 7).

Independently of the energetic aspects and their influence on the regioselectivity, the
main processes also require a detailed mechanistic evaluation. According to the actual
state of knowledge, different types of molecular mechanisms can occur during the [3+2]
cycloaddition reactions: (a) polar mechanisms (one-step synchronous mechanism, one-step—
two-stage asynchronous mechanism, and stepwise zwitterionic mechanism) [61-64], or
(b) non-polar mechanisms (one-step synchronous mechanism, one-step—two-stage asyn-
chronous mechanism, and stepwise biradical mechanism) [65,66].

Thus, in this work, we aimed to (i) analyze the of the global and power local inter-
actions in the light of the Conceptual Density Functional Theory (CDFT) for predicting
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the nature of cycloaddition and regioselectivity; (ii) consider thermodynamic factors; and
(iii) perform a full exploration of the reaction profiles for understanding the molecular
mechanism as well as kinetic aspects of the main processes. The aforementioned analyses
were performed according to DFT quantum chemical calculations.

O,N Ry
R
o T o
3a-d
|N|® 2a-d
00 [3+2] cycloaddition
O,N
1 B >/_>,R1
N q
\o RZ
4a-d

(a) Ry = Me, Ry = Me, (b) Ry = R, = -(CH,)a-, (€) Ry = H, Ry = OEt, (d) Ry = H, R, = NMe,

Scheme 7. Theoretically possible paths of the cycloaddition of nitro-substituted formonitrile N-oxide
1 with electron-rich alkenes 2a-d.

2. Results and Discussion
2.1. Power of the Global and Local Interactions in the Context of the CDFT

Analysis of the electronic properties of organic molecules is an important and universal
tool for predicting their reactivity [67-69]. This approach was recently and successfully
applied to interpret the reactivity of different types of molecular segments and the course
of many bimolecular organic processes [70-74].

Global and local electronic properties of the main compounds were estimated accord-
ing to equations recommended in the literature (see Computational Details) and presented
in Table 1. The analysis of the values of electronic chemical potential clearly shows that,
in the case of all considered reaction pairs, the electron density transfers from the alkene
molecule to nitrile N-oxide. Thus, the considered processes—according to the Domingo
convention [75]—should be classified as Forward Electron Density Flux (FEDF) processes.
The global electrophilicity of nitrile N-oxide 1 is equal to 3.68 eV. Therefore, it should be
classified as a strong electrophile [76]. In contrast, the global nucleophilicity index of 1 is
less than 1 eV. Thus, the potential nucleophilic properties of this compound is evidently
marginal. On the other hand, all four alkenes, 2a—d, are characterized by a global elec-
trophilicity index equal to or less than 0.6 eV. Hence, their electrophilic properties are
marginal. In contrast, all these compounds exhibit greater nucleophilic properties as their
respective global nucleophilicities are equal to or more than 2.5 eV. The most nucleophilic
agent within the considered group is N,N-dimethylvinylamine 2d, whereas the weakest
nucleophilic agent is isobutene 2a (Scheme 8).

The analysis of the electronic properties allow for the prediction of the potential
regioselectivity of bimolecular processes. This is possible because these types of reactions
occur under the control of local interactions between the most electrophilic reaction center
on the first molecule and the most nucleophilic center at on second one [72,77]. It was found
that the more electrophilic center within the CNO moiety of N-oxide 1 is localized on the
oxygen atom (wo = 0.34 eV). On the other hand, the more nucleophilic center at the >C=C<
moiety of the alkene is always localized on the terminal carbon atom (N; = 1.68-2.23 eV).
The interaction of these centers stimulates the energetical preference for the formation of
3-nitro-4,4-substituted 2-isoxazolines 3a—d.
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Table 1. Global (electronic chemical potentials p, chemical hardness 1, global electrophilicities w,
and global nucleophilicities N) and local (local Parr spin density functions P*, and P~ local nucle-
ophilicities Ny, and local electrophilicities wy) electronic properties of nitro-substituted formonitrile
N-oxide 1 and electron-rich alkenes 2a—d.

Local Properties

NO,
I R
. 2
Global Properties N ® \H:
00 2a-d
1
n n w N _ _ N> N + + wc wo
vl vl [evl levi T2 P11 v ey P Po o v fev]
1 —5.98 4.85 3.68 0.72 0.048 0.091 0.18 0.34
2a —2.83 7.37 0.55 2.60 0.295 0.646 0.77 1.68
2b —2.87 6.95 0.59 2.77 0.266 0.636 0.74 1.76
2¢ —2.39 6.97 0.41 3.25 0.057 0.577 0.18 1.87
2d —1.87 6.50 0.27 3.99 0.110 0.557 0.44 2.23

NO,

Il R R

1 2
By
‘0@ A

favored attack

Scheme 8. Most efficient local electronic interactions of nitro-substituted formonitrile N-oxide 1 with
electron-rich alkenes 2a-d.

2.2. Thermodynamic Considerations

Within the framework of the thermodynamic analysis of the main cycloadditions,
we treated all competing reactions as independent processes. To perform this analysis,
the values of the thermodynamic functions of the substrates and products were required.
Unfortunately, for the compounds that are the subject of our study, these data are not
available in the chemical literature. Therefore, we used data from DFT quantum chemical
calculations to determine them. Based on estimated enthalpies and entropies of forma-
tion of substrates and products, we calculated the enthalpy and entropy values for each
cycloaddition reaction, followed by the Gibbs free energies of the reaction. The results of
thermodynamic calculations for the considered reaction paths are presented in Table 2.

The data obtained via DFT calculations show (Table 2) that, independently of the
alkene structures, in the toluene solution, the Gibbs free energies of the reaction are strongly
negative for both considered cycloaddition paths. During this period, the reaction channels
leading to less sterically crowded 5,5-disubstituted 2-isoxazolines (path B) are always
preferred. The replacement of toluene with the more polar solvent (nitromethane) did
not change this tendency. Thus, the thermodynamic preference for the formation of
3-nitro-5,5-di(R)-2-isoxazolines can be considered as a general rule in the context of the
main reactions.
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Table 2. Key thermodynamic and kinetic parameters for 32CA of nitro-substituted formonitrile
N-oxide 1 with electron-rich alkenes 2a-d according to the wb97xd/6-311+G(d) (PCM) calculations
(AH and AG are in kcal/mol; AS are in cal/ molK).

. . Toluene Nitromethane
Reaction Transition
AH AG AS AH AG AS
1+2a 1+2a—MCA -2.3 5.9 —27.4 —-1.8 6.3 —274
1+2a—TSA 7.7 19.6 —39.8 8.5 20.4 —-39.9
1+2a—3a —63.5 —479 —52.2 —64.7 —49.2 —51.9
1+2a—MCB -25 6.6 —30.4 —3.4 5.7 —30.7
1+2a—TSB 3.6 13.6 —33.3 41 13.8 —32.7
1+2a—4a —70.0 —54.6 —51.7 —-714 —55.7 —52.6
1+2b 1+2b—MCA —4.4 43 —29.1 —-3.3 49 —-27.3
1+2b—TSA 8.4 20.5 —40.9 9.1 21.6 —41.8
1+2b—3b —64.3 —49.6 —49.3 —65.4 —50.7 —49.2
1+2b—MCB -39 4.7 —28.7 —-29 5.4 —-279
1+2b—TSB 2.0 12.6 —35.6 2.3 13.0 —35.8
1+2b—4b —69.2 —56.6 —42.1 —70.4 —58.2 —41.0
1+2c¢ 1+2c—MCA -7.0 4.6 —38.9 —5.5 5.5 —37.0
1+2c—TSA 5.7 18.2 —41.8 6.5 18.9 —414
1+2¢—3c —59.9 —45.1 —49.4 —60.6 —45.7 —49.8
1+2c—MCB —-5.0 3.7 —-29.2 —-1.9 3.8 —-19.1
1+2c—TSB 0.5 11.5 —37.1 14 12.0 —35.6
14+2c—4c —70.5 —55.9 —49.1 -71.0 —56.4 —489
1+2d 1+2d—MCA —4.3 3.1 —24.8 —-3.5 4.1 —25.3
1+2d—TSA 5.1 15.9 —36.0 5.7 16.5 —36.2
1+2d—3d —58.5 —44.8 —46.2 —58.9 —44.8 —47.2
1+2d—MCB —4.6 3.1 —25.8 —3.7 4.2 —26.5
1+2d—TSB —4.0 6.6 —35.7 —3.6 6.8 —35.2
1+2d—4d —674 —53.5 —46.5 —68.3 —54.3 —46.8

2.3. Exploration of Reaction Profiles

Firstly, we analyzed the energy reaction profiles for the 32CA of nitro-substituted
formonitrile N-oxide 1 and isobutene 2a. It was found that the nature of the reaction trajec-
tories are qualitatively similar for both regioisomeric cycloaddition channels considered. In
particular, in the framework of both considered profiles, two critical points (pre-reaction
molecular complex, MC, and the transition state, TS) between the valleys of the starting
molecules and products were detected. The quantitative description of the aforementioned
transformations is, however, substantially different.

In the initial phase of the reaction progress, respective pre-reaction molecular com-
plexes are formed in the case of both 32CA pathways (MCA and MCB for paths A and B,
respectively). The reduction in enthalpy of the molecular system by about 2.3-2.5 kcal /mol
is a result of this transformation (Table 2, Figure 1). At the same time, however, the entropy
of the molecular system is substantially reduced. As a result, the Gibbs free energies of
formation for both MCs are positive. This excludes the possibility of the existence of MCA
and MCB complexes as thermodynamically stable intermediates. Within the MC, substruc-
tures of addends adopt orientations that stimulate maximum stable coulombic interactions.
Any new sigma bond, however, are not created at this stage. The key interatomic distances
are beyond the range typical for C-C and O-C bonds formed in the transition state (Table 3,
Figure 1). Additionally, the electron density transfer between substructures is not observed.
Thus, the detected structures cannot be considered as charge—transfer complexes [78,79].
Similar intermediates were recently detected in many 32CAs involving different types of
TACs [80,81].
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Figure 1. Enthalpy and Gibbs free energy profiles the [3+2] cycloaddition reaction between the
nitro-substituted formonitrile N-oxide 1 and isobutene 2a in the toluene solution according to the
wb97xd /6-311+G(d) (PCM) calculations.
Table 3. Key parameters of critical structures of the 32CA of nitro-substituted formonitrile N-oxide 1
with electron-rich alkenes 2a—d in the toluene solution according to the wb97xd/6-311+G(d) (PCM)
calculations (AH and AG are in kcal/mol; AS are in cal/ molK).
Interatomic Distances [A] GEDT
Reaction Structure [e]
O1-N2 N2-C3 C3-C4 C4-C5 C5-01
1+2a 1 1.181 1.162
2a 1.332
MCA 1.179 1.163 3.299 1.332 3.344 0.00
TSA 1.195 1.215 2.360 1.364 2.434 0.16
3a 1.347 1.271 1.510 1.546 1.455
MCB 1.184 1.157 3.216 1.333 3.416 0.00
TSB 1.196 1.199 2.292 1.357 2.865 0.13
4a 1.343 1.271 1.487 1.542 1.489
1+2b 2b 1.329
MCA 1.179 1.167 3.596 1.330 3.565 0.00
TSA 1.195 1.213 2.342 1.361 2.461 0.20
3b 1.356 1.272 1.503 1.534 1.450
MCB 1.179 1.167 3.519 1.330 3.556 0.00
TSB 1.199 1.198 2.268 1.354 3.037 0.14
4b 1.344 1.271 1.488 1.532 1.489
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Table 3. Cont.

Interatomic Distances [A] GEDT
Reaction Structure [e]
0O1-N2 N2-C3 C3-C4 C4-C5 C5-01
1+2c¢ 2¢ 1.329
MCA 1.179 1.168 3.854 1.331 5.153 0.00
TSA 1.201 1.217 2.264 1.365 2.484 0.12
3c 1.349 1.272 1.510 1.531 1.453
MCB 1.179 1.168 3.739 1.328 3.475 0.00
TSB 1.200 1.192 2.357 1.351 3.045 0.13
4c 1.360 1.269 1.488 1.524 1.467
1+2d 2d 1.341
MCA 1.187 1.164 3.271 1.347 4.557 0.00
TSA 1.204 1.227 2.680 1.376 2.227 0.22
3a 1.351 1.272 1.520 1.533 1.453
MCB 1.192 1.164 2.890 1.349 4.070 0.00
TSB 1.206 1.186 2.370 1.365 3.643 0.13
4d 1.346 1.272 1.487 1.533 1.515

The gradual reduction in interatomic distances between the nitrile N-oxide 1 and
isobutene 2a substructures along the reaction coordinate leads directly to the transition
state (TSA and TSB for paths A and B, respectively). This stage is associated with an
increase in enthalpy of the reaction system by 7.7 kcal/mol in the case of path A and
3.6 kcal/mol in the case of path B (Table 2, Figure 1). Including entropic factors in the
energetic considerations yield Gibbs free energies of activation equal to 19.9 kcal/mol and
13.6 kcal/mol, respectively, for paths A and B. Thus, in the considered system of competing
reactions, the formation process of isoxazoline 3a should be considered as forbidden from
a kinetic point of view. Therefore, the predicted regioselectivity of the cycloaddition is
fully different from that suggested by earlier analysis of local electronic interactions. The
regiodirection of the considered reaction is predominantly determined by steric repulsion
involving the germinal methyl groups derived from the isobutene molecule. In contrast,
analogous 32CAs involving electron-rich nitrile N-oxides and electrophilic alkenes are fully
determined by the nature of global and local electronic interactions [23,24,70].

Within both optimized TSs, two new sigma-bonds are formed. The synchronicity
of this process is, however, substantially different in the case of TSA than in the case
of TSB (Table 2, Figure 2). In particular, in TSA, key interatomic distances C3-C4 and
C5-O1 are equal to 2.360A and 2.434A, respectively. However, within TSB, respective
interatomic distances are equal to 2.292A and 2.865A, respectively. The asynchronicity
is, however, not sufficient to enforce a stepwise, zwitterionic mechanism [82-85]. The
formation of new bonds is accompanied by the redistribution of electron density. In
particular, the electron density is transferred gradually from the alkene substructure to the
nitrile oxide substructure (GEDT = 0.16-0.16 e). This confirms that the currently analyzed
reaction should be classified as a Forward Electron Density Flux (FEDF) process. Molecular
electrostatic potential maps for TS4 and TS5 structures are presented in Figure 3. This
analysis evidently confirms the polar nature of localized TSs. Further conversion of the TS
structures leads directly to the following respective products—3a in the case of pathway A
and 4a in the case of pathway B.
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Figure 2. Views of critical structures of the [3+2] cycloaddition reaction between the nitro-substituted
formonitrile N-oxide 1 and isobutene 2a in the toluene solution according to the wb97xd/6-311+G(d)

(PCM) calculations.

TSB

electron-deficient specie [N N lectron-rich specie

Figure 3. Molecular electrostatic potential maps for TS4 and TS5 structures of the [3+2] cycloaddition
reaction between the nitro-substituted formonitrile N-oxide 1 and isobutene 2a. Negative charges are

colored in red, while negligible charges are colored in green.
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Replacement of isobutene 3a in the 32CA environment with the more nucleophilic
alkenes, such as 3b, 3¢ and 3d, does not change the nature of the energy profiles for
all considered cycloaddition channels. The description of respective profiles as well as
optimized critical points are, however, changed. In particular, the energy barrier on the
kinetically favored cycloaddition pathway B is clearly reduced with the increase in the
global nucleophilicity of the alkene. At the same time, the polarity and asynchronicity of
respective transition structures are more evident. However, we cannot detect theoretically
possible zwitterionic intermediates. A similar effect is also determined due to the influence
of the polarity solvent on the reaction progress (Tables 2—4). Thus, the described scheme
and mechanism should be treated as a general rule for a wide range 32CAs involving
nitro-substituted formonitrile N-oxide 1.

Table 4. Key parameters of critical structures of the 32CA of nitro-substituted formonitrile N-oxide 1
with electron-rich alkenes 2a-d in the nitromethane solution according to the wb97xd/6-311+G(d)
(PCM) calculations (AH and AG are in kcal/mol; AS are in cal/molK).

Interatomic Distances [A] GEDT
Reaction Structure [e]
O1-N2 N2-C3 C3-C4 C4-C5 C5-01
1+2a 1 1.183 1.158
2a 1.333
MCA 1.180 1.161 3.308 1.333 3.334 0.00
TSA 1.195 1.214 2.369 1.364 2.458 0.18
3a 1.346 1.271 1.509 1.547 1.459
MCB 1.181 1.164 3.416 1.333 4.015 0.00
TSB 1.198 1.197 2.283 1.357 2.995 0.15
4a 1.342 1.272 1.485 1.543 1.495
1+2b 2b 1.330
MCA 1.181 1.164 3.586 1.331 3.602 0.00
TSA 1.196 1.212 2.352 1.360 2.484 0.21
3b 1.354 1.272 1.502 1.535 1.455
MCB 1.181 1.164 3.529 1.331 3.711 0.00
TSB 1.201 1.196 2.271 1.353 3.166 0.16
4b 1.341 1.272 1.486 1.534 1.495
1+2c¢ 2c 1.330
MCA 1.180 1.166 3.813 1.332 4.933 0.00
TSA 1.200 1.216 2.283 1.364 2.513 0.13
3¢ 1.346 1.273 1.510 1.531 1.457
MCB 1.182 1.161 3.417 1.330 3.381 0.00
TSB 1.200 1.190 2.361 1.351 3.146 0.15
4c 1.357 1.270 1.487 1.525 1.475
1+2d 2d 1.343
MCA 1.186 1.153 3.290 1.348 4.536 0.00
TSA 1.202 1.226 2.756 1.375 2.257 0.25
3a 1.349 1.273 1.521 1.532 1.457
MCB 1.191 1.164 2.892 1.350 4.082 0.00
TSB 1.205 1.179 2.443 1.363 3.737 0.23
4d 1.343 1.273 1.486 1.533 1.526

3. Computational Details

The DFT calculations were performed using the wb97xd functional and 6-311+G(d)
basis sets and the software implemented within the Gaussian package [86]. The P1Grid
infrastructure (“Ares” cluster) in the computing center “Cyfronet” was applied. A similar
computational level has already been successfully used to explore the mechanistic aspects
of different types of cycloaddition processes, including the [3+2] cycloaddition reactions
involving allenyl-type TACs [87-89] as well as different-type transformations of hydro-
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carbons [90]. All localized stationary points have been characterized using vibrational
analysis. It was found that the starting molecules, intermediates, and products had positive
eigenvalues in their Hessian matrices, whereas all transition states (TS) showed only one
negative eigenvalue in their Hessian matrices. Intrinsic reaction coordinate (IRC) calcula-
tions have been performed for all localized transition states. The presence of the solvent in
the reaction environment (toluene and nitromethane) has been included using the IEFPCM
algorithm [91]. The Global Electron Density Transfer (GEDT) [92] was calculated according
to Formula (1):

GEDT = —ZgA 1)

where gA is the net charge, and the sum is taken including all the atoms of nitroalkene.
Global electronic properties of the reactants were estimated according to the equations
recommended by Parr and Domingo [64,66,67,93-96]. According to Domingo’s recommen-
dation, for this purpose, the B3LYP/6-31G(d) level of theory was used. In particular, the
electronic chemical potentials (11) and chemical hardness () were evaluated in terms of
one-electron energies of FMO (Exgomo and Epumo) using Equations (2) and (3):

1~ (Egomo + Erumo)/2 )

n ~ Erumo — EHomo 3)

Next, the values of 1 and 1 were used for the calculation of global electrophilicity (w)
according to Formula (4):
w=p?/2n 4)

Subsequently, global nucleophilicity (N) [66] could be expressed in terms of Equation (5):

N =Enomo — EHOMO (tetracyanoethene) (5)

The local electrophilicity (wy) [67] condensed to atom k was calculated by projecting
the index w onto any reaction center k in the molecule by using the Parr function P*y (6):

Wy = P+k'w (6)

The local nucleophilicity (Ny) [67] condensed to atom k was calculated using global
nucleophilicity N and Parr function P~y according to Formula (7):

Ny =P N ()

4. Conclusions

Our comprehensive DFT study regarding [3+2] cycloaddition involving nitro-substituted
formonitrile N-oxide 1 and electron-rich alkenes shed light on the reaction regioselectivity
and molecular mechanism. In particular, the wb97xd/6-311+G(d) (PCM) calculations show
that independently of the alkene structure as well as of the polarity of the solvent, the
thermodynamic factors allow for the formation of stable cycloadducts within considered
cycloadditions. Next, the analysis of the local electronic properties suggest the preference for
the formation of 4-R-isoxazolines. In contrast, kinetic factors obtained via the full exploration
of energy profiles lead to a preference for the formation of 5-substituted 2-isoxazolines. This
clearly demonstrates the influence of steric factors on the course of the reaction. The respective
transition states leading to the aforementioned products are always asynchronous, but all
attempts to locate the hypothetical zwitterionic intermediates along the cycloaddition paths
were unsuccessful. In summary, it should be underlined that the scheme and mechanism
described in this study should be treated as a general occurrence for a wide range of 32CA
involving nitro-substituted formonitrile N-oxide.
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Abstract: In this study, a library of 3,7-di(hetero)aryl-substituted 10-(3-trimethylammoniumpropyl)
10H-phenothiazine salts is prepared. These title compounds and their precursors are reversible redox
systems with tunable potentials. The Hammett correlation gives a very good correlation of the first
oxidation potentials with o}, parameters. Furthermore, the title compounds and their precursors are
blue to green-blue emissive. Screening of the salts reveals for some derivatives a distinct inhibition of
several pathogenic bacterial strains (Mycobacterium tuberculosis, Staphylococcus aureus, Escherichia coli,
Aconetobacter baumannii, and Klebsiella pneumoniae) in the lower micromolar range.

Keywords: antibacterials; biological properties; cyclic voltammetry; fluorescence; heterocycles;
Suzuki coupling

1. Introduction

Phenothiazine, i.e., 10H-dibenzo[b,e][1,4]thiazine, is a synthetic non-naturally oc-
curring tricyclic heterocycle that has received recognition in many fields of molecular
science, starting from dye chemistry in the late 19th century, via histochemical stain-
ing (as dye methylene blue), to pharmacology and biomedicine in the 20th century [1].
In the past decades, the extraordinary electronic structure of this electron-rich system
has paved new alleys to functional materials in optoelectronics [2,3], dye-sensitized so-
lar cells [4], and mesoporous silica hybrid materials [5]. And again, in the 21st century,
the phenothiazine scaffold is receiving considerable attention for its multifaceted biolog-
ical activity [6]. Phenothiazine derivatives exhibit promising antibacterial, antifungal,
anticancer, antiviral, anti-inflammatory, antimalarial, antifilarial, trypanocidal, anticon-
vulsant, analgesic, immunosuppressive, and multidrug resistance reversal properties [7].
Increasingly, for phenothiazines, known as non-steroidal anti-inflammatory drugs or lo-
cal anesthetics, antibacterial activity has been recognized [8]. In addition, among other
privileged scaffolds, phenothiazines are considered to be photosensitizers in antimicrobial
photodynamic therapy [9]. Derivatives bearing halogens or electron-withdrawing groups
have been shown to have anticancer and antiprotozoal effects [10]. Diverse biological activ-
ities associated with phenothiazine hybrids make them particularly promising candidates
for drug development [11].

For combatting multidrug resistance in treating infectious diseases and cancer, phe-
nothiazines are also discussed as a cost-effective strategy against this resistance; however,
simultaneously, their potential effects on bacterial resistance and dysbiosis have been con-
sidered [12]. In particular, in targeting Methicillin-Resistant Staphylococcus aureus (MRSA)
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with its multidrug resistance mechanisms, including efflux pumps and biofilm forma-
tion, phenothiazines, like chlorpromazine, which has received classic status in chemical
neuroscience [13], can be considered to be efflux pump inhibitors [14].

In Gram-negative bacteria, e.g., Escherichia coli and Pseudomonas aeruginosa, the outer-
most membrane apparently forms a permeability barrier, causing their already intrinsic re-
sistance to many active substances [15]. Molecules with a cationic or cationic-hydrophobic
character can be considered for interaction with the phospholipid membrane of a bacterium.

Cationically substituted phenothiazines are (a) water-soluble and (b) amphiphilic due
to the organic residue. In addition, the organic residue is (c) a chromophore (with absorp-
tion in near UV /Vis and emission in blue-green (fluorescence microscopy)) and (d) a redox
system that is also capable of photo-induced electron transfer. Recently, we showed that
phenothiazines with quaternary ammonium groups in their side chains are readily immo-
bilized on both periodic mesoporous organosilica (PMO) and neat silica SBA-15 materials
via ion exchange [16]. UV irradiation induced the formation of stable phenothiazine rad-
ical cations embedded in the hybrid materials, confirmed by cyclic voltammetry of the
native materials and EPR spectroscopy of the oxidized specimen. Here, we generalize the
modular approach to the synthesis of 3-trimethylammoniumpropyl sidechain-substituted
3,7-di(hetero)aryl-substituted phenothiazine to provide electronically diverse substitution
in positions 3 and 7. Furthermore, we present and discuss the electronic properties inves-
tigated with cyclic voltammetry, optical absorption, and emission spectroscopy, and we
disclose a screening of the antibacterial activity against seven selected pathogenic strains.

2. Results and Discussion
2.1. Synthesis

As in a previous work [16], the synthesis commences with the dibromination of
phenothiazine (1) to give 3,7-dibromophenothiazine (2) in 88% yield (Scheme 1) [17].
The Michael addition of compound 2 in Triton B® furnishes 10-propionitrile phenothiazine 3
in 70% yield [16]. The indium-trichloride-mediated boranate reduction [18] gives 10-(3-
amino propyl) 3,7-dibromophenothiazine (4) in 91% yield, that is, Boc-protected under
standard conditions, to give the dibromo substrate 5 in 95% yield.

s Br s gr acrylonitrile pg.
@ D Bry, AcOH, rt, 16 h \@ D/ Triton B® \@ D/
H then: Na,SO3, H,0 B N °C 5 min

i, 3h H K/CN

1 2 (88%) 3 (70%)
InCls, NaBH,
THF, 1t, 5 h . Br S B" Boc,0, DVMAP, NEt;
then: HCI (12 M), 80°C, Th N CH,Cly, t, 16 h
then: MeOH, 80 °C, 1 h
K/\NH2 NHBoc
4 (91%) 5 (95%)

Scheme 1. Synthesis of tert-butyl (3-(3,7-dibromo-10H-phenothiazin-10-yl)propyl)carbamate (5).

The Boc-protected 10-(3-amino propyl) 3,7-dibromo phenothiazine 5 sets the stage
for twofold Suzuki coupling with (hetero)aryl boronic acids or pinacol boronates 6 to give
six 3,7-di(hetero)aryl-substituted phenothiazines 7 in good yield after isolation by flash
chromatography (Scheme 2). The treatment of compounds 7 with an excess of trifluoroacetic
acid leads to Boc deprotection; the ammonium salt is permethylated in the presence of an
excess of methyl iodide (for the preparation of salt 8a) or methyl triflate (for the preparation
of salts 8b—f), and potassium carbonate as a base gives rise to the isolation of six salts 8 in
moderate to excellent yield. The structures of the salts (compound 8a as a carbonate with
two cations and compounds 8b-f as triflates with one cation) is unambiguously assigned by
the combination of 'H and '*C NMR spectroscopy, indicating mirror plane symmetry by the
occurrence of a reduced set of signals, with IR spectroscopy identifying the counter anion
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by characteristic vibration bands (1454 cm ! as a very dominant CO valence vibration for

the carbonate ion in salt 8a; ~1240 and ~1030 cm ! as very dominant SO and CF valence
vibrations for triflate ions in the salts 8b—f), mass spectrometry unambiguously verifying
the molecular peak of the cation, as well as HRMS identifying the molecular composition
of the cations and/or combustion analysis for the molecular composition of the salts.

Br: S Br 6.0 mol% Pd(PPh3), (Het)Ar. S (Het)Ar
(Het)ArB(OR), 6, CsF \@ D/
. .

; N
1.4-dioxane, 101 °C, 16 h
NHBoc k/\NHBoc
5 (95%) o S

7a (Het(Ar): @ D , 85%)
N
"hexyl

7b (Het(Ar): p-anisyl, 79%)

7¢ (Het(Ar): 2-thienyl, 69%)

7d (Het(Ar): phenyl, 74%)

7e (Het(Ar): p-CICgHy4, 76%)

7f (Het(Ar): p-NCCgHy, 67%)

(Het)Ar s (Het)Ar
1) TFA (8 equivs) CHyCly, t, 16 h \@ D/
> N

2) Mel or MeO3SCF3 (10 equivs), K,CO3 (20 equivs)
CH,Cl,/MeOH (1:1), rt, 16 h

® x@
NMe3
8a (X~ =0.5CO5%,

~ S
Het(Ar): @ D , 93%)
N

'I’hexyl
8b (X~ = CF3S0j37, Het(Ar): p-anisyl, 67%)
8¢ (X~ = CF3S05", Het(Ar): 2-thienyl, 59%)
8d (X~ = CF3SO057, Het(Ar): phenyl, 81%)
8e (X~ = CF3S0;", Het(Ar): p-CICgHg4, 71%)
8f (X~ = CF3S057, Het(Ar): p-NCCgHy4, 53%)

Scheme 2. Synthesis of Boc-protected 3,7-di(hetero)aryl-substituted 10-(3-aminopropyl) 10H-
phenothiazines 7 and 3,7-di(hetero)aryl-substituted 10-(3-trimethylammoniumpropyl)10H-
phenothiazine salts 8.

2.2. Electronic Properties of Compounds 7 and 8

As part of our ongoing interest in the structure—property relationships of 3-(hetero)aryl
and 3,7-di(hetero)aryl-substituted phenothiazines [19,20], we became intrigued in studying
the effect of Boc-protected 3-aminopropyl (compounds 7) and 3-trimethylammoniumpropyl
sidechains (compounds 8) at the 10-position of 3,7-di(hetero)aryl-substituted phenoth-
iazines on the electronic properties in the electronic ground and excited states. Therefore,
cyclic voltammograms and absorption and emission spectra were recorded to determine
the redox potentials (cyclic voltammograms) and UV /Vis absorption and fluorescence
bands and thereof the Stokes shifts (Table 1).

The cyclic voltammetry of triads 7a and 8a discloses the expected behavior of three
conjugatively coupled electrophores [21,22] with three reversible one-electron oxidations at
potentials of 0.620, 0.740, and 0.850 V (7a) and 0.610, 0.720, and 0.830 V (8a), respectively
(Table 1). As can be seen by the minute differences in the oxidation potentials, the effect
of the remote 3-NH-Boc or 3-trimethylammonium substituent on the sidechain is only
minor. Indeed, it can be considered that the first oxidation giving a radical cation, that is
delocalized over all three phenothiazines, renders this potential to lie cathodically shifted.
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For the consanguineous series 7b—f and 8b—f, the site of oxidation is clearly localized on
the central phenothiazine unit, which certainly experiences the Coulombic interaction of
the sidechain after oxidation. The first oxidation potentials Eo’/*! are found in a range
from 0.640 to 0.830 V (compounds 7b—f) and from 0.680 to 0.840 V (compounds 8b—f),
respectively. The second oxidations to the phenothiazine-centered dications are only found
at potentials Ey*!/*2 between 1.040 and 1.400 V for the more electron-rich substituted
compounds 7b—d and 8b-d. For both series, a distinct anodic shift of Ey’/*! is discernable
with altering the remote 3,7-substituents from electron-releasing to electron-withdrawing.
For a closer inspection to estimate the transmission of the polar substituent effect of the
remote substituent in the 3- and 7-position on the ease of oxidation, correlation analyses of
the oxidation potentials EOO/ *+1 with Hammett parameters [23] 0}, OR, OR+, Op+, and op—
were considered.

Table 1. Selected electronic data (oxidation potential, absorption maxima, emission maxima, Stokes
shifts) of Boc-protected 3,7-di(hetero)aryl-substituted 10-(3-aminopropyl) 10H-phenothiazines 7 and
3,7-di(hetero)aryl-substituted 10-(3-trimethylammoniumpropyl)10H-phenothiazine salts 8.

Compound EOO/[:] vl EOH;: (vl E°+2g; Al Absorption Ay abs [nm] (e [M~1em—1]) [b] Emis[sriltr)nn] }[\C'Tax’em St(}l;ens_sl?i[ilt]Ai
7a 0.620 0.740 0.850 279 (111,000), 320 (45,000), 367 (37,000sh) 483, 499 (sh) 6500
7b 0.640 1.290 - 280 (108,000), 330 (26,000) 461 9300
7c 0.690 1.260 - 290 (42,000), 347 (14,000) 488 8300
7d 0.700 1.400 - 277 (17,000), 330 (41,000) 471 9500
7e 0.730 - ; 280 (35,000), 333 (9000) 488 9500
7f 0.830 - - 292 (33,000), 373 (12,000) 520 7600
8a 0.610 0.720 0.830 276 (83,000), 322 (31,000), 368 (26,000) 478 6300
8b 0.680 1.040 - 278 (64,000), 324 (15,000) 455 8900
8c 0.720 1.260 - 278 (40,000), 326 (10,000) 466 9200
8d 0.730 1.270 - 275 (26,000), 323 (6000) 456 9000
8e 0.770 - - 289 (53,000), 342 (18,000) 478 8300
8f 0.840 - - 288 (54,000), 359 (7000) 500 7900

[a] Cyclic voltammograms were recorded in dichloromethane at T = 293 K. [b] Recorded at T = 293 K in
dichloromethane at ¢(7/8) = 1073 M. [c] Recorded in dichloromethane at T = 293 K at ¢(7/8) = 107¢ M.
[d] AV =1/Amaxabs — 1/ Amaxem [em 1] (calculated using the bold absorption bands).

In the consanguineous series of compounds 7b—f, indeed, the highest linear regres-
sion coefficients are obtained for parameters op (R? = 0.9903), Op+ (R% = 0.9631), and Op—
(R% = 0.9491) (for details, see Supporting Information). The involvement of o}, clearly
indicates that the electronic substituent effects are transmitted via resonance and induc-
tive pathways, as previously observed for other 3,7-disubstituted phenothiazines [19,24].
The same correlation can be established for the consanguineous series of the trimethylam-
monium salts 8b—f, where the linear regression coefficients for o}, (R? = 0.9855) and Op+
(R? = 0.9839) are very similar and for o}, (R? = 0.9056) are less, indicating the similar trans-
mission mechanism of remote polar substituents by resonance and inductive pathways for
the stabilization of the formed radical dication.

The absorption spectra disclose the longest wavelength bands between 330 and 373 nm
(compounds 7a—f) and between 323 and 368 nm (compounds 8a-f), with absorption coeffi-
cients in a range between 6000 and 41,000 M~'cm~! (Table 1, Figure 1).

While the red shifts of the triads 7a and 8a amount to intense shoulders at 367 nm
(7a) or a maximum at 368 nm (8a) attributed to the extended m-conjugation, the most
redshifted bands appear for the p-cyano phenyl derivatives at 373 nm (7f) and 359 nm
(8f). All compounds 7 and 8 luminesce intensively with a blue to green color in a range
from 455 to 520 nm, and the Stokes shifts are quite broad, ranging from 6300 to 9500 cm !,
which is quite typical for phenothiazine as a consequence of geometrical and electronic
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changes upon photonic excitation, namely the planarization of the phenothiazine core in
the vibrationally relaxed excited state and considerable charge transfer from the central
phenothiazine donor to the 3,7-substituents that act as acceptors in the excited state [25,26].
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Figure 1. Normalized absorption (solid) and emission (dashed) spectra of 3,7-di(hetero)aryl-
substituted 10-(3-trimethylammoniumpropyl)10H-phenothiazine salts 8 (recorded at T = 298 K
for c(8) =103 M (absorption) and c(8) = 10~° M (emission) in dichloromethane).

Correlation analyses with the photophysical data Apay abs (absorption), Amax,em (emis-
sion), and Av (Stokes shift) of the consanguineous series of compounds 7b-f and 8b—f, with
Hammett parameters of op, 0R, OR+, Op+, and op—, can be likewise probed for estimating
the transmission of the polar substituent effect of the remote substituent in 3- and 7-position
on excitation, radiative deexcitation, and structural changes in the vibrationally relaxed
excited state [20]. While the data of the longest wavelength absorption bands Apax abs Only
give mediocre (compounds 7b-f) or poor (compounds 8b-f) linear correlations with o
and op, respectively, the emission bands Amax,em correlate for both series with o}, and op-
reasonably well (compounds 7b—f, op_: R? = 0.9564; compounds 8b-f, o,: R? = 0.9129).
This accounts for the transmission of the remote substituent effects in the planarized vi-
brationally relaxed excited state of phenothiazines [25,27]. Expectedly, the Stokes shifts
indicating electronic or geometrical structural changes upon photonic excitation do not
correlate in a meaningful sense due to the poor correlation of the absorption bands.

2.3. Biological Properties of Compounds 7 and 8

We have tested the activity of the selected 3,7-di(hetero)aryl-substituted 10-(3-
trimethylammoniumpropyl)10H-phenothiazine salts 8 and salt 9 [16] in a screening assay
against common human pathogens, namely Mycobacterium tuberculosis, the Gram-positive
bacterium Staphylococcus aureus, and four Gram-negative bacteria (P. aeruginosa, E. coli,
Actinobacter baumannii, Klebsiella pneumoniae), to assess the antibacterial activity, i.e., de-
termine the minimal inhibitory concentration (MIC) against the corresponding bacterial
strains (Table 2).
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Table 2. MIC of compounds 8a, 8b, 8d, 8e, 8f, and 9 (stock solutions of the substances of
approx. 10 mM in a volume of 1 mL DMSO (spectroscopy grade)).

"hexyl "hexyl

. @)‘)‘Dm“)‘m

050,22
® TfO @ @ TfO

NMe3 NMe; NMe;

‘i»’”‘«»‘m ‘(»‘

@ TfO @ TfO @ TfO
NMe; NMe; NMe;
8d 8e 8f
Antibacterial Activity MIC (um)
Weighed . S. aureus E. coli . .. .
Compornd S0, o T perins ATCC NCC i i g
9 448.5 4.53 10.1 100 >100 >100 >100 >100 >100
8a 1784.6 9.89 5.5 >100 >100 >100 >100 >100 >100
8b 660.8 6.62 10.0 25 12.5 >100 >100 100 >100
8d 600.7 6.01 10.0 12.5 6.25 25 100 25 12.5
8e 669.6 6.69 10.0 12.5 12.5 >100 >100 50 >100
8f 650.7 6.50 10.0 25 12.5 >100 >100 >100 >100

The activity screening reveals that 3,7-diaryl-substituted 10-(3-trimethylammoniumpropyl)
10H-phenothiazine salts 8b—f can effectively inhibit the growth of M. tuberculosis (MIC
12.5-25 pm) and S. aureus (MIC 6.25-12.5 um), where compound 8d is the most efficacious.
In addition, this compound also inhibits the growth of E. coli (MIC 25 um), A. baumannii
(MIC 25 pm), and K. pneumoniae (MIC 12.5 um). Apparently, P. aeruginosa is not inhibited
by any of the substances under a threshold MIC of 100 um. For A. baumannii, the aryl
substituents obviously should be small, since bis(phenyl) derivative 8d (MIC 25 pm) and
bis(p-chlorophenyl) derivative 8e (MIC 50 pm) at least show some inhibition. The steric
demand predominantly applies for compound 8a, which, despite its lipophilicity by the
two n-hexyl phenothiazinyl substituents, does not show any activity of the tested pathogen
strains. However, since the smallest compound in this series, compound 9, also fails al-
most completely, a balanced decoration rendering lipophilicity and amphiphilicity as for
3,7-diaryl-substituted derivatives proves to give the most efficacious inhibition. This

promises a good starting point for suitable cationically substituted phenothiazine derivatives.

3. Materials and Methods
3.1. General Considerations

Unless otherwise stated, all reactions were carried out in a nitrogen atmosphere using
Schlenk, septum, and cannula techniques in heated single- or multi-neck flasks or Schlenk
tubes. Nitrogen and argon were used as protective gases. Heated silicone baths were used
at higher temperatures. At lower temperatures, cooling baths were used (acetone/dry
ice, ice/water, or ice/salt mixtures). A high-vacuum pump from Biichi (Essen, Germany)
was used for securation. Solvents were removed by distillation using vacuum pumps and
rotary evaporators from Heidolph Instruments GmbH & Co. KG (Schwabach, Germany).
The rotary evaporators were operated at a water bath temperature of 40 °C.

108



Molecules 2024, 29, 2126

The chemicals used for this work, which were not synthesized in-house, were obtained
commercially from the companies ABCR GmbH & Co. KG (Karlsruhe, Germany), Acros
Organics (Geel, Belgium), Alfa-Aesar GmbH & Co. KG (Ward Hill, MA, USA), Carl Roth
GmbH & Co. KG (Karlsruhe, Germany), Macherey-Nagel (Diiren, Germany), Merck KGaA
(Darmstadt, Germany), Sigma-Aldrich Chemie GmbH (St. Louis, MO, USA), or VWR
(Radnor, PA, USA). Boronic acids and boronates 6 were synthesized according to the
procedures outlined in the literature. The solvents used were purchased in pure form and
removed as far as possible from water and other impurities according to standardized
regulations or taken from a solvent drying system MB-SPS-800 from M. Braun Inertgas-
Systeme GmbH (Garching, Germany).

For column chromatography, silica gel 60 M from Macherey-Nagel (grain size
0.04-0.063) or from Sigma-Aldrich (St. Louis, MO, USA, mesh 70-230, grain size 0.04—0.063,
or mesh 230-400) was used as the stationary phase, and Celite® 545 was used as the ad-
sorbent, and this was obtained from Carl Roth GmbH. Pure sea sand from AppliChem
(Chicago, IL, USA) was also used. Column chromatography was carried out using flash
technology at an overpressure of two bars of compressed air. Various solvents and solvent
mixtures of distilled n-hexane, distilled n-hexane/acetone, distilled dichloromethane, and
distilled dichloromethane/methanol were used as eluents.

The polarity of the eluent and the qualitative monitoring of the reaction progress
were determined and carried out using thin-layer chromatography. Here, the R; value
of the product was adjusted so that it was approximately in the range of 0.3. For this
purpose, silica-yellow-coated aluminum foil (60, F254) from Merck KGaA with a fluorescent
indicator was used. Detection was carried out using UV light with wavelengths of 254 nm
and 365 nm.

The 'H and *C NMR spectra were recorded using the Avance I1I 300, DRX 500 and
Avance III 600 spectrometer from Bruker (Karlsruhe, Germany). The solvents used were
acetone-dg and DMSO-dg, whereby all 'H and '3C spectra were locked to the signals of
the non-deuterated solvents (acetone-dg: "H NMR: § 2.84, 13C NMR: 6 206. 3 and 6 29.8;
DMSO-dg: 'H NMR: 6 2.50, 3C NMR: 6 39.51). The chemical shifts & are given in ppm,
and the coupling constants | are given in Hz. The individual signals were identified and
assigned with the aid of the chemical shifts, the integrals, the multiplicity, and the coupling
constants. When describing the multiplicity of the individual signals, the following com-
mon abbreviations were used: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of
doublet), dt (doublet of triplet), quint. (quintet), and m (multiplet). The carbon nuclei were
assigned using 1>*C NMR and 135-Dept spectra, with primary carbon nuclei designated as
CH3, secondary as CHp, tertiary as CH, and quaternary as Cquat-

The electron ionization mass spectra were recorded using the TSQ 7000 triple quadrupole
mass spectrometer from Finnigan MAT (Thermo Fisher Scientific, Waltham, MA, USA).
The Ultraflex I spectrometer from Bruker DALTONICS was used to record the MALDI
(TOF) spectra. High-resolution ESI measurements were carried out on a UHR-QTOF maXis
4G, also from Bruker Daltonics.

The infrared spectra were recorded on an IR-Affinity-1 using the attenuated total
reflectance (ATR) technique from Shimadzu (Kyoto, Japan). The solids obtained were
plotted and measured as such. The position of the absorption bands in the spectrum was
indicated in wavenumbers v [cm~!]. The intensities of the IR absorption bands obtained
are indicated as s (strong), m (medium), and w (weak).

The elemental analyses were carried out using the Perkin Elmer Series II Analyzer 2400
from PerkinElmer (Waltham, MA, USA) or an Elementar vario MICRO CUBE at the Institute
for Pharmaceutical and Medicinal Chemistry at Heinrich Heine University Diisseldorf, and
the melting points were determined using the Melting Point B-540 apparatus from Biichi.

The UV /Vis spectra were recorded on a UV/VIS/NIR Lambda 19 spectrometer from
Perkin Elmer. All compounds were measured at room temperature using high-purity
solvents (HPLC or UVASOL). The extinction coefficients were determined using Lambert-
Beer’s law. For this purpose, five absorbance spectra of the respective compound were
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recorded at different concentrations. By plotting the absorbance against the concentration,
the absorbance coefficient could be determined from the slope of the equalization line at
the selected wavelength.

The emission spectra presented in this work were recorded on a calibrated Hitachi
F-7000 fluorescence spectrometer (Tokyo, Japan). The fluorescence was always excited at the
absorption maximum. All samples were measured at room temperature in dichloromethane
(purity grade HPLC or UVASOL).

All experimentally recorded cyclic voltammograms within this work were measured
in a small-volume glass cell (4 mL) with a three-electrode arrangement. The experiments
were performed under argon atmosphere in dry and degassed dichloromethane at room
temperature with feed rates of v = 100, 250, 500, and 1000 mV-s— L. Tetra-n-butylammonium
hexafluorophosphate (0.1 M in dichloromethane) was used as the electrolyte. A 2 mm
platinum disk coated with glass was used as the working electrode. The counter elec-
trode was a platinum wire, and the reference electrode consisted of a solid Ag/AgCl
electrode filled with a sodium chloride solution (3.5 m). All potentials were referenced to
the internal standard of decamethylferrocene /decamethylferrocenium ([DMFc]/[DMFc]*,
Eo%/+1 = —0.095 V). The absolute potential of ([DMFc]/[DMFc]|* was determined against
that of ferrocene ([Fc]/[Fc]*, Eo%/*+1 = 0.450 V) [28]. The redox-active substance was weighed
into the measuring cell together with the conducting salt and degassed for five minutes
by introducing argon while stirring. The model 263A galvanostat/potentiostat from
EG&G Princeton Applied Research (Champaign, IL, USA) was used. The device was
controlled by the PowerSuite Revision 2.12.1 program from Princeton Applied Research
PerkinElmer Instruments.

3.2. Antibacterial Activity Testing

The cultivation of M. tuberculosis strain H37Rv was performed in PETG square bottles
(Nalgene; Rochester, New York, NY, USA) in Middlebrock 7H9 liquid growth medium (BD;
Franklin Lakes, NJ, USA) supplemented with 10% ADS (0.81% NaCl (w/v), 5% BSA (w/v),
2% dextrose (w/v)), 0.5% glycerol (v/v), and 0.05% tyloxapol (v/v). The MIC assay was
performed in 96-well round-bottom polystyrene plates (Greiner; Kremsmiinster, Austria)
with a compound test range from 100 uM to 0.78 uM in a total volume of 100 pL. After
static incubation for five days at 37 °C (5% COy, 80% humidity), growth was assessed
using the resazurin reduction assay. For this, 10 pL of resazurin solution (100 pg/mL,
Sigma Aldrich) was added into each well and incubated overnight. After the fixation of
cells for 30 min at room temp following the addition of 10% (v/v) formalin, growth was
quantified by measuring fluorescence using a microplate reader (TECAN; Maennedorf,
Switzerland) (excitation: 540 nm, emission: 590 nm). After calculating growth relative to the
DMSO solvent control (=100% growth) and uninoculated wells (subtraction of background
fluorescence = 0% growth), the MIC value was determined as the actually tested lowest
compound concentration, which resulted in 10% residual growth or less. Rifampicin was
used as a positive control in all the experiments with M. tuberculosis.

The growth of the nosocomial bacteria Staphylococcus aureus (ATCC 29213), Pseu-
domonas aeruginosa (ATCC 27853), E. coli (ATCC 25922), Acinetobacter baumannii (ATCC
BAA-747), and Klebsiella pneumoniae (ATCC 13883) was performed at 37 °C in Mueller—
Hinton medium (BD; Franklin Lakes, NJ, USA). Moxifloxacin was used as the positive
control. The antimicrobial activity against nosocomial bacteria was determined following
the CLSI guidelines [29] in 96-well round-bottom polystyrene plates (Greiner; Kremsmiin-
ster, Austria) with a compound test ranging from 100 pm to 0.78 pm in a total volume of
100 puL. The MIC values were determined after overnight incubation as the actually tested
lowest compound concentration that prevented visible growth by macroscopical evalua-
tion.
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3.3. Synthesis of tert-Butyl (3-(3,7-Dibromo-10H-phenothiazin-10-yl)propyl)carbamate (5) [16]
3.3.1. 3,7-Dibromo-10H-phenothiazine (2)

Phenothiazine (1) (25.0 g, 125 mmol) was placed in a dry two-necked round-bottom
flask with a magnetic stir bar under nitrogen, and degassed acetic acid (600 mL) was
added. Bromine (13.5 mL, 263 mmol) in acetic acid (200 mL) was added slowly and
dropwise from the dropping funnel to the reaction mixture. The deep-colored solution
was then stirred at room temperature for 16 h. A saturated aqueous solution of sodium
sulfite (31.5 g, 250 mmol) was then added to the reaction mixture, which was then stirred
at room temperature for 3 h. The initially violet suspension brightened to milky beige
within this time. Then, the reaction mixture was poured on ice water (2 L). The resulting
greenish precipitate was collected by suction and washed with a small amount of ice water.
The precipitate was dried to weight constancy to give 3,7-dibromo-10H-phenothiazine (2)
(50.7 g, 88%) as a greenish powder, Mp 186-188 °C. R¢ (n-hexane/acetone 7:3): 0.42.

'H NMR (300 MHz, DMSO-dg): 6 6.58 (d, 3] = 8.3 Hz, 2 H), 7.11 (d, 4] = 2.3 Hz, 2 H),
7.14 (dd, %] = 2.3 Hz, 3] = 8.3 Hz, 2 H), 8.84 (s, 1 H). 13C NMR (151 MHz, DMSO-dg): 6 112.7
(Cquat), 116.0 (Cquat), 118.2 (CH), 128.1 (CH), 130.3 (CH), 140.9 (Cquat). MS (EI) m/z (%): 359
(51, [C1oH3'Br,NST¥), 357 (100, [C12H;7?Br81BrNS]*), 355 (54, [C1,H;7?Br,NS]), 278 (78,
[C12H81BrNS]Y), 276 (73, [C12H;7?BrNS]*), 197 (81, [C1oHyNS*). IR 7 [em™1]: 3377 (vw),
3321 (w), 3069 (vw), 2849 (vw), 1566 (vw), 1441 (m), 1420 (m), 1383 (m), 1368 (w), 1288 (m),
1236 (w), 1136 (w), 1080 (m), 1057 (w), 1020 (w), 934 (w), 881 (m), 864 (w), 847 (w), 808 (s),
750 (m), 731 (m), 700 (w), 673 (m), 648 (w).

3.3.2. 3-(3,7-Dibromo-10H-phenothiazin-10-yl)propiononitrile (3)

3,7-Dibromo-10H-phenothiazine (2) (21.0 g, 59.0 mmol) was placed in a dry Schlenk
flask with a magnetic stir bar under nitrogen and suspended in acrylonitrile (120 mL). The
mixture was cooled to 0 °C (ice~water bath), and 40 wt.% of Triton B® in methanol (2.15 mL)
was added slowly and dropwise under external cooling and vigorous stirring. After the
addition was complete, the reaction mixture was stirred for 5 min. The progress of the
reaction was monitored by thin-layer chromatography, and then the reaction mixture was
poured into water (480 mL), and a beige solid precipitated. The precipitate was filtered off
and dried under vacuum for 16 h. The crude product was adsorbed on Celite®, purified by
column chromatography on silica gel (n-hexane/acetone 8:2), suspended in a small volume
of acetone, filtered, and dried under vacuum to weight constancy to give 3-(3,7-dibromo-
10H-phenothiazin-10-yl)propiononitrile (3) (16.9 g, 70%) as a colorless solid, Mp 146-148 °C.
Rf (n-hexane/acetone 8:2): 0.26.

'H NMR (600 MHz, DMSO-dg): & 2.90 (t, 3] = 6.6 Hz, 2 H), 4.18 (t, 3] = 6.6 Hz, 2 H),
7.04 (d, 3] =8.7Hz, 2 H), 7.39 (dd, 3] = 8.7, 4] = 2.3 Hz, 2 H), 7.42 (d, 4] = 2.3 Hz, 2 H).
13C NMR (125 MHz, DMSO-de): 6 15.7 (CH,), 42.5 (CH,), 114.6 (Cquat), 117.7 (CH), 118.4
(Cquat), 126.1 (Cquat), 129.2 (CH), 130.3 (CH), 142.9 (Cquat). MS (EI) m/z (%): 412 (37,
[M31Br,]%), 410 (81, [M81Br”?Br]*), 408 (37, [M7?Br]*), 372 (52, [C13Hs® BroN32S]*), 370 (100,
[C13Hg® BrPBrN%2S]+), 368 (48, [C13Hg”?BroN32S]*), 358 (44, [(C1.HeE BroN32S]+), 356 (89,
[(C12HgB Br7PBrN32S]+), 354 (42, [(C12Hg”?BroN328]*), 291 (59, [C13Hg® BrN32S]+), 289 (54,
[C13Hs”?BrN32S]%), 196 (65, [C1oHgN?2S]+). IR 7 [em 1] = 3086 (vw), 2990 (vw), 2961 (vw),
2905 (vw), 2249 (vw), 1585 (vw), 1477 (w), 1452 (s), 1408 (w), 1391 (w), 1335 (m), 1317 (m),
1288 (w), 1248 (m), 1227 (w), 1194 (m), 1165 (w), 1155 (w), 1113 (w), 1096 (w), 1080 (w),
1070 (w), 1045 (w), 1028 (vw) 989 (vw), 901 (vw), 864 (m), 797 (s), 789 (m), 752 (m), 741 (w),
700 (vw), 650 (w), 606 (W).

3.3.3. 3-(3,7-Dibromo-10H-phenothiazin-10-yl)propylamine (4)

Indium trichloride (3.32 g, 15.0 mmol) and sodium borohydride (1.70 g, 45.0 mmol)
were suspended in THF (50.0 mL) in a dry Schlenk tube with a magnetic stir bar and stirred
at room temp for 1 h. After a careful and portion-wise addition of 3-(3,7-dibromo-10H-
phenothiazin-10-yl)propylnitrile (3) (6.11 g, 15.0 mmol) to the grayish reaction mixture,
the reaction mixture was stirred at room temp for 4 h. The reaction was stopped by the
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careful and dropwise addition of 3.00 m hydrochloric acid (50 mL), resulting in strong gas
evolution. The reaction solution was then heated at 90 °C to reflux for 1 h. After cooling
to room temp and the addition of methanol (25 mL) to the reaction mixture, heating to
reflux at 90 °C was continued for 1 h. After cooling, the volatile organic components were
removed under reduced pressure, and the precipitate was separated from the remaining
aqueous phase by filtration. The crude product was adsorbed on Celite® and purified
by column chromatography on silica gel (n-hexane/acetone/triethylamine 7:2:0.1). Then,
the product was suspended in a small volume of methanol, filtered, and dried to weight
constancy under vacuum to give 3-(3,7-dibromo-10H-phenothiazin-10-yl)propylamine (4)
(6.09 g, 91%) as a pale beige powder, Mp 139-141 °C. R¢ (n-hexane/acetone/triethylamine
1:1:0.01): 0.42.

'H NMR (300 MHz, DMSO-dg): 6 1.94 (m¢, 2 H). 2.92-2.78 (m, 2 H), 3.95 (t, 3] = 6.9 Hz,
2H),7.02 (d, %] =89 Hz, 2 H), 7.47-7.35 (m, 4 H), 7.93 (s, 2 H). 13C NMR (151 MHz, DMSO-
de): 6 24.3 (CHy), 36.5 (CHy), 43.9 (CH2), 114.4 (Cquat), 117.9 (CH), 125.9 (Cquat), 129.2 (CH),
130.4 (CH), 143.6 (Cquat)- MS (EI) m/z (%): 416 (36, [M®'Br,]"), 414 (70, [M3!Br"?Br]"),
412 (34, [M7°Br,]*), 398 (20, [C15H1281BroN32S]*), 396 (39, [C15H1281Br”?Br N32S1+), 394
(19, [C15H12”BroN32S1%), 372 (12, [C13HgB BroN32S]+), 370 (24, [C13Hg® Br’?BrN32S]*), 368
(12, [C13Hg”"Br,N328]*), 358 (48, [C1oHP BroN32S]"), 356 (85, [C1oH3 Br’?BrN32S]+), 354
(42, [C12He”?Br,N328]*), 291 (21, [C13Hs8 BrN32S]+), 289 (20, [C13Hg”*BrN32S]%), 277 (29,
[C12HeB1BrN32S]*), 196 (73, [C12HgN32S]%). IR ¥ [em ™ 1]: 3092 (vw), 3057 (vw), 2934 (vw),
1585 (w), 1479 (m), 1456 (s), 1387 (w), 1327 (w), 1294 (w), 1252 (m), 1229 (m), 1150 (w),
1109 (w), 1082 (w), 1057 (w), 868 (w), 806 (m), 750 (m), 650 (w).

3.3.4. tert-Butyl (3-(3,7-Dibromo-10H-phenothiazin-10-yl)propyl)carbamate (5)

In a dry Schlenk tube with a magnetic stir bar, 3-(3,7-dibromo-10H-phenothiazin-
10-yl)propylamine (4) (3.97 g, 8.80 mmol), di-fert-butyl dicarbonate (1.92 g, 8. 80 mmol),
and 4-dimethylaminopyridine (108 mg, 0.88 mmol) were placed under nitrogen, and
dichloromethane (44 mL) and triethylamine (2.45 mL, 17.7 mmol) were added. The reaction
mixture was stirred at room temp for 16 h. The reaction was monitored by thin-layer
chromatography. Then, the solvent was removed under reduced pressure, and the crude
product was adsorbed on Celite® and purified by column chromatography on silica gel
(n-hexanes/acetone 9:1 to 7:3) to give tert-butyl (3-(3,7-dibromo-10H-phenothiazin-10-
yl)propyl)carbamate (5) (4.30 g, 95%) as a beige-colored, glassy solid, Mp 70-72 °C. Ry
(n-hexane/acetone/triethylamine 7:3:0.1): 0.39.

'H NMR (300 MHz, DMSO-dg): & 1.35 (s, 9 H), 1.76 (m, 2 H), 3.01 (m, 2 H),
3.83 (t, 3] = 6.5 Hz, 2 H), 6.86 (t, °] = 4.9 Hz, 1 H), 6.96 (d, 3] = 7.7 Hz, 2 H), 7.38-7.33
(m, 4 H). 3C NMR (75 MHz, DMSO-dg): § 26.4 (CHy), 28.2 (CH3), 37.6 (CH,), 44.5
(CHy), 77.5 (Cquat), 114.1 (Cquat), 117.6 (CH), 125.6 (Cquat), 129.1 (CH), 130.3 (CH), 143.8
(Cq]uat), 155.6 (Cquat)- MS (EI) m/z (%): 516 (14, [M®'Br,]*), 514 (32, [MB!Br”Br]*), 512 (14,
[M7?Br,]*), 460 (13, [C16H148 BraN,05325]%), 458 (29, [C16H148 Br”?Br N,0,%2S]+), 456 (13,
[C16H147BraN,0,32S]%), 357 (62, [C1oH,3 Br”?Br N32S1+), 277 (30, [C1.H;7?BrN32S]*), 196
(39, [C12HgN32S]*), 102 (100, [C5H9O,]*). IR ¥ [em™1]: 3395 (vw), 3379 (vw), 2976 (w),
2926 (w), 1694 (m), 1686 (m), 1516 (w), 1506 (m), 1481 (w), 1452 (vs), 1389 (m), 1364 (m),
1327 (w), 1267 (m), 1248 (s), 1202 (w), 1163 (s), 1109 (w), 1082 (w), 1040 (vw), 1003 (w),
959 (vw), 932 (vw), 868 (m), 802 (s), 779 (w), 750 (m), 652 (w). Anal. calcd. for
CpoHpBroN,O,5 [514.3]: C 46.71, H 4.31, N 5.45, S 6.23; Found: C 46.98, H 4.17, N 5.32,
56.23.

3.4. General Procedure (GP1) for the Suzuki Synthesis of Boc-Protected
3,7-Di(hetero)aryl-substituted 10-(3-aminopropyl) 10H-Phenothiazines 7

Phenothiazine dibromide 5 (1.00 equiv), boronic acid or boronic acid ester 6
(2.20-2.40 equivs), cesium fluoride (6.40 equivs), and tetrakis(triphenylphosphane)palladium
(0) (6.00 mol%) were placed in a dry Schlenk tube with a magnetic stir bar under nitrogen
atmosphere, and 1,4-dioxane was added (for experimental details, see Table 3). The reaction
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mixture was heated to reflux at 101 °C for 16 h to give a yellow solution or suspension.
After cooling to room temp, dichloromethane (20 to 90 mL) was added, and the solution
was washed with distilled water (2 x 20 to 100 mL) and with saturated brine (1 x 20
to 100 mL). The aqueous phases were again extracted with dichloromethane. The com-
bined organic phases were dried (anhydrous magnesium sulfate), and the crude product
was adsorbed on Celite® and purified by column chromatography on silica gel to give
3,7-di(hetero)aryl-substituted 10-(3-aminopropyl)-10H-phenothiazines 7.

Table 3. Experimental details of the Suzuki synthesis of Boc-protected 3,7-di(hetero)aryl-substituted

10-(3-aminopropyl)10H-phenothiazines 7.

. . . R 1,4- Compound 7
Entry  Dibromide 5 Boronic Acid/Pinacol Boronate 6 CsF Pd(PPh3), Dioxane (Yield)

1.03¢g 19%4¢g 139 mg 1.56 g (85%) of
1 (2.00 mmol) 1.81 g (4.40 mmol) of 6a (12.8 mmol) (0.12 mmol) 20 mL 7a

2 722 mg 511 mg (3.36 mmol) of 136¢g 84 mg 14 mL 630 mg (79%) of
(1.40 mmol) 4-methoxyphenyl boronic acid (6b) (8.97 mmol) (0.07 mmol) 7b

3 514 mg 462 mg (2.20 mmol) of pinacol 973 mg 69 mg 10 mL 510 mg (69%) of
(1.00 mmol) 2-thienyl boronate (6¢) (6.40 mmol) (0.06 mmol) 7c

4 771 mg 402 mg (3.30 mmol) of phenyl 145¢g 104 mg 15 mL 560 mg (74%) of
(1.50 mmol) boronic acid (6d) (9.60 mmol) (0.09 mmol) 7d

5 771 mg 787 mg (3.30 mmol) of l46¢g 104 mg 15 mL 660 mg (76%) of
(1.50 mmol) 4-chlorophenyl boronic acid (6e) (9.60 mmol) (0.09 mmol) 7e

6 722 mg 1.36 g (8.97 mmol) of 4-cyanophenyl 1.36 g (8.97 84 mg 14 mL 530 mg (67%) of
(1.40 mmol) boronic acid (6f) mmol) (0.07 mmol) 7f

3.4.1. tert-Butyl (3-(10,10”-Dihexyl-10H,10'H,10"”H-[3,3":7’ 3" -terphenothiazin]-
10’-yl)propyl)carbamate (7a)

According to the GP1 and after flash chromatography on silica gel (n-hexane/acetone
8:2), compound 7a (1.56 g, 85%) was obtained as yellow crystals, Mp 98-104 °C. Ry
(n-hexane/acetone 8:2): 0.37.

'H NMR (300 MHz, acetone-dg): § 0.85 (t, °] = 7.1 Hz, 6 H), 1.23-1.35 (m, 8 H), 1.38
(s, 9 H), 1.47 (m,, 4 H), 1.81 (m, 4 H), 2.03 (m,, 2 H), 3.26 (m, 2 H), 3.95 (t, 3] = 7.0 Hz,
4 H), 4.05 (t, 3] =7.0 Hz, 2 H), 6.10 (t, 3] = 5.8 Hz, 1 H), 6.90-6.98 (m, 2 H), 7.00-7.11 (m,
6 H), 7.13-7.23 (m, 4 H), 7.39 (m¢, 4 H), 7.77 (m,, 4 H). 3C NMR (75 MHz, acetone-dg):
6 14.3 (CH3), 23.3 (CHy), 27.2 (CHy), 27.6 (CHy), 28.2 (CH,), 28.6 (CH3), 32.2 (CH3), 39.0
(CHy), 45.7 (CHy), 47.8 (CHy), 78.5 (Cquat), 116.6 (CH), 116.8 (CH), 116.8 (CH), 123.3 (CH),
125.1 (Cquat), 125.5 (CH), 125.6 (CH), 125.7 (Cquat), 126.0 (Cquat), 126.1 (CH), 126.2 (CH),
128.0 (CH), 128.3 (CH), 134.9 (Cquat), 135.1 (Cquat), 144.9 (Cquat), 145.3 (Cquat), 146.0 (Cquat),
156.8 (Cquat)- MS (MALDI-TOF) m/z calcd. For [C56HgaN4O2S3]": 918.403; Found: 918.431.
IRV [em™]: 2957 (m), 2926 (m), 2901 (w), 1709 (m), 1601 (w), 1576 (w), 1499 (m), 1456 (vs),
1414 (w), 1377 (m), 1364 (m), 1331 (m), 1240 (s), 1163 (m), 1140 (m), 1105 (w), 1065 (w),
1042 (w), 1011 (vw), 874 (m), 854 (vw), 806 (s), 779 (w), 745 (s), 706 (vw), 623 (w), 606 (m).
Anal. Caled. For C56HgpN4 0253 [919.3]: C 73.16, H 6.80, N 6.09, S 10.46; Found: C 73.30, H
6.76, N 5.89, S 10.25.

3.4.2. tert-Butyl (3-(3,7-Bis(4-methoxyphenyl)-10H-phenothiazin-10-yl)propyl)
carbamate (7b)

According to the GP1 and after flash chromatography on silica gel (n-hexane/acetone
8:2), compound 7b (630 mg, 79%) was obtained as a colorless solid, Mp 151-156 °C. R¢
(n-hexane/acetone 8:2): 0.31.

'H NMR (300 MHz, DMSO-dg): 6 1.36 (s, 9 H), 1.86 (m, 2 H), 3.08 (m,, 2 H), 3.77
(s, 6 H),3.91 (t, %] = 6.9 Hz, 2 H), 6.92 (t, °] = 5.4 Hz, 1 H), 6.98 (d, 3] = 8.9 Hz, 4 H), 7.06
(d,%]=8.4Hz 2H),7.39 (d,4] =22 Hz, 2 H), 7.43 (dd, 3] = 8.4 Hz, *] =2.2 Hz, 2 H), 7.56 (d,
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31 = 8.9 Hz, 4 H). 13C NMR (75 MHz, DMSO-dg): 6 26.8 (CH,), 28.3 (CH3), 44.5 (CH,), 55.2
(CH3), 77.7 (Cquat), 114.4 (CH), 115.9 (CH), 123.8 (Cquat), 124.6 (CH), 125.3 (CH), 127.2 (CH),
131.4 (Cquat), 134.3 (Cquat), 143.2 (Cquat), 155.8 (Cquat), 158.7 (Cquat)- MS (EI) m/z (%): 568
(40, [M]"), 512 (42, [C3oH27N2045]"), 424 (9, [CoyH22NO,S]F), 410 (100, [Co6HooNO,S]™),
414 (15, [C27H16N35]+), 400 (100, [C26H14N3S]+) IRv [Cl’n_lli 2970 (W), 2951 (W), 2930 (W),
2868 (vw), 2833 (w), 1697 (s), 1682 (m), 1607 (m), 1580 (w), 1518 (m), 1493 (m), 1460 (s),
1439 (m), 1430 (m), 1391 (m), 1364 (m), 1331 (m), 1281 (m), 1242 (vs), 1209 (m), 1179 (s),
1113 (m), 1086 (w), 1047 (m), 1024 (m), 1009 (m), 955 (w), 926 (w), 912 (w), 883 (w), 808 (s),
775 (m), 768 (m), 741 (w), 729 (w). 714 (w), 687 (w), 671 (m). Anal. calcd. for C34H3oN4O,S
[568.7]: C:71.80, H: 6.38, N: 4.93, S: 5.64, Found: C: 71.69, H: 6.49, N: 4.68, S: 5.48.

3.4.3. tert-Butyl (3-(3,7-Di(thien-2-y1)-10H-phenothiazin-10-yl)propyl)carbamate (7c) [16]

According to the GP1 and after flash chromatography on silica gel (n-hexane/acetone
8:2), compound 7c¢ (359 mg, 69%) was obtained as a yellow powder, Mp 138-141 °C. Ry
(n-hexane/acetone 7:3): 0.34.

'H NMR (600 MHz, DMSO-dg): J 1.36 (s, 9 H), 1.84 (m¢, 2 H), 3.07 (m., 2 H), 3.91 (t,
31=7.0Hz,2H), 6.92, (t, 3] =5.5Hz, 1 H), 7.04 (d, 3] =9.1 Hz, 2 H), 7.04 (dd, 3] = 9.1 Hz,
2 H), 7.46-7.42 (m, 6 H), 7.48 (dd, 3] = 5.1 Hz, %] = 1.1 Hz, 2 H). 13C NMR (151 MHz,
DMSO-dg): ¢ 26.6 (CHy), 28.3 (CH3), 37.7 (CHy), 44.5 (CHy), 77.5 (Cquat), 116.1 (CH),
123.1 (CH), 123.6 (Cquat), 123.7 (CH), 124.9 (CH), 125.0 (CH), 128.5 (CH), 128.5 (Cquat),
142.2 (Cquat), 143.4 (Cquat), 155.6 (Cquat)- MS (EI) m/z (%): 520 (32, [C28H2sN20,53]"),
464 (24, [Co4H19N20,53]"), 446 (6, [Co4H19N20S3]"), 420 (13, [C3H19N2S3]™), 376 (8,
[Co1H14NS3]%), 362 (100, [CooH1o2NS3]*). IR ¥ [em™1]: 2974 (w), 2926 (w), 2864 (w), 1701 (m),
1680 (m), 1472 (vs), 1429 (m), 1400 (m), 1391 (m), 1364 (m), 1348 (w), 1333 (w), 1292 (w),
1261 (s), 1238 (s), 1207 (m), 1163 (s), 1109 (m), 1080 (w), 1042 (w), 1020 (w), 1007 (vw),
988 (w), 951 (vw), 951 (vw), 874 (m), 851 (m), 810 (s), 793 (m), 783 (w), 750 (m), 691 (vs),
650 (vw). Anal. Calcd. For CogHpgN»O0,S35 [519.7]: C 64.58, H 5.42, N 5.38, S 18.47; Found:
C64.83, H5.69, N 5.12, S 18.17.

3.4.4. tert-Butyl (3-(3,7-Diphenyl-10H-phenothiazin-10-yl)propyl)carbamate (7d)

According to the GP1 and after flash chromatography on silica gel (1-hexane/acetone
8:2), compound 7d (560 mg, 74%) was obtained as yellow crystals, Mp 92-98 °C. R¢
(n-hexane/acetone 8:2): 0.39.

'H NMR (300 MHz, DMSO-dg): 6 1.37 (s, 9 H), 1.88 (m¢, 2 H), 3.09 (m, 2 H), 3.95
(t, 3] = 6.9 Hz, 2 H), 6.94 (t, ] = 5.3 Hz, 1 H), 7.11 (d, 3] = 8.4 Hz, 2 H), 7.29-7.36 (m,
2 H). 7.39-7.48 (m, 6 H), 7.50 (dd, %] = 8.4 Hz, %] = 2.2 Hz, 2 H), 7.60-7.66 (m, 4 H). 13C
NMR (75 MHz, DMSO-dg): 6 26.7 (CHy), 28.3 (CH3), 37.8 (CH>), 44.5 (CHy), 77.5 (Cquat),
116.0 (CH), 123.7 (Cquat), 125.0 (CH), 125.8 (CH), 126.1 (CH), 127.1 (CH), 128.9 (CH), 134.5
(Cquat), 138.9 (Cquat), 143.7 (Cquat), 155.7 (Cquat). MS (EI) m/z (%): 508 (36, [M]*), 452 (32,
[C2osH23N205S5]), 408 (4, [CoyH23N3S]), 364 (12, [CosH1gNS]), 350 (100, [C24H16NS]). IR
U [em™1]: 2968 (w), 2901 (w), 2887 (w), 2870 (w), 1738 (w), 1678 (s), 1599 (w), 1585 (w),
1526 (m), 1462 (s), 1393 (m), 1364 (m), 1329 (w), 1275 (s), 1248 (s), 1202 (w), 1165 (s), 1157 (s),
1111 (m), 1078 (m), 1055 (m), 1042 (w), 1023 (m), 1003 (m), 986 (w), 939 (vw), 876 (m),
868 (m), 853 (w), 820 (m), 812 (m), 762 (vs), 737 (m), 700 (s), 689 (m), 613 (m). Anal. calcd.
for C3,H3oN»0,S [508.7]: C 75.56, H 6.34, N 5.51, S 5.92; Found: C 75.20, H 6.40, N 5.12,
55.92.

3.4.5. tert-Butyl (3-(3,7-Bis(4-chlorophenyl)-10H-phenothiazin-10-yl)propyl)carbamate (7e)
According to the GP1 and after flash chromatography on silica gel (1-hexane/acetone
8:2), compound 7e (660 mg, 76%) was obtained as yellow crystals, Mp 95-102 °C. Ry
(n-hexane/acetone 8:2): 0.38.
'H NMR (600 MHz, acetone-dg): § 1.38 (s, 9 H), 3.27 (m,, 2 H), 4.07 (t, *] = 6.8 Hz, 2 H),
6.12 (t,°] = 5.3 Hz, 1 H), 7.13 (m, 2 H), 7.42-7.47 (m, 6 H), 7.49 (d, ] = 8.4 Hz, 2 H), 7.64 (d,
31 =7.8 Hz, 4 H). 3C NMR (151 MHz, acetone-dg): 6 28.1 (CH,), 28.6 (CHz), 39.0 (CH,), 45.8
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(CHy), 78.6 (Cquat), 116.9 (CH), 125.7 (Cquar), 126.1 (CH), 126.8 (CH), 128.7 (CH), 129.7 (CH),
133.4 (Cquat), 134.9 (Cquat), 139.3 (Cquat), 145.4 (Cquat), 156.8 (Cquar)- MS (EI) m/z (%): 576
(40, [M]*), 520 (46, [Co8H21CI2N20,S]), 504 (6, [C28H21 C1aN20S]), 476 (3, [CoyH21 CoN,S)),
432 (14, [C25H16C12NS]), 419 (100, [C24H14C12NS]) IRV [cmfl]: 3898 (VW), 3834 (VW),
3688 (vw), 3381 (vw), 3354 (vw), 3032 (vw), 2934 (vw), 2845 (vw), 2818 (vw), 2357 (vw),
1697 (m), 1684 (m), 1607 (w), 1585 (w), 1506 (m), 1460 (vs), 1418 (w), 1387 (m), 1364 (m),
1339 (w), 1271 (m), 1248 (s), 1200 (m), 1163 (s), 1092 (m), 1011 (m), 1003 (m), 959 (w),
910 (w), 885 (w), 876 (w), 808 (vs), 779 (m), 764 (m), 723 (w), 635 (w). Anal. Calcd. For
C3oH30CLLN,0,8 [577.6]: C 66.55, H 5.24, N 4.85, S 5.55; Found: C 66.83, H 5.51, N 4.56,
S5.54.

3.4.6. tert-Butyl (3-(3,7-Bis(4-cyanophenyl)-10H-phenothiazin-10-yl)propyl)carbamate (7f)

According to the GP1 and after flash chromatography on silica gel (n-hexane/acetone
7:3), compound 7f (530 mg, 67%) was obtained as a yellow powder, Mp 183-185 °C. R¢
(n-hexane/acetone 8:2): 0.22. "TH NMR (300 MHz, acetone-dg): 6 1.38 (s, 9 H), 2.07 (m, 2 H),
3.25-3.31 (m, 2 H), 4.11 (t,3] =7.0 Hz, 2 H), 6.13 (t, ] = 5.3 Hz, 1 H), 7.19 (d, 3] = 8.6 Hz, 2 H),
7.55(d, 4] =2.1 Hz, 2 H), 7.60 (dd, 3] = 8.6 Hz, 4] =2.1 Hz, 2 H), 7.82 (d, 3] = 8.4 Hz, 4 H),
7.86 (d, 3] = 8.4 Hz, 4 H). 13C NMR (75 MHz, acetone-dg): § 28.1 (CH,), 28.6 (CH3), 38.9
(CHy), 45.9 (CH»), 78.6 (Cquat), 111.3 (Cquat), 117.1 (CH), 119.4 (Cquat), 125.7 (Cquat), 126.5
(CH), 127.4 (CH), 127.9 (CH), 133.5 (CH), 134.3 (Cquat), 144.8 (Cquat), 146.0 (Cquat), 156.8
(Cquat)- MS (EI) m/z (O/o): 558 (1, [M]+), 484 (50, [C30H22N4OS]+), 414 (15, [C27H16N35]+),
400 (100, [Co6H14N3S]*). IR 7 [em~1]: 3393 (vw), 3364 (w), 2974 (w), 2932 (w), 2901 (vw),
2870 (vw), 2220 (s), 1676 (s), 1605 (m), 1585 (m), 1526 (m), 1518 (m), 1477 (vs), 1445 (w),
1418 (m), 1393 (s), 1364 (s), 1271 (s), 1244 (s), 1163 (s), 1125 (m), 1115 (m), 1038 (w), 1001 (m),
833 (s), 793 (vs), 648 (m). Anal. calcd. for C33H3oN4O,S [558.7]: C: 73.09, H: 5.41, N: 10.03,
S: 5.74, Found: C: 72.86, H: 5.50, N: 9.78,S: 5.71.

3.5. General Procedure (GP2) for the Synthesis of 3,7-Di(hetero)aryl-substituted
10-(3-Trimethylammoniumpropyl)10H-phenothiazine Salts 8

In a Schlenk flask with a magnetic stir bar, Boc-protected 3,7-di(hetero)aryl-substituted
10-(3-aminopropyl) 10H-phenothiazine 7 (1.00 equiv) was dissolved in dichloromethane
(10.0 mL/mmol) under nitrogen atmosphere, and trifluoroacetic acid (8.00 equivs) was
added, whereby the color immediately changed from yellow to green-brown (for exper-
imental details, see Table 4). The reaction mixture was stirred at room temp for 16 h,
after which the volatile components were removed under reduced pressure. The residue
was dissolved in a 1:1 mixture of methanol and dichloromethane (10.0 mL/mmol), and
potassium carbonate (20.0 equivs) was slowly added. Methyl iodide or methyl triflate
(10.0 equivs) was added dropwise to the reaction mixture. The reaction solution was stirred
at room temp for 16 h. The crude product was adsorbed on neutral alumina and purified
by column chromatography on neutral alumina to give the trimethylammonium salts 8.

3.5.1. Bis{3-(10,10"”-dihexyl-10H,10'H,10"H-[3,3":7' 3" -terphenothiazin]-10’-y1)-N,N,N-
trimethylpropan-1-ammonium} Carbonate (8a)

According to the GP2 and after flash chromatography on neutral alumina (dichloro
methane/methanol 100:0 to 100:1), compound 8a (823 mg, 93%) was obtained as yellow crys-
tals, Mp softening at 127 °C, melting between 148 and 152 °C. R¢(dichloromethane /methanol
100:1): 0.17.

'H NMR (600 MHz, DMSO-dg): 6 0.82 (t, 3] = 6.9 Hz, 6 H), 1.21-1.29 (m, 8 H), 1.39
(mg, 4 H), 1.69 (m, 4 H), 2.15 (m,, 2 H), 3.04 (s, 9 H), 3.44 (m, 2 H), 3.88 (t, °] = 6.9 Hz,
4 H), 3.99 (t, 3] = 6.9 Hz, 2 H), 6.92-6.97 (m, 2 H), 7.00-7.06 (m, 4 H), 7.13 (d, *] = 8.6 Hz,
2H),7.15(dd, 3] =7.6 Hz, ] = 1.3 Hz, 2 H), 7.18-7.22 (m, 4 H), 7.42 (d, 4] = 2.2 Hz, 2 H),
7.46-7.51 (m, 4 H). 3C NMR (151 MHz, acetone-de): 6 14.3 (CH3), 21.6 (CH,), 23.3 (CHp),
27.2 (CHy), 27.5 (CHy), 32.2 (CHy), 44.6 (CH,), 47.8 (CHy), 53.8 (CH3), 64.8 (CH)), 116.6
(CH), 116.8 (CH), 117.3 (CH), 123.3 (CH), 125.1 (Cquat), 125.5 (CH), 125.6 (CH), 125.8 (Cguat),
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126.0 (Cquat), 126.2 (CH), 126.5 (CH), 128.0 (CH), 128.4 (CH), 134.7 (Cquat), 135.3 (Cquat),
144.3 (Cquat)/ 145.3 (Cquat)/ 146.0 (Cquat)- MS (MALDI-TOF) m/z caled. for [C54H61N453]+2
861.405; Found: 861.408. IR 7 [cm~1]: 2951 (w), 2924 (w), 2899 (w), 2866 (w), 2853 (w),
1601 (w), 1574 (w), 1454 (vs) 1416 (m), 1373 (m), 1331 (m), 1275 (w), 1238 (s), 1196 (m),
1134 (w), 1105 (m), 1078 (w), 1065 (w), 1040 (w), 1028 (w), 964 (w), 908 (w), 872 (w), 808 (m),
745 (s), 704 (w), 683 (w), 650 (w), 631 (w). Anal. calcd. for (Cs4Hg1N4S3),CO3 [1784.6]:
C73.36, H6.89, N 6.28, S 10.78; Found: C 73.23, H 6.83, N 5.91, S 10.41.

Table 4. Experimental details of the formation of 3,7-di(hetero)aryl-substituted 10-(3-trimethylammo

niumpropyl)10H-phenothiazine salts 8.

. Trifluoro Potassium Methyl Iodide/Methyl Compound 8
Entry Compound 7 Dichloromethane Acidic Acid Carbonate Triflate (Yield)

. 910 mg 10 mL 903 uL 276g 623 uL 823 mg (93%)
(0.99 mmol) of 7a (7.92 mmol) (20.0 mmol)  (9.90 mmol) of methyl iodide of8al

2 329 mg 6 mL 354 uL 1.60 g 634 uL 256 mg (67%)
(0.58 mmol) of 7b (4.63 mmol) (11.6 mmol) (5.79 mmol) of methyl triflate of 8b 2

3 200 mg Aml 237 uL 1.06 g 420 uL 239 mg (59%)
(0.39 mmol) of 7¢ (3.08 mmol) (7.69 mmol) (3.85 mmol) of methyl triflate of 8¢ 2

4 250 mg 5 ml 302 uL 136 g 537 uL 239 mg (81%)
(0.49 mmol) of 7d (3.93 mmol) (9.82 mmol) (4.91 mmol) of methyl triflate of 8d 2

5 250 mg 4ml 267 uL 119¢g 473 uLb 205 mg (71%)
(0.43 mmol) of 7e (3.49 mmol) (8.64 mmol) (4.32 mmol) of methyl triflate of 8e 2

6 200 mg 4l 267 uL 136¢g 493 uL. 150 mg (53%)
(0.44 mmol) of 7f (3.49 mmol) (9.82 mmol) (4.36 mmol) of methyl triflate of 8f2

1 Obtained as carbonate. 2 Obtained as a triflate.

3.5.2. 3-(3,7-Bis(4-methoxyphenyl)-10H-phenothiazin-10-yl)-N,N,N-trimethylpropan-1-
ammoniumtriflate (8b)

According to the GP2 and after flash chromatography on neutral alumina (dichloro
methane/methanol 100:1 to 100:2), compound 8b (260 mg, 67%) was obtained as a pale
beige powder, Mp 200-205 °C. Ry (n-hexane/acetone 4:6): 0.11.

H NMR (300 MHz, acetone-dg): 6 2.50 (m, 2 H), 3.79 (m., 2 H), 3.34 (s, 9 H), 3.83 (s,
6 H), 4.21 (t,%] = 6.7 Hz, 2 H), 7.00 (d, 3] = 8.8 Hz, 4 H), 7.17 (d, 3] = 8.3 Hz, 2 H), 7.44-7.51
(m, 4 H), 7.56 (d, 3] = 8.8 Hz, 4 H). 13C NMR (75 MHz, acetone-dg): 6 21.9 (CH,), 44.8 (CH,),
53.9 (CHj3), 53.9 (CH3), 54.0 (CH3), 55.7 (CH3), 65.5 (CHy), 115.3 (CH), 115.5 (Cquat), 117.2
(CH), 126.0 (CH), 126.6 (CH), 128.3 (CH), 131.6 (Cquat), 132.9 (Cquat), 136.7 (Cquat), 144.4
(Cquat)/ 160.4 (Cquat)- MS (ESI) m/z caled. for [C32H35N2025]+2 511.2; Found: 511.5. IR
v [em™1]: 2930 (vw), 1609 (m), 1518 (w), 1491 (m), 1464 (s), 1443 (m), 1423 (w), 1393 (w),
1341 (w), 1238 (vs), 1225 (s), 1198 (m), 1177 (s), 1155 (s), 1111 (m), 1082 (m), 1045 (m),
1028 (vs), 964 (w), 937 (vw), 910 (m), 883 (w), 808 (s), 773 (w), 756 (m), 637 (vs). Anal. calcd.
for C33H35F3N»05S, [660.8]: C 59.99, H 5.34, N 4.24, S 9.70; Found: C 60.24, H 5.39, N 4.05,
59.47.

3.5.3. 3-(3,7-Di(thiophen-2-yl)-10H-phenothiazin-10-yl)-N,N,N-trimethylpropan-1-
ammoniumtriflate (8c)

According to the GP2 and after flash chromatography on neutral alumina (dichloro
methane/methanol 100:1 to 100:2), compound 8¢ (140 mg, 59%) was obtained as a yellow
powder, Mp 128-130 °C. Ry (methanol): 0.10.

'H NMR (600 MHz, DMSO-dg): & 2.50 (m,, 2 H), 3.80 (m, 2 H), 4.21 (t, 3] = 6.9 Hz,
2H),7.04(dd, 3] =3.6 Hz, 4] = 1.1 Hz, 2 H), 7.11 (m,, 2 H), 7.16 (d, 3] = 8.3 Hz, 2 H), 7.43 (dd,
3] =5.1 Hz, 4] = 0.9 Hz, 2 H), 7.52-7.49 (m, 4 H). 13C NMR (125 MHz, methanol-dy): 6 22.0
(CH,), 45.0 (CH,), 53.7 (CH3), 65.8 (CH,), 117.6 (CH), 123.9 (CH), 125.6 (CH), 125.6 (CH),
126.4 (CH), 127.5 (Cquat), 129.2 (CH), 131.5 (Cquat), 144.1 (Cquat), 145.1 (Cquat)- IR 7 [em~]:
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3034 (vw), 2963 (w), 1603 (vw), 1472 (s), 1427 (m), 1402 (m), 1346 (w), 1339 (w), 1258 (vs),
1223 (m), 1200 (w), 1153 (m), 1084 (s), 1045 (s), 1028 (vs), 1015 (s), 966 (w), 943 (vw), 910 (w),
872 (m), 851 (m), 799 (vs), 752 (m), 737 (w), 692 (s), 662 (vw), 637 (s), 610 (w). ESI-HRMS
m/z caled. for [CoeHpyN»S3]*: 463.1331; Found: 463.1336.

3.5.4. 3-(3,7-Diphenyl-10H-phenothiazin-10-yl)-N,N,N-trimethylpropan-1-
ammoniumtriflate (8d)

According to the GP2 and after flash chromatography on neutral alumina (dichloro
methane/methanol 100:1 to 100:2), compound 8d (240 mg, 81%) was obtained as yellow
crystals, Mp softening at 110 °C, melting between 119 and 129 °C. Ry (n-hexane/acetone
4:6): 0.13.

'H NMR (600 MHz, DMSO-dg): 6 2.18 (mc, 2 H), 3.05 (s, 9 H), 3.46 (m, 2 H), 4.02 (t,
31 =6.9Hz,2 H), 7.19 (d, 3] = 8.5 Hz, 2 H), 7.33 (m,, 2 H), 7.44 (m, 4 H), 7.52 (d, ] = 2.1 Hz,
2H),7.55(dd, 3] =8.5Hz, %] =2.1Hz, 2 H),7.64 (d, 3] =7.5 Hz, 4 H). 13C NMR (151 MHz,
DMSO-dg): 6 20.3 (CHy), 43.7 (CH>), 52.4 (CH3), 63.2 (CHy), 116.2 (CH), 124.1 (Cquat), 125.2
(CH), 126.0 (CH), 126.1 (CH), 127.3 (CH), 129.0 (CH), 134.9 (Cguat), 138.8 (Cquat), 143.4
(Cquat)- MS (MALDI-TOF) m/z calcd. for [C31H31F3N,035;]": 451.220; Found: 451.325.
IR 7 [em™1]: 1599 (w), 1464 (s), 1393 (w), 1329 (w), 1252 (s), 1223 (m), 1196 (w), 1152 (m),
1109 (w), 1074 (w), 1028 (s), 966 (w), 935 (w), 914 (w), 883 (w), 826 (w), 760 (s), 737 (w),
696 (s), 637 (vs), 629 (m), 608 (m). Anal. calcd. for C31Hz1F3N»03S, [600.7]: C 61.98, H 5.20,
N 4.66, S 10.67; Found: C 62.23, H 5.30, N 4.59, S 10.38.

3.5.5. 3-(3,7-Bis(4-chlorophenyl)-10H-phenothiazin-10-yl)-N,N,N-trimethylpropan-1-
ammoniumtriflate (8e)

According to the GP2 and after flash chromatography on neutral alumina (dichloro
methane/methanol 100:1 to 100:2), compound 8e (210 mg, 71%) was obtained as a greenish
powder, Mp softening at 151 °C, melting between 181 and 192 °C. R¢ (n-hexane/acetone
4:6): 0.10.

'"H NMR (600 MHz, acetone-dg): & 2.49 (m,, 2 H), 3.34 (s, 9 H), 3.82 (m¢, 2 H), 4.22 (t,
31 =6.9Hz),7.24(d, %] =85Hz,2H),7.45 (d, 3] =8.6 Hz, 4 H), 7.50 (d, 4] = 2.2 Hz, 2 H), 7.55
(dd, 3] =85Hz, 4] =2.2Hz, 2 H), 7.65 (d, 3] = 8.6 Hz, 4 H). 13C NMR (151 MHz, acetone-dg):
621.6 (CHy), 44.7 (CH,), 53.7 (CH3), 53.7 (CH3), 53.8 (CH3), 65.0 (CHy), 117.3 (CH), 126.1
(Cquat), 126.2 (CH), 127.1 (CH), 128.8 (CH), 129.8 (CH), 133.5 (Cquat), 135.3 (Cquat), 139.1
(Cquat), 145.0 (Cquat)- MS (MALDI-TOF) m/z caled. for [C30Hpo>Cl,N,S]*: 519.142; Found:
519.148. IR ¥ [em™1]: 3028 (vw), 2857 (vw), 1460 (s), 1414 (w), 1383 (w), 1341 (w), 1317 (vw),
1254 (s), 1225 (m), 1198 (w), 1157 (s), 1105 (w), 1092 (s), 1055 (w), 1028 (s), 1011 (m), 962 (w),
939 (vw), 910 (w), 891 (w), 810 (m), 791 (m), 768 (w), 756 (w), 745 (w), 723 (w), 691 (w),
637 (vs), 610 (w). Anal. calcd. for C31Hy9CloF3N,O35, [669.6]: C 55.61, H 4.37, N 4.18, S
9.58; Found: C 55.53, H 4.55, N 3.98, S 9.28.

3.5.6. 3-(3,7-Bis(4-cyanophenyl)-10H-phenothiazin-10-yl)-N,N,N-trimethylpropan-1-
ammoniumtriflate (8f)

According to the GP2 and after flash chromatography on neutral alumina (dichloro
methane/methanol (100:1 to 100:2)), compound 8f (150 mg, 53%) was obtained as a yellow
powder, Mp softening at 145 °C, melting between 168 and 172 °C. Ry (acetone): 0.08.

TH NMR (300 MHz, acetone-dg): 6 2.52 (mc, 2 H), 3.35 (s, 9 H), 3.82 (m,, 2 H), 4.26 (t,
31=6.9Hz,2H),7.29 (d,%] =8.5Hz, 2 H), 7.61 (d, *] =2.2 Hz, 2 H), 7.66 (dd, 3] = 8.5 Hz,
4] = 2.2 Hz, 2 H), 7.85 (m¢, 8 H). 13C NMR (151 MHz, acetone-dg): 6 21.9 (CH,), 44.9 (CH,),
53.9 (CH3), 54.0 (CH3), 54.0 (CH3), 65.3 (CH3), 111.6 (Cquat), 117.5 (CH), 119.4 (Cquat), 126.4
(Cquat), 126.7 (CH), 127.7 (CH), 128.0 (CH), 133.6 (CH), 133.8 (Cquat), 134.9 (Cquat), 144.8
(Cquat), 145.8 (Cquat). MS (MALDI-TOF) m/z calcd. for [C3Hp9N4S]*: 501.211; Found:
501.222. IR ¥ [em~1]: 2930 (w), 2855 (m), 2224 (w), 1730 (w), 1605 (m), 1585 (w), 1468 (s),
1420 (m), 1364 (m), 1344 (w), 1248 (s), 1225 (m), 1198 (m), 1155 (s), 1109 (s), 1055 (m), 1030 (s),
962 (m), 914 (m), 881 (m), 843 (m), 810 (s), 743 (m), 689 (m), 637 (vs). Anal. calcd. for
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C33Hp9F3N4O35, [650.7]: C 60.91, H 4.49, N 8.61, S 9.85; Found: C 60.25, H 4.84, N 8.17,
S 8.56.

3.6. N,N,N-Trimethyl-3-(10H-phenothiazin-10-yl)propan-1-ammoniumtriflate (9) [16]

Compound 9 (332 mg, 90%) was synthesized according to [16] and obtained after
purification as a colorless powder, Mp 168-170 °C. Ry (methanol): 0.31.

'H NMR (300 MHz, methanol-dy): § 2.25 (m, 2 H). 3.01 (s, 9 H), 3.45 (m, 2 H), 4.11 (t,
3] = 6.3 Hz, 2 H), 6.99 (m., 2 H), 7.06 (dd, 3] = 8.1 Hz, 4] = 0.9 Hz, 2 H), 7.19 (dd,
3] =76 Hz, 4] = 1.6 Hz, 2 H), 7.25 (m,, 2 H). 13C NMR (125 MHz, methanol-d,): 6 21.8
(CHy), 44.7 (CHp), 53.5 (CHj3), 65.7 (CHy), 117.3 (CH), 124.3 (CH), 127.4 (Cquat), 128.6
(CH), 128.8 (CH), 146.2 (Cquat). IRV [em~1]: 3065 (vw), 3042 (vw), 2965 (vw), 2868 (vw),
1593 (w), 1570 (w), 1485 (m), 1479 (m), 1460 (s), 1445 (m), 1422 (w), 1400 (w), 1339 (w),
1254 (vs), 1221 (s), 1200 (w), 1157 (s), 1140 (s), 1128 (m), 1109 (w), 1028 (s), 961 (w), 939 (w),
918 (w), 908 (w), 764 (s), 754 (w), 729 (m), 637 (s). MS (EI) m/z (%): 448 (1, [M]*), 299 (10,
[C18H23NLS]*) 284 (41, [C17HoN,S]™), 239 (100, [C15H14NS]Y), 212 (18, [C13H1oNS]*), 199
(50, [C12H8N81+). Anal. calcd. for C19H23F3N20382 [448.5]: C 50.88, H 5.17, N 6.25, S 14.30,’
Found: C 50.83, H 5.36, N 6.09, S 14.05.

4. Conclusions

Starting from 3,7-dibromo phenothiazine, a library of 3,7-di(hetero)aryl-substituted
10-(3-trimethylammoniumpropyl)10H-phenothiazine salts can be prepared in five steps.
As is typical for phenothiazines, all derivatives are redox systems with fully reversible
first oxidations. The Hammett correlation reveals that the remote polar substituents in
the consanguineous series of 3,7-di(hetero)aryl-substituted phenothiazine salts and their
precursors correlate very well with the o, parameters. All salts and precursors can be
excited in UV with a substituent tunable wavelength, and the compounds display blue
to green-blue emission. The screening of the selected 3,7-di(hetero)aryl-substituted 10-
(3-trimethylammoniumpropyl)10H-phenothiazine salts discloses for some derivatives a
distinct inhibition of the pathogenic bacterial strains M. tuberculosis, S. aureus, E. coli,
A. baumannii, and K. pneumoniae; however, the distinct inhibition of P. aeruginosa is not
disclosed. Based on the ease of the synthetic approach, further 3,7-diaryl- and 3-aryl-
substituted phenothiazines with an N-propyl trimethylammonium sidechain can be tested;
eventually, irradiation with UV light can also occur to trigger photoinduced electron
transfer. Studies focused on scrutinizing the photophysical and biological properties of
these N-propyl trimethylammonium phenothiazine derivatives are currently underway.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules29092126/s1, IH and 13C NMR spectra of compounds
7 and 8 (Figures S1-520), correlation of Eq%/*! of compounds 7 and 8 against Hammett parameters
(Tables S1-54; Figures S21-530).
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Abstract: 6-lodo-substituted carboxy-quinolines were obtained using a one-pot, three-component
method with trifluoroacetic acid as a catalyst under acidic conditions. Iodo-aniline, pyruvic acid
and 22 phenyl-substituted aldehydes (we varied the type and number of radicals) or O-heterocycles,
resulting in different electronic effects, were the starting components. This approach offers advantages
such as rapid response times, cost-effective catalysts, high product yields and efficient purification
procedures. A comprehensive investigation was conducted to examine the impact of aldehyde
structure on the synthesis pathway. A library of compounds was obtained and characterized by FI-IR,
MS, 'H NMR and '3C NMR spectroscopy and single-ray crystal diffractometry. Their antimicrobial
activity against S. epidermidis, K. pneumonie and C. parapsilosis was tested in vitro. The effect of iodo-
quinoline derivatives on microbial adhesion, the initial stage of microbial biofilm development, was
also investigated. This study suggests that carboxy-quinoline derivatives bearing an iodine atom are
interesting scaffolds for the development of novel antimicrobial agents.

Keywords: iodo-quinolines; Doebner synthesis; antimicrobial activity; S. epidermidis; K. pneumonie;
C. parapsilosis

1. Introduction

Since the majority of therapeutic medications are generated from heterocyclic struc-
tures, the synthesis of biologically active heterocyclic scaffolds has continuously drawn great
interest in medicinal chemistry. This feature was revealed by Vitaku et al. in a remarkable
review in 2014 [1], which showed that 85% of FDA-approved small-molecule drugs contain
nitrogen, with 59% of them including at least one azaheterocycle. These are very high
percentages, far higher than the effect figures previously revealed for fluorine (15%) and
sulfur (26%). It is interesting to note that although the average amount of nitrogen atoms
per medication for all small-molecule pharmaceuticals is 2.3 N/drug, it is 35% higher
for drugs that include a nitrogen heterocycle (3.1 N/drug). In this context, the quinoline
nucleus is present in a wide variety of synthetic and natural azaheterocyclic products with
intriguing biological characteristics [2]. Although quinoline itself possesses few applica-
tions, many of its derivatives are useful in a variety of domains, including pharmaceuticals
and advanced functional materials, one example being fluorescent probes containing
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a quinoline-based core [3,4]. Quinoline-containing compounds have a well-established
pharmacological value, starting with the famous chloroquine, used for decades to control
and eradicate malaria. Other currently available drugs containing these privileged moieties
are antimalarials (quinine, quinidine, mefloquine, amodiaquine, primaquine and so on),
antiviral (saquinavir), antibacterial (fluoroquinolones such as ciprofloxacin, sparfloxacin,
gatifloxacin and so on), antifungal-antiprotozoal (clioquinol) or anthelmintic (oxamn and
vesnarinone) [5]. Since the structural change of a favored moiety with therapeutic ability
significantly alters its therapeutic value, the development of novel synthetic medicines
based on the quinoline scaffold continues to be an active research topic.

The need to discover novel antimicrobial agents with better properties and fewer
side effects is a continuous preoccupation in the medical community. When it comes to
different Gram-positive and Gram-negative bacteria species, the majority of quinoline
compounds show good antimicrobial action, determined by the substitution of the hetero-
cyclic pyridine ring rather than the aromatic moiety [6]; some examples in this sense are
presented in Figure 1. Unfortunately, the widespread overuse of quinoline-based drugs led
to an increased occurrence of antimicrobial resistance. As a result, several well-established
synthetic techniques for creating novel, appropriately substituted quinoline scaffolds were
developed over time: Combes, Skraup, Débner—Von Miller, Conrad-Limpach, Pfitzinger,
Friedlander and Povarov syntheses or the homogeneous metal-catalyzed hetero-annulation
of acyclic precursors [7].
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(\ N N 0 N NTN ﬁ N N
HN L L § HN. ] A
: Oxolinic acid ﬂ Nalidixic acid
Norfloxacin / Ciprofloxacin

o o NH, O O
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n
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/ el N o O
o o H {Het } F

\
H
OH
| Cl N N N
NN . oA
o N O NHH
F Moxifloxacin

Levofloxacin antimicrobial testedactivity
comparable with Ciprofloxacin [6]

OH

Figure 1. Rational design used in this study to obtain iodine carboxy-quinolines.

One of the most significant groups of quinoline derivatives is quinoline-4-carboxylic
acids, which are used as active ingredients in commercial antioxidants and have a range
of therapeutic uses [8]. In order to obtain physiologically active carboxy-quinolines, the
widely used reactions are Doebner synthesis (uses activated substituted amines, aldehydes
and pyruvic acid) and Pfitzinger condensation (the reaction of isatins with «-methylidene
carbonyl compounds) [9]. These classic synthetic approaches suffer from limited sources
of precursors, harsh reaction conditions, low yields or selectivity and difficult operations.
Thus, modified approaches of these classical syntheses are still of great value, especially if
they can be more efficient and easy to operate at a lower cost.

In light of this, keeping with our quest for physiologically active hybrid heterocyclic
molecules [10,11], as part of our concern for microbial active compounds [12-15], we
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present the synthesis of a library of novel iodine carboxy-quinoline derivatives as well as
the resulting by-products. For this series of compounds, we looked at the influence of the
electronic effects of the starting components and structure, and we evaluated the in vitro
antibacterial activity.

2. Results and Discussion
2.1. Chemistry

Povidone-iodine is a topical antiseptic medication used for wound therapy and in-
fection prevention. It is a chemical compound of polyvinylpyrrolidone and triiodide [16].
Carboxy-quinolines substituted in position 5 with withdrawing radicals are mainly ob-
tained through the Pfitzinger condensation of an appropriate isatin and a-methylidene
carbonyl compounds in the presence of potassium hydroxide in aqueous ethanol under
reflux followed by neutralization. In our previous study [16], we found that using the
Doebner reaction conditions (ethanol, TFA as a catalyst and reflux for 12 h), we obtained
pyrrole-2-one derivatives along with a few by-products. In this investigation, we changed
the solvent conditions with acetic acid while keeping the other conditions constant. As a re-
sult, we successfully obtained quinoline derivatives. In addition to the desired quinoline
derivatives, we separated from the reaction mixtures either pyrrole-2-ones, furan deriva-
tives or methyl carboxy-quinoline as the major product, as presented in Figure 2. Based on
these findings, we concluded that the main factors influencing the reaction pathways were
the electronic effects and position of substituents in the starting aldehydes [17].

Main products
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R Rs  Ho__O |
O + +
X R4 I /©/
o] NH,
Rs
o 2 3

CH3;COOH
reflux/12h

1a-s,v,X
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(o]
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Secondary/by-products] COOH o ] @\
EWG effect EDG effect (Strongly activating) NS or Ry
a) Ri=R;=R3=R,=Rs=H 0) Rp=R4=Rs=H, Ry= OH, R3=OCHj Ry
b) R1=R,=R,=Rgs=H, R3=F p) Ry=R3=Rs=H, R;= OH, R,=0OCHjz 7k, I,m R Ry
3

)
¢) R1=Ry=R;=Rz=H, R3=Cl r) Ro=R3=Rs=H, R4= OH, R4=NO,

d) R1=R,=R4=Rs=H, R3=Br s) R1=R4=Rs=H, Ry= OH, R3=OCHj3
) R1=R;=R4=Rs=H, R3=CF3 ) benzo[d][1,3]dioxole 8c,d,f

f) Ri=Rp,=R4=Rs=H, R3=CN u) Furan-2

g) R1=R3=Rs=H, R;=R,=CF3;

EDG effect (Most activating) EDG effect (Weakly activating)

h) R1=R;=R4=Rs=H, R3=OH V) R1=R,=R4=Rs=H, R3=is0-C3H;
i) R1=R4=Rs=H, R,=R3=0OH x) R1=Rp;=R4=Rs=H, R3=C4Hy

) Ro=R3=R4=Rg=H, R1=0OCHj3

k)R1=Rp;=R4=Rs=H, R3=OCH3

1) R1=Ry;=R4=Rs=H, R3=OBu

m) R1=R4=Rs5=H, R,=R3=0OCHj3

n) Ry;=R4=H, R{=R3=R5=0CH3

Figure 2. Quinoline-based compound synthesis.

Therefore, in the presence of an electron-withdrawing group at the para position of
the aldehyde reactant (1c, d, f), the main product generated is carboxy-quinolines (4a—f),
along with 6f or/and 8¢, d, f as by-products. These additional structures are formed
when the substituents are strongly deactivating, such as halogen and cyan groups. By
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introducing an additional electron-withdrawing group and repositioning them to the meta,
meta’ locations, the pyrrole-2-one derivative 6g was exclusively obtained. Moving to the
electron-donating group (weakly activating in the case of aldehydes 1v and 1x), we sepa-
rated the same pyrrole-2-one derivatives (6v and 6x). In the case of the strongly activating
electron-donating group, we obtained different results depending on the position and/or
combination of substituents. Therefore, carboxy-quinolines were produced when the
methoxy group was the lone substituent in the para position (4k) or when the para position
was occupied by the hydroxy or methoxy group and the meta position was occupied by
the hydroxy group (4s). When a sterically hindered group was used such as butoxy that
occupied the para position, a pyrrole-2-one derivative and a quinoline methyl substituted as
a secondary product were formed. Once the 1m reactant, containing two methoxy groups,
was applied in the reaction, we did not achieve the intended formation of quinoline, but in-
stead, the pyrrole derivative 6m was produced. When the number of methoxy substituents
in the aldehyde reactant is increased to 3 (1n), it leads to carboxy-quinoline derivatives (5n)
containing an ethylenic bridge between the quinolinic and aldehyde cores. Similar com-
pounds (50, 5p, 5r) were formed when the initial aldehyde had two substituents. During a
particular experiment, the replacement of the para group with a hydroxyl group, which is
a powerful electron donor, led to the formation of a derivative of the same type (5h). For
oxygen heterocycle aldehydes 1t and 1u, we noticed that the inclusion of a phenyl core
led to the stability of the structure, resulting in the formation of 4t quinoline. Specifically,
derivative 1u mostly produced the chemical pyrrole-2-one 6u. A schematic representation
of the electronic effect on the final compound’s formation is presented in Figure 3, and
a detailed table with the obtained products and by-products is presented in Table 1.

EDG Strongly activating (OH, OMe)
EWG radicals weakly deactivating (H, F, Cl, Br)
EWG radicals Strongly deactivating (CF3, CN)

EDG Strongly activating (OH, OMe)
EWG radicals weakly deactivating (H, F, Cl, Br)
EWG radicals Strongly deactivating (CF3, CN)

COOH

EWG radicals Strongly deactivating (2*CF3)
Weakly activating (R alchil)

Figure 3. Reaction products depending on aldehyde substituents.
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Table 1. Compressive obtained structures depending on the starting materials.

1 4 5 6 7 8 1 4 5 6 7 8 1 4 5 6
a X ) X

b X p X

C X X r X

d X X s

e X t

f X X X u X
g

X

1: starting aldehyde material; 4: quinoline main structure; 5: ethylene-bridged quinolinic structure; 6: pyrrole-2-one
structure; 7: methyl quinoline by-product; 8: furan-2-one by-product.

The structures of the newly synthesized compounds have been established by em-
ploying spectral (NMR, IR) mass spectrometry and X-ray diffraction studies (details are
presented in the Section 3 and Figures S1-510 from the Supplementary Information).

Details on proton and proton—carbon spin systems were acquired using homo- and
heteronuclear bidimensional correlation experiments such as H, H-COSY, H,C-HSQC
and H,C-HMBC. In the 'H-NMR spectra, the formation of the carboxy-quinoline core is
indicated by the presence of four signals within the range of 7.80-9.20 ppm, with splitting
patterns dependent on the proton—proton scalar couplings: doublet at 7.90 ppm, doublet of
doublets at 8.10 ppm, singlet at 8.50 ppm and another doublet at 9.14 ppm. The proton of
the carboxylic group presents a very broad resonance signal centered at around 14 ppm.
Quinoline’s aromatic substituent has proton resonance signals in the same region, their
number and multiplicity being determined by the structure of the starting benzaldehyde.
Thus, the presence of para-substituted benzaldehyde moieties in the reaction products 4b—f
and 4k are recognized after the two doublets with a roof-effect pattern, whereas the moieties
of disubstituted benzaldehydes have resonance signals as two doublets with 2 and 8 Hz
coupling constants and a doublet of doublets (4i and 4s). In the case of fluorine-substituted
benzaldehyde moieties (4b), the additional proton—fluorine couplings alter the splitting
pattern, generating a triplet and a doublet of doublets. The ethylenic bridge identified in
quinoline derivative 5 was deduced from the presence in the proton spectra of two doublets
with 16 Hz coupling constants, resonating in the interval 7.30-8.15 ppm. Both the coupling
constants and chemical shift values are in agreement with this proposed vinylic group,
indicating a trans proton configuration. The corresponding carbon atoms were identified in
the 120-130 ppm interval in '>C-NMR spectra, where double-bond carbon atoms usually
resonate. Three-bond proton—carbon correlations identified in the HMBC spectrum support
the covalent link of the ethylenic group with carboxy-quinoline and benzaldehyde cores.
Both vinylic protons present correlation signals in the long-range HMBC spectrum with
either quinoline’s CH-3 or benzaldehyde’s C-14 carbon atoms, as exemplified in Supporting
Information Figure 54 for derivative 50.

The formation of side products with pyrrole-2-one (6) or furan-2-one (8) cores was
readily seen in the proton NMR spectra. In the case of these derivatives, the carboxy-
quinoline characteristic 'H-NMR pattern was replaced by two doublets with 3 Hz coupling
constants, resonating at around 6.0-7.0 ppm, previously assigned by us as fast NMR
indicators for the formation of pyrrole-2-one or furan-2-one cores [17]. The rest of the
proton signals present in the spectra of side products were also in good agreement with
our previous NMR description of a series of iodo-dihydro-pyrrole-2-one derivatives [17].

The presence in the proton spectra of a carboxy-quinoline NMR pattern, with a new
singlet at 2.70 ppm in the absence of benzaldehyde characteristic signals, clearly indicated
a carboxy-quinoline substituted only with methyl, as exemplified in Figure S5 from the
Supporting Information for compound 7.

The unambiguous proton and carbon signal assignments for all new compounds,
obtained from bidimensional correlation experiments, are presented in the Section 3.
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The IR spectra of the obtained compounds show absorption bands specific for both
aromatic and aliphatic C-H bonds, indicating the presence of the N-heterocycles (Section 3
and Figures S1-S10 from Supporting Information). The bands above 3300 cm~! can be
attributed to NH bonds and OH groups depending on the structure of the molecule
being studied, while the bands related to C-N stretching bonds are in the range of
1335-1240 cm ! and the bands specific to the absorption of ketone carbonyl groups are in
the range of 1700-1650 cm~!. All the other observed bands are in good agreement with the
proposed structure [17].

The interaction between iodo-aniline, aldehyde derivatives and pyruvic acid with
the formation of compounds 4, 5, 6, 7 and 8 was also confirmed by MALDI-MS analysis
(Section 3 and Figures S1-510 from Supporting Information). Only positive ions were
studied because the molecular ion only forms in the positive mode. By using the aforemen-
tioned method, we were able to achieve strong correlations between estimated mass and
measured mass for each molecule, confirming all posited structures.

The structure and chemical composition of compounds 4b, ¢, d and e were also
confirmed by the single-crystal X-ray diffraction method (full information can be found in
Tables S1-S5 from the Supporting Information). Accordingly, it was demonstrated that the
compounds have a molecular crystal structure comprising neutral units, as illustrated in
Figure 4 (4d (a), 4e (b), 4b (c) and 4c (d)). It is to be noted that compounds 4c and 4d, which
crystallize in the P21/n space group with very close unit cell parameters, are essentially
planar, while for 4b and 4e, the phenyl and quinoline nuclei are rotated by 20.9(2)° and
22.5(1)°, respectively. This is caused not by the presence of steric effects but due to the
peculiarities of the crystal structure packing. Further analysis has shown that the crystal
packing of 4c and 4d is also similar, being driven by the presence of C-H:--O, 7-7t stacking
and halogen intermolecular contacts, which is illustrated in Figure S6.

Figure 4. X-ray molecular structure of 4d (a), 4e (b), 4b (c) and 4c (d) with atom labeling and thermal
ellipsoids at 50% level.

In the crystals of 4b and 4c, the asymmetric units are assembled to form a dense
three-dimensional supramolecular network. As an example, a view of the crystal packing
along the b-axis for 4d is shown in Figure S7. The results of the X-ray diffraction study
for compounds 4b and 4e are shown in Figure S8. It is to be noted that, as a whole, the
system of intermolecular interactions in crystals 4e and 4b resembles well that observed
for the above-mentioned 4d and 4c. As a result, the crystal structure of 4e and 4b is also
characterized as a 3D supramolecular architecture, as depicted in Figure S9.
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Important data about purity are revealed by powder X-ray diffraction pattern (PXRD)
analysis of the produced substances. The PXRD of the synthesized compounds 4d and 4e
are shown in Figure 5 and for compounds 4b and 4c in Figure S10. The diffraction peaks of
the synthesized compounds are in good agreement with the simulated data.

Irel.

7 as synihesized|
4e calculated

4d as synthesized|

4d calculated

Lo JY S TSP

10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
Cu-Ka (1.541874 A) 2theta

Figure 5. Powder XRD of compounds 4d and 4e.

2.2. Antimicrobial Activity

The most commonly used quinolones (ciprofloxacin, norfloxacin, oxofloxacin and lev-
ofloxacin) contain in their chemical structures, in addition to a quinolone center, a carboxyl
group and a fluorine atom in position 5. In this study, we kept the carboxyl group in
our structures and replaced fluorine with iodine (in the same position) in order to ob-
tain better antimicrobial properties, as iodine insertion in organic molecules increases the
antimicrobial activity against S. aureus [18-20].

Minimum inhibitory concentration (MIC) values were determined by the binary
microdilution method. The results of the iodo-quinoline derivatives were compared with
the basic structure and the solvent used (Table 2). Based on the information provided in
Table 1, all compounds exhibited antibacterial effects against S. epidermidis, had no effect on
K. pneumoniae and showed varying degrees of antifungal activity against C. parapsilosis. It
is evident that the compounds exhibit varying levels of antibacterial and antifungal action
based on the radicals linked to the basic structure.

Table 2. Antimicrobial activity is expressed as MIC (mg/mL), MBC (mg/mL) and MBEC-(mg/mL).

S. epidermidis K. pneumoniae

C. parapsilosis

MIC MBC MICMA MIC MBC MICMA MIC MBC MICMA
(mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL)
4d 0.063 <0.625 0.063 1.25 5 1.25 0.3125 2.5 0.3125
4a 0.625 0.625 0.3125 5 5 0.625 0.625 2.5 0.625
4b 0.625 0.625 0.3125 1.25 5 1.25 0.625 1.25 0.625
de 0.25 <0.625 0.25 2.5 5 1.25 0.625 2.5 0.625
4f 0.625 0.625 0.625 1.25 5 1.25 0.625 1.25 0.625
4i 1.25 2.5 1.25 1.25 5 1.25 1.25 1.25 1.25
4c 0.063 <0.625 0.063 1.25 5 1.25 0.3125 <0.625 0.3125
4s 1.25 2.5 1.25 1.25 5 1.25 0.625 0.625 0.625
4t 0.25 <0.625 0.25 1.25 5 1.25 0.3125 <0.625 <0.15625
7 0.625 1.25 1.25 1.25 5 1.25 1.25 1.25 0.625
5r 0.3125 5 0.3125 1.25 5 1.25 0.625 5 0.625
50 1.25 2.5 2.5 1.25 5 1.25 10 5 1.25
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Table 2. Cont.

S. epidermidis K. pneumoniae C. parapsilosis
MIC MBC MICMA MIC MBC MICMA MIC MBC MICMA
(mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL)
5p 0.625 25 1.25 1.25 5 5 0.625 5 0.625
DMSO 2.5 2.5 2.5 1.25 5 1.25 1.25 1.25 1.25

MIC: minimum inhibitory concentration at which bacterial growth is completely inhibited; MBC: minimum
concentration of drug that kills 99.9% of the test microorganisms in the original inoculum; MBEC: minimal con-
centration of the drug that kills 99.9% of biofilm-embedded bacteria; MICMA: minimum inhibitory concentrations
for microbial adhesion.

In order to evaluate the antimicrobial activity improvement, the statistical analysis
was carried out following the general structure, and the IC50 (percent inhibition is 50%)
was determined for each variant (Figure 6). Therefore, the pattern of antimicrobial activity
based on the IC50 against Gram-positive bacteria (S. epidermidis, Figure 6) may be observed
as follows: in the quinoline series, the order of compounds from higher to lowest reactivity
is 4d > 4c > 4e > 4t > 4b > 4s > 4f > 7 > 4a > 4i > DMSO and in styryl quinoline series is
5r > 5p > 50 > DMSO. The presence of the -C¢HyBr group in the basic structure exhibited
the highest level of activity towards the basic one, whereas the presence of the -C¢H4Cl
group in the same initial structure showed a somewhat lower level of activity. The initial
structure (7) and the basic one (4a) exhibit notably higher efficiency against S. epidermidis
than DMSO. Derivatives from the basic structure (4a) show significantly higher activity
compared to the 50, 5p and 5r variants.

Regarding Gram-negative bacteria such as K. pneumoniae, it can be concluded that
the MIC values are determined by DMSO (Table 2). In some cases, DMSO even enhanced
cell proliferation (4e and 4a), resulting in higher values compared to those attributed to
the solvent. Analyzing the IC50 values (Figure 6), it is evident that the basic structure
exhibited a substantially lower IC50 value in comparison to the majority of the derivatives.
This observation indicates that the antibacterial effectiveness of quinoline derivatives was
ineffective against Gram-negative bacteria, perhaps due to the distinctive outer membrane
of these cells. Resistance may arise due to mutations in porins or other constituents,
alterations in the hydrophobic nature of the outer membrane or other modifications induced
in Gram-negative bacteria. Gram-negative bacteria exhibit greater resistance compared
to Gram-positive bacteria due to the absence of a critical membrane in Gram-positive
bacteria [21]. The pattern of antibiotic efficacy against K. pneumoniae, as measured by 1C50,
was as follows: for the quinoline series, it is 4a > 4s > 4b > 4i > 7 > 4f > 4t > DMSO > 4d
> 4e > 4c, and for the styryl quinoline series, it is 5r > DMSO > 50 > 5p. By comparing
the IC50, it can be seen that the IC50 value for the basic structure was significantly lower
compared to most of the derivatives. This aspect suggests that the antibacterial activity of
quinoline derivatives was not active on Gram-negative bacteria, probably due to the specific
outer membrane of these cells. Resistance can result from mutations in porins or other
components, changes in the hydrophobicity of the outer membrane or other modifications
triggered in Gram-negative bacteria. Gram-negative bacteria are more resistant than Gram-
positive bacteria because Gram-positive bacteria lack this crucial membrane [22]. The trend
of antimicrobial activity against K. pneumoniae, according to IC50, was as follows: 4a > 4s >
4b > 4i > 7 > 4f > 4t > DMSO > 4d > 4e > 4c for quinoline series and 5r> DMSO > 50 > 5p
for styryl quinoline series.

The antifungal activity against the fungus C. parapsilosis (Figure 6), as measured by
IC50, showed no significant variations between the derivatives and the original compound.
The antifungal activity exhibited a significant difference compared to the solvent control
(p < 0.0001, except for 4i (p > 0.05)). The trend observed for the quinoline series was 4d > 4c
>4a > 4e > 4t > 7 > 4f > 4s > DMSO > 4i, and for the styryl quinoline series, it was 5s > 5p >
DMSO > 5r.
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Figure 6. IC50 values (mg/mL) for each compound tested related to the general structure and solvent
control for S. epidermidis, K. pneumoniae and C. parapsilosis strains (* p < 0.05, ** p < 0.01, *** p < 0.0001).

The compounds that presented an MBC value lower than the solvent were considered
active. The MBC value is usually greater than or equal to the MIC value. From Table 2, it
can be seen that in the case of S. epidermidis, the variants 4d, 4a, 4b, 4e, 4f, 4c, 4t and 7 have
a better microbicidal effect than the solvent used, the most active being 4s, 4c, 4e and 4d. In
acute wounds, S. epidermidis is the most common strain [23]. Furthermore, S. epidermidis is
not just a skin contaminant; its peptides contribute to the growth of pathogenic bacteria
and might be a source of genes that confer antibiotic resistance [21]. Gram-negative bacteria
were more frequently identified from chronic wounds than Gram-positive bacteria [24].
It is advised to utilize these compounds as active principles for formulations intended
to treat acute wounds because they do not exhibit bactericidal action on Gram-negative
bacteria, like the K. pneumoniae strain. According to Dowd et al. [25], the two most common
species of yeast found in wounds were C. albicans and C. parapsilosis. We evaluated only
the C. parapsilosis strain in this investigation to compare the antifungal activity of all iodo-
quinoline derivatives. Table 2 reveals that only the variants 4c, 4s and 4t have a fungicidal
impact against C. parapsilosis; the rest of the compounds” action is given by DMSO unless
they have only fungistatic activity.
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Self-preservation has evolved in all microbes through parasitic connections in the form
of biofilms. Biofilms are made up of a complex protective glycocalyx that bacterial colonies
generate to defend themselves from host defense and antimicrobial treatment [26]. Biofilms
are found in chronic and acute wounds, where they provide a risk of delayed infection.
This process can also induce persistent and recurring skin infections [27].

The development of novel compounds capable of inhibiting biofilm formation might
be one of the solutions to both the rise in antibiotic resistance and the development of hard-
to-heal wounds [28]. In this regard, the effect of iodo-quinoline derivatives on microbial
adhesion, the initial stage of microbial biofilm development, was investigated. The values
of the minimum inhibitory concentrations for microbial adhesion (MICMA) obtained are
shown in Table 2. Compounds with MBEC values less than MIC are deemed active on
microbial adhesion. The majority of the substances prevent the adherence of S. epidermidis
cells. The compounds with greater activity related to both the basic structure (4a) and
DMSO include 4d, 4t, 4e and 4c, while the active derivative from the 7 structure was
only the 5r variant. In the case of the 4a base structure, a decrease in microbial adherence
was also seen for the K. pneumoniae strain. The compounds with greater activity against
C. parapsilosis cell adherence related to both the basic structures (4a and 7) and DMSO
include 4d, 4t and 4c. A structure-antimicrobial efficiency diagram is presented in Figure 7.

/—\ COOH
all tested series showed good activity against S. epidermidis and C. parapsilosis | N
D
[ p-Br, Cl-phenyl showed the best activity against S. epidermidis and C. parapsilosis v

p-CF3-phenyl and benzo[d][1,3]dioxole showed good activity against S. epidermidis and C. parapsilosisl

not definitory for antimicrobial activity }

-OH, -NO, improves the activity against S. epidermidis and C. parapsilosis
o-and m'- position more favorable than o- and p-position

Figure 7. Antimicrobial efficiency diagram of the tested scaffolds against the three tested strains.

3. Materials and Methods

Analytical thin-layer chromatography was performed with commercial silica gel plates
60 Fps54 (Merck Darmstadt, Germany) and visualized with UV light (Amax = 254 or 365 nm).

The 'H and '*C NMR spectra recorded for this study were obtained for solutions in
DMSO-d6 at 298 K on Bruker Avance NEO 400 and 600 MHz spectrometers, equipped with
a 5 mm four nuclei direct detection z-gradient probe (H,C,ESi-QNP) and 5 mm inverse
detection multinuclear z-gradient probe, respectively, with solvent peaks as reference. All
chemical shifts were reported in ppm (8), and coupling constants (J) were reported in
Hertz (Hz). All the assignments were confirmed by information from proton—proton and
proton—carbon two-dimensional NMR correlation experiments (COSY, HSQC and HMBC).

IR spectra were recorded on a Shimadzu IRTracer-100 instrument (Shimadzu U.S.A.
Manufacturing, Inc., Canby, OR, USA). The melting point of the compounds was mea-
sured on MEL-TEMP capillary melting point apparatus from ambient temperature up to
400 °C. All commercially available products were used without further purification unless
otherwise specified.

Mass spectra were acquired on a Bruker RapifleX MALDI-TOF/TOF (Bruker Daltonics,
Bremen, Germany) equipped with a Smartbeam 3D laser. The FlexControl Version 4.0 and
FlexAnalysis Version 4.0 software (Bruker, Bremen, Germany) were used to control the
instrument and process the MS spectra.
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The samples were initially dissolved in DMSO and subsequently diluted 10-fold in
methanol. For the MALDI matrix solutions, 20 mg of x-cyano-4-hydroxycinnamic acid
(HCCA) was dissolved in 1 mL of methanol. Subsequently, the MALDI matrix solution
and the sample solution were mixed in a 2:1 ratio, and finally, 1 pL from each resulting
solution was deposited onto the MALDI target and dried at room temperature prior to
MALDI-MS analysis. Mass calibration of MALDI-TOF/TOF-MS was carried out using the
peptide mixture standard solution (Bruker Daltonics, Bremen, Germany).

FlexControl 4.0 was used to optimize and acquire data using the following parame-
ters: positive ion polarity in reflector mode, mass scan range m/z 100-1600 Da), digitizer
1.25 GHz, detector voltage 2117V, 1000 shots per pixel and 5 kHz laser frequency. The laser
power was set at 60% to 80% of the maximum and 1000 laser shots were accumulated for
each spectrum.

3.1. General Procedure for Synthesis of Compounds 4, 5, 6, 7 and 8

Aldehydes 1a-v (1 mmol) were solubilized in a minimum amount of acetic acid.
A mixture containing pyruvic acid (1,5 mmoli) and TFA (20 pL) as a catalyst was then
added to acetic acid and stirred for 10 min. Finally, iodo-aniline (1 mmol) was dissolved
in a minimum amount of acetic acid and added and the resulting mixture was left to
reflux for 12 h. The required products were obtained by filtering out the resulting sus-
pension and washing the solid with ethanol. Dichloromethane and ethanol were used to
facilitate recrystallization.

6-iodo-2-phenylquinoline-4-carboxylic acid 4a: crystallized from acetic acid; brown
powder; 79% yield; mp 282-285 °C; IR ATR v(em™1): 3650, 3321, 3271, 3074, 2982, 2971,
2886, 1690, 1653, 1597, 1541, 1512, 1482, 1443, 1375, 1328, 1259, 1233, 1154, 1089, 1021, 952,
864,764, 677,587.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 7.56 (t, 3] =7 Hz, 1H, H-14), 7.59 (t,
31 =7Hz, 2H, H-13), 7.95 (d, 3] = 9 Hz, 1H, H-8), 8.13 (dd, 3] = 9 Hz, 4] = 2 Hz, 1H,
H-7),8.30 (d, 3] = 7 Hz, 2H, H-12), 8.52 (s, 1H, H-3), 9.14 (d, 4] = 2 Hz, 1H, H-5), 14.03 (bs,
1H, OH).

13C NMR (150.9 MHz, DMSO-dg, & (ppm)): 94.8 (C-6), 120.2 (CH-3), 125.1 (C-10),
127.2 (CH-12), 129.0 (CH-13), 130.2 (CH-14), 131.6 (CH-8), 133.9 (CH-5), 135.9 (C-4),
137.5 (C-11), 138.5 (CH-7), 147.3 (C-9), 156.4 (C-2), 167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for Ci14H11INO, 375.9834;
found 375.9827.

2-(4-fluorophenyl)-6-iodoquinoline-4-carboxylic acid 4b: crystallized from acetic
acid; yellow powder; 82% yield; mp 131-132 °C; IR ATR v(em™1): 3649, 3272, 3066, 2982,
2971, 2884, 1684, 1653, 1594, 1540, 1507, 1481, 1373, 1328, 1259, 1233, 1155, 1088, 1020, 957,
940, 828, 677, 585, 507.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 7.40 (t, *Jyu = *Ju,r = 9 Hz, 2H, H-13),
7.92 (d, %] =9 Hz, 1H,H-8), 8.11 (dd, 3] =9 Hz, ] = 2 Hz, 1H, H-7), 8.36 (dd, *Jy g = 9 Hz,
Yy r = 5 Hz, 2H, H-12), 8.50 (s, 1H, H-3), 9.12 (d, 4] = 2 Hz, 1H, H-5), 14.14 (bs, 1H, OH).
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13C NMR (150.9 MHz, DMSO-dg, & (ppm)): 94.8 (C-6), 115.9 (d, ?Jc = 22 Hz, CH-13),
119.9 (CH-3), 125.0 (C-10), 129.6 (d, 3] r = 8 Hz, CH-12), 131.5 (CH-8), 133.9 (CH-5), 134.0 (d,
Ycr =2 Hz, C-11), 135.9 (C-4), 138.5 (C-11), 138.5 (CH-7), 147.2 (C-9), 155.3 (C-2), 163.5 (d,
e g = 246 Hz, C-14), 167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for CiH;oFINO, 393.9740;
found 393.9723.

2-(4-chlorophenyl)-6-iodoquinoline-4-carboxylic acid 4c: yellow powder; 79% yield;
mp 171-172 °C; IR ATR v(cm™1): 3370, 3113, 3051, 1732, 1660, 1581, 1529, 1483, 1319, 1259,
1222, 1130, 1089, 1047, 1012, 943, 858, 808, 796, 549, 505.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 7.63 (d, 3] = 9 Hz, 2H, H-13), 7.92 (d,
31 =9 Hz, 1H, H-8), 8.11 (dd, 3] = 9 Hz, 4] = 2 Hz, 1H, H-7), 8.32 (d, 3] = 9 Hz, 2H, H-12),
8.51 (s, 1H, H-3),9.12 (d, 4] = 2 Hz, 1H, H-5), 13.81 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 95.1 (C-6), 120.0 (CH-3), 125.2 (C-10),
129.0 (CH-12 and CH-13), 131.5 (CH-8), 133.9 (CH-5), 135.1 (C-14), 136.0 (C-11), 136.2 (C-4),
138.6 (CH-7), 147.2 (C-9), 155.1(C-2), 167.0 (COOH).

HRMS (MALDI-TOE/TOF) m/z: [M + H]* Calcd for C14H1oCIINO, 409.9444;
found 409.9428.

2-(4-bromophenyl)-6-iodoquinoline-4-carboxylic acid 4d: crystallized from acetic
acid; yellow crystals; 69% yield; mp 268-270 °C; IR ATR v(em™1): 3676, 3649, 3630, 3103,
2989, 2897, 2496, 2365, 1685, 1581, 1539, 1477, 1402, 1280, 1251, 1188, 1072, 1010, 887, 829,
788,727,665, 619, 565, 482, 445, 414.

'H NMR (400.1 MHz, DMSO-dg, § (ppm)): 7.77 (d, %] = 9 Hz, 2H, H-13), 7.93 (d,
31 =9 Hz, 1H, H-8), 8.12 (dd, 3] = 9 Hz, 4] = 2 Hz, 1H, H-7), 8.26 (d, 3] = 9 Hz, 2H, H-12),
8.51 (s, 1H, H-3),9.13 (d, %] = 2 Hz, 1H, H-5), 14.01 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 95.1 (C-6), 119.9 (CH-3), 124.0 (C-14),
125.2 (C-10), 129.3 (CH-12), 131.5 (CH-8), 131.9 (CH-13), 133.9 (CH-5), 136.0 (C-11), 136.6 (C-4),
138.6 (CH-7), 147.2 (C-9), 155.2 (C-2), 166.9 (COOH).

HRMS (MALDI-TOE/TOF) m/z: [M + H]* Calcd for C14H1oBrINO, 453.8939;
found 453.8927.

6-iodo-2-(4-(trifluoromethyl)phenyl)quinoline-4-carboxylic acid 4e: crystallized from
acetic acid; yellow powder; 62% yield; mp 185-186 °C; IR ATR v(cm_l): 3334, 3320, 2361,
1698, 1652, 1582, 1522, 1488, 1321, 1164, 1109, 1064, 1015, 1006, 912, 854, 829, 812, 773, 601.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 7.92 (d, 3] = 8 Hz, 2H, H-13), 7.95 (d,
31 =9 Hz, 1H, H-8), 8.14 (dd, 3] = 9 Hz, %] = 2 Hz, 1H, H-7), 8.50 (d, 3] = 8 Hz, 2H, H-12),
8.57 (s, 1H, H-3), 9.15 (d, 4] = 2 Hz, 1H, H-5), 14.20 (bs, 1H, OH).
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13C NMR (150.9 MHz, DMSO-dg, § (ppm)): 95.6 (C-6), 120.3 (CH-3), 124.2 (q,
e F = 272 Hz, CF3), 125.4 (C-10), 125.8 (q, *Jc r = 3 Hz, CH-13), 128.0 (CH-12), 130.0 (q,
Jck = 32 Hz, C-14), 131.7 (CH-8), 134.0 (CH-5), 136.6 (C-4), 138.7 (CH-7), 141.2 (C-11),
147.2 (C-9), 154.8 (C-2), 166.9 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for Ci7H;oF3INO, 443.9708;
found 443.9701.

2-(4-cyanophenyl)-6-iodoquinoline-4-carboxylic acid 4f: crystallized from acetic acid;
yellow powder; 90% yield; mp 287-289 °C; IR ATR v(cm™1): 3649, 3080, 2982, 2971, 2884,
2245, 2229,1720, 1700, 1653, 1588, 1540, 1485, 1382, 1333, 1277, 1225, 1172, 1055, 1019, 953,
898, 886, 842, 825, 788, 673, 641, 569, 549.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 7.91 (d, °] = 9 Hz, 1H, H-8), 8.01 (d,
3] =9 Hz, 2H, H-13), 8.12 (dd, °] = 9 Hz, ] = 2 Hz, 1H, H-7), 8.45 (d, *] = 9 Hz, 2H, H-12),
8.54 (s, 1H, H-3),9.12 (d, %] = 2 Hz, 1H, H-5), 13.00 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 95.9 (C-6), 112.4 (C-14), 118.6 (CN),
120.4 (CH-3), 125.4 (C-10), 128.0 (CH-12), 131.7 (CH-8), 132.9 (CH-13), 134.0 (CH-5),
136.2 (C-4), 138.8 (CH-7), 141.5 (C-11), 147.2 (C-9), 154.4 (C-2), 166.9 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for Cy7H719IN,O, 400.9787;
found 400.9767.

2-(3,4-dihydroxyphenyl)-6-iodoquinoline-4-carboxylic acid 4i: crystallized from
acetic acid; orange powder; 89% yield; mp 309-311 °C; IR ATR v(cm’l): 3650, 3271, 2982,
2971, 2884, 1714, 1653, 1598, 1575, 1540, 1436, 1395, 1375, 1329, 1295, 1260, 1223, 1169, 1153,
1081, 1015, 949, 890, 878, 863, 808, 787, 756, 711, 611, 591, 536, 521, 501.

'H NMR (400.1 MHz, DMSO-dg, § (ppm)): 6.91 (d, 3] = 8 Hz, 1H, H-15), 7.60 (dd,
31 =8 Hz, 4] =2 Hz, 1H, H-16), 7.78 (d, 4] = 2 Hz, 1H, H-12), 7.84 (d, °] = 9 Hz, 1H, H-8),
8.05 (dd, 3] =9 Hz, 4] =2 Hz, 1H, H-7), 8.37 (s, 1H, H-3), 9.09 (d, 4] = 1 Hz, 1H, H-5), 9.31 (bs,
1H, OH), 9.50 (bs, 1H, OH), 13.00 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 93.6 (C-6), 114.2 (CH-12), 115.9 (CH-
15), 119.2 (CH-16), 119.7 (CH-3), 124.8 (C-10), 128.8 (C-11), 131.3 (CH-8), 133.9 (CH-5),
135.2 (C-4), 138.3 (CH-7), 145.8 (C-13), 147.4 (C-9), 148.1 (C-14), 156.4 (C-2), 167.2 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for Ci¢H11INO4 407.9733;
found 407.9745.

6-iodo-2-(4-methoxyphenyl)quinoline-4-carboxylic acid 4k: crystallized from acetic
acid; yellow powder; 69% yield; mp 242-243 °C; IR ATR v(cm’l): 3016, 2970, 1740, 1717,
1540, 1482, 1419, 1365, 1229, 1218, 1170, 1025, 844, 819, 787, 750, 681, 644, 511.
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'H NMR (400.1 MHz, DMSO-dg, § (ppm)): 3.86 (s, 3H, OCH3), 7.12 (d, 3] = 9 Hz, 2H,
H-13),7.88 (d, 3] = 9 Hz, 1H, H-8), 8.08 (dd, 3] =9 Hz, 4] = 2 Hz, 1H, H-7), 8.27 (d, 3] =9 Hz,
2H, H-12), 8.46 (s, 1H, H-3), 9.09 (d, 4] = 2 Hz, 1H, H-5), 14.05 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 55.3 (OCH3), 94.0 (C-6), 114.4 (CH-13),
119.7 (CH-3), 124.8 (C-10), 128.8 (CH-12), 129.9 (C-11), 130.7 (CH-8), 133.9 (CH-5), 135.6 (C-4),
138.4 (CH-7), 147.3 (C-9), 155.2 (C-2), 161.1 (C-14), 167.01 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for Cy7H;9IN,O, 405.9940;
found 405.9960.

2-(3-hydroxy-4-methoxyphenyl)-6-iodoquinoline-4-carboxylic acid 4s: crystallized
from acetic acid; orange powder; 85% yield; mp 292-295 °C; IR ATR v(em™1): 3648, 3090,
2982, 2970, 2883, 1717, 1638, 1598, 1571, 1516, 1396, 1380, 1304, 1263, 1222, 1146, 1077, 1019,
952, 867, 809, 797, 770, 581, 524, 509.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 3.87 (s, 3H, CH3), 7.09 (d, 3] = 8 Hz, 1H,
H-15), 7.72 (dd, 3] = 8 Hz, 4] = 2 Hz, 1H, H-16), 7.81 (d, 4] = 2 Hz, 1H, H-12), 7.87 (d,
3T =9 Hz, 1H, H-8), 8.08 (dd, 3] = 9 Hz, %] = 2 Hz, 1H, H-7), 8.41 (s, 1H, H-3), 9.11 (d,
4] =1 Hz, 1H, H-5), 9.36 (bs, 1H, OH), 13.97 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 55.6 (OCH3), 93.9 (C-6), 112.1 (CH-
12), 113.9 (CH-15), 118.9 (CH-16), 119.8 (CH-3), 124.9 (C-10), 130.2 (C-11), 131.3 (CH-8),
133.9 (CH-5), 135.4 (C-4), 138.4 (CH-7), 146.9 (C-13), 147.3 (C-9), 149.9 (C-14), 156.1 (C-2),
167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for Ci7H13INO, 421.9889;
found 421.9896.

2-(benzo[dl[1,3]dioxol-5-yl)-6-iodoquinoline-4-carboxylic acid 4t: crystallized from
acetic acid; brown powder; 77% yield; mp 205-206 °C; IR ATR v(cm’l): 3660, 2978, 2889,
1744, 1604, 1580, 1505, 1452, 1372,1352, 1239, 1152, 1114, 1033, 941, 867, 825, 809, 603, 519.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 6.15 (s, 2H, CHy), 7.09 (d, %] = 8 Hz, 1H,
H-13), 7.83-7.86 (m, 2H, H-12 and H-17), 7.88 (d, 3] = 9 Hz, 1H, H-8), 8.08 (dd, 3] =9 Hz,
4] =2 Hz, 1H, H-7), 8.44 (s, 1H, H-3),9.08 (d, 4] = 1 Hz, 1H, H-5), 9.36 (bs, 1H, OH), 13.06 (bs,
1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 94.2 (C-6), 101.6 (CH,), 106.9 (CH-17),
108.6 (CH-13), 119.8 (CH-3), 122.0 (CH-12), 124.9 (C-10), 131.4 (C-11), 131.8 (CH-8), 133.8 (CH-5),
135.8 (C-4), 138.4 (CH-7), 147.1 (C-9), 148.2 (C-14), 149.2 (C-16), 155.7 (C-2), 167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for C17H11INO4 419.9733;
found 419.9708.
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(E)-2-(4-hydroxystyryl)-6-iodoquinoline-4-carboxylic acid 5h: crystallized from acetic
acid; yellow powder; 57% yield; mp 221-223 °C; IR ATR v(em™1): 3314, 3024, 2970, 2953,
2922, 2853, 1740, 1666, 1646, 1582, 1534, 1487, 1415, 1386, 1231, 1217, 1162, 1063, 1008, 916,
828, 814, 792, 777, 742, 633, 620, 543.

'H NMR (400.1 MHz, DMSO-dg, § (ppm)): 6.84 (d, %] = 8 Hz, 2H, H-15), 7.33 (d,
31 =16 Hz, 1H, H-11), 7.62 (d, 3] = 8 Hz, 2H, H-14), 7.82 (d, 3] = 9 Hz, 1H, H-8), 7.84 (d,
3T =16 Hz, 1H, H-12), 8.05 (dd, 3] = 9 Hz, 4] = 2 Hz, 1H, H-7), 8.24 (s, 1H, H-3), 9.08 (d,
47 =1 Hz, 1H, H-5), 9.85 (bs, 1H, OH), 14.04 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 93.6 (C-6), 115.7 (CH-15), 121.6 (CH-
3), 124.2 (CH-11), 124.9 (C-10), 127.0 (C-13), 129.2 (CH-14), 130.9 (CH-8), 133.9 (CH-5),
134.9 (C-4), 135.6 (CH-12), 138.2 (CH-7), 147.4 (C-9), 156.4 (C-2), 158.6 (C-16), 167.2 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for CigH3INO; 417.9940;
found 417.9931.

(E)-6-iodo-2-(2,4,6-trimethoxystyryl)quinoline-4-carboxylic acid 5n: crystallized from
acetic acid; yellow powder; 47% yield; mp 328-329 °C; IR ATR v(em1): 3649, 2982, 2971,
2891, 1560, 1380, 1253, 1154, 1073, 967, 809, 519.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 3.87 (s, 3H, OCH3), 3.94 (s, 6H, 2xOCHj3),
6.35 (s, 2H, H-15), 7.67 (d, 3] = 16 Hz, 1H, H-11), 7.82 (d, 3] = 9 Hz, 1H, H-8), 8.06 (dd,
31 =9 Hz, 4] = 2 Hz, 1H, H-7), 8.11 (s, 1H, H-3), 8.14 (d, %] = 16 Hz, 1H, H-12), 9.07 (d,
47 =1 Hz, 1H, H-5), 13.08 (bs, 1H, OH).

13C NMR (100.6 MHz, DMSO-dg, & (ppm)): 55.4 (OCH3), 55.9 (2xOCH3), 91.0 (CH-15),
93.3 (C-6),105.9 (C-13),121.9 (CH-3), 124.9 (C-10), 126.6 (CH-12), 126.9 (CH-11), 130.9 (CH-8),
133.9 (CH-5), 134.7 (C-4), 138.2 (CH-7), 147.4 (C-9), 157.5 (C-2), 160.2 (C-14), 161.7 (C-16),
167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for Cp1H19INOs 492.0308;
found 492.0335.

(E)-2-(2-hydroxy-4-methoxystyryl)-6-iodoquinoline-4-carboxylic acid 50: crystallized
from acetic acid; yellow powder; 59% yield; mp 226-227 °C; IR ATR v(em™1): 3649, 2982,
2970, 2889, 1700, 1576, 1558, 1382, 1255, 1223, 1147, 1074, 968, 95, 809, 737, 668.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 3.76 (s, 3H, OCH3), 6.50-6.51 (m, 2H,
H-15and H-17), 7.41 (d, 3] = 16 Hz, 1H, H-11), 7.66 (d, °] = 9 Hz, 1H, H-18), 7.82 (d, 3] = 9 Hz,
1H, H-8), 8.05 (dd, 3] =9 Hz, 4] = 2 Hz, 1H, H-7), 8.05 (d, °] = 16 Hz, 1H, H-12), 8.17 (s, 1H,
H-3),9.08 (d, %] = 2 Hz, 1H, H-5), 10.20 (bs, 1H, OH), 13.74 (bs, 1H, OH).

13C NMR (150.9 MHz, DMSO-dg, & (ppm)): 55.0 (OCHj3), 93.5 (C-6), 101.2 (CH-15),
105.9 (CH-17), 115.8 (C-13), 121.7 (CH-3), 124.4 (CH-11), 124.9 (C-10), 128.8 (CH-18),
130.8 (CH-12), 131.1 (CH-8), 133.9 (CH-5), 134.7 (C-4), 138.2 (CH-7), 147.5 (C-9), 156.8 (C-2),
157.4 (C-13), 161.1 (C-16), 167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Caled for Ci9Hi5INO, 448.0046;
found 448.0029.
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(E)-2-(2-hydroxy-5-methoxystyryl)-6-iodoquinoline-4-carboxylic acid 5p: crystallized
from acetic acid; brown powder; 74% yield; mp 324-325 °C; IR ATR v(em™1): 3648, 2981,
2971, 2891, 1653, 1593, 1559, 1383, 1262, 1225, 1150, 1075, 1017, 966, 949, 865, 807, 579.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 3.77 (s, 3H,0CHj3), 6.82 (dd, 3] = 9 Hz,
4T = 3 Hz, 1H, H-16), 6.87 (d, 3] = 9 Hz, 1H, H-15), 7.30 (d, %] = 3 Hz, 1H, H-18), 7.58 (d,
3] =16 Hz, 1H, H-11), 7.85 (d, °] = 9 Hz, 1H, H-8), 8.07 (dd, °] = 9 Hz, ] = 2 Hz, 1H, H-7),
8.10 (d, %] = 16 Hz, 1H, H-12), 8.21 (s, 1H, H-3), 9.12 (d, %] = 2 Hz, 1H, H-5), 9.62 (bs, 1H,
OH), 14.04 (bs, 1H, OH).

13C NMR (150.9 MHz, DMSO-dg, & (ppm)): 55.4 (OCHj3), 93.9 (C-6), 110.9 (CH-18),
116.9 (CH-16), 117.0 (CH-15), 122.0 (CH-3), 122.9 (C-13), 125.1 (C-10), 127.0 (CH-11),
130.6 (CH-12), 131.1 (CH-8), 134.0 (C-4), 134.8 (CH-5), 138.3 (CH-7), 147.5(C-9), 150.1 (C-14),
152.3 (C-17), 156.4 (C-2), 167.0 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for C19H;5INO4 448.0046;
found 448.0032.

NO,

(E)-2-(2-hydroxy-5-nitrostyryl)-6-iodoquinoline-4-carboxylic acid 5r: crystallized
from acetic acid; yellow powder; 88% yield; mp 328-330 °C; IR ATR v(cm’l): 3650, 3114,
3084, 2982, 2971, 2883, 1700, 1683, 1654, 1594, 1559, 1483, 1381, 1339, 1266, 1147, 969, 943,
826, 748, 691, 628.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 7.13 (d, %] = 9 Hz, 1H, H-15), 7.81 (d,
31 =16 Hz, 1H, H-11), 7.88 (d, 3] = 9 Hz, 1H, H-8), 8.09 (dd, 3] = 9 Hz, 4] = 2 Hz, 1H, H-7),
8.13 (dd, 3] = 9 Hz, 4] = 3 Hz, 1H, H-16), 8.13 (d, 3] = 16 Hz, 1H, H-12), 8.30 (s, 1H, H-3),
8.64 (d, 4] = 3 Hz, 1H, H-18), 9.13 (d, 4] = 2 Hz, 1H, H-5), 11.76 (bs, 1H, OH), 14.06 (bs,
1H, OH).

13C NMR (150.9 MHz, DMSO-dg, § (ppm)): 94.5 (C-6), 116.4 (CH-15), 122.5 (CH-3),
123.5 (C-13), 123.7 (CH-18), 125.3 (C-10), 125.5 (CH-16), 128.6 (CH-12), 129.8 (CH-11),
131.2 (CH-8), 133.9 (CH-5), 135.0 (C-4), 138.4 (CH-7), 140.0 (C-17), 147.4 (C-9), 155.8 (C-2),
161.8 (C-14), 167.0 (COOH).

HRMS (MALDI-TOE/TOF) m/z: [M + H]* Calcd for CigH2IN,O5 462.9791;
found 462.9799.

4-(1-(4-iodophenyl)-4-((4-iodophenyl)amino)-5-0x0-2,5-dihydro-1H-pyrrole-2-
yDbenzonitrile 6f: [13]
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5-(3,5-bis(trifluoromethyl)phenyl)-1-(4-iodophenyl)-3-((4-iodophenyl)amino)-1H-
pyrrole-2(5H)-one 6g: [13]

1-(4-iodophenyl)-3-((4-iodophenyl)amino)-5-(2-methoxyphenyl)-1H-pyrrole-2(5H)-
one 6j: [13]

5-(4-butoxyphenyl)-1-(4-iodophenyl)-3-((4-iodophenyl)amino)-1H-pyrrole-2(5H)-one
6l: crystallized from acetic acid; black powder; 53% yield; mp 229-230 °C; IR ATR v(cm ™ !):
3117, 3077, 3027, 2944, 1738, 1595, 1484, 1434, 1369, 1284, 1230, 1217, 1174, 1143, 840, 827,
668, 628, 529.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 0.90 (t, %] = 7 Hz, 3H,CH3), 1.39 (sextet,
3] =7 Hz, 2H, CH,), 1.64 (quintet, 3] = 7 Hz, 2H,CHy), 3.88 (t, 3] = 7 Hz, 2H, OCH}), 5.98 (d,
3] = 2 Hz, 1H, H-5), 6.33 (d, 3] = 2 Hz, 1H, H-4), 6.83 (d, ] = 8 Hz, 2H, H-17), 7.14 (d,
3] =8 Hz, 4H, H-8 and H-16), 7.45 (d, 3] = 9 Hz, 2H, H-12), 7.54 (d, ] = 9 Hz, 2H, H-9),
7.66 (d, 3] = 9 Hz, 2H, H-13), 8.32 (s, 1H, NH).

13C NMR (100.6 MHz, DMSO-dg, § (ppm)): 13.6 (CH3), 18.7 (CH,-21), 30.6 (CH,-20),
61.7 (CH-5), 67.0 (CH,-19), 82.4 (C-10), 88.9 (C-14), 111.3 (CH-4), 114.6 (CH-17), 119.1
(CH-8), 123.5 (CH-12), 128.0 (CH-16), 128.7 (C-15), 131.3 (C-3), 136.8 (C-11), 137.3 (CH-13),
137.4 (CH-9), 141.8 (C-7), 158.3 (C-18), 166.2 (CO-2).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for CosHps5I,N,0, 651.0005;
found 651.0027.

5-(3,4-dimethoxyphenyl)-1-(4-iodophenyl)-3-((4-iodophenyl)amino)-1H-pyrrole-2(5H)-
one 6m: [13]
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1-(4-iodophenyl)-3-((4-iodophenyl)amino)-5-(4-isopropylphenyl)-1H-pyrrole-2(5H)-
one 6v: crystallized from acetic acid; black powder; 53% yield; mp 197-200 °C; IR ATR
v(em~1): 3649, 3315, 2982, 2971, 2883, 1666, 1648, 1584, 1533, 1487, 1456, 1417, 1390, 1264,
1162, 1060, 1008, 957, 813, 792, 776, 638, 560, 507.

'H NMR (600.1 MHz, DMSO-dg,  (ppm)): 1.13 (d, 3] =7 Hz, 3H, CH3), 1.14 (d,
3] =7 Hz, 3H, CHj), 2.81 (septet, 3] = 7 Hz, 1H, CH), 6.02 (d, °] = 3 Hz, 1H, H-5), 6.36 (d,
3] =3 Hz, 1H, H-4), 7.14 (d, 3] = 9 Hz, 2H, H-8), 7.17 (bs, 4H, H-16 and H-17), 7.47 (d,
31 =9 Hz, 2H, H-12), 7.53 (d, 3] = 9 Hz, 2H, H-9), 7.68 (d, °] = 9 Hz, 2H, H-13), 8.31 (s,
1H, NH).

13C NMR (150.9 MHz, DMSO-dg, & (ppm)): 23.7 (2xCH3), 32.9 (CH), 61.9 (CH-5),
82.5 (C-10), 88.9 (C-14), 111.3 (CH-4), 119.1 (CH-8), 123.4 (CH-12), 127.7 and 127.8 (CH-16
and CH-17), 131.2 (C-3), 134.7 (C-15), 136.9 (C-11), 137.4 (CH-9 and CH-13), 141.8 (C-7),
147.9 (C-18), 166.3 (CO-2).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for CysHp3I,N,O 620.9909;
found 620.9929.

5-(4-butylphenyl)-1-(4-iodophenyl)-3-((4-iodophenyl)amino)-1H-pyrrole-2(5H)-one
6x: crystallized from acetic acid; black powder; 53% yield; mp 211-212 °C; IR ATR v(em™1):
3313, 3024, 2956, 2927, 2854, 1739, 1665, 1646, 1585, 1535, 1487, 1416, 1388, 1229, 1218, 1164,
1063, 1009, 914, 828, 813, 793, 776, 741, 636, 621 544.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 0.86 (t, 3] = 7 Hz, 3H, CH3), 1.26 (sextet,
3] =7 Hz, 2H, CHy), 1.48 (quintet, °] = 7 Hz, 2H, CH,), 2.47-2.49 (m, 2H, CH, overlapped
with DMSO), 6.00 (d, 3] = 2 Hz, 1H, H-5), 6.36 (d, °] = 2 Hz, 1H, H-4), 7.09-7.15 (m, 6H, H-8,
H-16, H-17), 7.45 (d, 3] = 9 Hz, 2H, H-12), 7.54 (d, 3] = 9 Hz, 2H, H-9), 7.66 (d, 3] = 9 Hz, 2H,
H-13), 8.32 (s, 1H, NH).

13C NMR (100.6 MHz, DMSO-dg, § (ppm)): 13.7 (CH3), 21.7 (CH,-21), 32.9 (CH,-20),
34.4 (CH-19), 62.0 (CH-5), 82.5 (C-10), 88.9 (C-14), 111.2 (CH-4), 119.1 (CH-8), 123.4 (CH-12),
126.6 (CH-16), 128.7 (CH-17), 131.2 (C-3), 134.5 (C-15), 136.8 (C-11), 137.3 (CH-13), 137.4 (CH-9),
141.8 (C-7), 142.0 (C-18), 166.3 (CO-2).
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HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for CysHy5I,N,O 635.0056;
found 635.0032.

6-iodo-2-methylquinoline-4-carboxylic acid 7: crystallized from acetic acid; brown
powder; 37% yield; mp 289290 °C; IR ATR v(cm_l): 3656, 3083, 2979, 2887, 1714, 1603,
1579, 1504, 1454, 1377, 1351, 1240, 1152, 1113, 1032, 937, 867, 810, 604, 519.

'H NMR (600.1 MHz, DMSO-dg, & (ppm)): 2.71 (s, 3H, CH3), 7.79 (d, %] = 9 Hz, 1H,
H-8), 7.89 (s, 1H, H-3), 8.05 (dd, 3] = 9 Hz, 4] = 2 Hz, 1H, H-7), 9.10 (d, 4] = 2 Hz, 1H, H-5),
14.00 (bs, 1H, OH).

13C NMR (150.9 MHz, DMSO-dg, § (ppm)): 24.7 (CH3), 93.7 (C-6), 123.8 (CH-3),
124.5 (C-10), 130.8 (CH-8), 133.9 (CH-5), 134.4 (C-4), 137.9 (CH-7), 147.0 (C-9), 159.6 (C-2),
167.1 (COOH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for C11HoINO, 313.9678;

found 313.9664.
(@) 6 8
NH 9
FM
[

4 10

5-(4-chlorophenyl)-3-((4-iodophenyl)amino)furan-2(5H)-one 8c: crystallized from
acetic acid; yellow powder; 27% yield; mp 161-162 °C; IR ATR v(cm_l): 3460, 3304, 3020,
2968, 1741, 1575, 1535, 1444, 1371, 1222, 1092, 912, 802, 528.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 6.23 (d, °] = 2 Hz, 1H, H-5), 6.82 (d,
3] =2 Hz, 1H, H-4), 7.15 (d, 3] = 9 Hz, 2H, H-8), 7.42 (d, 3] = 9 Hz, 2H, H-12), 7.50 (d,
3] =9 Hz, 2H, H-13), 7.57 (d, 3] = 9 Hz, 2H, H-9), 8.59 (s, 1H,NH).

HRMS (MALDI-TOE/TOF) m/z: [M + H]* Calcd for C14H1,CIINO, 411.9601,
found 411.9584.

6 8
“CL
7
|
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5-(4-bromophenyl)-3-((4-iodophenyl)amino)furan-2(5H)-one 8d: crystallized from
acetic acid; brown powder; 31% yield; mp 182-184 °C; IR ATR v(em™1): 3463, 3071, 3031,
2942, 2360, 2245, 1740, 1722, 1588, 1366, 1226, 1218, 1205, 1173, 899, 823, 787, 674, 640, 569,
544, 519.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 6.21 (d, 3] =2 Hz, 1H, H-5), 6.82 (d,
31 =2 Hz, 1H, H-4), 7.14 (d, 3] = 9 Hz, 2H, H-8), 7.35 (d, 3] = 9 Hz, 2H, H-12), 7.57 (d,
3] =9 Hz, 2H, H-13), 7.63 (d, 3] = 9 Hz, 2H, H-9), 8.60 (s, 1H, NH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for C14H;,BrINO, 455.9096,
found 455.9078.
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4-(4-((4-iodophenyl)amino)-5-0x0-2,5-dihydrofuran-2-yl)benzonitrile 8f: crystallized
from acetic acid; brown powder; 29% yield; mp 184-185 °C; IR ATR v(cm’l): 3463, 3071,
3031, 2942, 2360, 2245, 1740, 1722, 1588, 1366, 1226, 1218, 1205, 1173, 899, 823, 787, 674, 640,
569, 544, 519.

'H NMR (400.1 MHz, DMSO-dg, & (ppm)): 6.32 (d, °] = 2 Hz, 1H, H-5), 6.86 (d,
31 =2Hz, 1H, H-4), 7.14 (d, °] = 9 Hz, 2H, H-8), 7.57 (d, %] = 9 Hz, 2H, H-9), 7.60 (d,
3] =9 Hz, 2H, H-12), 7.90 (d, 3] = 9 Hz, 2H, H-13), 8.63 (s, 1H, NH).

HRMS (MALDI-TOF/TOF) m/z: [M + H]* Calcd for C17H12IN,O, 402.9943;
found 402.9942.

3.2. X-ray Crystallography

Single-crystal X-ray diffraction data for 4d and 4e were collected on an Oxford-
Diffraction XCALIBUR Eos CCD diffractometer with graphite monochromated Mo K«
radiation, while 4b and 4c were collected on an XtaLAB Synergy, Dualflex, HyPix diffrac-
tometer using Cu K« radiation. The unit cell determination and data integration were
carried out using the CrysAlisPro package from Oxford Diffraction [29]. The multi-scan cor-
rection for absorption was applied. The structures were solved with the program SHELXT
using the intrinsic phasing method and refined by the full-matrix least-squares method on
F? with SHELXL [30,31]. Olex2 was used as an interface to the SHELX programs [32]. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were added in idealized
positions and refined using a riding model. Selected crystallographic data and structure
refinement details are provided in Table S1 and the corresponding CIF files. The supple-
mentary crystallographic data can be obtained free of charge via www.ccdc.cam.ac.uk (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK fax: (+44) 1223-336-033; or deposit@ccdc.ca.ac.uk).

3.3. Powder X-ray

X-ray diffraction analysis was performed in a Rigaku Miniflex 600 diffractometer
using CuKa emission in the angular range 2-50 °(26) with a scanning step of 0.01° and
a recording rate of 2 °/min.

3.3.1. Antimicrobial Activity
Microbial Strains

The antimicrobial activity was performed on reference microbial strains belonging to
Gram-positive bacteria (Staphylococcus epidermidis ATCC 12228), Gram-negative bacteria
(Klebsiella pneumoniae ATCC 13368) and yeast (Candida parapsilosis ATCC 22019).

3.3.2. Quantitative Evaluation of Antimicrobial Activity

In a 96-well plate, quantitative analysis was carried out using the serial binary mi-
crodilution technique in liquid media (Tryptone Soy Broth for bacteria and Sabouraud for
yeast). Stock solutions of 10 mg/Ml in DMSO were prepared, with concentrations ranging
from 5 to 0.016 mg/MIl. Simultaneously, under the same working circumstances, repeated
dilutions with DMSO were performed to obtain the negative control. Each well received
10 pL of microbial solution adjusted to 1.5 x 108 CFU/MI from cultures cultivated for
18 to 24 h. MIC values were calculated both macroscopically, as the final concentration at
which no microbial growth was seen, and spectrophotometrically. The absorbance of the
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microbial cultures was measured at 620 nm using a Molecular Devices FlexStation 3 UV-
Vis spectrophotometer (San Jose, CA, USA). For each concentration, a distinct blank was
created for each sample. The data were analyzed using the Prism GraphPad 9.0 software’s
log (inhibitory) vs. response analysis function—Variable Slope (four parameters)—in order
to generate the IC50 (the sample concentration that inhibits 50% microbiological viability
from a microbial inoculum). To measure the minimal microbicidal concentrations (MMC),
5 uL of each well was spotted on a solid medium. The plates were incubated at 37 °C for
20-24 h. The MMC was defined as the last concentration at which no microbial colony
development was detected.

3.3.3. The Effect on Microbial Adhesion

Following the quantitative investigation of antimicrobial activity, microbial adherence
was assessed using the slime technique following fixation with methanol and staining
with crystal violet (0.1%). At 490 nm, the absorbance of biological material suspended in
33% acetic acid was determined.

3.3.4. Statistical Analysis

The data were presented as means + standard deviation (SD) (as established by dupli-
cate analysis). GraphPad Prism 10v was used for statistical analysis. For comparison of the
IC50, general structure and solvent utilized, data were analyzed using standard two-way
ANOVA with a two-step increase for multiple comparisons (Tukey). The significance
threshold was chosen at p < 0.05.

4. Conclusions

This study presents the design and synthesis of a novel family of carboxy-quinolines con-
taining an iodine atom. The compounds were produced utilizing a one-pot, two-component
technique, with trifluoroacetic acid serving as an efficient catalyst. The applicable method
is an advancement of the Doebner reaction, which involves beginning with aniline and
withdrawing substituents to produce desired quinolines. This technology offers many
benefits, including reduced reaction times, a simplified purification process, the use of
cost-effective catalysts and high product yields.

A complete investigation regarding the influence of the starting aldehyde was made.
The obtained compounds were characterized by physicochemical techniques (‘H-NMR,
BBC-NMR, MS, T-IR, melting point and monocrystal and powder X-ray in some cases) in
order to confirm the structure and the synthesis procedure.

The antibacterial activity of the new products was investigated and all tested series
showed good activity against S. epidermidis and C. parapsilosis. The best antimicrobial
activity was found for the compounds containing p-Br and Cl-phenyl substituents. The
derivatives with p-CF3-phenyl and benzo[d][1,3]dioxole moieties also showed good activity
against S. epidermidis and C. parapsilosis. These compounds inhibited the adhesion of S.
epidermidis and C. parapsilosis cells. Due to the hydrophobic nature of these compounds,
they can easily penetrate the Stratum corneum, thus increasing their bioavailability for skin
infection. In this context, we propose to continue the research to find new strategies to
prevent the formation of chronic wounds due to microbial biofilm formation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules29040772/s1, Figure S1.A. The 1H-NMR spectrum
corresponding to compound 4c, recorded in DMSO-d6, at 400.1 MHz; Figure S1.B. The 13C-NMR
spectrum corresponding to compound 4c, recorded in DMSO-d6, at 100.6 MHz; Figure S1.C. De-
tailed region of the H,C-HSQC spectrum corresponding to compound 4c, showing the correlation
signals for protonated carbons; Figure S1.D. The H,C-HMBC spectrum corresponding to compound
4c, showing 2 or 3 bond correlation signals between protons and carbons, used mainly to assign
quaternary carbons; Figure S1.E. MALDI-MS spectra of compound 4c; Figure S1.FE. FT-IR spectrum
of compound 4c; Figure S2.A. The 1H-NMR spectrum corresponding to compound 4t, recorded
in DMSO-d6, at 400.1 MHz; Figure S2.B. The 13C-NMR spectrum corresponding to compound
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4t, recorded in DMSO-d6, at 100.6 MHz; Figure S2.C. MALDI-MS spectrum of the compound 4t;
Figure S2.D. FT-IR spectrum of compound 4t; Figure S3.A. The 1H-NMR spectrum corresponding to
compound 8¢, recorded in DMSO-d6, at 400.1 MHz; Figure S3.B. MALDI-MS spectra of compound
8¢; Figure S3.C. FT-IR spectrum of compound 8c; Figure S4.A. The 1TH-NMR spectrum correspond-
ing to compound 5n, recorded in DMSO-d6, at 400.1 MHz; Figure S4.B. The 13C-NMR spectrum
corresponding to compound 5n, recorded in DMSO-d6, at 100.6 MHz; Figure S4.C. The H,C-HMBC
spectrum corresponding to compound 5n, recorded in DMSO-d6, showing correlation signals be-
tween vinylic protons and either quinoline’s CH-3 or benzaldehyde’s C-14 carbon atoms; Figure
S4.D. Maldi-MS spectrum corresponding to compound 5n; Figure S4.E. FI-IR spectrum of compound
5n; Figure S5.A. The 1TH-NMR spectrum corresponding to compound 7, recorded in DMSO-d6, at
600.1 MHz; Figure S5.B. The 13C-NMR spectrum corresponding to compound 7, recorded in DMSO-
dé, at 150.9 MHz; Figure S5.C. Maldi-MS spectrum corresponding to compound 7; Figure S5.D. FT-IR
spectrum of compound 7; Figure S6. View of the asymmetric unit (large atoms and bonds radii)
showing its interaction with adjacent molecules for 4c (a) and 4d (b); Figure S7. Crystal packing
viewed along b-axis for 4d; Figure S8. View of the asymmetric unit (large atoms and bonds radii)
showing its interaction with adjacent molecules for 4b (a) and 4e (b); Figure S9. Crystal packing
viewed along b-axis for compounds 4b (a) and 4e (b); Figure S10. Powder XRD of compounds 4b and
4c; Table S1. Crystal data and details of structure refinement for 4b, 4c, 4d and 4e; Table S2. Bond
distances and angles for 4b; Table S3. Bond distances and angles for 4c; Table S4. Bond distances and
angles for 4d; Table S5. Bond distances and angles for 4e.
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Abstract: Isoxazolidine, isoxazole, and isoquinolinone rings are present in the structure of several
natural products and/or pharmaceutically interesting compounds. In this work, facile and efficient
pathways have been developed for the preparation of fused frameworks bearing those heterocycles.
The successful approaches for both isoxazolidine /isoquinolinone and isoxazole/isoquinolinone hy-
brid syntheses relied initially on 1,3-dipolar cycloadditions of nitrones and nitrile oxides to indenone
and 2-propargylbenzamide, respectively. The construction of the isoquinolinone lactam system
followed by performing a selective Schmidt reaction for isoxazolidine derivatives (two steps overall),
whereas the isoxazole lactams were reached via an Ullmann-type cyclisation (three steps overall).
Key observations were made regarding the stereo- and regioselectivities of the reactions employed,
and small libraries of the targeted hybrids were prepared, demonstrating the general applicability of
these strategies.

Keywords: isoxazole; isoxazolidine; isoquinolinone; indanone; nitrone; nitrile oxide; 1,3-dipolar
cycloaddition; Schmidt reaction; Ullmann reaction

1. Introduction

The 1,3-dipolar cycloaddition reaction (Huisgen cycloaddition) is established as a
powerful tool for constructing five-membered heterocycles [1]. Among the various het-
erocyclic rings that are easily accessible via this strategy, isoxazolidines and isoxazoles,
the cycloadducts obtained when nitrones or nitrile oxides are employed as 1,3-dipoles
in reactions with alkenes and alkynes, respectively, are of great importance [2,3]. These
scaffolds are present in the structure of several natural products, and in many instances,
they were proved to be crucial for the observed biological activity [4] (Figure 1). A plethora
of drugs and other compounds of interest to the pharmaceutical industry also contain those
five-membered heterocycles [5,6], thus increasing the synthetic value of the 1,3-dipolar
cycloaddition approach not only for the ease of preparing heterocyclic compounds but also
for inserting high structural complexity in a straightforward manner.
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Figure 1. Representative examples of natural products and bioactive derivatives bearing the isoxazo-

lidine or isoxazole moiety [7-10].

Another structural feature commonly appearing in biological active compounds,
including either natural products or synthetic drugs, is the isoquinolinone or tetrahy-
droisoquinolinone moiety [11] (Figure 2). Such ring systems are often found in several
pharmacophores, and positive results of Structure—Activity Relationship (SAR) studies
support the design of new compounds bearing the aforementioned scaffold [12]. A conve-
nient approach for the construction of the benzolactamic backbone present in those ring
systems is the Schmidt reaction [13,14]. Apparently, the harsh acidic/thermal conditions
required for the Schmidt protocol could be considered a drawback for the range of desired
potential substrates. However, proper modifications may lead to a larger substrate pool
being tolerated.

O
G
O O

UL
0O
OH

alangiumkaloid A oxyavicine

(+)-plicamine (+)-pancratistatin

Figure 2. Isoquinolinone or tetrahydroisoquinolinone scaffold in some natural products [15-18].

The facile preparation of libraries of novel hybrid compounds combining the two inter-
esting structural features (isoxazolidine or isoxazole heterocycle and (tetra)isoquinolinone
ring system) seems to be an appealing and challenging goal. A versatile synthetic method-
ology could provide potent lead compounds against various biological targets (enzyme
inhibition, antifungal activity, etc.). Therefore, development of a concise synthetic se-
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quence that simultaneously maintains a high level of versatility was the task we decided
to address. Moreover, observations of the chemical behaviour and reactivity of both the
heterocyclic intermediates and the targeted compounds could extract valuable information
for the development of future synthetic routes towards other related compounds, so as to
avoid unforeseen complications and the formation of unwanted side products in newly
designed syntheses.

According to our original design, the employment of two key reactions was envisioned
for the construction of the main core of the targeted compounds (Figure 3). The introduction
of the amide functional group was planned via a Schmidt reaction to a ketone isoxazolidine
or isoxazoline cycloadduct. The latter can be prepared utilising an 1,3-dipolar cycloaddition
reaction between indenone, serving as the dipolarophile partner, and a nitrone or nitrile
oxide 1,3-dipole. In the case of isoxazoline/isoquinolinones, a final oxidation step is
required to obtain the target isoxazole derivatives. Both 1,3-dipoles and the dipolarophile
can be accessed through known synthetic methodologies from commercially available
reagents (Scheme 1).

backbone of nitrogen insertion via
indanone precursor Schmidt reaction

isoxazolidine ring from N- isoxazole ring from
substituted nitrones of nitrile oxides
various aldehydes of various aldehydes

Figure 3. Design of targeted compounds.

O [rfR1
Q o
Ry 0" "Rs
NH nitrone
-N. 1,3-dipole
R, 0 g ( pole)
O-N isoxazolidine +
\ . cycloadducts . 0]
Rs Schmidt <Y UCS 1, 3-dipolar
isoxazolidine/isoquinolinone | reaction . cgcloaddmon ’
hybrids
0 indenone
i P (dipolarophile)
NH Oxidation NH R, N
————» — | o
7 5—Re —Re o-N O-N=—R;
O-N O-N isoxazoline nitrile oxide
isoxazole/ isoxazolinefisoquinolinone cycloadducts (1,3-dipole)
isoquinolinone hybrids
hybrids

Scheme 1. Retrosynthetic plan for the targeted hybrids.

2. Results and Discussion
2.1. Synthesis of the Starting Materials

Due to its instability, indenone (3) was prepared from 3-bromoindanone (2) upon
treatment with EtzN, each time prior to its use [19]. Bromide 2 was prepared from 1-
indanone (1) at a large scale (up to 10 g) following a known procedure [20] and was kept in
the freezer for months without any sign of decomposition (Scheme 2).
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Scheme 2. Preparation of dipolarophile 3.

For the first batch of 1,3-dipoles, we chose to proceed with N-benzyl nitrones of vari-
ous commercially available aldehydes, consisting mostly of benzaldehydes. A modified
procedure of a typical one reported in the literature [21] was followed, and, in total, 14 ni-
trones [22-27] were synthesised (Scheme 3A). In a similar manner, a variety of aldehydes
were transformed to the corresponding oximes (Scheme 3B), following a known general
protocol [28]. These oximes [29-37] served as the precursors of the required nitrile oxides.

A ' B
BnNHOH-HCI : NH,OHHCI
NaHCO3 R 5 R0 NaOAc . _OH
RS0 MgSO, +,5r 5 EtOH/H,0 4:1
DCM o VBn ! reflux, 1 h 5a-o
m,.24h 4a-n E
~ 0 O OO
- O O oo
; 5a (99%) 5b (98%) 5¢c (96%) 5d (98%)
4a (97%) 4b (97%) 4c (99%) 4d (91%) !
N f Q Q J@ J@
/© /© )@ ! (99%) (93%) (97%) (96%)
Q o o
Br :
e (99%) 4f (99%) g (98%) h (98%) 4i ( 99%) | /@\ /\Q ;@E ;@
Me Cl E
N | o, 0, o, o,
| /\Q ;@ ; i (99%) 97/0 90A) 99A)
_N .
_(CHy)sCH3 !
: /@7 “ /E\> __(CHy)sCH
4j (98%) K (85%) 1 (99%) 97% n(93%) ! 2)6CHs
! 5m (88%) 5n (83%) 5o (94%)

Scheme 3. (A). Preparation of nitrones 4. (B). Preparation of nitrile oxide precursors 5.

2.2. Synthesis of Isoxazolidine/Isoquinolinone Hybrids
2.2.1. Optimisation Studies for the 1,3-dipolar Cycloaddition Reaction between Indenone
and Nitrones

In principle, four cycloadducts are to be expected as plausible products from the
1,3-dipolar cycloaddition reaction between a nitrone and a cyclic alkene. The E/Z-nitrone
isomerisation in combination with the competing effects of secondary interactions, such as
pi stacking and steric hindrance from bulky groups, can play a crucial role, thus rendering
it rather hard to predict the stereoselective outcome (Scheme 4). Additionally, the issue
of regioselectivity (regioisomers not shown) may complicate the situation even more.
However, we presumed that in our case only one regio-orientation would be favoured due
to the o, 3-unsaturated system present in indenone.

To identify the preference towards the two competing stereoisomeric cycloadducts,
several conditions were examined for the model reaction between N-benzyl nitrone of
benzaldehyde (4a) and the in situ prepared indenone (3) (Table 1). Initially, simply re-
fluxing the two partners in toluene afforded only two cycloadducts, 6a and 7a, with a
good total yield (70%) (entry 1), whereas at lower temperatures the reaction seemed to
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be sluggish, regardless of the solvent used (only representative entries 1-3 are given in
Table 1). The two adducts were successfully separated with column chromatography. 2D
NMR spectroscopy (Figure 4) revealed that both cycloadducts emerged from the same
regio orientation of the nitrone and were stereoisomers in regard to the relative geometry
of the nitrone (E/Z isomerisation). Next, we settled with conducting a thorough screening
in an attempt to determine conditions that may lead to the selective preparation of each
of the two cycloadducts and further improve the yield. Metal triflates are widely used in
such reactions with nitrones to control stereo- and regioselectivity because a lot of those
compounds are commercially available [38-40]. Therefore, besides modifying the solvent,
temperature, and reaction time, we also checked the influence of a reasonable number of
metal triflates in substoichiometrical amounts as additives in order to investigate whether
one of the cycloadducts is favoured over the other. Although we have not managed to estab-
lish a completely selective protocol, it is worth mentioning that Zn(OTf); (entries 7 and 8)
led to the best ratio (almost 2:1 in favour of endo-adduct 6a) and an overall yield of 80%. The
best results in terms of the overall yield of the reaction (90%) were obtained using AgOTf
as the additive, but without a significant effect on selectivity regarding the formation of
the two cycloadducts (6a/7a 1.25:1, entry 12). The silver salt counteranion proved to be
of little importance because similar results for the stereoselectivity and the yield were
observed with all silver salts employed (entries 12, 18, and 19). In an attempt to reverse
the regioselectivity by taking advantage of their high affinity towards oxygen, titanium,
and tin, Lewis acids were used (entries 16 and 17), but with no success. In general, heating
the reaction mixture at 80 °C gave optimum results both in terms of productivity and time
of completion.

E-nitrone O
'(R (exo-T.S.) H R
/' N7BN . H
// ! + O’N\
o/ d- Bn
@Qf{iH _
\\ H\\\
indenone  \ \ Z-nitrone
.: \\ \\ - O
(cyclic alkene) . R \/ (endo - T.S.) @l:\('-'
LN . "R
0~ ""Bn 0-N-gy

Scheme 4. The two possible stereoisomeric adducts for the reaction of indenone 3 and a nitrone.

Table 1. Optimisation studies for the 1,3-dipolar cycloaddition reaction of 3 with nitrone 4a.

O Ph  additive Q 2
ﬁr solvent Hy . H pn
+ _— >
O’ B fN\ temperature """Ph Y
O Bn time o-N. o-N.
H Bn H Bn
3 4a 6a 7a
3 dal 2 Temp. Additive Time 5 5 Yield 5
Enty  (equiv)  (equiv)  Solvent ©0) (0.25 equiv) (h 6a 7a (comb.)
1 1 1 PhMe 110 - 24 40% 30% 70%
2 1 1 DCM 25 - 72 18% 7% 25%
3 1 1 none 80 - 2 32.5% 15.5% 48%
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Table 1. Cont.

3 4al 2 Temp. Additive Time Yield 5
Entry (equiv.) (equiv.) Solvent (@) (0.25 equiv.) (h) 6a® 7a’ (comb.)
4 1 1 DCM 25 Cu(OTf), 24 10% <1% 10%
5 1 1 PhMe 40 Sc(OTf)3 72 43% 20% 63%
6 1 1 PhMe 40 Mg(OTf), 72 39.5% 25.5% 65%
7 1.2 1 PhMe 60 Zn(OTf), 24 50% 28% 78.5%
8 1.2 1 PhMe 60 Zn(OTf), 48 54.5% 25.5% 80%
9 1.2 1 PhMe 60 In(OTf)3 48 35% 20.5% 55.5%
10 1.2 1 PhMe 60 AgOTf 72 45.5% 36% 81.5%
113 1.2 1 PhMe 80 Zn(OTf), 24 50% 34% 84%
12 1.2 1 PhMe 80 AgOTf 24 50% 40% 90%
13 1.2 1 PhMe 80 Cu(OTf), 24 31% 19% 50%
144 1.2 1 PhMe 80 Zn(OTf), 3 34.5% 18.5% 53%
154 1.2 1 PhMe 100 AgOTf 4 46% 34% 80%
163 1 1 PhMe 25 SnCly 24 - - -
173 1 1 PhMe 25 TiCly 24 - - -
18 1.2 1 PhMe 80 AgrCO3 24 45% 35.5% 80.5%
19 1.2 1 PhMe 80 Ag,O 24 45% 35% 80%

11 mmole of 4a used; 2 7 mL/mmole of 4a; 3 1 equiv. of the additive was used; 4 the reaction was carried out
under uW irradiation; ° yield after purification through flash column chromatography based on the amount of
nitrone used.

» x : NOESY correlations

~~"x 1 HMBC correlations
Figure 4. Determining the structure of cycloadducts 6a and 7a using 2D NMR spectra.

2.2.2. Synthesis of Diverse Isoxazolidines

We then applied our optimised conditions (entry 12, Table 1) by using as dipoles the
N-benzyl nitrones 4 shown in Scheme 3A (Table 2). For almost every nitrone examined, the
endo cycloadduct 6 was the predominant one, in accordance with the optimisation studies.
However, in two cases (entries 13 and 14), the exo cycloadduct was the main product of the
reaction. It should be noted that for the o-substituted phenyl nitrones 4g and 4h (entries
7 and 8), the formation of the corresponding regioisomers 8 was also verified. 2D NMR
studies were again used to prove that the latter originate from an exo-T.S. pathway (in a
way similar to the analysis shown in Figure 4).

2.2.3. Optimisation of the Schmidt Reaction of Isoxazolidine Adducts

The Schmidt reaction represents a convenient method for the conversion of cyclic
ketones to lactams. The nitrogen migration depends strongly on the acidic medium that the
reaction is carried in (HpSO4, PPA, HCI) [13], while the respective substrate holds a decisive
role as well (electronic effects of existing substituents may alter the outcome) [41-43].
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Table 2. Synthesis of isoxazolidine cycloadducts using various nitrones.

(6] R AgOTf
rj PhMe
O n 80 °C 24 h

Bn

|
+ +
3 4
_ Regio Yield !
Entry R= endo Cycloadduct exo Cycloadduct Cycloadduct (comb.)
1 /@ 6a (50%) 7a (40%) - 90%
Me
2 /© 6b (40%) 7b (37%) - 77%
OMe
3 /©/ 6¢ (47%) 7c (24%) - 71%
OH
4 /©/ 6d (45%) 7d (26%) - 71%
o\ﬁ.
5 /@N 6e (43%) 7e (26%) - 69%
CF,
6 /©/ 6f (54%) 7£ (24%) ; 78%
F5;C
7 /\© 6g (31%) 7g (24%) 8g (16%) 71%
Br-
8 :@ 6h (28%) 7h (20%) 8h (23%) 71%
N
9 _/J /\© 6i (42%) 7i (34%) - 76%
O
N
10 | N 6j (55%) 7§ (27%) - 82%
Me Me
11 /\Q/ 6k (32%) 7k (20%) - 52%
Me
Cl
12 ;@ 61 (40%) - - 40%
Cl
F
F F
13 6m (18%) 7m (37%) - 55%
F
F
14 _(CHz)6CH3 6n (21%) 7n (55%) - 76%

! yield after purification through flash column chromatography based on the amount of nitrone used.

To investigate the optimal conditions for the transformation of our ketone cycloadducts
(6 and 7) to lactams (tetrahydroisoquinolinones), a number of experiments were conducted
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using endo cycloadduct 6a as the model substrate (Table 3). Interestingly enough, many
of the more commonly used acids (HCl, HySO,) failed to give any reaction, or the yield
was meagre. Trifluoroacetic acid (TFA) and the extremely powerful triflic acid (TfOH)
also failed to afford any product, and the starting material was recovered intact in both
cases. The first encouraging result was obtained using methanesulfonic acid (MsOH), as
shown in entry 9. Ultimately, proper modifications led to a protocol that furnished the
desired tetrahydroisoquinolinone 9a, with a very good yield (entry 11). 2D NMR studies
(Figure 5) confirmed the nitrogen migration to the sp? (alkyl) carbon and retention of the
relative stereochemistry of protons of the starting adduct 6a in hybrid 9a. Additionally,
the formation of the tetrazole by-product 10a was observed. In order to test whether
amide 9a could be formed exclusively, the Schmidt reaction was also carried out at a lower
temperature (0 °C) in DCM or CHCl3, but the starting isoxazolidine 6a remained intact
(experiments not shown in Table 3).

Table 3. Investigation of the Schmidt reaction conditions on 6a.

O NaN; or HN3
H H solvent
_
"'Ph acid
temperature

-N
H O™ gn time
6a
. Temp. Time Yield ®
4 p 5 5 e
Entry Acid Reagent Solvent ©C) ) 9a 10a (comb.)

1 aq. HCl . )
1 (37%) NaNj3 PhMe 25 24 rsm

1 aq. HCl1 ) )
2 (37%) NaNj3 PhMe 50 24 rsm

5 aq. HCl . ) )
3 (37%) NaNj3 80 24 rsm
42 TFA NaNj3 - 25 24 - - rsm
52 TFA NaNj - 72 24 - - rsm
61 TfOH NaNj3; PhMe 25 24 - - rsm
72 TfOH NaNj - 25 24 - - rsm
gl HS04 NaNj3 PhMe 80 24 15% - 15%
91 MsOH NaNj3 PhMe 25 24 <10% - ~10% + rsm
103 MsOH HNj3 PhMe 25 48 76% 13% 89%
113 MsOH HN3 DCM 25 48 78% 14% 92%

10.1 mmoles of 6a, 3 equiv. NaNj3, 0.1 equiv. of the acid; 2 0.1 mmoles of 6a, 3 equiv. NaNj3, acid is used as the
solvent; 3 0.1 mmoles of 6a, 2.5M HNj in solvent, ratio of solvent/MsOH 2:1; 4 20 mL/mmole of 6a; > yield after
purification through flash column chromatography; rsm = recovered starting material.

» X : NOESY correlations

.-~x : HMBC correlations

Figure 5. Determining the structure of lactam 9a using 2D NMR spectra.
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It is known [44,45] that this type of tetrazole by-product may be derived via an
alternative pathway of the Schmidt reaction, where the initially formed nitrilium ion is
quenched by hydrazoic acid when the latter is present at high concentrations. To exclude
the possibility of tetrazole ring formation via a post-amidation reaction, we left pure lactam
9a to react under our Schmidt protocol conditions, but the latter remained intact. Applying
other methods that transform amides to tetrazoles at higher temperatures [46,47] led to
the consumption of starting lactam and the formation of parent isoquinolinone 11 and the
original nitrone 4a via an unexpected retro 1,3-dipolar cycloaddition reaction (Scheme 5).
As it was further concluded, the same retro cycloaddition occurs when lactam 9a is simply
heated above 80 °C in an appropriate solvent.

A ————>
2.5 M HN3 in DCM
DCM/MsOH 2:1

rt, 24 h

DPPA, pyridine
reflux, 24 h

or BOP, DBU
NaN3;, MeCN

rt to reflux, 24 h

Scheme 5. Attempting tetrazole formation from lactam 9a.

2.2.4. Synthesis of the Targeted Isoxazolidine/Tetrahydroisoquinolinone Hybrids

Having gathered critical insight, we proceeded to prepare a number of isozaxolidine
hybrids. The optimised protocol for the Schmidt reaction was applied to both endo and exo
cycloadducts, and the results are summarised in Tables 4 and 5, respectively. Regardless
of the stereoisomer used, this protocol furnished (in most cases, uneventfully) the desired
tetrahydroisoquinolinones (9 and 12), although some rather distinct differences between
the two can be underlined. Endo cycloadducts 6 gave the lactams in moderate to very
good yields, whereas the exo ones (7) furnished the analogous lactams in excellent yields
in almost every case. The reaction time was also notably shorter for exo cycloadducts
compared to the endo ones. Furthermore, the tetrazole by-product of exo analogs was
formed in almost every instance. Presumably, the difference in the conformation of the
five-membered heterocyclic ring holds the answer to this overall quite different behaviour,
but a complete explanation cannot be deduced from the existing data.

Table 4. Synthesis of tetrahydroisoquinolinones 9.

o}
0
H H 2.5 MHNzin DCM H
"R T DOMIMSOH 21 +
DCM/MsOH 2:1 -H
X O,N\Bn 1, 48-72 h H O~N R
Bn
6 9
Entry R= Lactam ! Tetrazole ! Combined Yield !

1 /@ 9a (78%) 10a (14%) 89%
Me
2 Q 9b (59%) 10b (19%) 78%

152



Molecules 2024, 29, 91

Table 4. Cont.

Entry R= Lactam ! Tetrazole ! Combined Yield !
OMe
3 Q/ 9¢ (62%) ; 62%
OH
4 Q/ 9d (54%) ; 54%
O.
R
5 Q/N 9e (81%) - 81%
CF3
6 Q/ of (70%) ; 70%
F3C
7 /\© 9g (65%) 10g (12%) 77%
Br
8 D 9h (65%) 10h (17%) 82%
N
9 9i (51% - 51%
T wew
\ .
10 \ N 9j (53%) - 53%
Me Me
11 /\E;/ 9k (90%) - 90%
Me
Cl
12 :@ 91 (72%) 101 (13%) 85%
Cl
F
F F
13 9m (650/0) - 65%
F
F
14 ~(CH2)6CH3 9n (69%) 10n (11%) 80%
1 yield after purification through flash column chromatography.
Table 5. Synthesis of tetrahydroisoquinolinones 12.
N-N

0]

H R 2.5MHN;in DCM

"H "DCM/MsOH 2:1 R R
H O/N\Bn rt, 24 h H O\N\ H H O\N\ H
Bn Bn
7 13
Entry R= Lactam ! Tetrazole ! Combined Yield !
1 /@ 12a (82%) 13a (14%) 96%
Me

2 Q 12b (72%) 13b (14%) 86%
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Table 5. Cont.

Entry R= Lactam ! Tetrazole ! Combined Yield !
OMe
3 /©/ 12¢ (83%) 13¢ (14%) 97%
OH
4 Q/ 12d (75%) ; 75%
0.
R
5 /@N 12e (84%) 13e (14%) 98%
CF3
6 /@f 12f (85%) 13f (14%) 99%
F5;C
7 ;@ 12g (82%) 13g (14%) 96%
Br.
8 :@ 12h (87%) 13h (12%) 99%
N
9 12i (84% 13i (8% 92%
A0 (847 %)
\ .
10 | N 12j (64%) - 64%
Me Me
11 /\©/ - - decomposed
Me
F
F F
13 12m (81%) 13m (12%) 93%
F
F
14 _(CH2)6CH3 12n (90%) 13n (9%) 99%

! yield after purification through flash column chromatography.

2.3. Synthesis of Isoxazole/Isoquinolinone Hybrids
2.3.1. Model 1,3-dipolar Cycloaddition Reaction between Indenone and Benzonitrile Oxide
and the Following Schmidt Reaction

The 1,3-dipolar cycloaddition reaction between indenone 3 and nitrile oxides was
planned as a one-pot procedure. Treating oximes 6 with NCS in DMF furnished the
corresponding hydroxamoyl chlorides 14 [48], which were then used without further
purification. In the model reaction, one equivalent of Et3N was added to the solution of the
in situ prepared indenone 3 before the dropwise addition of phenylhydroxamoyl chloride
(Scheme 6). This reaction smoothly furnished the two regioisomeric adducts (15 and 16),
which were isolated and characterised. Once again, the major regioisomer 15 was the one
favoured due to the «,(3-unsaturated system present in the dipolarophile.

Isoxazoline cycloadduct 15 was then submitted to the previously optimised Schmidt
reaction protocol (i.e., entry 11, Table 3). To our surprise, this reaction did not furnish
the desired lactam, but instead nitrile 17 was isolated as the main product. Traces of
the corresponding isoxazole/benzamide 18a were also identified in the reaction mixture
(Scheme 7). Alternatively, heating of 15 in the presence of sodium azide (NaN3) and
concentrated sulfuric acid gave benzamide 18a as the major product. Obviously, the latter
derived upon hydrolysis of the initially formed nitrile 17.
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CI Ph
(@]
14a
O’ "Et;N, DCM
°C to rt O’N
3 15 (88%)

16 (6%

Scheme 6. 1,3-dipolar cycloaddition between indenone 3 and benzonitrile oxide 14a.

2.5 M HN3 in DCM % ©i;\f
DCM/MsOH 2:1

Ph Ph
t, 24 h, 68% Oy

2 (68%) 18a <1%
Ph
|
O’N
15 NaNj, 98% H,SO,
PhMe
80°C,2h, 73% %Ph / Ph
=N
12% 18a (61%

Scheme 7. Schmidt reaction on ketone isoxazoline 15.

Both the Schmidt reaction and the Beckmann rearrangement share the same mech-
anistic pathway once the nitrogen migration occurs. Nitriles are common side products
generated from the Beckmann rearrangement, and when those are the major products,
the transformation is named “Beckmann fragmentation” instead [49]. We assume that in
our case, this fragmentation is greatly favoured because the intermediate nitrilium ion 20
readily collapses to the significantly more stable aromatic isoxazole 17 (Scheme 8).

+

Nz
‘\_/ N + -
/ ) \N C’
Ph HA
—_— —_—
_N2 Ph _H+ =
N /, / Ph
o~ O~N O-N
19 20 17

Scheme 8. Nitrile/isoxazole formation as a result of a Beckmann fragmentation.

2.3.2. Revision of the Synthetic Plan

The unforeseen outcome of the Schmidt reaction on isoxazoline adduct 15 made
us reconsider our synthetic approach towards the targeted isoxazole/isoquinolinone hy-
brids. Interestingly, derivative 17a attracted our attention because it incorporates the
isoxazole/benzamide framework, which is ultimately present in our targeted hybrid com-
pounds. Thus, a revised short, synthetic route involving isoxazole/benzamide derivatives
was designed. According to this plan, cyclisation of the appropriate 4-iodo isoxazole
intermediates via a copper-catalysed Ullmann-type reaction could afford the desired isox-
azole/isoquinolinone hybrids. The required iodo derivatives could be prepared via an
iodination reaction of the corresponding isoxazole/benzamides, which simply represent
the adducts of 1,3-dipolar cycloadditions between 2-propargylbenzamide, now serving as
the new dipolarophile, and various in situ prepared nitrile oxides (Scheme 9).
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-+
O-N=—R
nitrile oxide
Ulmann 1,3-dipolar (1,3-dipole)
NH cycllzatlcn NH, /odmat/on H, cyc[oadd/t[on
=
/ \ 0
O-N a
| NH,
isoxazole/ |soxazo|e/
isoquinolinone 4-jodo |soxazole/ benzamides \\
hybrids benzamides

2-propargylbenzamide
(dipolarophile)

Scheme 9. Revised retrosynthetic plan towards isoxazole/isoquinolinone hybrids.

2.3.3. Isoxazole/Benzamides via an 1,3-dipolar Cycloaddition Reaction

A Sonogashira cross coupling reaction to commercially available 2-iodobenzamide
and subsequent cleavage of the TMS group, following a typical procedure, afforded 2-
propargylbenzamide 21 [50]. A series of in situ generated nitrile oxides (see Scheme 6)
reacted with propargyl dipolarophile 21 to give isoxazole/benzamides 18 as single products
and in very good yields (Table 6).

Table 6. Synthesis of isoxazole/benzamides 18.

CIYR

N O
O HO®
NH, 14 NH,
EtsN, DCM _
R
% 0°tort,4h O‘N/

21
Entry R= Yield ! Entry R= Yield !
1 /@ 18a (84%) 9 /O\ 18i (83%)
Me
2 /@f 18b (89%) 102 18j (90%)
Me
F
OMe F F
3 /©/ 18¢ (87%) 113 18k (84%)
F
F
cl
CF,
4 /©/ 18d (86%) 122 ;@ 181 (93%)
F \
5 /©/ 18e (88%) 13 /E(}* 18m (80%)

Bu A
18f (91%) 14 /E; 18n (79%)

Q
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Table 6. Cont.

Entry R = Yield ! Entry R= Yield !
Br-
7 :@ 18g (92%) 15 _(CH2)sCHs 180 (92%)
F3C
8 j@ 18h (89%)

! yield after purification through flash column chromatography; > PhMe was used instead of DCM and the
reaction mixture was refluxed; ° the reaction mixture was heated to 40 °C.

2.3.4. Iodination of the Isoxazole Ring

The isoxazole heterocycle is prone to undergoing various transformations, including
halogenation. The protocol for the iodination of the 4-position of the isoxazole ring of our
derivatives 18 involved treatment with NIS (N-iodosuccinimide) in trifluoroacetic acid
under microwave irradiation [51]. This afforded the 4-iodoisoxazoles 22 in excellent yields
for most of the substrates (Table 7). Exceptions were the analogs bearing the mesityl, furanyl,
and thiophene groups (18j, 18m, and 18n, respectively), which failed to exclusively give
the desired products. Instead, complicated mixtures of mono- and polyiodinated products
were obtained, regardless of the equivalents of NIS used. It is also worth mentioning that
two equivalents of NIS were used for isoxazole 18¢, due to its facile concomitant iodination
on the electronically rich p-methoxyphenyl ring.

Table 7. Iodination of isoxazole derivatives 18.

o 0
NHz  NIS, TFA NH,
Lo}
_ {W, 80 °C o,

/ 10 min |
N /)

Entry R

Yield ! Entry Yield !

N
R
R:
1 /@ 22a (97% 93 /©\ 22i (99%
a (97%) NO, i (99%)
Me Me
Me
2 /©/ 22b (99%) 10 /\Q -

Me
F
OMe F F
32 /@[ 22¢ (88%) 11 22k (99%)
| F
F
Cl
CFs
4 /@f 22d (99%) 12 :@ 221 (98%)
Cl
F \
5 /@f 22e (97%) 13 )¢ ;
Bu A
6 /© 22 (97%) 14 /@ -
Br-
7 :@ 22¢ (99%) 15 _(CH)CHs 220 (98%)

157



Molecules 2024, 29, 91

Table 7. Cont.

Entry R = Yield ! Entry R= Yield !

FsC
8 J@ 22h (99%)

1 yield after purification through flash column chromatography; 2 2 equiv. of NIS were used; * yield after
purification through trituration with EtO/n-hexane.

2.3.5. Optimisation Studies for the Ullmann Reaction

The copper-catalysed C-N bond formation (Ullmann reaction) remains an appeal-
ing alternative for the Buchwald-Hartwig reaction, because the latter depends on more
expensive and less stable palladium catalysts. A thorough screening to determine the
best conditions (copper catalyst, base, solvent, and temperature) was conducted on iodo-
isoxazole 22a (Table 8). Copper(I) thiophene-2-carboxylate (CuTC), being a useful reagent
in such reactions, gave inarguably superior results in comparison to the more commonly
used copper(l) iodide (Cul) [52]. Typical inorganic bases and solvents were tested, and the
best results were obtained upon using K,CO3; and DMF while maintaining the temperature
at 80 °C (entry 10).

2.3.6. Building a Library of Isoxazole/Isoquinolinone Hybrids via the
Ullmann-Type Cyclisation

The optimum conditions for Ullmann cyclisation were, thereafter, applied to the rest
of the iodo-isoxazoles (Table 9). Analogs bearing a p-substituted aryl group afforded the
desired isoquinolinones in very good yields (67-93%). Isoquinolinones where the aryl
group is ortho-substituted were isolated in moderate yields (58-61%), whereas analogs
with polysubstituted aryl groups furnished the targeted products in generally low yields
(29—-46%). Nitro analog 22i failed to give the Ullmann cyclisation because it gradually
decomposed during the reaction. Moreover, isoquinolinone derivative 23¢ was subjected
to a reductive deiodination employing 10% Pd/C to furnish isoquinolinone 24.

Table 8. Ullmann cyclisation optimisation studies.

O O
ey
NH, base NH
o) solvent,
( N temperature Z —Ph
4 18 h O~N
! Ph
22a 23a
Entry ! Cop(}e) ZI;HS‘?;J ree @ ]:;f:;v) Solvent 2 Temp. (°C) Yield °
1 Cul (0.15) tBuONa ‘BuOH 100 16%
2 Cul (0.15) tBuONa 1,4-dioxane 100 20%
33 Cul (0.15) Csp,CO3 DMF 100 15%
4 Cul (1) Cs,CO3 DMF 100 56%
5 CuTC (0.15) K3POy4 DMF 100 50%
6 CuTC (0.25) K3POy DMF 80 61%
7 CuTC (0.15) ‘BuONa DMF 100 55%
8 CuTC (0.15) Csp,CO3 DMF 100 56%
9 CuTC (0.25) CspCO3 DMF 80 73%
10 CuTC (0.25) K,CO; DMF 80 78%
11 CuTC (0.25) K,CO;3 DMF 120 -
12 CuTC (0.25) K,CO;3 DMSO 80 31%
134 CuTC (0.25) K,CO; DMF 80 48%

10.1 mmoles of iodo-benzamide 22a was used; 2 10 mL/mmole of 22a; 3 1 equiv. of DMEDA was used as additive;
41 equiv. of base was used; ® yield after purification through trituration with Et;O/n-hexane.
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Table 9. Synthesis of isoquinolinones 23.

o) 0 o)
CuTC H,, 10% Pd/C
NH, K>,CO3 NH EtsN, DMF O NH
O, DMF, 80°C N f,1h _ O OMe
| N /) (98%)
/, 18 h O~ O~
| N (from 23c) N
R
22 23 24
Entry R= Yield ! Entry R= Yield !

Br.
1 /@ 23a (78%) 7 :@ 23g (58%)
Me FaC
2 O 23b (67%) 8 /\© 23h (61%)
F

OMe F. F
3 /@[ 23¢ (93%) 9 23k (29%)
F
F
Cl
CFs
/©/ 23d (81%) 10 ;@ 231 (46%)

~(CH2)sCH3 230 (80%)

23e (89%)

a1
m

[y

—_

Bu
6

2

23f (78%)

! yield after purification through recrystallisation (dissolved in 10% TFA in DCM and crystallised upon adding a
few drops of MeOH).

3. Experimental Section
3.1. General Information

All anhydrous reactions were performed under an argon atmosphere using oven-dried
(120 °C) or flame-dried glassware (under vacuum) with dry solvents under anhydrous
conditions. THEF, 1,4-dioxane, and toluene were distilled over sodium/benzophenone
under an argon atmosphere into a dry Schlenk Kjeldahl storage flask containing activated
molecular sieves (4 A), and they were allowed to stand for at least for 24 h. DCM was
distilled over calcium hydride (CaH;) before use. Carbon tetrachloride was distilled
over phosphorus pentoxide before use. All reactions requiring high temperatures were
conducted using silicon oil baths as the heating medium. Flash column chromatography
was performed by employing silica gel 60 (40-63 pm, Merck). Reactions were monitored
through TLC using 0.25 mm silica gel 60 Fy54 plates purchased from Merck. TLC plates
were visualised through exposure to ultraviolet light (UV) and/or exposure to an acidic
solution of p-anisaldehyde or a solution of ninhydrin stain, followed by heating with
a heat gun (400 °C). All commercially available reagents and solvents were purchased
from Fluorochem, Sigma-Aldrich & Merck, Fischer Scientific, and TCI Chemicals and
used as such. Molecular sieves (3 A and 4 A) were dried under a high vacuum by being
heated with a propane torch in a round-bottom flask for 1-2 min, and the procedure was
repeated 2-3 times. Celite®® 545 was purchased from Fluorochem. IH, BC, 1F, and
2D NMR spectra were recorded with an Agilent-500/54 spectrometer. Unless otherwise
stated, all NMR spectra were recorded at 25 °C. Proton chemical shifts are reported in
parts per million (5 scale) and are calibrated relative to a residual nondeuterated solvent
as an internal reference (CDCls: & 7.26, DMSO-dg: 6 2.5 ppm). Carbon chemical shifts
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are reported in parts per million (5 scale) and are referenced from the central peak of
the carbon resonance of the solvent (CDCl3: 77.00, DMSO-d4: 40.00 ppm). Infrared (IR)
data were recorded in a scan range from 400 to 4000 cm ™! on a Thermo Scientific Nicolet
6700 FI-IR spectrometer equipped with a diamond attenuated total reflection (ATR) stage.
HRMS data were acquired using an Agilent 6540 HRMS-QTOF model equipped with
a Dual AJS ESI-MS system or with a Q-TOF (Time of Flight Mass Spectrometry) Maxis
Impact (Bruker Daltonics, Bremen, Germany) with ESI source and U-HPLC Thermo Dionex
UltiMate 3000 RSLC (ThermoFisher Scientific, Dreieich, Germany) pump and autosampler.
Melting points were determined on a A.KRUSS Optronic Melting Point Meters KSP1N
model apparatus. Reactions under microwave irradiation were carried out using a Biotage
Initiator+ microwave synthesiser.

3.2. Synthesis of 3-Bromo-2,3-dihydro-1H-inden-1-one (2)

Compound 2 was prepared following a modified procedure of that reported in the
literature [20]. 1-Indanone (10.04 g, 76.0 mmoles, 1.0 equiv.) was dissolved in anhydrous
CCly (150 mL), and then N-bromosuccinimide (13.52 g, 76.0 mmoles, 1.0 equiv.) and AIBN
(0.125 g, 0.76 mmoles, 0.01 equiv.) were sequentially added at room temperature. The
resulting suspension was refluxed for 4 h in an oil bath protected from light, allowed to cool
to room temperature, and then filtered through a short pad of Celite. After evaporation of
the solvent under reduced pressure, the crude mixture was purified through flash column
chromatography (silica gel, n-hexane/Et,O 35:1 v/7v) to give 2 (11.23 g, 70% yield) as
an orange oil, which solidified in the freezer. R; = 0.43 (n-hexane/EtOAc 4:1 v/v). All
spectroscopic data were in accordance with those reported in the literature [53].

3.3. General Procedure for the Preparation of Nitrones 4

To a round bottom flask containing N-benzylhydroxylamine hydrochloride (2.0 equiv.),
anhydrous DCM (40 mL/g) was added under an argon atmosphere. To the resulting sus-
pension of MgSOy (2.0 equiv.), the corresponding aldehyde (1.1 equiv.) and NaHCOs3
(1.1 equiv.) were added in that order, and the mixture was stirred for 24 h at room tempera-
ture. The reaction mixture was then filtered through a short pad of Celite, and the solvent
was evaporated under reduced pressure. The crude mixture was purified through flash
column chromatography (silica gel, n-hexane/EtOAc 5:1 v/v to 1:1 v/v) to give the desired
nitrones 4.

3.4. General Procedure for the Preparation of Oximes 5

Oximes 5 were prepared following a procedure reported previously in the litera-
ture [28].

3.5. General Procedure for the Preparation of Isoxazolidine Cycloadducts 6 and 7

3-Bromo-1-indanone (2, 0.726 g, 3.44 mmoles, 1.2 equiv.) was dried azeotropically
through evaporation with PhMe (3x10 mL) and dissolved in anhydrous PhMe (20 mL)
under an argon atmosphere. The mixture was placed in an ice bath, and anhydrous EtsIN
(0.48 mL, 3.44 mmoles, 1.2 equiv.) was added dropwise. After stirring for 15 min at 0 °C,
AgOTf (0.185 g, 0.72 mmoles, 0.25 equiv.) and a solution of the corresponding nitrone
(2.87 mmoles, 1 equiv.) in anhydrous PhMe (3 mL) were added to the reaction mixture,
which was then placed in an oil bath at 80 °C. After stirring for 24 h at that temperature, the
reaction mixture was cooled to room temperature, diluted with a small amount of DCM,
and filtered through a short pad of Celite. The solvent was evaporated under reduced
pressure, and the crude mixture was purified through flash column chromatography (silica
gel, n-hexane/EtOAc 20:1 v/v to 12:1 v/v) to give the corresponding cycloadducts 6 and 7
(and, in some cases, regioisomers 8).
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3.6. General Procedure for the Preparation of Hybrids 9 and 12

A solution of HNj3 (2.5 M) in DCM was prepared by dissolving NaN3 (0.650 g,
10 mmoles) in H,O (1 mL), adding the organic solvent (4 mL), cooling the mixture to
—10 °C, and slowly adding MsOH (1 mL) over a period of 20 min under vigorous stirring.
The mixture was stirred for another 10 min, and the organic layer was then separated. The
starting ketone (6 or 7, 0.15 mmoles) was dissolved to this solution (3 mL), and the mixture
was stirred for 30 min at room temperature. MsOH (1.5 mL) was added dropwise over a
period of 3 h. The resulting mixture was stirred for 24-72 h at room temperature, diluted
with DCM (5 mL), placed in an ice bath, and slowly quenched through the addition of
a saturated aqueous NayCOj3 solution until effervescence ceased. The organic layer was
separated, and the aqueous layer was extracted with DCM (3 x 10 mL). The organic layers
were combined, washed with brine (40 mL), and dried over anhydrous Nay;SO4. After
evaporation of the solvent under reduced pressure, the crude mixture was purified through
flash column chromatography (silica gel, n-hexane/EtOAc 5:1 to 1:1 v/v) to give the desired
isoxazolidine/tetrahydroisoquinolinone hybrids 9 and 12 (and tetrazole by-products 10
and 13, respectively).

3.7. Synthesis of Isoxazoline Cycloadducts 15 and 16

3-Bromo-1-indanone (2, 1.00 g, 4.74 mmoles, 1 equiv.) was dissolved in DCM (50 mL),
and the mixture was placed in an ice bath. Et3N (0.79 mL, 5.69 mmoles, 1.2 equiv.) was
added dropwise, and the yellow solution was stirred for 15 min at 0 °C. A DCM solution
(100 mL) of phenylhydroxamoyl chloride 14a (0.811 g, 5.21 mmoles, 1.1 equiv.) was
then added via a pressure-equalising dropping funnel over a period of 1 h, while the
temperature was maintained at 0 °C. After the addition, the reaction mixture was left
stirring for another 1 h, and the reaction temperature was gradually allowed to reach
20 °C. The reaction mixture was quenched through the addition of aqueous semi-saturated
aqueous NaCl solution (150 mL), the organic layer was separated, and the aqueous layer
was extracted with DCM (3 x 150 mL). The organic layers were combined, washed with
brine (500 mL), and dried over anhydrous Nay;SOy. After evaporation of the solvent under
reduced pressure, the crude mixture was purified through flash column chromatography
(silica gel, n-hexane/EtOAc 12:1 to 10:1 v/v) to give cycloadducts 15 (1.04 g, 88% yield) and
16 (0.071 g, 6% yield).

3-Phenyl-3a,8b-dihydro-4H-indeno [2,1-d]isoxazol-4-one (15): white solid; m.p. 153-154 °C;
R¢ = 0.31 (n-hexane/EtOAc 4:1 v/v); 'H NMR (500 MHz, CDCl3): = 8.03-7.96 (m, 2H),
7.82 (d, ] = 7.7 Hz, 1H), 7.79-7.73 (m, 2H), 7.55 (t, | = 7.4 Hz, 1H), 7.46-7.41 (m, 3H),
6.31 (d, ] = 8.3 Hz, 1H), 4.75 (d, ] = 8.3 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): § = 197.2,
152.6, 150.7, 136.3, 134.5, 130.6, 130.4, 128.6, 128.0, 127.9, 126.9, 124.2, 83.0, 60.6 ppm; FT-
IR (neat): v = 3057, 2941, 1723, 1604, 1590, 1334, 1269, 884, 761, 696 cm™!; HRMS (ESI),
m/z: [M + Na]* caled for C14H;1NNaO,* 272.0682; 272.0679.

3-Phenyl-3a,8a-dihydro-8H-indeno [1,2-d]isoxazol-8-one (16): white solid; m.p. 172-173 °C;
R¢ = 0.18 (n-hexane/EtOAc 4:1 v/v); 'H NMR (500 MHz, CDCl3): § =7.85 (d, ] = 7.7 Hz,
1H), 7.83-7.79 (m, 2H), 7.53 (td, ] = 7.5, 1.3 Hz, 1H), 7.50-7.47 (m, 3H), 7.43 (t, ] = 7.9 Hz, 2H),
5.42 (d, ] = 8.6 Hz, 1H), 5.33 (d, ] = 8.6 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): § = 198.7,
156.9, 150.3, 136.1, 134.4, 130.6, 129.3, 128.1, 128.0, 127.6, 126.2, 125.7, 84.7, 53.1 ppm; FT-
IR (neat): v = 3058, 2962, 1716, 1592, 1444, 1347, 1251, 881, 759, 694 cm~!. HRMS (ESI),
m/z: [M + Na]* caled for C1H11NNaO,* 272.0682; 272.0686.

3.8. Synthesis of Nitrile 17 and Benzamide 18a from 15

Procedure A: The solution of HNj3 (2.5 M) in DCM was prepared as described in
Section 3.6. Isoxazoline adduct 15 (0.424 g, 1.7 mmoles, 1 equiv.) was dissolved in DCM
(6 mL, 2.5 M HNj3 solution) and left stirring for 30 min at room temperature. MsOH (3 mL)
was added dropwise over a period of 3 h. The resulting mixture was stirred for 24 h at
room temperature, diluted with DCM (15 mL), placed in an ice bath, and slowly quenched
through the addition of saturated aqueous Nay;COj3 solution until effervescence ceased.
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The organic layer was separated, and the aqueous layer was extracted with DCM (3 x
20 mL). The organic layers were combined, washed with brine (80 mL), and dried over
anhydrous NaySOy. After evaporation of the solvent under reduced pressure, the crude
mixture was purified through flash column chromatography (silica gel, n-hexane/EtOAc
10:1 to 1:1 v/v) to give nitrile 17 (0.247 g, 68% yield) and benzamide 18a (4 mg, 1%).

Procedure B: Cycloadduct 15 (0.112 g, 0.45 mmoles, 1 equiv.) was dissolved in PhMe
(5mL), and the clear solution was placed in an ice bath. NaN3 (0.088 g, 1.35 mmoles,
3 equiv.) and HpSOj4 (98%, 3 uL, 0.045 mmoles, 0.1 equiv.) were sequentially added at 0 °C,
and the reaction mixture was then placed in an oil bath at 80 °C. After stirring for 2 h, the
mixture was allowed to cool to toom temperature, placed in an ice bath, diluted with a
small amount of EtOAc, and slowly quenched through the addition of saturated aqueous
NayCOj3 solution until effervescence ceased. The organic layer was separated, and the
aqueous layer was extracted with EtOAc (3 x 10 mL). The organic layers were combined,
washed with brine (30 mL), and dried over anhydrous Na;SOy. After evaporation of the
solvent under reduced pressure, the crude mixture was purified through flash column
chromatography (silica gel, n-hexane/EtOAc 10:1 to 1:1 v/v) to give nitrile 17 (0.013 g,
12% yield) and benzamide 18a (0.081 g, 61%).

2-(3-phenylisoxazol-5-yl)benzonitrile (17): white solid; R¢ = 0.53 (n-hexane/EtOAc 3:1
v/v). All spectroscopic data are in accordance with those reported in the literature [54].

2-(3-phenylisoxazol-5-yl)benzamide (18a): white solid; m.p. 159-160 °C; R = 0.11 (n-
hexane/EtOAc 1:1 v/v); 'TH NMR (500 MHz, DMSO-dg): & = 7.99 (brs, 1H), 7.89 (dd, [ = 7.8,
1.8 Hz, 2H), 7.83-7.79 (m, 1H), 7.63-7.50 (m, 7H), 7.25 (s, 1H) ppm; >*C NMR (125 MHz,
DMSO-dg): & =170.6, 169.8, 162.6, 137.5, 130.8, 130.7, 130.0, 129.7, 129.0, 128.9, 128.3, 127.0,
124.7,101.1 ppm. FT-IR (neat): v = 3332, 3158, 2804, 1663, 1623, 1464, 1401, 1137, 950, 758,
690 cm™'. HRMS (ESI), n1/z: [M + Na|* caled for C1sH,N,NaO,* 287.0791; found 287.0795.

3.9. Synthesis of 2-Propargylbenzamide (21)

Compound 21 was prepared following a procedure reported previously in the litera-
ture [51].

3.10. General Procedure for the Preparation of Hydroxamoyl Chlorides 14

Hydroxamoyl chlorides 14 were prepared following a procedure reported previously
in the literature [49].

3.11. General Procedure for the Preparation of Isoxazole/Benzamides 18

2-propargyl benzamide (21, (0.164 g, 1.13 mmoles) was dissolved in DCM (6 mL) and
placed in an ice bath. EtzN (0.19 mL, 1.36 mmoles, 1.2 equiv.) was added, and the reaction
mixture was stirred for 10 min at 0 °C. A DCM solution (4 mL) of hydroxamoyl chloride (14,
1.36 mmoles, 1.2 equiv.) was then added dropwise over a period of 15 min, and the mixture
was left stirring at 0 °C for 1 h. The reaction mixture was gradually allowed to reach room
temperature and stirred for another 4 h before it was quenched through the addition of
semi-saturated aqueous NaCl solution (20 mL). The organic layer was separated, and the
aqueous layer was extracted with DCM (3 x 15 mL). The organic layers were combined,
washed with brine (60 mL), and dried over anhydrous NaySO4. After evaporation of the
solvent under reduced pressure, the crude mixture was purified through flash column
chromatography (silica gel, n-hexane/EtOAc 5:1 to 1:2 v/v) to afford the corresponding
isoxazole/benzamides 18.

3.12. General Procedure for the Preparation of 4-lodo Isoxazoles 22

To a proper heavy-wall microwave reaction vial containing an isoxazole/benzamide
18 (0.58 mmoles), TFA (2 mL) and N-iodosuccinimide (0.137 g, 0.61 mmoles, 1.05 equiv.)
were added at room temperature. The vial was then sealed and stirred under microwave
irradiation at 80 °C for 10 min. The light purple solution was diluted with DCM (10 mL),
placed in an ice bath, and neutralised with a saturated, aqueous NaHCOj solution. The
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organic layer was separated, and the aqueous layer was extracted with DCM (2 x 15 mL).
The organic layers were combined, washed with brine (40 mL), and dried over anhydrous
NaySO,. After evaporation of the solvent under reduced pressure, the crude mixture was
purified through flash column chromatography (silica gel, n-hexane/EtOAc 5:1 to 1:2 v/v)
to give the corresponding 4-iodo isoxazole/benzamides 22.

3.13. General Procedure for the Preparation of Isoxazole/Isoquinolinones 23

DMF (3 mL) was added to a heavy-wall sealed tube containing a 4-iodo isoxa-
zole/benzamide 22 (0.29 mmoles) at room temperature. K,COj3 (0.08 g, 0.58 mmoles,
2 equiv.) and CuTC (0.014 g, 0.072 mmoles, 0.25 equiv.) were sequentially added, and the
light green suspension was flushed with argon for 2-3 min. The tube was tightly sealed, and
the mixture was stirred at 80 °C for 24 h. The dark greenish/brown suspension was diluted
with EtOAc (5 mL) and quenched with the addition of an aqueous NH4OH-NH4Cl solution
(10 mL). The organic layer was separated, and the aqueous layer was extracted with EtOAc
(8 x 10 mL). The organic layers were combined, washed with brine (40 mL), and dried
over anhydrous Na,SO,. After evaporation of the solvent under reduced pressure, the
resulting solid residue was purified through recrystallisation (dissolved in 10% TFA in
DCM and crystallised upon adding a few drops of MeOH) to afford the corresponding
isoxazole/isoquinolinones 23.

3.14. Synthesis of Isoquinolinone 24 via Reductive Deiodination

DMF (1 mL) was added to a Schlenk tube containing isoquinolinone 23c¢ (21 mg,
0.051 mmoles) at room temperature. Then, 10% Pd/C (3 mg) and a couple of drops of EtzN
were sequentially added, and the reaction vessel was purged with H, and placed under
an atmosphere of Hy. After stirring for 1 h at room temperature, the resultant slurry was
diluted with EtOAc (10 mL), filtered through a short a pad of Celite, and semi-saturated,
aqueous NaCl solution (15 mL) was added. The organic layer was separated, and the
aqueous layer was extracted with EtOAc (3 x 10 mL). The organic layers were combined,
washed with brine (40 mL), and dried over anhydrous Nay;SOy4. After evaporation of
the solvent under reduced pressure, the resulting solid residue was purified through
recrystallisation (dissolved in 10% TFA in DCM and crystallised upon adding a few drops
of MeOH) to give pure 24 (15 mg, 98% yield).

3-(4-methoxyphenyl)isoxazolo [4,5-clisoquinolin-5(4H)-one (24): white solid; m.p. > 250 °C
(decomposed); R¢ = 0.4 (n-hexane/EtOAc 1:1v/v); H NMR (500 MHz, 4% TFA-d in CDCl3):
5 =854 (d, ] =8.1Hz, 1H),8.19 (d, ] = 7.9 Hz, 1H), 7.99 (t, ] = 7.6 Hz, 1H), 7.83-7.77 (m,
3H), 7.11 (d, ] = 8.3 Hz, 2H), 3.91 (s, 3H) ppm; '3C NMR (125 MHz, 4% TFA-d in CDCl3):
5=164.4,1619,152.2,151.4,135.0,130.3,129.4, 129.3, 125.6, 123.9, 121.6, 117.8, 117.3, 115.1,
55.5 ppm; FT-IR (neat): v = 3089, 2981, 1663, 1600, 1486, 1346, 1259, 1182, 826, 769 cm ..
HRMS (ESI), m/z: [M + Na]* caled for C17H1,N>NaOs* 315.0740; found 315.0746.

4. Conclusions

Herein, we presented our investigation of syntheses of novel isoxazolidine and isoxa-
zole isoquinolinone hybrids. According to our original retrosynthesis, those fused hete-
rocyclic compounds could be prepared via an 1,3-dipolar cycloaddition of indenone with
nitrones and nitrile oxides and a subsequent Schmidt reaction. The cycloaddition with
nitrones was found to be regioselective and, to some extent, depending on the reaction con-
ditions, stereoselective, thus favouring the endo-adducts. Both endo- and exo-stereoisomers
were uneventfully subjected to the Schmidt reaction to give the corresponding desired
lactams (isoxazolidine/isoquinolinone hybrids). Although this scenario proved successful
for isoxazolidine derivatives, a Beckmann fragmentation occurred when the Schmidt reac-
tion protocol was applied on the indenone-benzonitrile oxide adduct. Thus, an alternative
approach was adopted, which first involved an 1,3-dipolar cycloaddition reaction of an
appropriate alkyne with nitrile oxides, and then an Ullmann type cyclisation of the corre-
sponding iodinated isoxazoles, to furnish the desired isoxazole/isoquinolinone hybrids.
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Differentially substituted dipoles were used to obtain small libraries of each category of
hybrids. The overall syntheses represent short and relatively straightforward pathways
towards these new classes of compounds, which will be evaluated in the future for their
biological activity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29010091/s1. It contains data for compounds 4-10, 12, 13,
18b-180, 22, and 23 and copies of 1H, 13C, 19F, and 2D NMR spectra of all new compounds.
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Abstract: A facile and efficient method has been developed for the synthesis of C3-difluoromethyl
carbinol-containing imidazol[1,2-a]pyridines at room temperature via the HFIP-promoted Friedel-
Crafts reaction of difluoroacetaldehyde ethyl hemiacetal and imidazo[1,2-a]pyridines. This strategy
could be applied to the direct C(sp?)-H hydroxydifluoromethylation of imidazo[1,2-a]pyridines and
afford a series of novel difluoromethylated carbinols in good to satisfactory yields with 29 examples.
Furthermore, gram-scale and synthetic transformation experiments have also been achieved, demon-
strating its potential applicable value in organic synthesis. This green protocol has several advantages,
including being transition metal- and oxidant-free, being carried out at room temperature, having
high efficiency, and having a wide substrate scope.

Keywords: hydroxydifluoromethylation; Friedel-Crafts reaction; imidazo[1,2-a]pyridine; HFIP

1. Introduction

The incorporation of fluorine-containing groups within bioactive compounds is con-
sidered one of the most useful approaches to address important issues relevant to medicinal
chemistry due to their unique chemical and biological properties, such as affinity, metabolic
stability, lipophilicity, cell permeability, and bioavailability [1-3]. One of the more promi-
nent examples is the CF,H unit, which is a good hydrogen bond donor and may serve as a
bioisostere for hydroxy, thiol, and amide groups, and it has additional attractive properties
such as its ability to modulate lipophilicity, polarity, and conformational preferences [4].
For these reasons, CF,H-containing compounds may be widely applied in the fields of
pharmaceuticals, agrochemicals, and advanced functional materials [5-7]. Notably, difluo-
romethyl carbinols containing both the difluoromethyl and hydroxyl groups are prevalent
in bioactive molecules, such as antitumor agents [8], antidiabetic agents [9], Gaucher disease
inhibitors [10], farnesoid X receptor modulators [11], and estrogen receptor degraders [12]
(Figure 1). Therefore, the exploration of a facile synthetic protocol of difluoromethylated
carbinol derivatives is an undeniably important and valuable research topic in expanding
the chemical space for drug discovery [13,14].

In addition, imidazo[1,2-a]pyridines are widely found in natural products. They
are also extensively used in modern organic synthesis and pharmaceutical and materials
science [15]. Imidazo[1,2-a]pyridine is considered to be an important scaffold due to its
various biological and pharmaceutical activities, such as antiviral, antifungal, and antitu-
mor activities. The core structure of many commercially available drugs includes alpidem,
miroprofen, necopidem, olprinone, saripidem, zolpidem, and zolimidine (Figure 2) [16-21].
Therefore, the efficient and green preparation of imidazo[1,2-a]pyridine derivatives with
various substituents has also drawn considerable attention, especially C3-functionalized
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imidazo[1,2-a]pyridine derivatives [22]. Therefore, a sustained effort is being made to de-
velop new approaches to synthesize C3-functionalized imidazo[1,2-a]pyridine derivatives.
However, there are no reports on the synthesis of C3-difluoromethyl carbinol-containing
imidazo[1,2-a]pyridines.

NH; F1C
H 3
EgN O\ ‘ N%o o
Vi
HO. N
N/&O NN
o HF,C
oHFF OH ‘CooH
Antitumor agent Antidiabetic agent Gaucher disease inhibitor

FC _on

OH
he®
Cl
N" "o
ey Q
° J o
F>z; N O o
F OH F/\/\NQ’O
CF,H

Farnesoid X receptor modulator Estrogen receptor degrader

Figure 1. Representative difluoromethyl carbinol-containing biologically active molecules.

=N, #
S S
i
N -
O
Alpldem 7 Necopldam Saripldem Zolpldem

Q

NC N-#

7% v, N =N ﬁ,

o“ N N7 < > { =3 N_7 < > i
N COOH o
Qlprinone Miroprofen Zolimidine

Figure 2. Representative drugs containing imidazo[1,2-a]pyridine scaffolds.

The strategy of C-H bond functionalization is known to be an ideal route for the
preparation of diverse imidazo[1,2-a]pyridines as it is a straightforward, atom-economical,
and synthetic step-economical method [23-25]. However, there are no reports on the
C-H hydroxydifluoromethylation of imidazo[1,2-a]pyridines. It has been reported that
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), with a much higher polarity, increased Brensted
acidity, and strong hydrogen-bond donation [26-31], was considered to be a promising
catalyst or promoter for the Friedel-Crafts reaction. For example, as early as 2012, the
Nadjera research group reported that HFIP serves as a promoter for the substitution
reaction of allylic alcohols with nucleophiles [26]. Subsequently, HFIP was studied and
applied as a catalyst or promoter in various types of Friedel-Crafts reactions. Inspired
by this strategy for HFIP-promoted Friedel-Crafts alkylation, we focused our interest
on developing facile methods for the synthesis of C3-difluoromethyl carbinol-containing
imidazo[1,2-a]pyridines at room temperature via the HFIP-promoted cross-dehydrative
coupling of difluoroacetaldehyde ethyl hemiacetal and imidazo[1,2-a]pyridines (Scheme 1).
This green protocol possesses many intrinsic advantages like operational simplicity, high
efficiency, atom economy, mild reaction conditions (e.g., at room temperature, transition
metal- and oxidant-free, without inert gas protection), and a wide substrate scope.
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Scheme 1. The synthesis of C3-difluoromethyl carbinol-containing imidazo[1,2-a]pyridines.
2. Results and Discussion

2.1. Optimization of Reaction Conditions

The hydroxydifluoromethylation of imidazo[1,2-a]pyridine (1a) and commercially
available difluoroacetaldehyde ethylacetal (2a) was selected as the model reaction for the
optimization of the reaction conditions. The results are summarized in Table 1.

Table 1. Optimization of reaction conditions [a],

Z >N e Additive - ’N/
= N\/) * Hcm)\(JEt Solvent, 12 h % N\i\
b HO CF;H
1a 2a 3a
Entry Additive (Equiv.) Solvent Yield (%) [b!

1 TFA (10%) DCM trace
2 TsOH (10%) DCM trace
3 BF;-OEt; DCM trace
4 Y(OTHf)3 (10%) DCM trace
5 Sc(OTH)3 (10%) DCM trace
6 HFIP (10%) DCM trace
7 HFIP (1.0) DCM 50
8 HFIP (2.0) DCM 73
9 HFIP 97

[al Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), solvent (1.0 mL), r.t., 12 h. [b] Isolated yield.

Initially, the effect of Brensted acids and Lewis acids, such as trifluoroacetic acid (TFA),
p-toluenesulfonic acid (TsOH), BF;°Et,O, Y(OTf);, and Sc(OTf);, employed as catalysts
on the reaction was investigated (Entries 1-5); it was found that only a trace amount of
product 3a was detected. HFIP was considered to be a promising catalyst or promoter
considering its much higher polarity, increased Bronsted acidity, and strong hydrogen-bond
donation [26-31]. Therefore, we investigated the effect of HFIP as a catalyst or promoter
on this transformation. Regrettably, trace product 3a was afforded in dichloromethane
when 10 mol% HFIP was employed in the reaction, indicating that the catalytic amount of
HFIP was not enough to facilitate the hydroxydifluoromethylation process (Entry 6). We
attempted to increase the dosage of HFIP to 1.0 or 2.0 equivalents; product 3a could be
obtained in 50% and 73% yields, respectively (Entries 7 and 8). This result encouraged us
to use HFIP as a solvent for the reaction. Excitingly, the hydroxydifluoromethylation could
proceed completely to obtain 3a in 97% yield (Entry 9). Thus, using HFIP as the solvent, the
reaction of 1a (0.2 mmol) and 2a (0.4 mmol) was successfully achieved at room temperature
for 12 h to obtain 3a in satisfactory yield.

2.2. Scope of Reaction Substrates

Under the optimized reaction conditions, the substrate scope of this approach was
examined by using different 2-substituted imidazo[1,2-a]pyridines. The results are summa-
rized in Table 2.
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Table 2. Substrate scope of various 2-aryl imidazo[1,2-a]pyridines [a, b,

NN OH 2
N\/)—R +  HFC— SN
X OEt HFIP, rt.
HO
3

CFoH
1 2a

NN NN j\ NN
N N\ﬁ N Ni/ < > = ‘%_Q X N\/i < >
CFH CF,H CFH
2 HO z * HO ’

HO
3a, 97% (87%°) 3b, 95% (ccDC: 2295549) 3¢, 92%
MeQ
NN =N AN Cﬁ/“ E
\N\/§<>0Me\N\/§\<2 SN/ s N7
CF,H OMe CF,H CFoH
o' CFeH HO 2 HO 2 HO
3d, 90% 3e, 85% 3f, 79% 39, 85%
F
N N =N =N .
N7 “ N/ cl R N SN
cFH Cl FoH
Ho'  CFeH no/ CFH HO ? o' OF2
3h, 82% 3i, 90% 3}, 92% 3k, 86%
NN NN =N 0
N
SN Y) SN / Cl SN / OMe A _
B cl ome SN
r CFH CFH
o' CFH HO 2 HO ? CF,H
HO
31, 84% 3m, 84% 3n, 82% 30, 78%
NN O NN N= NN 8
QVaW, N\ s g\
CF,H CF,H CF,H
HO HO HO
3p, 80% 3q, 68% 3r, 73%

[a] Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), HFIP (1.0 mL), r.t.,, 12 h. [b] Tsolated yield.
[c] Reaction performed on a 5 mmol scale.

It was found that 2-phenyl imidazo[1,2-a]pyridine could react smoothly with 2a to
give the corresponding product 3b in 95% yield. Then, a series of substituents, such as
methyl, methoxyl, fluoro, chloro, and bromo groups on the C2-phenyl ring of 2-phenyl
imidazo[1,2-a]pyridines, were well tolerated under the standard conditions. This showed
that both methyl and methoxyl substituted substrates proceeded smoothly to give the corre-
sponding products 3¢-3f in 79-92% yields. The halo-substituted substrates exhibited good
reactivity in the hydroxydifluoromethylation to obtain products 3g-31 in 82-92% yields.
Dichloro-substituted and dimethoxy-substituted substrates were also subjected to smooth
transformation to afford products 3m and 3n in 84% and 82% yields, respectively. As an-
ticipated, 2-(naphthalen-1-yl) and 2-(naphthalen-2-yl) imidazo[1,2-a]pyridines underwent
hydroxydifluoromethylation to give the desired products 30 and 3p in 78% and 80% yields,
respectively. To our delight, 2-heteroaryl imidazo[1,2-a]pyridines were also successfully em-
ployed for the synthesis of the desired products. Using 2-(2-pyridyl)imidazo[1,2-a]pyridine
and 2-(2-thienyl)imidazo[1,2-a]pyridine as substrates, corresponding products 3q and 3r
were obtained in 68% and 73% yields, respectively. Furthermore, this conversion could
be readily carried out on the 5 mmol scale to obtain the desired product 3a in 87% yield,
which proved to be easily applied to a gram-scale preparation.

To further extend the scope of this methodology, a series of imidazo[1,2-a]pyridines
with different substituents on the pyridine ring were used to evaluate the universality of
this hydroxydifluoromethylation (Table 3). As anticipated, imidazo[1,2-a]Jpyridines with an
electron-donating group as well as a halogen group on the pyridine rings all worked well
with 2a and afforded the desired target molecules 3aa-3ah in satisfactory yields (83-95%).
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Trifluoromethyl, as a strong electron-withdrawing group, can also be tolerated in this
conversion, giving the products in good yields (3ai, 89% and 3aj, 87%). 6-Bromo-7-methyl-
2-phenylimidazo[1,2-a]pyridine as a polysubstituted substrate was also suitable for this
conversion, resulting in the product 3ak with 90% yield.

Table 3. Substrate scope of various substituted 2-phenyl imidazo[1,2-a]pyridines [a,b],

=N
R@/N/{Ph

N OH
R:/\r/ Ph HF,C
\/Nf : ’ {OEt

HFIP, r.t.
CF,H
HO
1 2a 3
- \CT/N Ph Z N MeOA N
Ph
CFH
C,H 2 CF,H
HO" 2 HO HO 2 ho’ CFH
3aa, 93% 3ab, 95% 3ac, 84% 3ad, 85%
cl Br
N cl
~ T y—pn ZN AN AN NN
s N/ N Ph P
cl X N N/
CoH CF,H
HO HO 2 o' CFaH o~ CFH
3ae, 92% 3af, 91% 3ag, 89% 3ah, 83%
- T S
/ Ph N Ph rr
FiC” N{ = B N {
H CF,H
o' ©2 HO 2 Ho  CFH
3ai, 89% 3aj, 87% 3ak, 90%

[a] Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), HFIP (1.0 mL), r.t., 12 h. [b] [solated yield.

The structures of the desired products were confirmed by NMR (*H, 13C, and '°F) and
HM-RS data, and the structure of 3b (CCDC 2295549) was unambiguously confirmed by
single-crystal X-ray analysis, which can be seen in Supplementary Materials for details [32].

2.3. Mechanism Investigation

To gain insight into the details of the mechanism, we performed two control experi-
ments accordingly. Adding 2.0 equivalent radical scavenger 2,2,6,6-tetramethylpiperidin-1-
yloxyl (TEMPO) or BHT (butylated hydroxytoluene) to the reaction system, it was found
that the corresponding compound 3a could also be obtained in 91% and 88% isolation yields,
respectively (Scheme 2). These results indicated that the reaction may not be involved in
the pathway of radical participation.

Z =N oH Standard conditions =N
X e e 5
OEt BHT (2.0 equiv)
1a 2a hg GFH
3z, 91%
# =N OH Standard conditions # =N
T, N\,/) * Hcm% - s N
OEt TEMPO (2.0 equiv)
1
2 23 o' CFeH
3a, 90%

Scheme 2. Control experiments.
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It has been reported that HFIP can be used to promote the generation of a C-C
bond by cleavage of a C-O bond (the substrates of aromatic aldehyde hydrate, propargyl
alcohol, difluoroacetaldehyde ethyl hemiacetal, etc.) via the Friedel-Crafts alkylation
pathway [26-28,33-35]. Based on the properties of HFIP and the above-mentioned control
experimental results, a plausible mechanism of HFIP-promoted Friedel-Crafts alkylation
was put forward (Scheme 3). Initially, under the action of proton donor HFIP, the diflu-
oroacetaldehyde ethyl hemiacetal 2a has a tendency to remove one molecule of ethanol
to generate difluoroacetaldehyde A, then with proton exchange with HFIP taking place
and forming carbonium ions to active difluoroacetaldehyde A, making it more susceptible
for nucleophilic addition with imidazo[1,2-a]pyridine 1a, to generate the corresponding B.
Finally, B undergoes the dehydrogenation process to produce the final product 3a.

Fs,c\(cF3
o, s
. 5N
I S -
__<FoH - %
HF;G O’Et HF,;C H T N
: -Hs0
2a | A j oM il
Fag = d HF,C
o Ny N B 3a
FsC~ “CFs U
n 1a =

Scheme 3. A plausible reaction pathway:.

2.4. Synthetic Derivatization

Moreover, the reactions are highly practical because of their wide range of applications
in pharmaceutical chemistry for the production of diversified structural scaffolds and
combinatorial libraries for drug discovery. The desired targets derivatized at hydroxyl
positions may be promising candidates for such applications in pharmaceutical chemistry
and organic synthesis. For instance, C3-difluoroacetyl imidazo[1,2-a]pyridines 4a and 4b
have been prepared through Dess—Martin periodinane oxidation with 3a and 3b with yields
of 77% and 79%, respectively (Scheme 4).

= /N - . A ~ /N
s N {R Dess-Martin periodinane ~__N {R

CF.H DCM, r.t. 4h CE.H
HO . o .
3a.R=H 4a:R=H,77%
3b:R=Ph 4b: R = Ph, 79%

Scheme 4. Synthetic derivatization.

3. Materials and Methods
3.1. General Information

Melting point (m.p.) was performed on a Biichi Melting Point B-545 instrument
without correcting. The 'H, 13C and ""F NMR spectra were collected on a BRUKER
DRX-400 spectrometer in CDClj3 using tetramethylsilane (TMS) as an internal standard.
High-resolution mass spectra (HRMS) were obtained with an LCMS-IT-TOF mass spec-
trometer. Single-crystal X-ray analysis was obtained using Bruker APEX2 Smart CCD. TLC
was performed by using commercially prepared 100-400 mesh silica gel plates (GF254),
and visualization was detected at 254 or 365 nm. All reagents and solvents were pur-
chased from commercial sources and used without further purification, The 2-substituted
imidazo[1,2-a]pyridines 1 (except for 1a) were synthesized from 2-bromoacetophenones (or
acetophenones) and various 2-aminopyridines [36,37].
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3.2. Experimental Procedure for Compounds 3a-3ak

The mixture of substituted imidazo[1,2-a]pyridine 1 (0.2 mmol, 1.0 equiv.) and di-
fluoroacetaldehyde ethyl hemiacetal 2a (0.30 mmol, 1.5 equiv.) in 1,1,1,3,3,3-hexafluoro-
2-propanol (1.0 mL) was stirred at room temperature for 12 h. After the completion of
the reaction, the reaction mixture was quenched with H,O (15 mL) and extracted three
times with ethyl acetate (3 x 15 mL). Then, the organic layer was dried over anhydrous
NaySO;y. After the filtration and evaporation of the solvents under reduced pressure, the
crude products were purified by column chromatography on silica gel to afford the desired
products 3a-3ak.

3.3. Experimental Procedure for Compounds 4a and 4b

Compounds 3a or 3b (0.1 mmol, 1.0 equiv.) and Dess—Martin periodinane (0.37 mmol,
3.7 equiv.) in DCM (1.0 mL) were stirred in a ground glass test tube at room temperature
for 4 h. After monitoring the end of the reaction on TLC, the residues were purified by
column chromatography on silica gel to give the pure products 4a or 4b.

3.4. Characterization Data for All Products 3a-3ak and 4a—4b
(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-imidazo[1,2-aJpyridine (3a), white solid (38 mg, 97%); m.p.
160-162 °C; 'H-NMR (400 MHz, CDCl3:CD;0D = 7:1), éy: 5.16-5.23 (m, 1H), 6.10 (td,
] = 55.6, 3.2 Hz, 1H), 6.85-6.90 (m, 1H), 7.23-7.28 (m, 1H), 7.49-7.56 (m, 2H), 8.41 (4,
] = 6.8 Hz, 1H); 3C-NMR (100 MHz, CDCl3:CD;0D = 7:1), éc: 65.7 (t, | = 26.0 Hz),
112.7, 115.1 (t, ] = 243.0 Hz), 116.9, 119.9, 125.6, 125.7, 131.8, 146.2; 'F NMR (376 MHz,
CDCl3:CD3OD = 7:1), éf, ppm: —126.14 (d, | = 285.8 Hz, 1F), 127.05 (d, ] = 285.8 Hz, 1F);
ESI-HRMS, m/z: Caled for CoHgF,N,O [M + HJ*, 199.0677, found: 199.0669.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-phenyl-imidazo[1,2-aJpyridine (3b), white solid (52 mg,
95%); m.p. 161-163 °C; 'H-NMR (400 MHz, CDCl3:CD;0D = 7:1), 6y, ppm: 5.31-5.38
(m, 1H), 6.14 (td, ] = 55.6, 3.2 Hz, 1H), 7.18-7.23 (m, 1H), 7.30-7.35 (m, 3H), 7.44-7.50 (m,
3H), 8.63 (d, ] = 6.8 Hz, 1H); 13C-NMR (100 MHz, CDCl3:CD3OD = 7:1), dc, ppm: 66.2 (t,
J =25.0Hz), 112.3,115.4 (¢, | = 245.0 Hz), 115.6, 116.5, 125.9, 127.3, 128.3, 128.4, 128.8, 133.1,
145.4, 145.5; F NMR (376 MHz, CDCl3:CD;0D = 7:1), 6, ppm: —123.70 (d, ] = 282.0 Hz,
1F), —124.88 (d, | = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for Ci5H13F,N,O [M + H],
275.0990, found: 275.0979.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(p-tolyl)-imidazo[1,2-aJpyridine (3¢), white solid (53 mg,
92%); m.p. 187-189 °C; 'H-NMR (400 MHz, CDCl3:CD30D = 7:1), 6y, ppm: 2.35 (s, 3H),
5.31-5.38 (m, 1H), 6.13 (J = 55.6, 3.2 Hz, 1H), 6.75-6.80 (m, 1H), 7.13 (d, ] = 7.6 Hz, 2H),
716-7.21 (m, 1H), 7.35 (d, ] = 8.0 Hz, 2H), 7.43 (d, ] = 9.2 Hz, 1H), 8.61 (4, ] = 6.8 Hz,
1H); 13C-NMR (100 MHz, CDCl3:CD;0D = 7:1), 6c, ppm: 21.2, 66.2 (t, ] = 24.6 Hz), 112.2,
115.4 (t, ] = 244.0 Hz), 116.4, 125.8, 127.3, 128.6, 128.8, 129.1, 129.3, 130.1, 138.1, 145.4; IF
NMR (376 MHz, CDCl3:CD3;0D = 7:1), of, ppm: —123.68 (d, | = 282.0 Hz, 1F), —124.96
(d, ] =282.0 Hz, 1F); ESI-HRMS, m/z: Caled for C14H15F2N,O [M + H]*, 289.1147, found:
289.1136.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(4-methoxyphenyl)-imidazo[1,2-a]pyridine (3d), white solid
(55 mg, 90%); m.p. 178-180 °C; 'H-NMR (400 MHz, CDCl5:CD30D = 7:1), 5y, ppm: 3.83 (s,
3H), 5.29-5.36 (m, 1H), 6.14 (td, ] = 55.6, 2.4 Hz, 1H), 6.71-6.81 (m, 1H), 6.86-6.90 (m, 2H),
7.81-7.21 (m, 1H), 7.40-7.46 (m, 3H), 8.62 (d, ] = 4.0 Hz, 1H); 3 C-NMR (100 MHz,
CDCl3:CD3;0OD = 7:1), é¢c, ppm: 55.2, 66.2 (t, ] = 25.0 Hz), 112.2, 113.9, 115.1, 1154 (t,
] =244.0 Hz), 116.3, 115.6, 125.8, 127.2, 130.1, 145.2, 145.4, 159.6; ’F NMR (376 MHz,
CDCl3:CD3;0D = 7:1), 6F, ppm: —123.74 (d, ] = 282.0 Hz, 1F), —124.87 (d, ] = 282.0 Hz, 1F);
ESI-HRMS, m/z: Caled for C16H15F,N,O, [M + HJ*, 305.1096, found: 305.1081.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(3-methoxyphenyl)-imidazo[1,2-alpyridine (3e), white solid
(52 mg, 85%); m.p. 176-178 °C; 'H-NMR (400 MHz, CDCl3:CD;0D = 7:1), §y, ppm:
5.34-5.42 (m, 1H), 6.13 (td, ] = 55.6, 3.6 Hz, 1H), 6.75-6.79 (m, 1H), 6.84-6.87 (m, 1H),
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7.00-7.05 (m, 2H), 7.14-7.23 (m, 2H), 7.41 (d, ] = 7.2 Hz, 1H), 8.61 (d, | = 6.8 Hz, 1H); 13C-
NMR (100 MHz, CDCl3:CD30D = 7:1), éc, ppm: 55.2, 66.3 (t, | = 26.0 Hz), 112.3, 112.9,
114.1,114.2, 115.4 (t, ] = 245.0 Hz), 115.5, 116.6, 1221.2, 125.9, 127.3, 129.5, 134.4, 145.3, 145.4,
159.4; 9F NMR (376 MHz, CDCl3:CD30D = 7:1), 55, ppm: —123.62 (d, ] = 282.0 Hz, 1F),
—124.75 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C14H;5F,N,O, [M + H]*, 305.1096,
found: 305.1081.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(2-methoxyphenyl)-imidazo[1,2-a]pyridine (3f), white solid
(48 mg, 79%); m.p. 177-179 °C; 'H-NMR (400 MHz, CDCl3), 6, ppm: 3.56 (s, 1H), 5.07-5.14
(m, 1H), 5.91 (td, ] = 55.6, 1.6 Hz, 1H), 6.70-6.77 (m, 2H), 6.81 (d, ] = 8.4 Hz, 1H), 7.09-7.16 (m,
2H), 7.21-7.25 (m, 1H), 7.37 (d, ] = 8.8 Hz, 1H), 8.57 (d, ] = 6.8 Hz, 1H); '3C-NMR (100 MHz,
CDCly), ¢, ppm: 55.2, 66.5 (t, | = 24.0 Hz), 111.0, 112.1, 115.7 (¢, ] = 246.0 Hz),, 116.6, 116.9,
120.8,122.1, 1254, 127.2, 130.0, 132.1, 141.3, 145.6, 156.3; ’F NMR (376 MHz, CDCl3), 5F,
ppm: —123.06 (d, ] = 278.2 Hz, 1F), —127.67 (d, | = 278.2 Hz, 1F); ESI-HRMS, m/z: Calcd for
C16H15F2N202 [M + H]+, 305.1096, found: 305.1081.

(%£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(4-fluorophenyl)-imidazo[1,2-aJpyridine 2,2- (3g), white
solid (49 mg, 85%); m.p. 208-210 °C; TH-NMR (400 MHz, CD30D), dy, ppm: 5.28-5.35
(m, 1H), 6.33 (td, ] = 55.6, 3.6 Hz, 1H), 6.92-6.96 (m, 1H), 7.18-7.24 (m, 2H), 7.35-7.39 (m,
1H), 7.55 (d, ] = 9.2 Hz, 1H), 7.63-7.67 (m, 2H), 8.75 (d, ] = 6.8 Hz, 1H); 13C-NMR (100 MHz,
CD;0D), ¢, ppm: 66.1 (t, ] = 25.0 Hz), 112.3, 115.1 (¢, ] = 22.0 Hz), 115.7 (¢, ] = 243.0 Hz),
115.8, 116.1, 126.4, 127.5, 129.6 (d, | = 3.0 Hz), 130.8 (d, ] = 9.0 Hz), 145.5, 144.2, 163.0 (d,
J =246.0 Hz); ’F NMR (376 MHz, CDCl3:CD3;0D = 7:1), 6f, ppm: —115.40, —125.45 (d,
J =285.8 Hz, 1F), —126.28 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C15H;,FsN,O
[M + H]J*, 293.0896, found: 293.0885.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(2-fluorophenyl)-imidazo[1,2-a]pyridine (3h), white solid
(48 mg, 82%); m.p. 173-175 °C; 'H-NMR (400 MHz, CDCl3), dy, ppm: 5.04-5.11 (m, 1H),
5.95 (td, ] = 55.6, 2.0 Hz, 1H), 6.68-6.72 (m, 1H), 6.92-7.00 (m, 2H), 7.09-7.13 (m, 1H),
7.17-7.23 (m, 1H), 7.26-7.31 (m, 1H), 8.37 (d, ] = 9.2 Hz, 1H), 8.57 (d, ] = 6.0 Hz, 1H); 13C-
NMR (100 MHz, CDCl3), dc, ppm: 66.4 (f, ] = 24.0 Hz), 112.4, 115.4 (¢, ] = 246.0 Hz), 115.6,
115.8, 116.6, 120.9 (d, | = 15.0 Hz), 124.3 (d, | = 4.0 Hz), 126.0, 127.5, 130.4 (d, ] = 8.0 Hz),
132.0, 138.9, 145.9, 159.4 (d, ] = 245.0 Hz); 'F NMR (376 MHz, CDCl3), 6, ppm: —123.88 (d,
J =285.8 Hz, 1F), —124.66 (d, ] = 285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for C15H;,FsN,O
[M + HJ*, 293.0896, found: 293.0885.

(£)-2-(4-Chlorophenyl)-3-(2,2-difluoro-1-hydroxy)ethyl-imidazo[1,2-aJpyridine (3i), white solid
(55 mg, 90%); m.p. 198-200 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), 8y, ppm:
5.26-5.32 (m, 1H), 6.16 (td, ] = 55.6, 3.2 Hz, 1H), 6.80-6.85 (m, 1H), 7.22-7.31 (m, 3H),
7.40 (d, ] = 8.0 Hz, 2H), 7.46 (d, ] = 9.2 Hz, 1H), 8.60 (d, | = 6.8 Hz, 1H); 3C-NMR (100
MHz, CDCl3:CD3;0D = 7:1), ¢, ppm: 66.3 (t, | = 26.0 Hz), 112.6, 115.2 (t, ] = 245.0 Hz),
115.6, 116.6, 126.2, 127.3, 128.7, 129.9, 131.5, 134.4, 144.2, 145.5; 1F NMR (376 MHz,
CDCl3:CD3;0D = 7:1), 6, ppm: —123.74 (d, ] = 282.0 Hz, 1F), —124.57 (d, | = 282.0 Hz,
1F); ESI-HRMS, m/z: Calcd for C15H;,CIF,N,O [M + HJ*, 309.0601, found: 309.0616.

(£)-2-(3-Chlorophenyl)-3-(2,2-difluoro-1-hydroxy)ethyl-imidazo[1,2-aJpyridine (3j), white solid
(57 mg, 92%); m.p. 174-176 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), §y, ppm:
5.28-5.26 (m, 1H), 6.15 (td, | = 55.6, 3.6 Hz, 1H), 6.78-6.83 (m, 1H), 7.20-7.23 (m, 1H),
7.25-7.32 (m, 2H), 7.35-7.38 (m, 1H), 7.44-7.51 (m, 2H), 8.63 (d, ] = 6.8 Hz, 1H); 13C-NMR
(100 MHz, CDCl3:CD30D = 7:1), §c, ppm: 66.1 (t, ] = 25.0 Hz), 112.6, 115.3 (t, ] = 245.0 Hz),
115.9, 116.5, 126.2, 126.9, 127.4, 128.3, 128.7, 129.7, 134.3, 134.9, 143.8, 145.5; °F NMR
(376 MHz, CDCl3:CD30D = 7:1), §p, ppm: —123.86 (d, ] = 285.8 Hz, 1F), —124.63 (d,
J =285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for C15H1,CIF,N,O [M + H]*, 309.0601, found:
309.0616.

(£)-2-(4-Bromophenyl)-3-(2,2-difluoro-1-hydroxy)ethyl-imidazo[1,2-a]pyridine (3k), white solid
(60 mg, 86%); m.p. 190-192 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), §y, ppm:
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5.24-5.31 (m, 1H), 6.16 (td, ] = 55.6, 3.6 Hz, 1H), 6.80-6.85 (m, 1H), 7.22-7.26 (m, 1H), 7.32 (d,
] = 8.4 Hz, 2H), 7.43-7.47 (m, 3H), 8.59 (d, ] = 6.8 Hz, 1H); 13C-NMR (100 MHz, CDCl;:CD;0D
=7:1), 5¢, ppm: 66.2 (£, ] = 25.0 Hz), 112.5, 115.2 (¢, ] = 245.0 Hz), 115.7, 116.6, 122.7, 126.2,
127.3,130.2, 131.6, 131.9, 144.2, 145.5; 19F NMR (376 MHz, CDCl3:CD30D = 7:1), 5¢, ppm:
—123.74 (d, ] = 282.0 Hz, 1F), —124.56 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for
C16H15BrFaNLO [M + HJ*, 353.0096, found: 353.0107.

(£)-2-(3-Bromophenyl)-3-(2,2-difluoro-1-hydroxy)ethyl-imidazo[1,2-alpyridine (31), white solid
(59 mg, 84%); m.p. 186-188 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), §y, ppm:
5.27-5.35 (m, 1H), 6.01-6.16 (m, 1H), 6.78-6.82 (m, 1H), 7.17-7.22 (m, 2H), 7.38-7.45 (m, 3H),
7.67 (s, 1H), 8.62 (d, ] = 6.4 Hz, 1H); '*C-NMR (100 MHz, CDCl3:CD30D = 7:1), éc, ppm:
66.22 (t, ] =25.0 Hz), 112.6, 115.3 (t, ] = 245.0 Hz), 115.9, 116.6, 122.5, 126.3, 127.4, 130.0, 131.3,
131.7,135.2, 143.7, 145.6; 'F NMR (376 MHz, CDCl3:CD;0D = 7:1), 6, ppm: —123.88 (d,
J =285.8 Hz, 1F), —124.66 (d, | = 285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for C15H,BrF;N,O
[M + HJ*, 353.0096, found: 353.0107.

(%£)-2-(3,4-Dichlorophenyl)-3-(2,2-difluoro-1-hydroxy)ethyl-imidazo[1,2-a]pyridine (3m), white
solid (57 mg, 84%); m.p. 205-207 °C; TH-NMR (400 MHz, CDCl3:CD;0D = 7:1), 6y,
ppm: 5.26-5.34 (m, 1H), 6.18 (td, | = 55.6, 3.6 Hz, 1H), 6.83-6.87 (m, 1H), 7.25-7.30 (m, 1H),
7.38-7.53 (m, 3H), 7.68 (s, 1H), 8.63 (d, ] = 6.4 Hz, 1H);'*C-NMR (100 MHz, CDCl3:CD;0D=7:1),
dc, ppm: 66.2 (t, ] =26.0 Hz), 112.7, 115.2 (t, | = 245.0 Hz), 116.0, 116.6, 126.5, 127.4, 128.0,
130.5, 132.5, 132.6, 133.2, 142.9, 145.6; °F NMR (376 MHz, CDCl3:CD30D = 7:1), 6, ppm:
—123.85 (d, ] = 285.8 Hz, 1F), —124.66 (d, ] = 285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for
C15H11CLFoN,O [M + HJF, 343.0211, found: 343.0213.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(3,4-dimethoxyphenyl)-imidazo[1,2-alpyridine (3n), white
solid (55 mg, 82%); m.p. 178-180 °C; 'H-NMR (400 MHz, CDCl3:CD;0D = 7:1), 6, ppm:
3.86 (s, 3H), 3.90 (s, 3H), 5.35-5.42 (m, 1H), 6.19 (td, ] = 55.6, 3.6 Hz, 1H), 6.78-6.86 (m, 2H),
7.04 (d, ] = 8.0 Hz, 1H), 7.16 (s, 1H), 7.19-7.23 (m, 1H), 7.46 (d, ] = 8.8 Hz, 1H), 8.61 (d,
] = 6.8 Hz, 1H); 3C-NMR (100 MHz, CDCl3:CD30D = 7:1), dc, ppm: 55.7, 55.7, 66.3 (t,
J=25.0Hz),110.9,112.1,112.3,115.1, 115.4 (t, | = 245.0 Hz), 116.3, 121.2, 125.8, 125.9, 127 2,
145.3, 145.4, 148.7, 149.0; ’F NMR (376 MHz, CDCl3:CD;0D = 7:1), 6, ppm: —123.54 (d,
J =282.0 Hz, 1F), —124.53 (d, | = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C17H17F2N203
[M + H]J*, 335.1202, found: 335.1195.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(naphthalen-1-yl)-imidazo[1,2-a]pyridine (30), white solid
(51 mg, 78%); m.p. 212-214 °C; 'H-NMR (400 MHz, CDCl3), o, ppm: 4.68-4.76 (m, 1H),
545 (td, | = 55.6, 2.8 Hz, 1H), 6.67-6.71 (m, 1H), 6.94-6.99 (m, 2H), 7.06-7.10 (m, 1H),
7.15-7.19 (m, 1H), 7.25-7.30 (m, 2H), 7.41 (d, | = 8.4 Hz, 1H), 7.74 (d, | = 8.0 Hz, 1H), 8.46 (4,
] = 6.8 Hz, 1H); *C-NMR (100 MHz, CDCl3), éc, ppm: 66.0 (t, ] = 25.0 Hz), 112.3,115.2 (t,
J =245.0 Hz), 116.4,117.2,124.9, 125.6, 125.9, 125.9, 126.2, 127.3, 128.0, 128.3, 129.0, 130.2,
132.2, 133.4, 143.8, 145.3; ESI-HRMS, m/z: Calcd for C19H15F,N,O [M + HJ*, 325.1147,
found: 325.1154.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(naphthalen-2-yl)-imidazo[1,2-alpyridine (3p), white solid
(52 mg, 80%); m.p. 210-212 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), 6y, ppm:
5.38-5.42 (m, 1H), 6.14 (td, | = 55.6, 3.2 Hz, 1H), 6.57-6.61 (m, 1H), 6.96-7.01 (m, 1H), 7.33 (d,
] =8.8Hz, 1H), 7.47-7.51 (m, 3H), 7.65 (d, ] = 8.4 Hz, 1H), 7.73-7.77 (m, 2H), 7.85 (s, 1H), 8.53
(d, ] = 6.8 Hz, 1H); 3C-NMR (100 MHz, CDCl3:CD;0D=7:1), ¢, ppm: 66.3 (t, ] = 25.0 Hz),
112.2, 115.4 (t, ] = 245.0 Hz), 115.8, 116.3, 125.8, 126.3, 126.3, 126.4, 127.2, 127.6, 127.8, 128.1,
128.3,130.4, 132.9, 133.0, 145.2, 145.5; F NMR (376 MHz, CDCl5:CD;0D = 7:1), 6, ppm:
—123.52 (d, ] = 285.8 Hz, 1F), —124.60 (d, ] = 285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for
C19H15F>N>O [M + H]F, 325.1147, found: 325.1154.

(%£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(pyridin-2-yl)-imidazo[1,2-a]pyridine (3q), white solid
(37 mg, 68%); m.p. 165-167 °C; 'H-NMR (400 MHz, CDCl3), é, ppm: 5.25-5.32 (m, 1H),
5.87 (td, ] = 55.6, 5.6 Hz, 1H), 6.78-6.82 (m, 1H), 7.14-7.23 (m, 2H), 7.56 (d, ] = 9.2 Hz, 1H),

175



Molecules 2023, 28, 7522

7.78-7.82 (m, 1H), 8.03 (d, ] = 6.8 Hz, 1H), 8.38 (d, ] = 8.0 Hz, 1H), 8.45 (d, ] = 4.0 Hz, 1H),
9.82 (br, 1H); 3C-NMR (100 MHz, CDCl3), éc, ppm: 65.8 (t, ] = 26.0 Hz), 113.3, 115.9 (¢,
J = 244.0 Hz), 118.0, 120.1, 123.0, 123.0, 124.0, 125.6, 138.4, 142.6, 145.1, 147.2, 152.6; 1°F
NMR (376 MHz, CDCl3), éf, ppm: —123.20 (d, | = 282.0 Hz, 1F), —127.07 (d, ] = 282.0 Hz,
1F); ESI-HRMS, m/z: Caled for C14H1,FoN3O [M + H]*, 276.0943, found: 276.0962.

(%£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-(thiophen-2-yl)-imidazo[1,2-alpyridine (3r), white solid
(41 mg, 73%); m.p. 163-165 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), 6y, ppm:
5.46-5.54 (m, 1H), 6.10 (td, ] = 55.6, 3.2 Hz, 1H), 6.69-6.73 (m, 1H), 6.96-6.99 (m, 1H),
7.11-7.16 (m, 1H), 7.19 (d, ] = 3.6 Hz, 1H), 7.27 (d, | = 5.2 Hz, 1H), 7.40 (d, ] = 9.2 Hz,
1H), 8.57 (d, ] = 7.2 Hz, 1H); 3C-NMR (100 MHz, CDCl;3:CD;0D = 7:1), §¢, ppm: 66.4 (t,
J =25.0Hz), 112.4,114.9, 115.4 (, ] = 246.0 Hz), 116.4, 126.2, 126.3, 126.7, 127 .4, 127.6, 135.5,
139.1, 145.7; 9F NMR (376 MHz, CDCl3), 6F, ppm: —123.44 (d, ] = 282.0 Hz, 1F), —127.37
(d, ] =282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C13H11FoN,OS [M + H]*, 281.0555, found:
281.0566.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-6-methyl-2-phenyl-imidazo[1,2-alpyridine (3aa), white solid
(54 mg, 93%); m.p. 212-214 °C; TH-NMR (400 MHz, CDCl5:CDs0D = 7:1), 6y, ppm: 2.30 (s,
3H), 5.28-5.36 (m, 1H), 6.13 (td, ] = 55.6, 4.0 Hz, 1H), 7.00 (d, ] = 9.2 Hz, 1H), 7.26-7.31 (m,
4H), 7.38-7.41 (m, 2H), 8.35 (s, 1H); 3C-NMR (100 MHz, CDCl3:CD30D = 7:1), éc, ppm:
18.4,66.3 (t, ] =25.0 Hz), 115.1, 115.2 (¢, ] = 245.0 Hz), 115.8, 122.0, 124.8, 128.0, 128.4, 128.7,
129.0, 133.1, 144.5, 145.2; ’F NMR (376 MHz, CDCl3:CD;0D = 7:1), 6, ppm: —123.27 (d,
J =282.0 Hz, 1F), —124.93 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C1¢H15F>N,O
[M + HJ]*, 289.1147, found: 289.1136.

(%)-3-(2,2-Difluoro-1-hydroxy)ethyl-7-methyl-2-phenyl-imidazo[1,2-aJpyridine (3ab), white solid
(55 mg, 95%); m.p. 186-188 °C; 'H-NMR (400 MHz, CDCl3), 6, ppm: 2.32 (s, 3H), 5.26-5.34
(m, 1H), 6.18 (td, ] = 55.6, 3.6 Hz, 1H), 7.55 (d, | = 8.8 Hz, 1H), 7.17-7.29 (m, 6H), 8.43 (d,
J = 9.2 Hz, 1H); '®*C-NMR (100 MHz, CDCl3), éc, ppm: 21.3, 66.4 (t, ] = 25.0 Hz), 114.8,
115.1, 115.3 (t, ] = 245.0 Hz), 126.5, 128.1, 128.4, 128.6, 132.7, 137.3, 144.8, 145.7; 9F NMR
(376 MHz, CDCl3), 6, ppm: —123.73 (d, ] = 282.0 Hz, 1F), —124.81 (d, ] = 282.0 Hz, 1F);
ESI-HRMS, m/z: Caled for C16H15F,N,O [M + HJ*, 289.1147, found: 289.1136.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-8-methyl-2-phenyl-imidazo[1,2-alpyridine (3ac), white solid
(49 mg, 84%); m.p. 184-186 °C; TH-NMR (400 MHz, CDCl3:CD;0D = 7:1), dy, ppm:
2.53 (s, 3H), 5.21-5.28 (m, 1H), 6.08 (td, ] = 55.6, 1.6 Hz, 1H), 6.70-6.74 (m, 1H), 7.03
(d, ] = 6.0 Hz, 1H), 7.28-7.32 (m, 3H), 7.45-7.48 (m, 2H), 8.48 (d, | = 6.8 Hz, 1H); 13C-
NMR (100 MHz, CDCl;:CD3;0D = 7:1), dc, ppm: 16.9, 66.2 (¢, ] = 25.0 Hz), 112.4, 115.2
(t, ] =245.0 Hz), 115.9, 124.8, 124.9, 126.7, 128.1, 128.3, 129.1, 133.3, 145.2, 145.9; F
NMR (376 MHz, CDCl3:CD3;0D = 7:1), of, ppm: —123.51 (d, | = 282.0 Hz, 1F), —124.57 (d,
J = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C14H15F,N,O [M + H]*, 289.1147, found:
289.1136.

(%£)-3-(2,2-Difluoro-1-hydroxy)ethyl-7-methoxy-2-phenyl-imidazo[1,2-alpyridine (3ad), white
solid (52 mg, 85%); m.p. 201-203 °C; 'H-NMR (400 MHz, CDCl3:CD;0D = 7:1), 6, ppm:
3.86 (s, 3H), 5.27-5.32 (m, 1H), 5.99-6.28 (m, 1H), 6.78-6.81 (m, 1H), 7.31-7.42 (m, 3H),
7.49-7.59 (m, 2H), 8.46 (d, ] = 4.8 Hz, 1H); '3C-NMR (100 MHz, CDCl5:CD;0D = 7:1), éc,
ppm: 55.5,66.2 (t, ] =25.0 Hz), 93.7,107.3, 114.3, 115.4 (¢, ] = 245.0 Hz), 127.8, 128.1, 128 4,
128.7,133.3, 145.0, 147.3, 158.8; 19F NMR (376 MHz, CDCl3:CD30D = 7:1), 6, ppm: —123.98
(d, ] =282.0 Hz, 1F), —125.18 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C16H15F2N>O5
[M + HJ*, 305.1096, found: 305.1081.

(£)-6-Chloro-3-(2,2-difluoro-1-hydroxy)ethyl-2-phenyl-imidazo[1,2-a]pyridine (3ae), white solid
(57 mg, 92%); m.p. 215-217 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), 8y, ppm:
5.30-5.38 (m, 1H), 6.16 (td, | = 55.6, 3.2 Hz, 1H), 7.18-7.22 (m, 1H), 7.36-7.42 (m, 3H), 7.46 (d,
J =9.2 Hz, 1H), 7.51-7.54 (m, 2H), 8.72 (s, 1H); '*C-NMR (100 MHz, CDCl5:CD;0D = 7:1),
dc, ppmu: 66.3 (t, ] = 25.0 Hz), 115.3 (t, | = 245.0 Hz), 116.2, 116.9, 120.5, 125.3, 127.2,
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128.5,128.6, 128.8, 132.8, 144.0, 146.3; 1°F NMR (376 MHz, CDCl3:CD30D = 7:1), 6, ppm:
—123.99 (d, ] = 282.0 Hz, 1F), —124.97 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for
C15H12C1F2N20 [M + H]+, 3090601, found: 309.0616.

(£)-7-Chloro-3-(2,2-difluoro-1-hydroxy)ethyl-7-chloro-2-phenyl-imidazo[1,2-a]pyridine (3af), white
solid (56mg, 91%); m.p. 219-221 °C; 'H-NMR (400 MHz, CDCl3:CD30D = 7:1), é, ppm:
5.34-5.41 (m, 1H), 6.16 (t, ] = 55.6 Hz, 1H), 6.83 (d, ] = 7.2 Hz, 1H), 7.33-7.47 (m, 3H); 7.59 (d,
] = 4.4 Hz, 2H), 8.62 (d, ] = 7.2 Hz, 1H); 3C-NMR (100 MHz, DMSO-d6), 5, ppm: 65.8 (t,
J =24.0Hz), 113.8,116.0, 116.3 (t, ] = 243.0 Hz), 116.8, 128.8, 128.9, 129.0, 129.2, 131.3, 133.8,
145.2, 146.0; F NMR (376 MHz, CDCl3:CD30D = 7:1), 6, ppm: —124.13 (d, ] = 285.8 Hz,
1F), —125.03 (d, d, ] = 285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for C15H;,CIF,N,O [M + H],
309.0601, found: 309.0616.

(£)-8-Chloro-3-(2,2-difluoro-1-hydroxy)ethyl-8-chloro-2-phenyl-imidazo[1,2-aJpyridine (3ag), white
solid (55 mg, 89%); m.p. 233-235 °C; I'H-NMR (400 MHz, CDCl5:CD50D = 7:1), 8y, ppm:
5.32-5.39 (m, 1H), 6.08 (td, ] = 55.6, 3.2 Hz, 1H), 6.78-6.82 (m, 1H), 7.34-7.45 (m, 4H), 7.62 (d,
] = 6.4 Hz, 2H), 8.64 (d, ] = 7.2 Hz, 1H); '3C-NMR (100 MHz, DMSO-d6), i¢, ppm: 65.9 (t,
J=25.0Hz),112.5,116.2 (t, | =243.0 Hz), 118.4, 121.8, 125.2, 127.2,128.9, 129.2, 129.2, 133.8,
142.5, 145.6; ’F NMR (376 MHz, CDCl3:CD50D = 7:1), 5, ppm: —124.06 (d, ] = 282.0 Hz,
1F), —125.11 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C15H;,CIF,N,O [M + H]*,
309.0601, found: 309.0616.

(%)-8-Bromo-3-(2,2-difluoro-1-hydroxy)ethyl-2-phenyl-imidazo[1,2-alpyridine (3ah), white solid
(58 mg, 83%); m.p. 259-261 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), 5y, ppm:
5.32-5.38 (m, 1H), 6.01-6.30 (m, 1H), 6.73-6.77 (m, 1H), 7.41-7.46 (m, 3H), 7.55 (d, ] = 6.8 Hz,
1H), 7.64 (d, ] = 6.8 Hz, 2H), 8.69 (d, ] = 6.0 Hz, 1H); 3C-NMR (100 MHz, DMSO-d6), Jc,
ppm: 66.0 (t, | = 25.0 Hz), 110.6, 113.0, 116.2 (t, | = 243.0 Hz), 118.4, 127.6, 128.6, 128.8, 129.1,
129.2,133.8, 143.1, 145.6; ’F NMR (376 MHz, CDCl3:CD;0D = 7:1), 6, ppm: —123.98 (d,
J =282.0 Hz, 1F), —125.16 (d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Caled for C;5H1,BrF,N,O
[M + HJ*, 353.0096, found: 353.0107.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-phenyl-6-(trifluoromethyl)-imidazo[1,2-a]pyridine (3ai),
white solid (61 mg, 89%); m.p. 193-195 °C; 'H-NMR (400 MHz, CDCl3:CD3;0D = 7:1), 6y,
ppm: 5.35-5.43 (m, 1H), 6.17 (td, | = 55.6, 2.8 Hz, 1H), 7.33-7.39 (m, 4H), 7.48-7.51 (m, 2H),
7.59 (d, ] = 9.8 Hz, 1H), 9.02 (s, 1H); '*C-NMR (100 MHz, CDCl3:CD30D = 7:1), éc, ppm:
66.1 (t, ] =25.0 Hz), 115.5 (t, ] = 245.0 Hz), 116.5 (g, ] = 34.0 Hz), 116.9, 117.3, 121.6-121.8 (),
123.5 (g, ] =270.0 Hz), 126.8 (9, ] = 5.0 Hz), 128.6, 128.7, 128.7, 132.4, 145.4, 147.1; ’'F NMR
(376 MHz, CDCl3:CD3OD = 7:1), §, ppm: —62.05, —123.79 (d, | = 282.0 Hz, 1F), —125.09
(d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Calcd for C14H12FsN,O [M + H]*, 343.0864, found:
343.0857.

(£)-3-(2,2-Difluoro-1-hydroxy)ethyl-2-phenyl-7-(trifluoromethyl)-imidazo[1,2-a]pyridine (3aj),
white solid (60 mg, 87%); m.p. 206-208 °C; 'H-NMR (400 MHz, CD30D), 6y, ppm:
5.37-5.45 (m, 1H), 6.36 (td, ] = 55.6, 3.6 Hz, 1H), 7.18 (dd, | = 6.4, 3.2 Hz, 1H), 7.44-7.54 (m,
3H), 7.66-7.69 (m, 2H); 7.93 (s, 1H), 8.96 (d, ] = 7.2 Hz, 1H); '*C-NMR (CD;0D), §¢, ppm:
66.1 (t, ] = 25.0 Hz), 107.6-107.7 (m), 113.8 (g, ] = 4.0 Hz), 115.8 (t, ] = 245.0 Hz), 118.0 (¢,
] =3.0 Hz), 123.4 (g, ] = 272.0 Hz), 127.5 (g, ] = 34.0 Hz), 128.4, 128.6, 128.8, 129.0, 132.7,
143.7,147.3; F NMR (376 MHz, CD;0D), &f, ppm: —65.30, —125.65 (d, ] = 285.8 Hz, 1F),
—126.62 (d, ] = 285.8 Hz, 1F); ESI-HRMS, m/z: Calcd for C14H1,FsN,O [M + HJ*, 343.0864,
found: 343.0857.

(%)-6-Bromo-3-(2,2-difluoro-1-hydroxy)ethyl-7-methyl-2-phenyl-6-(trifluoro-methyl)-imidazo[1,2-
alpyridine (3ak), white solid (66 mg, 90%); m.p. 237-239 °C; 'H-NMR (400 MHz, DMSO-d6),
oy, ppm: 5.32-5.39 (m, 1H), 6.59 (t, ] = 53.2 Hz, 1H), 6.86-6.88 (m, 1H), 7.40-7.51 (m, 3H),
7.54-7.70 (m, 3H), 8.85 (s, 1H); 1>*C-NMR (100 MHz, DMSO-d6), éc, ppm: 22.4, 65.8 (t, | =
24.0 Hz), 110.5, 116.0, 116.3 (t, ] = 243.0 Hz), 116.6, 127.4, 127.7, 129.0, 129.1, 134.0, 135.7,
144.7,145.6; F NMR (376 MHz, DMSO-d6), 6, ppm: —123.85 (d, ] = 282.0 Hz, 1F), —124.80
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(d, ] = 282.0 Hz, 1F); ESI-HRMS, m/z: Caled for C14Hy4BrF,N,O [M + H*, 367.0252, found:
367.0244.

3-(2,2-Difluoroacetyl)-imidazo[1,2-alpyridine (4a), white solid (15 mg, 77%); m.p. 102-104 °C;
'H-NMR (400 MHz, CDCls), 8y, ppm: 6.26 (t, ] = 53.6 Hz, 1H), 7.21-7.25 (m, 1H), 7.63-7.68
(m, 1H), 7.87 (d, ] = 9.2 Hz, 1H), 8.63 (s, 1H), 9.62 (d, ] = 6.8 Hz, 1H); 3C-NMR (100 MHz,
CDCls), é¢c, ppm: 111.1 (¢, ] = 252.0 Hz), 116.2, 118.1, 119.9, 129.0, 131.0, 146.0 (¢, | = 6.0 Hz),
149.7,177.0 (t, ] = 26.0 Hz); '°F NMR (376 MHz, CDCl3), §, ppm: —121.40; ESI-HRMS, m/z:
Caled for CoH7F,N,0 [M + HJ*, 197.0521, found: 197.0539.

3-(2,2-Difluoroacetyl)-2-phenyl-imidazo[1,2-a]Jpyridine (4b), white solid (22 mg, 79%); m.p.
121-123 °C; 'H-NMR (400 MHz, CDCl3), 6y, ppm: 5.91 (¢, ] = 53.2 Hz, 1H), 7.23-7.26 (m,
1H), 7.52-7.58 (m, 3H), 7.62-7.65 (m, 2H), 7.66-7.72 (m, 1H), 7.85 (d, ] = 8.8 Hz, 1H), 9.78 (4,
] = 6.8 Hz, 1H); '*C-NMR (100 MHz, CDCl3), 5¢, ppm: 106.0 (t, ] = 244.0 Hz), 116.2, 117.7,
119.0, 128.8, 129.4, 129.7, 130.2, 131.6, 133.7, 148.5, 157.5, 177.2 (t, ] = 25.0 Hz); '°F NMR
(376 MHz, CDCl3), o, ppm: —124.48; ESI-HRMS, m/z: Calcd for C15H11FoN,O [M + H],
273.0834, found: 273.0830.

4. Conclusions

In conclusion, we have developed a facile and efficient method for the synthesis of
C3-difluoromethyl carbinol-containing imidazo[1,2-a]pyridines via HFIP-promoted direct
C(sp?)-H hydroxydifluoromethylation. A small library of difluoromethylated carbinols
were prepared at room temperature in good to high yields by the practical green method.
This HFIP-promoted strategy exhibited some definite benefits, such as being transition
metal- and oxidant-free and having wide substrate generality, excellent functional group tol-
erance and mild reaction conditions. In addition, gram-scale and synthetic transformation
experiments have also been demonstrated. Therefore, this simple and green synthesis strat-
egy might be attractive for the further design and rapid synthesis of potentially bioactive
fluorinated heterocyclic derivatives with multifunctional groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28227522 /s1, which contains details on the crystallo-
graphic information parameters (Table S1), experimental procedure for compounds 1b-1c, experi-
mental procedure for compounds 1z-1ac, 'H, 3C and 'F NMR spectra for all compounds 3a-3ak
and 4a—4b. References [24,37] are cited in the supplementary materials.
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Abstract: Quinolinones, also called quinolones, are a group of heterocyclic compounds with
a broad spectrum of biological activities. These compounds occur naturally in plants and
microorganisms but can also be obtained synthetically. The first synthesis of quinolinones
took place at the end of the 19th century, and the most recent methods were published
just a few years ago. They allow for obtaining an unlimited number of analogs differing
in biological properties. In this review, we described the plethora of methods leading
to quinolin-4-ones. Several of these compounds have been used as antibiotics for over
four decades, but recently, their antiproliferative effects have been of particular interest
to researchers. This review summarizes the experimental progress made in the synthetic
development of various routes leading to quinoline-4-ones and presents an overview of
the structures, their evolution, and their relation to activity.

Keywords: chemical synthesis; antibacterial agents; antiviral agents; anticancer activity;
structure—activity relationship

1. Introduction

Heterocycles containing a nitrogen atom in their structure are a very important group
of organic compounds that have found numerous applications in organic synthesis, medici-
nal chemistry, and everyday life. Alkaloids, antibiotics, vitamins, hormones, and a large
number of drugs and dyes contain azaheterocyclic ring systems. The properties of azahete-
rocyclic compounds depend on the specific structure of the heterocyclic ring and the type
of functional groups present in the molecule. These compounds often exhibit biological
activities such as antibacterial, antifungal, or anticancer [1].

An interesting group of azaheterocyclic compounds is quinolinones (also called
quinolones or azaflavones in some sources). They contain a quinoline ring system linked to
a carbonyl group and can be divided into quinolin-2(1H)-ones and quinolin-4(1H)-ones
(Figure 1).

Quinolinones are relatively rare in nature. The quinolin-4-one skeleton can be found
in plants of the Rutaceae, Rubiaceae, and Astraceae families and in microorganisms [2]. Some
of the naturally occurring quinolin-4-ones with interesting activities isolated from plants
are shown in Figure 2.
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Figure 1. The structure of quinoline and quinolinones.
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Figure 2. Quinolin-4-ones of plant origin with interesting biological properties.

Transitorin inhibits the growth of bacteria such as Staphylococcus aureus, Pseudomonas
aeruginosa, and Enterobacter cloacae [3]. Graveolin has versatile pharmacological activity,
including antifungal [4] and antimicrobial [5] properties. Graveolin has also been shown to
have cytotoxic activity against A375 cutaneous melanoma cells [6]. Synthetic derivatives
of graveolin inhibited the process of angiogenesis during the development of malignant
lesions [7].

A derivative of graveolin with a methoxy group in position 7 is punarnavine (also
called lunamarin). This compound was isolated from the roots of Boerhaavia diffusa (family
Nyctaginaceae), a plant used in Indian folk medicine. Punarnavine was shown to possess
various properties, including hepatoprotective [8], immunomodulatory [9], anti-stress [10],
and anti-oxidative [11]. Recently, attention has also been drawn to the anticancer effects
of punarnavine. In low, non-toxic concentrations, this compound induces apoptosis in
B16F-10 mouse melanoma cells [12]. In studies using a mouse model of breast tumor 4T1,
which mimics stage four human breast cancer, punarnavine was shown to inhibit primary
tumor growth and reduce the progression of metastasis to lymph nodes, liver, and lung.
In addition, punarnavine is non-genotoxic [13] and inhibits angiogenesis [14], making it a
good candidate for an anticancer drug.

Among quinolin-4-ones of therapeutic importance isolated from microorganisms,
the most interesting is intervenolin (Figure 3), found in aerobic Gram-positive bacteria
of the genus Nocardia (family Nocardiaceae) [15]. This alkaloid selectively inhibited the
proliferation of human gastric cancer cells MKN-74 and MKN-7 and colon cancer cells
HTC-15.

Intervenolin

Figure 3. The structure of intervenolin, a quinolin-4-one isolated from microorganisms.

182



Molecules 2025, 30, 163

Two unique substituents can be distinguished in the structure of this compound: a
bis(methylthio)methyleneaminomethyl group on the nitrogen atom and a geranyl chain on
the C2, which both have a strong effect on the biological activity of intervenolin [16].

Despite their interesting biological activities, none of the quinoline-4-ones found in
nature has been recommended as a drug so far. However, due to the large number of
potential functionalizations at different positions, quinoline-4-ones are attractive precursors
for the synthesis of biologically important structures, some of which have already become
approved medications. Here, we focused on showing various routes leading to synthetic
quinoline-4-ones and discussing their medical uses.

2. Chemical Methods of Synthesis of Quinolin-4-ones

Over the years, many methods have been developed for the synthesis of the quinolin-
4-one core. Due to the high possibility of functionalization of the molecule, different
strategies and starting materials have been used (Figure 4). These compounds can be
obtained with classical methods starting from aniline derivatives, for example, via the
Gould-Jacobs (route A) or Conrad-Limpach (route B), as well as starting from methyl
anthranilate via Biere-Seelen synthesis (route C) or using Dieckmann condensation (route
D). Less common 3-substituted quinolin-4-ones were obtained by the Snieckus reaction
from an anthranilic acid amide (route E) or the Camps reaction from N-(2-acylaryl)amides
(route F). Modern methods include transformations catalyzed with transition metals (route
G) or N-heterocyclic carbenes (route H). Recently, a method has also been developed for

the synthesis of quinolin-4-ones from isatoic anhydride via a decarboxylating cyclization

Et0,C.__CO,Et
O+ X
NH, R” ~OEt

reaction (route I).

Figure 4. Quinolin-4-one retrosynthesis pathways.
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Some other important reviews in the field of quinolinone synthesis should be men-
tioned here. Rao et al. [17] described quinolinone synthesis by electrochemically and pho-
tochemically driven methods. Dine et al. [18] provided protocols for metal-free reactions
and transition metal-catalyzed procedures. Shen et al. [19] summarized the experimen-
tal progress made in the synthetic development of various catalytic routes to preparing
quinoline-4-ones and their analogs.

2.1. Gould—Jacobs Method (Route A)

The Gould-Jacobs reaction [20] is an important thermal cyclization method leading to
the quinolin-4-one backbone. The original approach, proposed in 1939 (Scheme 1), in the
first step, involves condensation of aniline 1 and diethyl ethoxymethylidenedimalonate
2. The resulting diester 3, upon further heating, is readily cyclized through a ketene
intermediate compound 4, usually under drastic conditions, with the formation of 4-
hydroxy-3-ethoxycarbonylquinoline 5. Hydrolysis of the ester 5 to a carboxylic acid 6
and subsequent decarboxylation yields the corresponding quinolin-4-one 7. This method
allows for the synthesis of many commercially available drugs whose structure is based
on the quinoline-4-one backbone, such as the antibiotics nalidixic acid, oxolinic acid, and

norfloxacin.

CO,Et
2 3 2 4 I

OH OH o

N CO,Et H,0 N CO,H A
2 ~
N R' N R' - €O, N
H
5 6 7

Scheme 1. Gould-Jacobs reaction.

An important aspect is also the regioselectivity of the Gould—Jacobs reaction, which
is generally controlled by both steric and electronic factors [21]. Cyclization can occur at
either of the two ortho positions of aniline, and therefore, when asymmetrically substituted
anilines are used, a mixture of products is often obtained.

This classical approach requires a multi-step reaction sequence generally occurring in
low overall yields, and temperatures higher than 250 °C are necessary for the cyclization
step, which may lead to product decomposition and undesirable side reactions [22].

2.2. Conrad—Limpach Method (Pathway B)

The reaction pathway shown in Scheme 2 was developed by Max Conrad and Leon-
hard Limpach in 1887 [23] and is still successively used [24]. The method involves the
condensation of aniline 1 with acetyl acetic ester 8, with the formation of iminoester 9,
which is in equilibrium with the iminoenol form 10. The iminoenol 10 then undergoes
an intramolecular hetero-Diels—Alder reaction to form hemiketal 11, which, after alcohol
elimination and keto-enol tautomerization, yields quinolin-4-one 7. Since in this method,
the high-energy iminoenol 10 must be indirectly formed, and temporary dearomatization
(hemiketal 11) occurs, the synthesis requires rather drastic conditions (high temperature,
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strong acid as catalyst). Thus, in early work, cyclization was carried out by heating the
Schiff base to high temperatures (200-250 °C) without using a solvent, but the reaction
yields were very moderate (less than 30%). When an inert, high-boiling solvent such as
mineral o0il, diphenyl ether, or Dowtherm A was used, the cyclization yields increased to
95% in many cases [25].

R20 R20~3\
+ — H L
AN L == 2K
NH, N R N R
1 8 9 10
R20 OH OH o
_A Z -
N -RZOH \§
N R' N R? N R'
H
11 12 7

Scheme 2. Conrad-Limpach reaction.

As with the Gould-Jacobs reaction, the presented method has its limitations related
to conducting the reaction at very high temperatures. Mineral oil, diphenyl ether, and
Dowtherm A, commonly used as solvents, are expensive and difficult to remove from the
reaction mixture [26].

2.3. Biere-Seelen’s Synthesis (Route C)

Biere and Seelen’s approach [27] to the synthesis of quinoline-4-ones was developed in
1979 (Scheme 3). The procedure begins with Michael’s addition of dimethyl acetylenedicar-
boxylate 14 to methyl anthranilate 13, leading to enaminoester 15. This ester then undergoes
cyclization to quinolin-4-one in the presence of a strong base with the formation of diester
16. Base hydrolysis using aqueous sodium hydroxide solution occurs regioselectively at
position 2 to give ester 17, while hydrolysis carried out in 2-propanol at boiling temperature
leads to the formation of dicarboxylic acid 18. The final step is the thermal decarboxylation
of ester 17 (method a) to produce a mixture of quinolin-3-carboxylic acid 19 and its methyl
ester, which are easily separated by column chromatography (14% yield). In contrast, this
reaction carried out with the addition of sodium hydroxide solution (method b) yielded
only acid 19 with a yield of 92%. The authors also carried out copper-catalyzed thermal
decarboxylation of both monoester 17 and dicarboxylic acid 18 (method c), which yielded
acid 19 in 52% yield.

The cycloacylation of aniline derivatives to quinoline-4-ones in the presence of Eaton’s
reagent was also described [28]. This high-yielding methodology is applicable to a wide
variety of functionalized anilines and requires milder conditions than those traditionally
employed.
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Scheme 3. Biere-Seelen’s reaction.

2.4. Dieckmann’s Condensation (Route D)

Dieckmann’s condensation [29,30] is an intramolecular reaction that diesters undergo
with the formation of cyclic 3-ketoesters. As a result of the reaction of methyl anthranilate 13
with methyl acrylate 20, a diester 21 can yield, which undergoes intramolecular cyclization
in the presence of sodium hydride to give dihydroquinolinone 22 (Scheme 4). Subsequent
oxidation with chloranil leads to quinolin-4-one 23.

Cco,Me CO,Me
L, - oy — X

NHZ 5 /\/c02Me
13 20 21

N
H

OH (o)
NaH o -0Me  chioranil CO;Me
_> _»
N N
H H

22 23

cheme 4. Dieckmann’s reaction.
Sch 4. Dieck ’ t

2.5. Snieckus” Synthesis (Route E)

One of the few methods for the synthesis of 3-substituted quinolin-4-ones was de-
veloped by the Victor Snieckus group (Scheme 5) [31]. They proposed a regioselective
sequence of ortho-metallation reactions with subsequent amination, which is a modification
of the Niementovsky reaction, allowing for the obtaining of y-hydroxyquinoline derivatives.
Condensation of an anthranilic acid amide 24 with a ketone 25 gave imine 26, which was
difficult to purify, so it was used directly for the subsequent cyclization reaction. Treatment
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of imine 26 with a strong base (LDA) led to quinolin-4-one 27. The Snieckus’ method
appears to be an interesting route for the synthesis of 3-substituted quinolin-4-ones due to
the availability of substituted anthranilic acid amides and the relatively mild conditions of
the base-promoted reaction.

(o) (o)
Rz R2
NR, NR, LDA
+ —> —>
NH, 0”7 "R N~ "R
H

(o}
N
I
24 25 26 R’ 27

R= Me, Et R?
Scheme 5. Snieckus’ reaction.

2.6. Cyclization of N-(2-Acylaryl)amides by Camps” Method (Route F)

In 1899, Rudolf Camps [32,33] presented the synthesis of quinolin-2-ones and quinolin-
4-ones by base-catalyzed intramolecular cyclization of N-(2-acylaryl)amides 28. Depending
on the structure of the substrate and the conditions used, the reaction leads to the formation
of quinolin-4-one 27 (a) or quinolin-2-one 29 (b) (Scheme 6).

R1
e (a) o (b)
R3 R3
base R4 base N
R <«—— R —  » R
1= 3 2= 3
N r2 R'=CHRR NH R“= CH,R N o
H H
o R,
27 28 29

Scheme 6. Camps’ cyclization reaction.

The mechanism of the Camps’ reaction (Scheme 7) involves intramolecular aldol
condensation of N-(2-acylaryl)amides 28, which are capable of enolization. When a strong
base, such as sodium hydroxide, is used, one of the protons of the CH; group next to the
carbonyl is deprotonated, and the formed enolate ion 30 attacks the carbonyl group of the
amide function. The formed alcohol 31 then undergoes (3-elimination to give quinolin-
4-one 7. The synthesis of quinolin-2-one occurs by deprotonating one of the protons of
the CHj, group of the amide with a weaker base. The formed enolate ion 32 attacks the
carbonyl group of the ketone, and the formed alcohol 33 undergoes elimination to give
quinolin-2-one 29.

The Camps’ precursor (28) can be easily obtained, for example, by the condensation of
2-aminoacetophenone with acid chloride or the Friedel-Crafts acylation of anilides. In 2007,
Buchwald’s group [34] developed a rapid two-step synthesis of 2-aryl- and 2-vinylquinolin-
4-ones from N-(2-acylaryl)amides 28 using the Camps’ cyclization method (Scheme 8). The
precursor 28 was obtained by the copper-catalyzed amidation of 2-halogenoacetophenone
34. A series of 2-aryl-4-quinolinones 7 was obtained in very good yields (72-97%).
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Scheme 8. Synthesis of quinoline-4-ones, according to Buchwald.

The authors also described how the type of base used affects the regioselectivity of the
reaction. It was shown that N-(2-acetylphenyl)but-2-enamide (36) has the ability to cyclize
to 2-vinylquinolin-4-one 37 and 4-methyl-3-vinylquinolin-2-one 38 (Scheme 9). In the
presence of a stronger base (NaOH), deprotonation occurs at the « position of the ketone,
followed by intramolecular aldol condensation with the formation of quinolin-4-one 37.
However, the use of a weaker base (Cs;COj3) gave quinolin-2-one 38 as the major product
via vy deprotonation of the amide. In both cases, trace amounts of the second isomer were
formed, which could be easily separated by column chromatography.

(o} o
NaOH CSZCO3 X X
| - a D ——
Z 55% 75%

o

r4
I
Iz

(@)
§

37 36 ¥ 38
Scheme 9. Cyclization of N-(2-acetylphenyl)but-2-enamide (36) to quinolin-4-one and quinolin-2-one.
2.7. Palladium-Catalyzed Carbonylation Reaction (Route G)

Palladium-catalyzed carbonylation reactions are commonly used in the synthesis of
quinolin-4-ones [19,35]. These reactions typically use carbon monoxide as the source of

188



Molecules 2025, 30, 163

the carbonyl group. The coupling reaction of 2-iodoaniline 39 and terminal acetylenes
40 under CO to synthesize quinolin-4-ones was first described by Torii’s group [36]. The
reaction used high-pressure CO gas and PdCl,(PPhs), or PACl,(dppf)Cl, as a catalyst.
The methodology was later improved by Genelot [37,38], who introduced milder reaction
conditions.

In recent years, alternative sources of CO, such as molybdenum or tungsten car-
bonyls, have been sought as potential replacements for gaseous CO. One example is the
use of molybdenum hexacarbonyl [Mo(CO)s] in the synthesis of quinolin-4-ones from
2-iodoaniline 39 and terminal acetylenes 40 [39]. This paper describes two protocols that
yielded a wide range of 2-substituted quinolin-4-ones 7 with good yields. The first protocol
allows the synthesis of the expected compounds as early as after 20 min of microwave
(MW) heating (Scheme 10, Method A), while the second procedure is a two-step approach
in a single vessel, in which the reaction is carried out at room temperature and functional
groups sensitive to Mo(CO), such as nitro groups, may be present (Scheme 10, Method B).

Method A o
! | | Pd,(dba);, dppf, Mo(CO)g, Et,NH
+ . _ >
NH, Rl MW, 120°C, 20 min N R
39 40 7
Pd(OAc), ~ _
HP(t-Bu),]BF o
Method B ,[\,,0(((:0)6)3] *
Et;N N Et,NH
rt, 16h NH R rt, 5h
2
L M i

Scheme 10. Palladium-catalyzed carbonylation reaction.

The reaction mechanism involves Sonogashira carbonylation, resulting in the forma-
tion of alkyne 41, which then undergoes cyclization upon the addition of diethylamine
(Scheme 11) [40]. Molybdenum hexacarbonyl decomposes under heating, releasing CO,
which then participates in the carbonylation step. As a result of the oxidative addition
of the catalyst Pd’ to 2-iodoaniline 39, complex A is formed. In the next step, there is an
insertion-1,1 of CO into the palladium—carbon bond of complex A, making complex B
susceptible to attack by the nucleophile alkyne 40. As a result, intermediate complex C is
formed, and the carbonylation product 41 is formed by (3-elimination and restoration of
catalytically active forms of Pd’. The addition of diethylamine to the resulting alkyne 53
leads to the formation of intermediate compound D, which undergoes cyclization to give
the desired 2-substituted quinolin-4-one 7.

The use of molybdenum hexacarbonyl as a source of CO has many advantages over
traditional methods using gaseous CO. Mo(CO); is solid, making it easier to use and
transport this reactant. In addition, the lower risk of explosion improves safety and
comfort. The reagent is relatively inexpensive and readily available, making it an attractive
alternative to gaseous CO in large-scale industrial processes.
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Scheme 11. Mechanism of palladium-catalyzed carbonylation reaction.
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2.8. Environmentally Friendly Syntheses of Quinolin-4-ones

As described above, classical methods are very useful for developing an infinite variety
of quinoline-4-one analogs. The drawbacks of these procedures are the use of hazardous
chemicals, high temperatures, organic solvents, and long reaction times. All these factors
have an impact on the environment and the economy. It is believed that the development
of so-called green syntheses, which are alternative technologies seeking replacements for
hazardous substances and trying to reduce waste and conserve energy, is the future of
organic chemistry. Also, in the field of heterocyclic compounds, efforts are made to develop
new, environmentally friendly procedures [41].

2.8.1. N-Heterocyclic Carbenes-Catalyzed Synthesis of Quinolin-4-ones (Route H)

N-heterocyclic carbenes (NHCs) are electron-rich chemical entities that exhibit a nucle-
ophilic character [42]. They play an important role in modern organic chemistry. They are
mainly used in reactions catalyzed by organometallic compounds and in organocatalysis.
NHC-catalyzed synthesis of quinolin-4-ones has been described, among others, by Rai and
co-workers [43]. The authors developed a method to obtain products in high yields by
dehydrative acetylation of 2 aminobenzaldehyde 42 with x-halogenketone 43 and subse-
quent intramolecular heterocyclization (Scheme 12). Due to the mild reaction conditions,
simplicity, and lack of by-products, this approach is an interesting alternative to already
existing procedures for obtaining quinolin-4-ones 7.

Ph

//
N

J i i

9 a4 “ph
+ R1J\/Br > |
NH DBU, THF-'BuOH N R
7

2
4-5h, rt
42 43

Scheme 12. NHC-catalyzed synthesis of quinoline-4-ones.

Scheme 13 shows the proposed reaction mechanism. The nucleophilic attack of
the carbene 44 on the carbonyl carbon of the aldehyde 42 leads to the formation of the
intermediate compound 45. In the second step, a proton transfer occurs in 45 to produce
homoenolate 46. Nucleophilic homoenolate 46 attacks bromide 43 to give adduct 47,
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which undergoes intramolecular heterocyclization. The resulting adduct 48 undergoes
dehydration, yielding product 7. The increased stability of the conjugated quinolin-4-one 7
double bonds is probably the driving force of the dehydration reaction.

Ph Ph
(o] 56 ZOe Nf HO :Nf
H N:C — N]©
\_ \—ph
NH, NH, Ph NH,
Br
" 45 46 A
Ph
43
®
Ph
0 56 H\ N\j N Ph HO N/g
Saine 20
H
| 4% ) - N\
N7 TRt T2 N ToH
H H R H2N:/|:1 O >pn
7 48 47

Scheme 13. Mechanism of NHC-catalyzed synthesis of quinolin-4-ones.

2.8.2. Decarboxylating Cyclization (Route I)

Recently, Sun and co-workers [44] developed an environmentally friendly decar-
boxylating cyclization procedure to synthesize quinolin-4-ones (Scheme 14). The starting
materials are inexpensive and readily available isatoic anhydrides 49 and 1,3 dicarbonyl
compounds 8. The base generates a carbanion from compound 8, which attacks the car-
bonyl group of anhydride 49 to give intermediate 50 with the simultaneous release of CO5.
Following intramolecular cyclization and dehydration, a suitably substituted quinolin-
4-one 52 is formed. The reaction was carried out in water at 80 °C. The reaction was
also performed using isatin 53 as a substrate in dimethyl sulfoxide (DMSO). The added
oxidant, tert-butyl hydroperoxide, converted isatin 53 to isatoic anhydride 49, and the
subsequent addition of 1,3-dicarbonyl compound 8 gave the desired quinolin-4-one 52.
Thanks to the mild reaction conditions, the synthesis is environmentally friendly, and the
only by-products are carbon dioxide and water. No toxic transition metals are used in the
reaction, while a wide range of products can also be obtained on a large scale.

2
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Scheme 14. Mechanism of NHC-catalyzed synthesis of quinolin-4-ones.
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3. Quinolin-4-ones as Drugs

Quinolin-4-ones and their derivatives are important organic compounds because
of their wide range of biological activities, which makes them attractive therapeutic
agents [45]. Seventeen compounds containing a quinolin-4-one motif have been mar-
keted to date, according to the Drug Bank Online database [46]. The majority of these drugs
are antibiotics from the fluoroquinolinone group (norfloxacin, ciprofloxacin, oflokxacin,
perflofloxacin, lomefloxacin, levofloxacin, grepafloxacin, sparfloxacin, moxifloxacin, besi-
floxacin, rosoxacin, delafloxacin, finafloxacin, gatifloxacin, but also antiviral drugs (elvite-
gravir) and those used to treat asthma (nedocromil) and cystic fibrosis (ivacaftor).

The quinolinone scaffold is also incorporated into compounds that display anti-
malarial activity, such as endochin and its derivatives and analogs [47,48]. However,
reports on the anti-malarial properties of quinolinones, compared to their antibacterial
properties, are relatively limited and will not be discussed in this review.

3.1. Antibacterial Agents

Quinolones are one of the most important families of antimicrobial agents, repre-
senting fully synthetic compounds, as opposed to antibiotics, which are produced by
microorganisms [2].

3.1.1. Four Generations of Quinolinones

First-generation quinoline-4-ones, nalidixic acid (technically a naphthyridone) first
synthesized by Lesher [49], and oxolinic acid [50] developed in Japan in the 1970s (Figure 5)
were mainly used in the treatment of urinary tract infections, but their use was limited
due to the narrow spectrum of action (some Gram-negative bacteria), short half-life, and a
number of side effects, and nowadays these agents are not recommended for therapy [51].

I generation Il generation

(o}
U L |

Nalidixic acid Oxolinic acid Norfloxacin Ciprofloxacin
Ill generation IV generation
NH, O (0]
F CO,H CO,H CO,H CO,H
|
"(\N N N /C/N N
HN\') F /N \)\ 0 A HO Cl N7 | F
5 . . . . N
Sparfloxacin Levofloxacin Moxifloxacin H,N
F
Delafloxacin

Figure 5. Examples of the I-st, II-nd, III-rd, and IV-th generation quinoline-4-ones.

Soon, new analogs with better properties, modified primarily at the nitrogen atom
and at the C-6, C-7, and C-8 positions, were synthesized. In the late 1970s, there was a
breakthrough in the development of quinolinone-based drugs with the introduction of
the fluorine atom into the quinolin-4-one skeleton in position 6 [52-54]. This modifica-
tion significantly improved the spectrum of activity and yielded the second-generation
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quinoline-4-ones. The first approved drug from this group was norfloxacin, which showed
enhanced antimicrobial activity against Gram-negative and some Gram-positive bacteria
and reduced toxicity [55-57] (Figure 5).

The third-generation quinoline-4-ones have expanded activity against Gram-positive
and Gram-negative bacteria. The fourth-generation quinolinones retain the Gram-negative
and Gram-positive antimicrobial activity and inhibit anaerobic bacteria [58].

Almost all of the second-, third-, and fourth-generation quinoline-4-ones possess a
fluorine atom at position 6, with the exception of the most recent compounds from the
fourth generation. Although the fluorine at C6 significantly improves activity, current
research is focused on its removal because it is related to genotoxicity. The reduction in
potency caused by its removal can be compensated for by using alternative substituents at
other positions [59].

Some important antibacterials from the group of fluoroquinolin-4-ones are norfloxacin,
ciprofloxacin, levofloxacin, and moxifloxacin.

Norfloxacin is not only the first synthesized fluoroquinolin-4-one derivative but is also
the first quinolinone drug approved for use that contains a piperazine group. Norfloxacin
is highly active against most Gram-positive and Gram-negative bacteria. It was patented
in 1979 by Kyorin [60] and four years later approved for clinical use.

Another example of a second-generation quinolin-4-one and the best-known antibac-
terial of the fluoroquinolinone group is ciprofloxacin. It is a drug used for a wide range
of bacterial infections when other antibiotics have failed. In the early 2000s, ciprofloxacin
was also used to treat patients after inhalation exposure to anthrax bacillus after bioterror-
ist attacks in the United States. Ciprofloxacin was first synthesized by Klaus Grohe and
patented by Bayer in 1983 [61].

Ofloxacin is a racemic second-generation quinolin-4-one. Its (S)-isomer, levofloxacin
(a third-generation quinolin-4-one), is the first known optically active fluoroquinolinone.
Both compounds were developed by Daiichi Pharmaceuticals in 1985 and 1993, respec-
tively, and both have broad-spectrum antimicrobial activity. Levofloxacin additionally
acts against penicillin-resistant Streptococcus pneumoniae, the pneumonia germ responsi-
ble for the development of respiratory tract infections, sinusitis, pneumonia, meningitis,
and sepsis.

The important fourth-generation quinoline-4-one is moxifloxacin. It was developed
by Bayer AG (Leverkusen, Germany) in 1989. It is used in the treatment of a wide range of
infections caused by Gram-positive and Gram-negative bacteria and other microorganisms
(Chlamydia trachomatis). Like other fluoroquinolinones, moxifloxacin easily penetrates into
tissues and body fluids. It is used to treat many infections, including cellulitis, anthrax, and
abdominal and respiratory tract infections. Drugs containing moxifloxacin were introduced
to the market in 1999 and are currently sold in more than 80 countries around the world.

3.1.2. Mechanism of Antimicrobial Action of Quinolinones

The mechanism of action of fluoroquinolin-4-ones is interference with nucleic acid
synthesis. They inhibit bacterial DNA synthesis by disrupting the enzymes topoisomerase
IV and DNA gyrase, resulting in rapid bacterial death [62,63]. As a general rule, Gram-
negative bacterial activity correlates with the inhibition of DNA gyrase, and Gram-positive
activity corresponds with the inhibition of DNA type IV topoisomerase. First- and second-
generation fluoroquinolinones bind either to DNA gyrase or to DNA topoisomerase 1V,
depending on the bacteria and the drug, whereas newer fluoroquinolin-4-ones may target
both of these enzymes with equal affinity in any organism [2].
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The broad spectrum of activity and excellent tissue penetration make fluoroquinolin-4-
ones potent antibacterial drugs, but an increasing number of resistant pathogens becomes
a factor limiting their use [51,64-66].

3.1.3. Structure—Antibacterial Activity of Fluoroquinolin-4-ones

Many analyses have been carried out to determine the relationship between the struc-
ture and antibacterial activity of fluoroquinolin-4-ones [52,59] (Figure 6). Substituents
placed on the N1 nitrogen atom are essential for this activity. The cyclopropyl group is
considered the best choice (e.g., ciprofloxacin, moxifloxacin). Antibacterial activity of fluoro-
quinolinones substituted at N1 may result from the steric hindrance of the substituent and
also from other spatial effects that affect the molecule’s interaction with the DNA gyrase.
The carboxyl group on the C3 and the ketone group in position 4 facilitate penetration of
the drug into the bacterial cell. In the C5 position, the introduction of small substituents,
such as an amine group (e.g., sparfloxacin) or a methyl group (e.g., grepafloxacin), increases
activity, especially against Gram-positive bacteria. In the case of larger substituents, the an-
timicrobial activity drops drastically. The fluorine atom in position 6 is necessary for strong
activity. Substitution at the C7 enhances antimicrobial activity. It is the most adaptable site
for modifications. Various groups are permitted, but the optimal substituents are 5- and
6-membered N-heterocycles [53]. The introduction of a pyrrolidine ring into this position
(e.g., moxifloxacin) results in increased activity against Gram-positive bacteria, while the
introduction of piperazine (e.g., ciprofloxacin) is against Gram-negative bacteria. Further
substitution of both ring types with an alkyl group increases the solubility of the molecule in
water [54]. However, a substituent at the C7 position can be responsible for central nervous
system (CNS) side effects and for interactions with non-steroidal anti-inflammatory drugs
(NSAIDs) [51]. Fluoroquinolinones with pyrrolidine or piperazine rings containing alkyl
groups (e.g., grepafloxacin) cause minimal interactions with other drugs and a lower risk of
CNS disorders compared to non-alkylated structures (e.g., ciprofloxacin). Substituents on
the C8 improve efficacy against anaerobic bacteria. Although the presence of a halogen at
this position (e.g., sparfloxacin) is associated with an expanded spectrum of action against
anaerobic bacteria, improved oral absorption, and water solubility, it is, unfortunately,
also a major cause of phototoxicity. The presence of a methoxy group at the C8 prevents
the phototoxicity of fluoroquinolin-4-ones and may reduce the risk of drug resistance
development [65].

small substituents increase activity
against Gram-positive bacteria

-NH, -OH> -CH,4
facilitate penetration
@ into bacterial cell
F necessary for strong activity
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Figure 6. Relationship between structure and antibacterial activity of fluoroquinolin-4-ones.
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3.2. Cystic Fibrosis Drugs

In addition to broad antimicrobial activity, quinolin-4-ones also exhibit other biological
properties. Ivacaftor (Figure 7) is a drug designed to treat patients with cystic fibrosis.
Cystic fibrosis is an incurable inherited disease caused by mutations in the CFTR gene.
This gene provides instructions for making a protein called the CF transmembrane conduc-
tance regulator, which functions as a channel across the membrane of cells that produce
mucus, sweat, saliva, tears, and digestive enzymes. Mutations in the CFTR gene cause
clinical symptoms in many areas of the body: the lungs, sinuses, gastrointestinal tract, and
reproductive tract.
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Figure 7. Structure of quinoline-4-one drugs approved for the treatment of cystic fibrosis, HIV,
and asthma.

There are an estimated 100,000 people with cystic fibrosis worldwide. The median
survival 50 years ago was 10 years; with today’s medications, patients live up to 50 years. In
2012, Vertex Pharmaceuticals launched a quinolin-4-one derivative, ivacaftor, approved by
the FDA to treat cystic fibrosis. This is the first drug that treats the underlying cause rather
than the symptoms of the disease. Ivacaftor improves the transport of chloride ions through
the ion channels by binding to the channels directly and inducing a non-conventional mode
of gating, which in turn increases the probability that the defective channel is open [67-69].

3.3. Antiviral Drugs

Elvitegravir (Figure 7) was the first quinoline-4-one drug developed for the treatment
of HIV infection. Its mechanism of action involves the inhibition of HIV integrase, the
enzyme essential for the virus to integrate its genetic code into the host’s DNA. Elvitegravir
was developed by the pharmaceutical company Gilead Sciences, which licensed the drug
from Japan Tobacco in 2008, and it was approved by the FDA for clinical use in 2014 [70-73].

3.4. Antiallergic Drugs

Nedocromil (Figure 7) is a quinolinone-based medication whose action is to prevent
shortness of breath, wheezing, and other breathing problems caused by asthma. Ne-
docromil acts as a mast cell stabilizer, inhibits the degranulation of mast cells, and prevents
the release of histamine and tryptase, preventing the synthesis of prostaglandins and
leukotrienes [74].

4. Anticancer Activity of Quinolin-4-ones

According to the World Health Organization (WHO), cancer is one of the most com-
mon causes of death before the age of 70, and it is a major global health problem [75]. The
search for new anticancer drug candidates is one of the very important goals of medici-
nal chemistry.

The high costs of obtaining new drugs encourage the search for anticancer agents
among already available drugs or their derivatives [76,77]. Quinolin-4-ones possess many
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desirable features, such as low toxicity, favorable physicochemical properties, a pharma-
cokinetic profile, and a low incidence of resistance development. The simplicity of the
synthesis of these compounds and the large number of potential functionalization sites
have made them attractive precursors in the search for new anticancer drug candidates.
Many antibiotics from the fluoroquinolinone group, which have been known for years, are
now being investigated for their potential anticancer activity [78-81].

4.1. Quinolin-4-one Antibiotics with Anticancer Potential

Ciprofloxacin has been shown to induce apoptosis in a variety of cancer cell lines, in-
cluding lung or breast cancer cells [82-85]. Various ciprofloxacin derivatives with anticancer
properties are described in detail by Nowakowska et al. [86].

Lomefloxacin shows high cytotoxic activity against COLO829 melanoma cells [87,88].

Norfloxacin analogs were potent against the HeLa cell line with 100% inhibition of
cell viability [89].

Levofloxacin significantly altered gene expression in a direction favoring anticancer
activity. It seems to be an attractive candidate for breast cancer treatment. It inhibited
proliferation and induced apoptosis in a panel of breast cancer cell lines while sparing
normal breast cells [90,91].

In 2003, China’s State Food and Drug Administration (SFDA) approved 7-chloroquinolin-
4-on (54) for the treatment of breast cancer and non-small-cell lung cancer (NSCLC). Its
antitumor activity involves blocking DNA synthesis and damaging the tumor cell’s DNA
matrix. However, the usefulness of this drug is limited due to its poor solubility. Zhou’s
group [92] synthesized derivatives of this compound, obtaining a series of five 3-amido-7-
chloroquinolin-4-ones 55a—e with an amide side chain in position 3 and alkyl substituents
on the nitrogen atom (Figure 8).
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Figure 8. Structure of 7-chloroquinolin-4-one and its 3-amido derivatives 55a—e.

These compounds exhibited a more potent antiproliferative effect against a panel
of human tumor cell lines than the lead structure 54. The best results were obtained for
compound 55e, which showed the most potent antiproliferative activity and exhibited
selective cytotoxicity against HepG2 cells.

In the search for more efficient anticancer candidates, the hybridization of various
quinolinones with other anticancer pharmacophores has also been investigated [93]. How-
ever, up to date, none of the quinoline-4-ones has been approved in Europe or the US for
the treatment of cancer.

4.2. Mode of Action of Quinolinones as Anticancer Agents

Data indicate that fluoroquinol-4-ones inhibit various proteins and enzymes involved
in cancer cell growth, such as topoisomerase II, protein kinases, phosphoinositide 3-kinases

196



Molecules 2025, 30, 163

(PI3K), and histone deacetylase (HDAC) [94-98]. Such inhibition leads to cell death by
apoptosis and cell cycle arrest in the S and G2/M phases [99]. Furthermore, dysfunction
of mitochondria, likely due to the similarity between mitochondrial and bacterial cell
structures, has been shown as a mechanism of action [97]. The effects of fluoroquinolinones
on migration and metastasis have also been reported. In particular, they could suppress
matrix metalloproteinase 9 (MMP9) production [100-103]. Additionally, some quinoline-
4-ones were found to be potent inhibitors of tubulin polymerization with high selectivity
against tumor cells. 2-Phenylquinolin-4-one displayed an antiproliferative effect in several
cancer types through inhibition of tubulin polymerization [104]. Fluoroquinolinones can
also hamper cancer growth by indirect effects via modulation of the immune response [105].

4.3. Structure—Anticancer Activity of Quinoline-4-ones

Structure-activity relationship studies performed in many laboratories all over the
world allowed us to determine which positions in the quinoline ring and which substituents
are the most important for anticancer activity [106,107].

Figure 9 summarizes the effects of various substituents and their positions on the
biological activity of quinoline-4-ones. A substitution on the nitrogen atom, as well as the
presence of a carbonyl group at position 4, are essential for overall potency [78,81,92]. A
cyclopropyl group on N1 was found to increase the activity compared to the ethyl group.
Substituted phenyl or thiazole rings in this position also have a beneficial effect [81]. Alkyl
groups in position 2 turned out to be more advantageous for antineoplastic activity than
aryl groups [108]. It is believed that the substituent in position 3 should be coplanar with the
quinoline ring [109]. The nature of substituents at C5 can affect the molecule’s penetration
into cells and binding to the target. The optimal substituent at position 6 is a fluorine
atom [86,89]. The substituent at the C7 carbon is responsible for direct interaction with
topoisomerase Il in a complex with DNA. The introduction of aromatic rings at this position
improves antitumor properties, as does the methoxy group at the C8 carbon atom [89].

influences penetration into cells
and binding to the target

. . 5 substituent co-planar
Fis optimal % R o @ with quinolinone ring
R3

R6

R7 r;l R2
influences topoisomerase activity@ R R % .
aromatic rings are beneficial alkyl substituents
Q B better than aryl

influences enzymes activity advantage of substituted phenyl
-OCH; group is beneficial or thiazole rings

Figure 9. Relationship between structure and anticancer activity of quinolin-4-ones.

5. Conclusions

The scaffold of quinolinones is found in nature and has been used for the development
of new, biologically active substances. Among many possible isomeric forms, the most
common are quinolin-4-ones, which are present in several natural structures but mostly in
fully synthetic compounds. Several quinoline-4-ones have been approved as antimicrobial
agents and turned out to be invaluable in treating various bacterial infections.
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More recently, it has been demonstrated that some quinoline-4-ones exhibit cytotoxic
activity against various cancer cell lines and show excellent bioavailability as compared to
the current therapeutic drugs for cancer treatment. These properties make them promising
candidates for new anticancer agents. The high costs of designing, synthesizing, and
marketing new medications encourage the search for anticancer candidates among already
available drugs. Therefore, numerous synthetic modifications of existing and approved
for clinical use quinoline-4-ones are being conducted, providing more detailed structure—-
activity relationship studies that may lead to more active moieties. Advances in developing
computer-aided models to predict desired features of drugs may be invaluable in designing
new generations of quinoline-4-ones. The future directions should be focused on increasing
efficacy and reducing undesired side effects and off-target interactions.
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Abstract: Quinoline is a privileged heterocyclic ring which can be found in many drug molecules
and bioactive compounds. The development of synthetic methods for making quinoline deriva-
tives continuously attracts the interest of organic and medicinal chemists. This paper highlights
2-azidobenzaldehyde-based [4+2] annulation for the synthesis of quinoline derivatives including
fused and spiro-quinolines, quinoline-4-ols, 4-aminoquinolines, and related compounds.

Keywords: quinolines; azidobenzaldehyde; [4+2] annulation; heterocyclic; bioactive

1. Introduction

Quinoline is a privileged scaffold for bioactive molecules [1-6]. Shown in Figure 1
are some quinoline-containing drug molecules, including Mefloquine (antimalarial) [7-10],
Brequinar (anticancer) [11-13], Pitavastatin (cholesterol-lowering) [14-16], Plaquenil (anti-
malarial) [17,18], Ciprofloxacin (antibacterial) [19-21], and Lenvatinib (anticancer) [22-24].
Other than these commercial drugs, a great number of quinoline derivatives have been
reported or are under development as druggable molecules for anticancer [25,26], antibacte-
rial [27-29], antifungal [30-32], antiviral [33-36], antimalarial [37-39], antioxidant [40-42],
anti-inflammatory [43-45], CNS effect [46,47], cardiovascular, anticonvulsant, analgesic,
and anthelmintic research [48-51].

CF3
Mefloquine

Ho\'N/—\_{ ;
RN NWOH

MeO
Plaquenil Ciprofloxacin Lenvatinib

Figure 1. Representative structures of quinoline drugs.
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The synthesis of quinolines has continuously attracted the interest of organic and
medicinal chemists. Over the years, many methods including name reactions such as
Skraup, Doebner—von Miller, Friedlander, Ptzinger, Conrad—Limpach, and Combes syn-
theses [52,53] have been developed for making quinolines. Alam and Patel have reviewed
the general synthetic methods [54,55], which included new methods such as cascade
reactions [56] and metal-free one-pot synthesis [57,58].

Shown in Scheme 1 are three general approaches to assembling the quinoline ring.
(I) [3+3] Annulation. The early developed methods such as the Skraup, Doebner-von Miller,
Conrad-Limpach, Gould—-Jacobs, and Combes syntheses are in this category. The drawback
of this approach is that it has a low regioselectivity for the synthesis of multi-substituted
quinolines [52,54,57]. (II) [4+2] Annulation. There are two ways to put together the pyridine
ring according to [4+2] annulation (II-a and II-b). The first one has low regioselectivity
and a limited substrate scope [52,55,56]. The second one is more popular and uses readily
available substrates to give products with a good regioselectivity. Reactions such as the
Friedlander and Ptzinger reactions are in this category [52-55,58]. (III) Cyclization. In
theory, there are four different ways to form the pyridine ring of quinolines (III-a to III-d)
according to cyclization. But they have not been fully developed due to the difficult reaction
process and the limited availability of the substrates [59,60].

) [3+3] 1) [4+2]
selENcel el
P 7 : Lok g
N* N : N~
Il-a ! ll-b 5
lll. Cyclization
CO O C) o)
|
P ~
N7 N7 N N
lll-a lli-b - li-d

Scheme 1. Common synthetic strategies for making quinolines.

Presented in this paper are azidobenzaldehyde-based [4+2] annulation reactions (II-b
type) for the synthesis of substituted quinolines [61]. For example, [4+2] annulation
could be accomplished using a direct Diels—Alder reaction or via sequential condensa-
tion and cyclization reactions. In addition to quinolines, versatile 2-azidobenzaldehydes
1 could be used for the synthesis of other heterocyclic rings such as indoles [62,63],
3,4-dihydroquinazolines [64,65], triazolobenzodiazepines [66], 2H-indazoles [67], benzox-
azepinones [68], and quinolines. Meanwhile, 2-azidobenzaldehydes could be easily pre-
pared from commercially available 2-halobenzaldehydes, 2-aminobenzaldehydes, and
2-nitrobenzaldehydes [62,64,66—-68]. Over 30 papers on the 2-azidobenzaldehyde-based
synthesis of quinolines could be found in the literature and are summarized in this paper.

2. Results
2.1. Synthesis of 4-Unsubstituted Quinolines

There are many 4-nonsubstituted quinoline drugs and drug candidates (Figure 2),
such as Bedaquiline for the treatment of active tuberculosis [69,70], Indacaterol for the
treatment of chronic obstructive pulmonary disease [71,72], Brexpiprazole for the treatment
of schizophrenia [73], Mardepodect for the treatment of schizophrenia [74], and Acridine
carboxamide for the treatment of cancer [75].
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Et

Et

N

s =5
N~ "OH -
OH O N~ OH

Indacaterol Brexpiprazole

OH (:)N .

Mardepodect Acridine carboxamide

Figure 2. Examples of 4-unsubstituted quinoline-based marketed drugs and clinical candidates.

Utilizing the Diels-Alder reaction of benzisoxazole [76-78] as a key step, Zhang and co-
workers developed a one-pot reaction involving the denitrogenation of 2-azidobenzaldehyde
1, the formation of benzisoxazole 4, [4+2] cycloaddition with fumarate ester 2, and, finally,
dehydrative aromatization of intermediate 5 for the synthesis of quinolinedicarboxylates 3
(Scheme 2) [79].

1
X X0 R'0,C uw, 115 °C 5 C\E\/ECOZR
Ry : T
L .z * \LL MeCN, 35 min AN N/ COLR!

N3 1
CO5R
1 2 ©0 3
5 examples, 75-90%
----------------------- R'0,C |
N
|1 AN \O = \O = — 2 LC02R1
RT T»A R —= R T
N3 = N:) SN [4+2]
1 Ny 4

= COR" HO . % CO,R!
S CuE NG o
N~ TCOR N© COR'
5 3
Scheme 2. Cascade reactions for quinolinedicarboxylates 3.

Zeng and Chen reported the Cu-catalyzed synthesis of 3-NO, quinolines 7. The
addition of nitroalkene 6 to the azide group of 1 affords 8, which then undergoes cyclization
to form 9. Proton transfer and the release of Nj gas from 9 affords 10, which leads to the
formation of 3-NO; quinolines 7 after dehydration (Scheme 3) [80].
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X X0 Ar Cul, 110 °C R | - NO2
R _ + m\ neat, 10 h X Z
N3 N02 N Ar
1 6 7
25 examples, 71-92%
(|3 OH
g | Xo 17 = - NO _ | NO,
R— — R— — R—
N Cul X ;
1 N2 N2
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OH
- = | NO, = | N NO,
X w \ I
N Ar X N/ Ar
10 kg 7

Scheme 3. Cu-catalyzed cascade reaction for 3-NO, quinolines 7.

The intramolecular aza-Wittig reaction can be used for making N-heterocyclics [81,82].
Zhang and He reported the synthesis of 2,3-substituted quinolines 14 through a sequence
involving the Staudinger, Knoevenagel, and aza-Wittig reactions [83,84]. The first inter-
mediates 11 generated according to the Staudinger reaction of 2-azidobenzaldehydes 1
and PPh3 undergo the Knoevenagel reaction with different carbonyl compounds 12a—c to
generate the corresponding intermediates 13a—c. The intramolecular aza-Wittig reaction
releasing Ph3P=0 gives 2,3-substituted quinoline products 14a—c (Scheme 4).

(0]
R® 3 3
g R~
piperidine 3 N B " N/ R2
I R2 OPPh3
PPhj; 14a

7 examples, 85-92%

0 0
R X 3
e \O PPh3 N 12b 1N R AN 3
11 1_| _— R_
R @ R Et,NH ANy € L R
N3 N, N R2 OPPh, R2
1

1 PPh IIDIPh §
3 130 ° 14b
R3 0 14 examples, 70-91%
R3 3
o0 _R? R
12¢ ri NN o R1|_\ X
|
piperidine = N \ AN 2 0]
it O , OPPh; N
PPh; R R?

14¢
2 examples, 80% and 85%

Scheme 4. Cascade synthesis of 2,3-substituted quinolines 14a—c.

Zhang and co-workers expanded the scope of the aza-Wittig reaction for synthesizing
3-F quinoline 15a, 3-phosphonylquinoline 16a, and 3-sulfonylquinoline 16b using 1 and
17a or 18 as the substrates (Scheme 5) [83,85]. They also used 2-azidobenzaldehydes 1 and
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1-substituted propan-2-ones 19 in the synthesis of bioactive 2-substituted quinolines such as
HTLV-1 inhibitors 20a and 20b, antileishmanial agent 20c, and CF3- and CHF;-substituted
quinolines 20d and 20e, shown in Scheme 6 [86-88].

@)
o W _OEt
=S P<
F o) R'= OP(OEt), OEt
1] =
5 . R " MR Et,NH N
r Br 17a |\ o 18 16a, 79% Ph
MeCN, Et;N, PhsP — N MeCN, Ph;P O\\é__,\i
95°C,6h 95°C. 6 h | R'=PhN(Me)SO, SN \
15a, 69% Br 1 piperidine N/
16b, 95%
Scheme 5. Synthesis of 3-F quinolines 15a, 3-phosphonylquinolines 16a, and 3-sulfonylquinoline
16b.
Rt j\ MeCN, LiOH, 95 °C ©\/j
+
| = R’ 6 h, PhsP N/ R
N3
1 19 20
= B
P r N Br XN
N _ _
N~ "CzH7 N~ Rf
R
HTLV-1 inhibitors antileishmanial agent 2-fluorinated quinolines

20c, 80% 20d, Rf = CF3, 77%

20a, R = Ph, 81%
20e, Rf = CHF,, 73%

20b, R = 4-MePh, 78%
Scheme 6. Synthesis of bioactive 2-substituted quinolines 20.

Due to the importance of F groups in drug molecules [89-93], the Zhang group intro-
duced a reaction between compounds 1 and 21 for making 2-fluorinated quinolines 22a—f,
bearing CF;, CF3, and CyFs5 at 70-87% yields (Scheme 7). These compounds are related
to histone acetyltransferase (HAT) inhibitors [94-96]. Shi and co-workers reported the
synthesis of 2,3-substituted quinolines 25 via a condensation/Michael/Staudinger/aza-
Wittig/aromatization reaction (Scheme 8) [97]. The ortho-Azido-B-nitro-styrenes 23, synthe-
sized by the condensation of 2-azidobenzaldehydes 1 and MeNO,, undergo the Michael ad-
dition with ketones 24 to form 26, which then reacts with PPhjs according to the Staudinger
reaction to afford intermediates 27. The intramolecular aza-Wittig reaction of 27 gives 28,
followed by the aromatic removal of MeNO; to afford 25 (Scheme 8).
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R 3
R|\ X X0 M Et,NH, 95 °C |\\ xR
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Scheme 7. Direct synthesis of 2-fluorinated quinolines 22.
J\/RZ
MeNO, |
@O NaOH =z L- prollne EtsN
R — R
N-"N\. EtOH, 25°C A DCM, PPhg, 25 °C
3

15 examples, 65-92%

Scheme 8. One-pot synthesis of 2,3-substituted quinolines 25.

In addition to aza-Wittig cyclization, for making quinolines, Chassaing and co-workers re-
ported intramolecular imine formation of aldehyde and aniline for the synthesis of
2-substituted quinolines 31. The reaction process involves the formation of ortho-azidocinnamoyl
compounds 30 via the condensation of 2-azidobenzaldehydes 1 and ketones 29. The irradiation
of aryl azides 30 generates nitrenes 32, which are then converted into amino intermediates 33
in protic media to give products 31 after imine cyclization (Scheme 9) [98].
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Scheme 9. Photosynthesis of 2-substituted quinolines 31.

Reddy and co-workers reported a cyclization reaction of azidophenyl propargyl alco-
hol 34 for making 2,3-substituted quinolines 35 (Scheme 10) [99]. The azidophenyl propar-
gyl alcohol 34, generated according to the Favorskii reaction of 2-azidobenzaldehydes 1,
undergoes the Ni-catalyzed addition of its R! group to the propargylic system to form
intermediates 36, followed by E/Z isomerization to afford intermediate 37. The stabilized
azido group enables the subsequent denitrogenative cyclization into cyclic intermediates
38. The denickelation of 38 under the photo conditions gives intermediate 39, followed by

dehydrative aromatization to afford 2,3-substituted quinolines 35.

e —— RiH
- Ni(acac), (10 mol %)
" @o BuLi, THF, hexane & R PPhs, C,CO5 N | =
e — > R— —_ T e Y s —_
S e -78°C, 2 h X Ar  R'B(OH),, 90 °C XN
3 N3 1,4-dioxane, 4 h
1 34 35

)
L,Ni(OR?), BIOH)2

R
HZO /4 /
OH B(O)OH
R2 OH
©\)I Ni(OR?)L,,

L,Ni(OR?)—R!
( R2OB(OH) (OR%)
OH
R4
Ar
N|(OR2)L \\~Ni(OR?)L,,
38 OH N3 Ar
R4
Nz& / 36
\ Ar
N---Ni(OR?)L,,
37 N,

Scheme 10. Ni-catalyzed cyclization for making 2,3-substituted quinolines 35.
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The Yamamoto group utilized o—propargyl arylazides 40 derived from the dehydration
of compound 34 for the synthesis of multi-substituted quinolines 41-44 (Scheme 11). The
electrophilic cyclization of 40 in the presence of catalytic amounts of AuCl;/AgNTf,
affords products 41. The method was applied to the synthesis of 3-Br/I quinolines 42 in the
presence of Iy, Bry, or NIS [100]. Zhou and co-workers extended the scope of electrophilic
cyclization induced by pseudohalogen (SeCN), for the synthesis of quinolylselenocyanates
43 [101]. Wang and Quan reported the synthesis of SCF3-substituted quinolines 44 through
radical cyclization of o-propargyl arylazides 40 [102].

OH
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N” Sar 0°C,2h - i A -
THF, 100 °C N™ Ar

41 BF3;0Et,, NCS 43
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19 examples 46-96% 30 examples 49-89%
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Scheme 11. Alkyne-azide cyclization for making quinolines 41-44.

The ring-opening of aziridines is a useful tool for the construction of N-heterocycles
via cycloaddition or cyclization reactions [103-106]. Wan and co-workers utilized ring-
opening and the cyclization of aziridines 45 for the synthesis of 3-substituted quinolines
46 (Scheme 12) [107]. The TfOH-promoted denitrogenation of the azide group of 1 gave
intermediate 47 and then 48 after deprotonation. The addition of 48 to aziridines 45 forms
49, followed by the cleavage of TsNH2 to afford 50. Acid-promoted cyclization of 50 gives
51, which is converted into 3-aryl quinoline 46 after aromatization (Scheme 12).
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Scheme 12. Ring-opening and cyclization of aziridines for the synthesis of quinolines 46.

2.2. Synthesis of Polycyclic Quinolines

Polycyclic quinolines can be found in a number of commercial drugs and other
bioactive compounds, such as the natural alkaloid Mappicine [108], the poly ADP ri-
bose polymerase (PARP) inhibitor for cancer Talazoparib [109], the antibacterial drug
Levofloxacin [110], the natural product Flindersine [111], and the immune response mod-
ifier Imiquimod (Figure 3) [112]. The cyclization of 2-azidobenzaldehydes can be inte-
grated into multistep synthesis, one-pot synthesis, or a multi-component reaction (MCR)
to make N-heterocycles [63,68,113,114]. The aza-Wittig cyclization-based synthesis of
polycyclic quinolines is covered in this section. Shown in Scheme 13 are two pathways
for the synthesis of cyclohexane-fused quinolines 55 (ee up to 98%) and 57 involving
Knoevenage/aza-Wittig/dehydration reactions and Mannich/aza-Wittig/deamination
sequences, respectively [115,116].

Mappicine Talazoparib Levofloxacin

)

< e

RS N N
— 7
N OH N NH2

Flindersine Imiquimod

Figure 3. Polycyclic quinoline-based marked drugs and natural products.
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Scheme 13. One-pot synthesis of cyclohexane-fused quinolines 55 and 57.

A three-component reaction (3-CR)-initiated synthesis of furan-fused quinolines
was reported by Ding and co-workers (Scheme 14). Compounds 60 generated from
the condensation of 2-azidobenzaldehydes 1, dialkyl acetylenedicarboxylate 58, and iso-
cyanides 59 are used for Staudinger and aza-Wittig cyclization to make furan-fused
quinolines 61 [117]. He’s group reported sequential 3-CR/Staudinger/aza-Wittig cy-
clization/dehydroaromatization reaction processes for making furan-fused quinolines
65 (Scheme 14) [118].
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TNl refux 2 R L
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(@] R2

63 13 examples, 75-95%

Scheme 14. MCR-initiated synthesis of furan-fused quinolines 61 and 65.

He and Bharate’s groups independently reported the reaction of aldehydes,
1,3-dicarbonyl compounds 66, amines 67, and nitroalkanes to make pyrrole-fused quino-
lines 69 (Scheme 15) [119,120]. He and co-workers also reported a 3-CR/Staudinger/aza-
Wittig process for making pyrrole-fused quinolines 73 using 1, acetyl compounds 70, and
TosMIC 71 as the starting materials (Scheme 15) [121]. Interestingly, an example of making
cyclopropalclindeno [1,2-b]quinolines 77 was developed according to the
3-CR/Staudinger/aza-Wittig sequence. The products have a highly condensed ring system,
including cyclopropane (Scheme 16) [122].
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Scheme 15. MCR-initiated synthesis of pyrrole-fused quinolines 69 and 73.
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Scheme 16. MCR-initiated synthesis of highly condensed quinolines 77.

Other than aza-Wittig cyclization for the construction of quinolines, Zhang and co-
workers reported cascade denitrogenation/aza-Diels—Alder/dehydrative aromatization reac-
tions for the synthesis of pyrrolidine-2,5-dione-fused quinolines using 2-azidobenzaldehydes
1 and N-substituted maleimides 81 as the starting materials (Scheme 17) [79]. This method
(Scheme 17a) is more efficient than stepwise synthesis for the synthesis of 82a (Scheme 17b) [123].
In another case, Li and Wang's group utilized compounds 1 and 3-aza-1,6-enynes 87 as the sub-
strates for making tetrahydrobenzo[b][1,8naphthyridines 88 (Scheme 18) [124]. The reactions
involved aza-Diels—Alder cycloaddition of intermediates 90 derived from the Au-catalyzed
reaction of enynes 87 to form 91, followed by dehydrative aromatization to give products 88.
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Scheme 17. Cascade reactions for pyrroloquinolinediones 82.
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Scheme 18. Cascade reactions for tetrahydrobenzo[b][1,8]naphthyridines 88.

Gharpure and co-workers introduced Lewis-acid-promoted cascade reactions involv-
ing Friedel-Crafts/alkyne indol-2-yl cation cyclization/vinyl cation trapping for the syn-
thesis of pyrrolizino-quinolines 93 [125]. Benzyl alcohol and TMSOTf promote the Friedel-
Crafts reaction of 1 and indoles 92 to form 93, which undergoes alcohol elimination and
cyclization to afford vinyl cations 96. The trapping of the vinyl cations with the azide
group generates pyrrolizino-quinolines 93 (Scheme 19) [125]. Alves and co-workers intro-
duced sequential [3+2] cycloaddition and condensation reactions for making triazole-fused
quinolines 98 (Scheme 20) [126]. The 1,3-dipolar cycloaddition of 1 and 1,3-dicarbonyl
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compounds 97 leads to the formation of 1,2,3-triazoles 99. The intramolecular condensa-
tion of enolates 100 generated from the DBU deprotonation of 99 affords 101 and then
triazole-fused quinolines 98 after dehydration.

R
e \
N3
1 92

BnOH =
TMSOTf N\

DCM, 0°C N |

1
&A - d

1

R
® 7, BnOH
—_—
N TMSOTf
92

xAr

]
= o O R~
R—\ | 2 M 1 DBU, DMSO
N3 R" 120°C, 24n - R
1 97 98 o

12 examples, 48-92%

Scheme 20. Direct synthesis of [1-3] triazolo[1,5-a] quinolines 98.

Alajarin and co-workers reported the cyclization of ketenimines for making spiro-
quionlines 106 and 106’ using azides 102 and 102" bearing five- and six-membered cyclic
acetal functions (such as 1,3-dioxolane, 1,3-dithiolane, 1,3-dioxane, and 1,3-dithiane) as
the starting materials (Scheme 21) [127,128]. The treatment of azides 102 or 102" with
PPh; affords iminophosphorane 103 or 103’, followed by aza-Wittig reactions with disub-
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stituted ketenes giving ketenimines 104 or 104’ and then ortho-azaxylylenes 105 or 105’
after deprotonation. The cyclization of 105 or 105’ gives the products spiroquinolines 106

or 106’.
/o Y XH
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Scheme 21. Tandem synthesis of spiroquinolines 106 and 106’.

2.3. Synthesis of 4-Hydroxyquinoline Derivatives

There are some drugs and natural products that have 4-hydroxyquinoline moiety,
such as the furoquinoline alkaloid Skimmianine, with anticancer and anti-inflammatory
effects [129,130]; Cabozantinib, used for the treatment of medullary thyroid cancer [131];
Tasquinimod as an immunomodulator for the treatment of blood cancers [132]; AMG-208
as a clinical trial drug for cancer [133]; Anlotinib, with antineoplastic and anti-angiogenic
activities [134,135]; and Delafloxacin as a fluoroquinolone antibiotic for the treatment of
acute bacterial skin and skin structure infections (Figure 4) [136].
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N ( >\F
Me O
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S - o) OMe OH O /@
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~ —
OMe MeO N OH

Skimmianine Cabozantinib Tasquinimod
O O
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/N_ Y N E.
Ny NN / I oH
'y Jo2 b o ¢
MeO F HO Cl A F
- HoN b |
2 S
Nig v o Nig Fa

F
AMG-208 Anlotinib Delafloxacin

MeO

Figure 4. Examples of 4-hydroxy and related quinolines as drug molecules.

216



Molecules 2024, 29, 1241

Other than aniline-based [3+3] annulation [137] and [4+2] annulation [138] reactions
for making 4-hydroxyquinolines, 2-azidobenzaldehydes have also been employed for the
[4+2] annulation-based synthesis of 4-alkoxy quinolines. Gharpure and coworkers reported
the reactions of 1 with hydroxyalkynes for the synthesis of different kinds of 4-alkoxy
quinolines, 107, 108, and 109 (Scheme 22) [139-141]. The synthesis first led to the formation
of oxonium ions 110 followed by intramolecular [4+2] cycloaddition and aromatization to
give 4-alkoxy quinolines 109, with a new seven-membered heterocyclic ring (Scheme 22).
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i 3 AN X S R _
k\x];RH N~ NN R2 N" "R2 N”R?
ol Np, 110 e N2+ 449 109

R2
Scheme 22. Cascade synthesis of 4-alkoxy quinolines 107, 108, and 109.

Metal-catalyzed 6-endo-dig azide—yne cyclization of azide-tethered alkynes 112 has
been developed for the synthesis of multi-substituted 4-alkoxy quinolines 113-117
(Scheme 23) [142-144]. For example, Xu and coworkers synthesized 115 and 116 via the
AgSbFg-catalyzed cyclization of azide-tethered alkynes. The cyclization of Ag(I)-activated
alkyne-tethered azides 112 affords 118, followed by N, gas release from a-imino silver car-
benes 119 and then reaction with R'X to afford halonium zwitterions 120. After a concerted
rearrangement of 120, product 115 or 116 is obtained.

Zhang and coworkers reported the direct synthesis of quinolin-4-ols, which are struc-
turally related to histone acetyltransferase (HAT) inhibitors [145] and the key intermedi-
ates for making HMG-CoA reductase inhibitors [146]. The reaction of 1 and a-fluoro-g-
ketoesters 121 or 123 via sequential aldol, aza-Wittig, and dehydrofluorinative aromatiza-
tion reactions gives quinolin-4-ols 122 or 124 (Scheme 24) [83]. Green chemistry metrics
analysis for this one-pot synthesis and two reported multi-step syntheses [138] of HAT
inhibitor 144a was conducted [79,82,147] to validate synthetic efficiency and low waste
generation (Scheme 25).
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Scheme 23. Metal-catalyzed synthesis of diverse 4-alkoxy quinolines 113-117.
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Scheme 24. One-pot synthesis of quinolin-4-ols 122 and 124.
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Scheme 25. Three methods for making 122a.

2.4. Synthesis of 4-Amino-Quinolines

Shown in Figure 5 are some 4-amino-quinoline drugs and drug candidates such
as Chloroquine, Amodiaquine, Bosutinib, Amsacrine, and Dovitinib for the treatment
of malarial [148-150], leukemia [151,152], and cancer diseases [153]. Common meth-
ods in the literature for the synthesis of 4-aminoquinolines are aniline-based multi-step
reactions [96,154-156]. Sharada and coworkers employed azides 1 and amines 127 for the
synthesis of 4-aminoquinolines 129 through the aza-Diels—Alder reaction of intermediates
128 with dimethylacetylenedicarboxylate (DMAD) (Scheme 26) [157]. Shown in Scheme 27
are two examples of quinoline synthesis using 2-azidobenzaldehyde-based [4+2] cycloaddi-
tions. In the first case of using fumarate esters as the dienophiles, quinolines 3 are generated
from dehydrative aromatization involving C-O bond cleavage. In the second case of using
DMAD as a dienophile for cycloaddition with 128, 4-aminoquinolines 129 result from the
aromatization via the N-N bond cleavage of 130 [79,157].

Etz \\\_—(H EtZN %
[ eO : i
o
Chloroquine Amodiaquine Bosutinib
/\Sﬁo /
O" NH (\N
Q "
HN  OMe F NHy HN'Q
NS
oy oo
N N” “OH
Amsacrine Dovitinib

Figure 5. 4-Aminoquinoline-based drugs and drug candidates.
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Scheme 26. One-pot synthesis of 4-aminoquinolines 129.
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Scheme 27. Comparison of [4+2] cycloaddition for making compounds 3 and 129

Zhang and co-workers reported a three-component reaction of azides 1, a-fluoro-p-ketoesters
121, and amines 131 or 133 for the synthesis of 4-aminoquinolines 132 and 134 involving Man-
nich, aza-Wittig and dehydrofluorinative aromatization reactions (Scheme 28) [158]. They also

applied this method to the synthesis of 2-CF3 quinolines 137a and 137b with a pyrrolidine or a
piperidine at the 4-position (Scheme 29).
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Scheme 28. Three-component reaction to make 4-aminoquinolines 132 and 134
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Scheme 29. One-pot synthesis of CF3-containing 4-aminoquinolines 137a and 137b.
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3. Conclusions

Presented in this paper are 2-azidobenzaldehyde-initiated reactions for the synthesis
of diverse quinoline compounds, including fused, spiro-, and polycyclic quinolines, as well
as substituted quinolines such as quinoline-4-ols and 4-aminoquinolines. These biologically
significant quinoline compounds could be well utilized in medicinal chemistry programs
for drug discovery. Also, 2-azidobenzaldehyde-initiated synthesis can be developed as
one-pot stepwise synthesis or a multicomponent reaction for operation simplicity, process
efficiency, and economizing in terms of steps, pots, and atoms. Some of the synthetic
methods presented in this paper provide novel pathways for making quinolines which
could also be used for the synthesis of other heterocyclic compounds.
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