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Organic synthesis and catalysis are two of the main stalwarts of
the chemical sciences, and they have undergone extraordinary
advances over the past 150 years. They are a crucial tool for the
development of new molecules across a wide range of fields, in-
cluding drug discovery, energy, materials science, and many
more. The ability to design and create novel compounds
through organic synthesis, aided by catalysis, is fundamental to
advancing technologies that address global challenges in health,
sustainability, and beyond. By enabling the production of com-
plex molecules with specific functions, chemical synthesis and
catalysis play a key role in innovation across the above-
mentioned fields and thus improve our quality of life [1-10].

For almost 10 years, the International Symposium on Synthesis
and Catalysis (ISySyCat) has brought together the biggest
names in the fields of synthesis and catalysis, along with
cohorts of dedicated practitioners, researchers, and students
from these fields, presenting, discussing, and learning about the
latest developments and cutting-edge innovations in the fields

of synthesis and catalysis.
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In this thematic issue dedicated to the Sth International Sympo-
sium on Synthesis and Catalysis (ISySyCat2023), which took
place in Evora, Portugal from September 5-8, 2023, a diverse
selection of contributions from a cross section of these partici-
pants is presented. The variety of material from different fields
showcased in this thematic issue truly reflects the range and
breath of this conference.

In the contribution by Dargé et al. [11], “A novel recyclable
organocatalyst for the gram-scale enantioselective synthesis of
(S)-baclofen”, an interesting approach to recycling the very use-
ful cinchona squaramide organocatalysts was described. This
approach involved functionalization of the organocatalyst with
a lipophilic linker (octadecyl side chains), resulting in a novel
lipophilic cinchona squaramide organocatalyst. This organocat-
alyst was evaluated in a benchmark Michael addition of acetyl-
acetone to trans-f-nitrostyrene, yielding the Michael adduct
with high yield and enantioselectivity. The hydrophobic chain
of the catalyst allowed the organocatalyst to be easily recov-

ered by precipitation using polar solvents. This catalyst proved
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to be excellent for the preparation of (S)-baclofen on a gram
scale, furnishing the main chiral intermediate in high yield and
enantioselectivity. Furthermore, the catalyst was recycled over

five cycles while maintaining its performance.

In their contribution “Metal-catalyzed coupling/carbonylative
cyclizations for accessing dibenzodiazepinones: an expedient
route to clozapine and other drugs”, Moutayakine and Burke de-
scribed a new synthetic route for the synthesis of 10,11-
dihydro-5H-dibenzo[b,e][1,4]diazepinone (DBDAP) deriva-
tives, which possess recognized pharmacological properties
[12]. They used sequential reactions catalyzed by palladium and
copper. The process involves an initial amination, which can be
carried out via either the Buchwald-Hartwig or the Chan—Lam
reaction, followed by a palladium-catalyzed intramolecular
aminocarbonylation using Mo(CO)g. Both catalytic approaches
successfully produced the desired DBDAPs.

As previously mentioned, organic synthesis is a crucial tool for
preparing complex molecules of high value to industry. Frack-
enpohl et al. [13] designed and synthesized a new library of 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridine derivatives that exhibited
strong herbicidal activity against commercially significant grass
weeds in preemergence greenhouse tests. The synthetic route
for this new family of compounds was developed and opti-
mized, involving several reaction steps, included Pd-catalyzed
Suzuki couplings and the reduction of the thiazole moiety to
2,3-dihydro[1,3]thiazolo[4,5-b]pyridines, a crucial intermediate,
using BH3-NH3 and tris(pentafluorophenyl)borane as a Lewis
acid, followed by treatment with formic acid.

Gillie et al. reported the synthesis of a laterally fused N-hetero-
cyclic carbene (NHC) framework from polysubstituted
aminoimidazol[5,1-bJoxazol-6-ium salts, which demonstrated
strong catalytic activity in gold-catalyzed alkyne hydration and
arylative cyclization reactions [14]. The synthesis of this new
carbene involved the use of a novel nitrenoid reagent that was
successfully synthesized on a gram scale through a three-step
reaction sequence. The process began with 2,6-diisopropyl-
phenylamine, which underwent alkylation, formylation, and
substitution reactions. The carbene synthesis was then achieved
via a two-step process involving ynamide annulation, followed
by imidazolium ring formation. The resulting carbene was
metalated at the C2 position with Au(I), Cu(I), and Ir(I), obtain-
ing an L-shaped NHC ligand scaffold.

Lipins et al. introduced a new method for synthesizing 4-azido-
6,7-dimethoxy-2-alkyl/arylsulfonylquinazolines, which are key
intermediates in the preparation of biologically active com-
pounds [15]. The synthesis was achieved via a sulfonyl group

rearrangement driven by the azide—tetrazole equilibrium in
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quinazolines. The researchers utilized two synthetic pathways to
prepare the target compounds. The first pathway involved a
nucleophilic aromatic substitution (SyAr) reaction between
2-chloro-6,7-dimethoxy-4-sulfonylquinazoline derivatives and
NaN3, while the second involved an SyAr reaction between 2,4-
dichloro-6,7-dimethoxyquinazoline and alkyl/arylsulfinates, fol-
lowed by substitution with NaN3. Using this developed method-
ology, the adrenoblockers terazosin and prazosin were success-

fully synthesized.

Oliveira Jr. et al. developed a new methodology for the asym-
metric synthesis of f-aryl-y-lactam derivatives with very good
yield and enantioselectivity [16]. This was achieved through a
palladium-catalyzed Heck—Matsuda desymmetrization of
N-protected 2,5-dihydro-1H-pyrroles using aryldiazonium salts
and (S)-PyraBox, followed by sequential Jones oxidation. They
showcased their methodology by preparing both (R)-rolipram
and (R)-baclofen hydrochloride.

Téth et al. reported the design and synthesis of new analogues
of HeE1-2Tyr, a nonnucleoside SARS-CoV-2 RdRp inhibitor,
and their evaluation in an in vitro polymerase assay, targeting
SARS-CoV-2 [17]. The synthesis of the new molecules
involved three modifications of the HeE1-2Tyr inhibitor, which
included changing the core structure from a benzothiazole to a
benzoxazole unit and simplifying it to pyridone and thiazolopy-
ridone derivatives. This work is interesting from the point of
view that it involved the emerging technique of “chemical
editing”. The pyridone and thiazolopyridone derivatives were
the most promising inhibitors, with ICsq values below 90 uM.

Marques et al. described the synthesis of a new family of isatin-
based a-acetamide carboxamide oxindole hybrids using the
versatile Ugi four-component reaction [18]. Sixteen hybrids
were prepared by reacting 5-amino-1-benzyl-3,3-dimethoxyin-
dolin-2-one, benzyl isocyanide, carboxylic acids, and aldehyde/
ketone derivatives, catalyzed by ZnF, in MeOH at room tem-
perature with a short reaction time. Some of them were further
functionalized with a 1,2,3-triazole ring via copper-catalyzed
azide—alkyne cycloaddition (CuAAC) and deprotected with tri-
fluoroacetic acid. Several hybrids were evaluated against six
cancer cell lines, displaying Gls¢ values in the range of
1-10 pM.

Teixeira et al. reported the preparation of new triazinephospho-
nate-based dopants and their application in the production of
Nafion proton exchange membranes, which exhibited higher
conductivity with only 1 wt % loading [19]. These new
triazinephosphonate dopants could significantly impact the pro-
duction of enhanced Nafion membranes, contributing to the de-

velopment of more efficient decarbonized energy systems based
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on hydrogen technologies. The six triazinephosphonate deriva-
tives bearing 4-aminophenyl or 4-hydroxyphenyl groups were
obtained in very good yields through a nucleophilic substitu-
tion reaction between cyanuric chloride and 4-aminophenyl-
phosphonate or 4-hydroxyphenylphosphonate derivatives.
These synthesized dopants were used to prepare the modified
Nafion membranes using a casting methodology.

Almodovar and Tomé reported the synthesis and characteriza-
tion of nine novel diketopyrrolopyrrole derivatives through
versatile SyAr reactions between N,N’-bis(pentafluorobenzyl)-
substituted diketopyrrolopyrrole and thiols and phenols under
smooth conditions, resulting in the final compounds with satis-
factory yields [20]. These newly synthesized compounds exhib-
ited a high fluorescence quantum yield, which is an important
property for their potential application in the field of optoelec-
tronics (particularly for energy and biological chemistry appli-
cations).

In this thematic issue, Nieto et al. contributed a timely Review
article on the chemical space of 2-phenethylamines, focusing on
heteroaromatic structures with known pharmacological profiles
[21]. They highlighted that changes in the phenyl and heteroaryl
ring systems often stemmed from structure—activity relation-
ship (SAR) exploration, where bioisosteric modifications of the
original phenyl hits were prevalent. They reported that imida-
zole analogs behaved differently due to the r-histidine unit
representing a nonphenyl scaffold. Some important data on the
bioisosteric modifications of 2-phenethylamine derivatives,
focusing on their affinity and core aromatic diversity, were
included.

In another Review article contributed to this thematic issue,
Fehér et al. [22] carried out a critical assessment of the factors
that affect the activity of immobilized organocatalysts. As
mentioned earlier, organocatalysis has proven to be a powerful
tool in the preparation of enantiopure compounds. However,
their preparation can be time-consuming, complex, and expen-
sive. Consequently, it is of utmost interest to immobilize them
for reuse but without affecting their catalytic activity. The main
factors discussed were the type of support, immobilization, and
interaction between the support and the organocatalyst. The par-
ticular challenges were presented for each support, which are
unique for different reaction substrates. Furthermore, the solu-
tions to these problems as well as the limitations presented by

these supports were discussed as well.

To conclude, you as a reader are encouraged to take a closer
look at the contributions mentioned above, spanning diverse
areas of modern synthesis and catalysis. We hope that you will

find them beneficial, enlightening, and stimulating.
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The 6th International Symposium on Synthesis and Catalysis
(ISySyCat2025) will take place at the University of Coimbra
from September 2-5, 2025 (https://isysycat2025.events.chem-
istry.pt/), and we hope that it will attract the attention of

colleagues and practitioners from all corners of the world, who
will share in the rich chemistry to be discussed during those
four days.

As a final remark, we are very grateful to the Beilstein Journal
of Organic Chemistry for the opportunity to publish a thematic
issue dedicated to ISySyCat2023.

Anthony J. Burke and Elisabete P. Carreiro
Coimbra and Evora, October 2024

Data Availability Statement

Data sharing is not applicable as no new data was generated or analyzed
in this study.
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Synthesizing organocatalysts is often a long and cost-intensive process, therefore, the recovery and reuse of the catalysts are partic-

ularly important to establish sustainable organocatalytic transformations. In this work, we demonstrate the synthesis, application,

and recycling of a new lipophilic cinchona squaramide organocatalyst. The synthesized lipophilic organocatalyst was applied in

Michael additions. The catalyst was utilized to promote the Michael addition of cyclohexyl Meldrum’s acid to 4-chloro-trans-f-

nitrostyrene (quantitative yield, up to 96% ee). Moreover, 1 mol % of the catalyst was feasible to conduct the gram-scale prepara-

tion of baclofen precursor (89% yield, 96% ee). Finally, thanks to the lipophilic character of the catalyst, it was easily recycled after

the reaction by replacing the non-polar reaction solvent with a polar solvent, acetonitrile, with 91-100% efficiency, and the catalyst

was reused in five reaction cycles without the loss of activity and selectivity.

Introduction

In today’s chemical industry, catalytic processes are of para-
mount importance. In particular, the application of asymmetric
organocatalysts is receiving increased attention [1-4]. This is
illustrated by the fact that in 2021 the Nobel Prize in Chemistry
was awarded for the discovery of asymmetric organocatalysis
[5]. The use of organocatalysts has been a major breakthrough
in the realization of enantioselective transformations. Stereose-

lective synthesis is essential in the pharmaceutical industry, as

the development of drugs often requires the production of enan-

tiomerically pure chiral compounds [6-8].

The application of organocatalysts is well-established in several
organic reactions, including but not limited to aldol reactions
[6], Michael additions [9], Mannich reactions [10], aza-Henry
reactions [11], and Diels—Alder cycloadditions [12,13]. Al-

though the benefits of organocatalysts are undoubted, their syn-
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thesis is often a long and expensive process. Therefore, for sus-
tainable application, the cost-efficient recovery and reuse of
organocatalysts are critical issues. Fortunately, a wide range of
recycling options are known in the literature, often based on
liquid-solid phase separation [14].

Catalyst recycling can be achieved, for example, by immobi-
lizing the catalysts to a solid support [15], e.g., silica gel [16-
18], organic polymers [19-21], magnetic nanoparticles [22,23],
or by membrane separation, e.g., using organic solvent nanofil-
tration (OSN) [24-26], which methods can be easily imple-
mented in flow systems. Accordingly, the main recycling
methods rely on the immobilization of catalysts on heterogen-
eous supports, however, this could often lead to the deteriora-
tion of activity and/or selectivity [27]. A possible solution to
avoid these drawbacks is the heterogenization of the catalyst
after a homogeneous reaction.

For example, by incorporating a lipophilic side chain [28] on
the organocatalyst that does not interfere with its catalytic activ-
ity thanks to a linker between the catalyst and lipophilic units.
In this way, a significant difference in polarity can be achieved
between the catalyst and the other components of the reaction
mixture. The lipophilic O-alkylated gallic acid unit increases the
solubility of the organocatalyst in less polar solvents, such as
DCM or toluene but leads to the precipitation of the organocata-
lyst in polar solvents, including MeOH or MeCN. As a result,
the recycling of the organocatalysts can be achieved in a simple
step by centrifugation or filtration.

Previously, we have demonstrated the homogeneous and
heterogeneous recycling of cinchona-based organocatalysts
[20,25,26,29]. Continuing our work, we aimed to synthesize a
novel, recyclable lipophilic cinchona squaramide organocata-
lyst. Its catalytic activity and recyclability were examined in a
new stereoselective synthesis of baclofen, which is used to treat
muscle spasms [30]. Finally, the catalyst was easily recycled by
centrifugation over five reaction cycles without significant loss

of activity (Figure 1).

Results and Discussion
Synthesis of the lipophilic cinchona
squaramide organocatalyst

Previously, we successfully applied quinine-derived squaramide
(SQ) organocatalyst 1 in stereoselective Michael and aza-
Michael additions with excellent enantiomeric excess values
[26]. Our aim was to recycle this catalyst easily by incorporat-
ing a lipophilic unit, which leads to a drastic increase (5.78 to
28.8) in the logP value of the organocatalyst 2. The recyclable

organocatalyst can be divided into three units: the catalytic unit,

Beilstein J. Org. Chem. 2023, 19, 1811-1824.

the linker, and the lipophilic tag with octadecyl chains
(Figure 1).

The cinchona amine 3 was prepared starting from the naturally
occurring quinine [31]. The gained catalyst was demethylated
using BBrj3 to give alcohol 4. The demethylated cinchona amine
was reacted with half-squaramide [9] 5, resulting in demethy-
lated squaramide 6. A short and flexible linker was applied be-
tween the catalytic and lipophilic units to avoid a decrease in
the catalytic activity. The demethylated cinchona squaramide 6
was reacted with O-p-toluenesulfonyl-N-Boc-ethanolamine.
The protecting group was removed using trifluoroacetic acid,
followed by a neutralization step, gaining the cinchona

squaramide organocatalyst 7 with a linker (Scheme 1).

The lipophilic unit from methyl gallate (8) was gained by
following a literature procedure [32] with minor modifications.
The octadecyl groups were attached to the hydroxy groups
using Williamson-type ether synthesis. The octadecylated gallic
acid ester 9 was hydrolyzed under basic conditions in an
ethanol/water mixture. After the reaction, the pH of the mixture
was adjusted to 4 with hydrochloric acid, which resulted in the
precipitation of the product 10 in excellent yield (95%). Next,
carboxylic acid 10 was converted into the corresponding acyl
chloride 11 with thionyl chloride. Finally, the cinchona
squaramide with linker 7 and the octadecylated gallic acid chlo-
ride 11 were coupled to form an amide using triethylamine as a
base. The crude product was purified by chromatography and
precipitated from acetonitrile to gain the lipophilic organocata-
lyst 2 (Scheme 2).

Application and recycling of the lipophilic
cinchona-squaramide organocatalyst in the

stereoselective Michael addition

To prove that the previously applied catalytic unit kept its activ-
ity, the lipophilic organocatalyst 2 was applied in the stereose-
lective Michael addition of frans-B-nitrostyrene (12) and acetyl-
acetone (13). Choosing the best solvent for the reaction is
crucial, thus, solubility tests were carried out (Table 1). Since
homogeneous catalysts usually exhibit higher activity and selec-
tivity than their heterogeneous counterparts [27], our aim was to
carry out the catalytic reaction homogeneously. The solubility
of the lipophilic catalyst 2 was investigated in ten solvents with
low polarity, including a new, bio-based polar aprotic solvent,
MeSesamol [33]. The catalyst’s precipitation — which is neces-
sary for its recycling — was tested by adding a polar solvent, i.e.,
methanol, to its solution.

The main requirement for the polar solvent is that it should not

dissolve the catalyst while it should completely dissolve the

product. Therefore, we investigated the solubility of the
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cinchona squaramide organocatalyst
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C1gH370
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O
@/\/NOZ
Cl

non-soluble in MeOH, CH3;CN
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[gram-scale]
1.68 g, 96% ee

Figure 1: Application of cinchona squaramide 1 and recyclable, lipophilic cinchona squaramide organocatalysts 2 in a new, gram-scale stereoselec-

tive synthesis of baclofen precursor.

Michael adduct 14 in methanol, ethanol, propan-2-ol, Patosolv®
(a mixture of 85% of ethanol and 15% of propan-2-ol), and
acetonitrile. The highest solubility of 14 was found in aceto-
nitrile (63 mg mL™1) and methanol (17 mg mL™1). In both of
these solvents, a low solubility of the lipophilic catalyst 2 was
measured (<0.5 mg mL™!). Based on these results, acetonitrile
was chosen as a precipitating solvent for the catalyst recycling.

To investigate the solvent effect, the stereoselective Michael ad-

dition reaction was carried out in those solvents that dissolved

the catalyst and from which the catalyst was successfully pre-
cipitated by adding methanol. Furthermore, a reaction in which
acetylacetone (13) did not only act as a reactant but also as a

solvent was examined (Table 2).

The highest yields and enantiomeric excess values were reached
in CPME, toluene, and dichloromethane (Table 2, entries 1-3).
When acetylacetone was used as solvent, the enantiomeric
excess was slightly lower because the catalyst was not com-

pletely dissolved in acetylacetone, which resulted in a hetero-
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DCM/MeOH 20:1

CF3
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X
HN,,

_ o.
N = HNTNsq

7,78%

Scheme 1: Synthesis of demethylated cinchona squaramide organocatalyst and the incorporation of the flexible 2-aminoethylene linker.
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Scheme 2: Synthesis of the lipophilic tag from methyl gallate (8) and attachment to the cinchona squaramide.

geneous reaction mixture (Table 2, entry 4). The importance of
correct solvent selection is illustrated by the case of butyl
acetate, in which only a low yield was observed (Table 2, entry
5). During solvent selection, both the catalytic performance and
green chemistry aspects were addressed. For this purpose,
we followed GSK’s solvent sustainability guide [34], which

ranks solvents according to their properties, such as waste gen-
eration, environmental and health impacts, and boiling point
(Figure 2).

Considering the three factors mentioned above (yield, enan-

tiomeric excess, and green chemistry), toluene was chosen as a
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Table 1: Catalyst 2 solubility in solvents with low polarity.2

Solvent

Dissolved?

Beilstein J. Org. Chem. 2023, 19, 1811-1824.

Precipitated by MeOH?

anisole

butyl acetate

cyclohexaneP

cyclopentyl methyl ether (CPME)

dichloromethane (DCM)

dimethyl carbonate (DMC)
heptane

MeSesamol [33]

2-methyltetrahydrofuran (2-MeTHF)

toluene

AN . S NN NI NN

aTo the lipophilic catalyst (2 mg) in a vial the appropriate solvent (200 pL) was added. Then, to check the precipitability of the catalyst, MeOH (800 pL)
was added. PLarger amounts of cyclohexane (1 mL) was needed to dissolve the catalyst.

Table 2: Solvent screening in the Michael addition of acetylacetone (13) to trans-B-nitrostyrene (12).2

cat. 2 O O
+ - H
solvent : NO,
24 h
12 13 rt (S)-14

Entry Solvent Yield® [%] ee® [%]
1 CPME 85 91
2 toluene 88 93
3 DCM 91 93
4 acetylacetone 89 88
5 butyl acetate 22 94
6 2-MeTHF 94 87
7 anisole 84 89

aReaction conditions: acetylacetone (13, 0.21 mmol) was added to the solution of trans-B-nitrostyrene (12, 0.08 mmol) and 5 mol % of catalyst 2 in
0.5 mL of solvent, then, the resulting mixture was stirred at room temperature for 24 hours. Plsolated yields. °Determined by chiral HPLC ((S)-enantio-

mer).

DCM 2-MeTHF CPME
(40 °C) (78 °C) (106 °C)

Major issues

Toluene
(111 °C)

Few issues

Figure 2: Classification of the tested non-polar solvents according to the GSK’s solvent sustainability guide [34].
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solvent for the recycling reactions. The schematic for the recy-

cling by solvent replacement is shown in Figure 3.

After the stereoselective Michael addition was completed in
non-polar toluene, toluene was evaporated in vacuo and then a
polar solvent, acetonitrile was added, leading to the precipita-
tion of the lipophilic catalyst but dissolution of the other reac-
tion components. The reaction mixture was then transferred to
Eppendorf vials and centrifuged (8 min, 13500 rpm). After
phase separation, the product was isolated from the supernatant
by preparative thin-layer chromatography, while the catalyst

1. removal of non-polar solvent
under vacuum
2. addition of polar solvent
3. transfer to Eppendorf tube

homogeneous reaction in
non-polar solvent

CF3

H
o
C1gH370. NN
H
CigH370
C1gH370

unit

111)0p]A1111c N TN
unit #
HN,, Ng
N
Z
N

catalyst

Beilstein J. Org. Chem. 2023, 19, 1811-1824.

was reused in subsequent reaction cycles. The precipitated cata-
lyst was further washed twice with acetonitrile, and dried in

vacuo. The results are collected in Table 3.

Application and recycling of the lipophilic
cinchona-squaramide organocatalyst in the

synthesis of a baclofen precursor

After the successful application of the lipophilic catalyst, its cat-
alytic activity was also investigated in another industrially rele-
vant stereoselective Michael addition. This type of reaction
could be used in the synthesis of several drugs to form a

@
separation

~a
\ a

isolation I

centrifugation

product

Figure 3: Recycling of the lipophilic organocatalyst in the stereoselective Michael addition by replacing the solvent.

Table 3: Recycling of lipophilic organocatalyst 2 in the Michael addition of acetylacetone (13) to trans-B-nitrostyrene (12).2

\N02 O O
O L

12 13
Round Yield® [%] ee® [%]
1 84 91

2 89 90

3 94 91

4 93 91

5 96 92

cat. 2 (0] (0]
(5 mol %) M
toluene

24 h ©/VNOZ
rt (S)-14

Catalyst recycling efficiency [%]

91
99
92
99
97

@Reaction conditions: acetylacetone (13, 0.96 mmol) was added to the solution of trans-B-nitrostyrene (12, 0.38 mmol) and 5 mol % of catalyst 2 in
2 mL of toluene, then, the resulting mixture was stirred at room temperature for 24 hours. After the reaction was completed, the volatile components
were evaporated, and acetonitrile was added for the recycling of the catalyst 2. Plsolated yields. SDetermined by chiral HPLC ((S)-enantiomer).
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carbon—carbon bond in a stereoselective manner [6,35]. Our
goal was to synthesize the chiral precursor 17 of baclofen
(Scheme 3).

To achieve this objective, we first planned to use Meldrum’s
acid and 4-chloro-trans-B-nitrostyrene (16). Based on the litera-
ture [36], Meldrum’s acid has a low solubility in non-polar sol-
vents, resulting in diminished enantioselectivity. Furthermore,
in our case, the application of polar solvents would not be
favorable due to the low solubility of the lipophilic organocata-
lyst in these solvents. Consequently, we applied the cyclohexyl
derivative of Meldrum’s acid 15, which exhibits enhanced solu-
bility in non-polar solvents [36]. The Meldrum’s acid deriva-

tive 15 was synthesized from malonic acid and cyclohexanone

M asymmetric oo
0 s 0 Michael
N addition o o)
/©/\/NOZ \ANO
cl 16 cl 17

chiral intermediate

Scheme 3: A new, stereoselective synthetic route for baclofen.

COOH
1. hydrolysis, * NH
decarboxylation 2
2. reduction
2 Cl
baclofen
GABAg receptor agonist

Beilstein J. Org. Chem. 2023, 19, 1811-1824.

using acetic anhydride and sulfuric acid as a catalyst (see Sup-
porting Information File 1) [37].

In a similar manner as the former Michael addition, a solvent
screening was carried out in the previously well-established
four solvents: CPME, 2-MeTHEF, anisole, and toluene (Table 4,
entries 1-4).

Based on the solvent screening, high yields and good enantiose-
lectivity can be achieved in anisole and toluene, while using
2-MeTHF drastically decreased the enantioselectivity. From the
perspective of green chemistry, anisole would be more favor-
able, but toluene is also a distinctly better alternative to the
other solvents (e.g., DCM) commonly used in Michael addi-

Table 4: Solvent and catalyst amount screening in the Michael addition of the cyclohexyl derivative of Meldrum’s acid 15 to 4-chloro-trans-B-nitro-

styrene (16).2

NO, o O
Q . AN cat. 20 M
o o (10 mol %) o o
Cl H
OMO solvent, rt NO,
3h
15 16 cl (S)-17

Entry Solvent Catalyst amount [mol%] Yield? [%] ee® [%]
1 CPME 10 93 82
2 2-MeTHF 10 93 29
3 anisole 10 >99 93
4 toluene 10 >99 92
5 toluene 5 97 93
64 toluene 1 94 96

aReaction conditions: Meldrum’s acid derivative 15 (0.064 mmol) was added to the solution of 4-chloro-trans-B-nitrostyrene (16, 0.096 mmol) and 1, 5
or 10 mol % of catalyst 2 in 470 pL of solvent, then, the resulting mixture was stirred at room temperature for 3 hours. Plsolated yields. Determined by
chiral HPLC ((S)-enantiomer). 9Reaction time was 5 hours to achieve full conversion.
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tions. Another critical aspect that needs to be considered is how
difficult the removal of the solvent is. In this respect, the boiling
point of toluene (111 °C) is preferable to that of anisole, which
has a boiling point of 154 °C. The results of catalyst recycling
in anisole and toluene are shown in Table 5.

The lipophilic organocatalyst maintained its activity in both sol-
vents over the five reaction cycles while the catalyst loss was
marginal (<10%). It is important to note that in an industrial-
scale process, the catalyst loss could be further diminished, and
the centrifugation could be replaced by a simple filtration.
Furthermore, for large-scale applications, the effect of catalyst
amount was also investigated (Table 4, entries 4-6). Yields and
enantiomeric excess values did not change significantly when
the catalyst amount was reduced from 10 mol % to 1 mol %,
however, a longer reaction time (5 hours) was required for the
1 mol % catalyst loading.

Gram-scale synthesis of baclofen

Finally, we planned to demonstrate the recyclability of our
lipophilic organocatalyst 2 in the gram-scale synthesis of
baclofen precursor (§)-17. The catalyst loading was set to
1 mol % to reduce the needed catalyst amount and the reaction
time was increased to 5 hours to achieve full conversion. After
the organocatalytic reaction in toluene, the volatile components

Beilstein J. Org. Chem. 2023, 19, 1811-1824.

were evaporated, and acetonitrile was added to precipitate the
catalyst. In contrast to the small-scale recycling, in this case, we
used filtration instead of centrifugation to recover the catalyst
without significant loss (<5%). This demonstrates that we de-
veloped an organocatalytic reaction that can be easily scaled-up
and the novel lipophilic catalyst can be recovered not only by
centrifugation but also by filtration.

From the baclofen precursor (§)-17, baclofen can be synthe-
sized in two steps. The nitro acid ($)-18 was obtained using
HCI in THF in good yield (70%), which could be reduced to
(S)-baclofen hydrochloride using Raney nickel as catalyst
(Scheme 4) [38].

Conclusion

In conclusion, we have prepared a new lipophilic cinchona
squaramide organocatalyst 2 modified with octadecyl side
chains. Thanks to the lipophilic unit, the catalyst can be easily
precipitated by exchanging the non-polar solvent with a more
polar one, and then its separation can be achieved by centrifuga-
tion. The lipophilic catalyst 2 demonstrated its excellent catalyt-
ic activity in two stereoselective Michael addition reactions.
Homogeneous catalysis was carried out in non-polar solvents
(i.e., toluene), which allows the high performance of the
lipophilic organocatalyst in terms of yield and stereoselectivity.

Table 5: Recycling of lipophilic organocatalyst 2 in the Michael addition of the cyclohexyl derivative of Meldrum’s acid 15 to 4-chloro-trans-B-nitro-

styrene (16).2

15 16
Round Solvent
1 anisole
2
3
4
5
1 toluene
2
3
4
5

cat. 2 O; ;

o}
(10 mol %)
Ivent, rt OMO
solvent, :
3h NO,
al (S)-17
Yield® [%] eeC [%]
95 92
>99 95
>99 94
>99 93
>99 93
94 93
>99 94
>99 94
>99 94
97 92

@Reaction conditions: Meldrum’s acid derivative 15 (0.19 mmol) was added to the solution of 4-chloro-trans-B-nitrostyrene (16, 0.29 mmol) and
10 mol % of catalyst 2 in 1.4 mL of solvent, then, the resulting mixture was stirred at room temperature for 3 hours. After the reaction was completed,
the volatile components were evaporated, and acetonitrile was added for the recycling of the catalyst 2. PIsolated yields. Determined by chiral HPLC

((S)-enantiomer).
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Scheme 4: Gram-scale synthesis of (S)-baclofen hydrochloride.

To facilitate the pharmaceutical use of the lipophilic organocat-
alyst, we investigated a new, industry-relevant synthesis route
of baclofen in the gram-scale. The chiral precursor 17 of
baclofen was obtained with quantitative yield and excellent
enantiomeric excess (up to 96%). The catalyst was applied in
five consecutive runs without a decrease in catalytic activity,
moreover, the catalyst loss was also negligible (<10%). Overall,
it can be concluded that the incorporation of the lipophilic unit
does not affect the catalytic activity and selectivity but enables
the facile recycling of the catalyst.

Experimental

General information

The starting materials and reagents were purchased from com-
mercially available sources (Merck, TCI Europe, and VWR).
Infrared (IR) spectra were recorded on a Bruker Alpha-T
Fourier-transform IR (FTIR) spectrometer. Optical rotations
were measured on a Perkin Elmer 241 polarimeter calibrated by
measuring the optical rotations of both enantiomers of menthol.
The reactions under pressure were carried out in a 150 mL pres-
sure flask (Synthware Glass). Thin-layer chromatography
(TLC) was performed using silica gel 60 F»s4 (Merck) plates.
The spots of the materials on TLC plates were visualized by UV
light at 254 nm. The reactions were monitored by TLC and
high-performance liquid chromatography—mass spectrometry
(HPLC-MS). The solvent ratios of the eluents are given in
volume units (mL mL™!). Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker DRX-500 Avance spectrom-
eter (at 500 and 126 MHz for the 'H and '3C spectra, respec-

tively) or on a Bruker 300 Avance spectrometer (at 300 and

75.5 MHz for the 'H and '3C spectra, respectively) or on a
Bruker Avance III HD (at 600 MHz for H and at 150 MHz for
13C spectra) at specified temperatures. High-resolution MS was
measured on a Bruker MicroTOF II instrument using positive
electrospray ionization. HPLC-MS was performed on an HPLC
system using a Shimadzu LCMS-2020 (Shimadzu Corp., Japan)
device equipped with a Reprospher (Altmann Analytik Corp.,
Germany) 100 A C18 (5 um; 100 x 3 mm) column and a posi-
tive/negative double ion source with a quadrupole MS analyzer
in the range of 50-1000 m/z. Further details are available in
Supporting Information File 1. The enantiomeric ratios of the
samples were determined by chiral high-performance liquid
chromatography (HPLC) measurements. The exact conditions
of chiral HPLC are indicated in the experimental section of the
corresponding compound. MarvinSketch was used for logP
prediction, MarvinSketch 20.11, ChemAxon (https://

www.chemaxon.com).

Demethylated cinchona squaramide 6

The demethylated cinchona squaramide was prepared accord-
ing to the literature procedure [39]. To the best of our know-
ledge, the NMR assignment has not been reported yet. 'H NMR
(methanol-d4, 600 MHz, 295 K) 6 8.68 (d, 3JH,H =4.7 Hz, 1H),
8.01 (bs, 2H), 7.94 (d, *Jy i = 9.1 Hz, 1H), 7.72 (bs, 1H), 7.55
(m, 2H), 7.40 (dd, *Jg g = 9.1 Hz, ¥/ i = 2.5 Hz, 1H), 6.15
(bs, 1H), 5.91 (m, 1H), 5.07 (bd, 2JHH =17.2 Hz, 1H), 5.02
(bd, 2JH,H =10.4 Hz, 1H), 3.49 (m, 1H), 3.48 (m, 1H), 3.33 (m,
1H), 2.86 (m, 1H), 2.82 (m, 1H), 2.41 (bs, 1H), 1.69 (m, 1H),
1.68 (m, 2H), 1.54 (m, 1H), 0.85 (m, 1H); !3C NMR (methanol-
dy4, 150 MHz, 295 K) 8 185.7, 182.1, 170.4, 164.8, 158.3, 147.6,
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145.3, 144.6, 142.5, 142.3, 133.9 (q, 2JcF = 33.4 Hz), 131.7,
129.7, 124.5 (q, Jc g = 272.0 Hz), 123.9, 120.0, 119.3 (q,
3Jcr=3.0Hz), 116.7 (m), 115.2, 105.4, 61.9, 56.9, 54.7, 41.8,
40.7, 28.8, 28.3, 26.9; for the full 'H and '3C assignment of
demethylated cinchona squaramide structure, see Supporting
Information File 1.

Cinchona squaramide organocatalyst with
linker, 7
CF4

mQ

The demethylated cinchona squaramide 6 (732 mg, 1.19 mmol)
was dissolved in DMF (15 mL), and caesium carbonate (1.75 g,
5.37 mmol, 4.5 equiv) was added to the solution at O °C. The
reaction mixture was stirred for 20 min at this temperature.
Then, the DMF (10 mL) solution of tosylated N-Boc-protected
ethanolamine (955 mg, 3.03 mmol, 2.5 equiv, Scheme 2) was
added dropwise. The reaction mixture was stirred at 50 °C
for 8 hours. The volatile components were removed under
reduced pressure. To the resulting orange oil, water (60 mL)
was added, and the product was extracted with dichloro-
methane (3 X 60 mL). The combined organic phase was washed
with water (2 X 60 mL), dried over MgSQy, and concentrated in
vacuo. The intermediate (1.24 g) was used in the next reaction
without purification. The crude, N-Boc-protected intermediate
was dissolved in dichloromethane (25 mL) and the solution
cooled to 0 °C with an ice bath. Next, trifluoroacetic acid
(5.74 mL, 75 mmol, 63 equiv) was added dropwise. The reac-
tion mixture was stirred at room temperature for 1 h. Then, it
was cooled to 0 °C, and a 40% NaOH(aq) solution was added to
set the pH to 13. To this mixture, water (60 mL) was added, and
it was extracted with DCM/MeOH 20:1 (60 mL). After the sep-
aration of the phases, the aqueous phase was extracted again
with DCM/MeOH 20:1 (3 X 40 mL). The combined organic
phase was dried over MgSO, and concentrated in vacuo. The
obtained residue (609 mg, 78% for 2 steps) was a dark orange
solid, and we used this product in the next step without further
purifications. TLC (SiO,; DCM/MeOH/25% NH4OH(aq)
10:1:0.01, Ry 0.22); mp 158-160 °C; [a]) ~51.8 (¢ 1.00,
DMSO); IR (cm™ 1) viay: 2957, 2923, 2853, 1664, 1620, 1609,
1560, 1508, 1437, 1378, 1331, 1277, 1201, 1175, 1126, 1021,
930, 884, 832, 799, 719, 700, 679, 620, 550, 521, 414; '"H NMR

Beilstein J. Org. Chem. 2023, 19, 1811-1824.

(500 MHz, MeOH-dy4, 298 K) 6 8.77 (d, J = 4.7 Hz, 1H),
8.03-7.96 (m, 3H), 7.94 (bs, 1H), 7.69 (d, J = 4.7 Hz, 1H), 7.51
(dd, J = 2.57 Hz, 9.27 Hz, overlapped, 1H) 7.49 (bs, over-
lapped, 1H), 6.28 (d, J = 8.9 Hz, 1H), 5.95 (ddd, J = 17.5, 10.3,
7.7 Hz, 1H), 5.08 (bd, J = 17.5 Hz, 1H), 5.03 (bd, J = 10.3 Hz,
1H), 4.37 (m, 2H), 3.69-3.59 (m, 1H), 3.56-3.47 (m, 1H),
3.30-3.27 (m, overlapped, 1H), 2.99 (s, 1H), 2.93-2.86 (m,
1H), 2.86 (s, 1H), 2.84-2.76 (m, 1H), 2.43-2.37 (m, 1H),
1.70-1.61 (m, overlapped, 4H), 1.27 (m, 1H), 0.73-0.66 (m,
1H) ppm; 13C NMR (126 MHz, MeOH-d,, 298 K) & 186.4,
182.8, 170.9, 165.9, 159.7, 149.3, 146.1, 146.0, 143.5, 143.0,
134.2 (q, J = 33.1 Hz), 132.4, 129.9, 125.1 (q, J = 272.1 Hz),
124.9, 120.3, 117.0, 115.8, 103.7, 69.6, 61.4, 57.5, 55.4, 42.2,
41.5,41.2, 37.4, 32.1, 29.4, 29.0, 28.0 ppm.; HRESI(+)-MS
(m/z): [M + H*] caled for C33H3,FgN503, 660.2409; found,
660.2424.

Methyl 3,4,5-tris(octadecyloxy)benzoate (9)
0

C1gH370 -~

(0]

C1gH370
OC+gHa7
9

Methyl gallate (8, 15 g, 0.082 mol) was dissolved in DMF
(150 mL), and 1-bromooctadecane (87.3 g, 0.262 mol) and
potassium carbonate (67.5 g, 0.489 mol) were added. To the re-
sulting reaction mixture, further DMF (150 mL) was added.
After stirring for 16 hours at 80 °C, the reaction mixture was
cooled, and diluted with toluene, water, and chloroform to pre-
cipitate the product. The crude product was filtered and recrys-
tallized using chloroform/methanol mixed solvents. For a
typical recrystallization of 1 gram crude product, 30 mL chloro-
form and 90 mL methanol were applied. The recrystallized solid
was filtered to obtain product 9 as a white solid (49.2 g, 64%).
The products had the same spectroscopic data than those re-
ported in the literature [32].

Lipophilic organocatalyst 2
CF3
8 :
0
HN
X
HN,,

o N
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The cinchona squaramide with the aminoethylene linker 7
(534 mg, 0.81 mmol, 1.05 equiv) and triethylamine (1.09 mL,
8.26 mmol, 10.2 equiv) were dissolved in dichloromethane
(8.8 mL). Then, a solution of 3,4,5-tris(octadecyloxy)benzoyl
chloride (11, 729.3 mg, 0.77 mmol) in dichloromethane
(22 mL) was added. To the resulting yellow solution further
dichloromethane (12.6 mL) was added, and the mixture was
stirred for 24 hours. Next, the reaction mixture was washed with
water (2 x 30 mL), and the organic phase was dried over
MgSOy, and concentrated in vacuo. The crude product was
purified by column chromatography (SiO;, DCM/MeOH/
NHs(aq) 20:1:0.01 - DCM/MeOH/NHj3 10:1:0.01). The prod-
uct was dissolved in a small amount of dichloromethane (1 mL)
and added dropwise to acetonitrile (100 mL) to precipitate the
product as an off-white solid (698 mg, 58%). TLC (SiO,, DCM/
MeOH 20:1, Ry 0.35); mp 68-69 °C; [a]}, +14.1 (c 1.00,
CHCl3); IR (cm™1) viax: 3267, 2916, 2850, 1792, 1689, 1622,
1604, 1587, 1551, 1466, 1437, 1378, 1335, 1277, 1226, 1181,
1133, 1117, 1047, 1000, 930, 879, 851, 821, 764, 721, 701, 680,
619, 526; 'H NMR (500 MHz, CDCl3, 318 K) 8 8.73 (d, J =
3.6 Hz, 1H), 8.03 (m, 1H), 7.90-7.62 (m, 2H), 7.57-7.42
(m, overlapped, 1H), 7.40-7.33 (m, overlapped, 3H), 7.28 (m,
1H), 7.08 (br s, 2H), 6.30 (br s, 1H), 5.70 (m, 1H), 5.21-4.90
(m, 2H), 4.45 (m, 2H), 4.06-3.88 (m, overlapped, 10H),
3.76-3.69 (m, 2H), 3.61-3.19 (m, 2H), 3.09-2.65 (m, 2H),
1.93-1.61 (m, overlapped, 7H), 1.52-1.11 (m, overlapped,
94H), 0.88 (t, J = 7.0 Hz, 9H,) ppm; '3C NMR (75 MHz,
CDCl3, 318 K) 0 185.4, 180.3, 175.4, 168.3, 165.1, 157.8,
153.3, 153.0, 147.9, 145.1, 141.6, 141.4, 140.3, 132.7 (q,
2JcF = 34.2 Hz), 132.3, 130.3, 129.0, 127.6, 122,9 (q, Uc g =
272.0 Hz), 118.4, 116.5, 116.1, 108.0, 105.9, 101.3, 73.7, 73.6,
69.5, 69.2, 66.7, 60.4, 53.5, 41.2, 39.1, 32.1, 30.5, 29.9, 29.8,
29.6, 29.5, 26.3, 26,2 22.8, 14.2 ppm; 'F NMR -63.1 ppm;
HRESI(+)-MS (m/z): [M + H*] calcd for Co4H 44FgN507,
1569.0970; found, 1569.957.

General procedure for the solvent screening
of stereoselective Michael addition of acetyl-
acetone to trans-B-nitrostyrene

0O O

©/\/N02

(S)-14

First, trans-p-nitrostyrene (12, 11.9 mg, 0.08 mmol) and the
lipophilic organocatalyst 2 (6.3 mg, 0.004 mmol, 5 mol %) were
dissolved in the appropriate solvent (500 uL). Then, acetyl-
acetone (13, 21.1 uL, 0.205 mmol) was added. The reaction
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mixture was stirred for 24 hours at room temperature. After
the reaction was completed, the solvent was evaporated, and the
crude product was purified by preparative thin-layer chromatog-
raphy (SiO,, hexane/ethyl acetate 2:1, R¢ 0.36) to obtain the
product (S)-14 as pale-yellow crystals. The products had the
same spectroscopic data than those of reported (the absolute
configuration was determined by the optical rotation of the
products) [26]. HPLC: Phenomenex Lux Cellulose-3 column
(3 mm, 250 x 4.6 mm), eluent CH3CN/H,0O (0.1% formic acid)
40:60, isocratic mode; 0.6 mL min~!; UV detector 222 nm,
30 °C. The retention time for the (S)-enantiomer was 12.3 min,
for the (R)-enantiomer 14.7 min.

General procedure for recycling of the
lipophilic organocatalyst in the
stereoselective Michael addition of acetyl-
acetone to trans-B-nitrostyrene
trans-B-Nitrostyrene (12, 57 mg, 0.382 mmol) and the lipophilic
organocatalyst 2 (30 mg, 0.0191 mmol, 5 mol %) were dis-
solved in toluene (2.0 mL), and acetylacetone (13, 99 uL,
0.962 mmol) was added. The reaction mixture was stirred for
24 hours at room temperature. Then, the volatile components
were evaporated, and acetonitrile (2 mL) was added. The disso-
lution of the product and the suspension of the catalyst were
aided by using an ultrasonic bath. The reaction mixture was
transferred to Eppendorf tubes, and the insoluble components
were separated by centrifugation (8 min, 13500 rpm). After
the separation, the precipitated catalyst was similarly washed
twice with acetonitrile (2 X 2 mL). The combined acetonitrile
phase was evaporated, and the crude product was purified by
using preparative thin-layer chromatography (SiO,, hexane/
ethyl acetate 2:1, Ry 0.36) to obtain the product (S)-14. The
catalyst was dried in vacuo and reused in the following reaction
cycle.

General procedure for the solvent screening
of stereoselective Michael addition of the
cyclohexyl derivative of Meldrum’s acid to
4-chloro-trans-B-nitrostyrene

S

o O

P No

/@NNOZ
cl

(S)-17
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Cyclohexyl derivative of Meldrum’s acid 15 (11.7 mg,
0.064 mmol), 4-chloro-trans-B-nitrostyrene (16, 17.5 mg,
0.096 mmol), and the lipophilic organocatalyst 2 (1, 5, or
10 mol %) were dissolved in the appropriate solvent (470 pL),
and stirred for 3 hours at room temperature. Then, the solvent
was evaporated, and the crude product was purified by prepara-
tive thin-layer chromatography (SiO,, hexane/ethyl acetate/
AcOH 2:1:0.01, R¢ 0.34) to obtain the product as a pale-yellow
foam. To the best of our knowledge, the synthesis of (§)-17 has
not been reported so far. TLC (SiO,, hexane/acetone 1:3, R¢
0.85); mp 61-69 °C; [a] =5.7 (¢ 1.00, CHCl3); IR (cm™")
Vmax 2941, 2860, 1780, 1744, 1709, 1637, 1553, 1493, 1448,
1433, 1416, 1367, 1339, 1299, 1272, 1223, 1184, 1133, 1091,
1068, 1036, 1014, 998, 976, 956, 912, 49, 825, 783, 743, 718,
679, 654, 530, 425; '"H NMR (500 MHz, CDCl3, 298 K) d
7.33-7.28 (m, 4H), 5.35 (dd, J = 13.9, 8.7 Hz, 1H), 5.00 (dd,
J=13.9,6.7 Hz, 1H), 4.63 (ddd, J = 8.8, 6.7, 3.1 Hz, 1H), 4.02
(d, J = 3.2 Hz, 1H), 1.91 (t, J = 6.2 Hz, 2H), 1.67 (m, over-
lapped, 2H), 1.48-1.42 (m, 2H), 1.30-1.26 (m, overlapped, 4H)
ppm; 13C NMR (75 MHz, CDCl3, 298 K) 8 164.4, 163.9, 135.1,
133.7, 130.7, 129.5, 106.9, 76.1, 49.0, 41.4, 36.8, 36.7, 29.8,
21.8 ppm; HRESI(+)-MS (m/z): [M + Na*] calcd for
C17Hg§CINOg¢Na, 390.0720; found, 390.0682; HPLC:
Phenomenex Lux Cellulose-3 column (3 mm, 250 X 4.6 mm),
eluent CH3CN/H,0 (0.2% formic acid) 40:60, isocratic mode;
1 mL min~!; UV detector 265 nm, 35 °C. The retention time for
the (S)-enantiomer was 27.2 min, for the (R)-enantiomer
29.1 min.

General procedure for recycling of the
lipophilic organocatalyst in the
stereoselective Michael addition of the
cyclohexyl derivative of Meldrum’s acid to

4-chloro-trans-B-nitrostyrene

Cyclohexyl derivative of Meldrum’s acid 15 (35.2 mg,
0.19 mmol), 4-chloro-trans-B-nitrostyrene (16, 52.7 mg,
0.29 mmol), and the lipophilic organocatalyst 2 (30 mg,
0.0019 mmol, 10 mol %) were dissolved in toluene or anisole
(1.4 mL), and stirred for 3 hours at room temperature. After
the reaction was completed, the solvent was evaporated, and
acetonitrile (1.5 mL) was added. The dissolution of the product
and the suspension of the catalyst were aided by using an ultra-
sonic bath. The reaction mixture was transferred to Eppendorf
tubes, and the insoluble components were separated by centrifu-
gation (8 min, 13500 rpm). After the separation, the precipitat-
ed catalyst was similarly washed twice with acetonitrile
(2 x 1.5 mL). The combined acetonitrile phase was evaporated,
and the crude product was purified by using preparative
thin-layer chromatography (SiO,, hexane/ethyl acetate/
AcOH 2:1:0.01, Rf 0.34) to obtain the product (S)-17. The cata-
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lyst was dried in vacuo and reused in the following reaction

cycle.

Gram-scale synthesis of baclofen precursor

17

Cyclohexyl derivative of Meldrum’s acid 15 (938.4 mg,
5.1 mmol), 4-chloro-trans-B-nitrostyrene (16, 1404.2 mg,
7.6 mmol), and the lipophilic organocatalyst 2 (80 mg,
0.05 mmol, 1 mol %) were dissolved in toluene or anisole
(37.6 mL), and stirred for 5 hours at room temperature. After
the reaction was completed, the solvent was evaporated, and
acetonitrile (30 mL) was added. The dissolution of the product
and the suspension of the catalyst were aided by using an ultra-
sonic bath. The resulting solid was filtrated, and washed with
acetonitrile (3 x 10 mL). The combined acetonitrile phase was
evaporated, and the crude product was purified by using column
chromatography (SiO,, heptane/ethyl acetate/ AcOH 4:1:0.01)
to obtain the product ((S)-17, 1.675 g, 89%).

Synthesis of nitro acid (S)-18
OH

Ao

Cl

(S)-18

In a 150 mL pressure flask (Synthware), the baclofen precursor
(8)-17 (0.5 g, 1.36 mmol) was dissolved in THF (71 mL), and
1 M HCI (aq. solution, 36 mL) was added. The reaction mix-
ture was heated in a 100 °C oil bath for 5 hours. Then, the vola-
tile components were evaporated, and the aqueous phase was
extracted with EtOAc (3 x 10 mL). The combined organic
phase was dried over MgSO4 and concentrated in vacuo. The
crude product was purified by column chromatography (SiO,,
heptane/ethyl acetate/AcOH 4:1:0.01 — heptane/ethyl acetate/
AcOH 1:1:0.01) to gain the product (5)-18 as a white solid
(232 mg, 70%). TLC (SiO,, heptane/ethyl acetate/AcOH
1:1:0.01, R¢ 0.52, visualized by bromocresol green); mp
82-84 °C (lit. [40] 78-80 °C); [oc]lz)5 -10.5 (c 2.00, MeOH), (lit.
[381: [a]5 ~10.1 (¢ 2.00, MeOH)). The products had the same
spectroscopic data than those reported in the literature [41].
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A sequential strategy to access 10,11-dihydro-5H-dibenzol[b,e][1,4]diazepinones (DBDAPs) is disclosed in this article through a

palladium and copper-catalyzed amination (Buchwald-Hartwig (B—H) or Chan-Lam (C-L)) followed by a palladium-catalyzed

intramolecular aminocarbonylation with Mo(CO)g as CO surrogate (to avoid toxic CO handling) of readily available o-phenylene-

diamines and either 1,2-dibromobenzene or 2-bromophenylboronic acid. The 10,11-dihydro-5H-dibenzo[b,e][1,4]diazepinone

could be synthezised in good yield using a sequential catalytic procedure, using both C—L and B—H approaches. Gratifingly, the use

of the C-L reaction was more impressive, and afforded the dibenzodiazepinones in good yields (up to 45%; 2 steps) and much

milder conditions using copper as the catalyst. The synthetic utility of this novel strategy was showcased by demonstrating a formal

synthesis for the antipsychotic drug clozapine and to an anticancer triazole-DBDAP hybrid.

Introduction

Dibenzodiazepine units are without doubt highly privileged
structures, endowed with numerous medicinally relevant prop-
erties, and notably include anti-anxiolytic and antidepressant ac-
tivities. These scaffolds have received much interest from the

medicinal chemist community, which led to the development of

several antidepressant agents such as dibenzepin, sintamil, as
well as the well-known medication, clozapine, an FDA-ap-
proved atypical antipsychotic drug, that has been adopted as a
treatment of schizophrenia and schizoaffective disorders

(Figure 1) [1,2]. Dibenzodiazepinones were also found to exhib-
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Figure 1: Biologically active dibenzodiazepinones.

it significant anticancer properties [3], as they were found to
effectively inhibit tumor invasion in vitro [4], and induce apo-
ptosis among several cancer cell lines [5]. Additionally, several
dibenzodiazepinone-based structures were proven to act as p21-
activated kinase (PAK) inhibitors [6], and Chk]1 inhibitors [7].
The abovementioned pharmaceutical properties of the dibenzo-
diazepinone class have driven the development of novel synthe-
tic strategies leading to these scaffolds in a step-economical and
greener manner. Our previous review in 2018 focused on a

variety of routes to these compounds [8].

The well-known Buchwald-Hartwig (B-H) and Chan-Lam
(C-L) reactions have proven to be highly useful procedures that
allow the step-economical synthesis of diverse biologically rele-
vant heterocycles through C-N bond formation [9]. These ap-
proaches resulted in shortening the synthetic routes that were
widely employed to access these heterocyclic scaffolds. Over
the last decades, the Chan—Lam coupling reaction has drawn
great attention among the synthetic chemistry community which
contributed to the development of various synthetic routes to
relevant heterocycles in high efficiency [10]. The Chan—Lam
coupling is considered a greener alternative to traditional C-N
coupling reactions, as it can be carried out under mild reaction
conditions (room temperature and short reaction times, etc.),
plus it does not require expensive metals like Pd, being carried
out with Cu.

The aminocarbonylation reaction which was introduced by
Schoenberg and Heck in 1974 is an efficient catalytic route to
carboxamides [11]. It was a major step forward and has been
amply applied in a number of carbonylation reactions over the
years [12].

In 2011, Buchwald and Tsvelikhovsky introduced an efficient
synthetic strategy to construct diverse dibenzodiazepinones
through a sequential methodology consisting of a B-H cou-
pling between o-carbonylanilines and 1,2-dihaloarene deriva-
tives providing access to key precursors that undergo a tandem
amination—intramolecular cyclization via a cross-coupling reac-

tion with NH3 [13]. The reaction was undertaken in the pres-

Hugel’s ant
icancer hybrid
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ence of a catalytic amount of a palladium catalyst and afforded
a library of dibenzodiazepinones in good to excellent yields
(Scheme 1a).

In 2013, Zhang et al. developed a synthetic route leading to
structurally diverse dibenzodiazepinones via a copper-cata-
lyzed C-N bond coupling between 2-halobenzoates and
o-phenylenediamines leading to a key intermediate that under-
goes an intramolecular N-acylation to afford the corresponding
dibenzodiazepinone structure in high yields (Scheme 1b) [14].
Another innovative strategy was reported by Laha et al., aiming
to access dibenzodiazepinone structures via a double N-aryl-
ation of 2-aminobenzamides with 1,2-dihaloarenes using a
palladium-based catalytic system [15].

Mechanistic investigations supported the fact that the regiose-
lective N-arylation of the 2-aminobenzamide occurs first at
the amide position. This approach enabled the successful syn-
thesis of a broad spectrum of dibenzodiazepinone units in a
one-pot fashion. The synthetic utility of Laha’s approach was
highlighted by preparing the corresponding dibenzodi-
azepinone which was further reacted with N-methylpiperazine
in the presence of TiCly to afford clozapine, an antipsychotic
drug.

We now disclose a different, but facile approach to access
several 10,11-dihydro-5H-dibenzol[b,e][1,4]diazepinones, using
a sequential Chan-Lam and Buchwald—Hartwig intramolecular
aminocarbonylation (Scheme 1d). This approach has not been
reported previously (the methods a—c indicated in Scheme 1
have a different route, and none involve either a Chan-Lam or
carbonylative cyclization). For the sake of health and safety,
and given that our infrastructures did not permit the use of mo-
lecular CO, we felt more secure with a suitable surrogate. Not
only that, the use of safer to use surrogates, is important for use
in enabling technologies, like continuous flow and microwave-
heated reactions. In fact, CO-free aminocarbonylation reactions
are well known, and molybdenum hexacarbonyl (Mo(CO)g) is a
very useful surrogate having been used in a multitude of reac-
tions [16,17].

194



Beilstein J. Org. Chem. 2024, 20, 193-204.

cl CO,R O
v Pd,(dba)s HN
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Scheme 1: Different synthetic routes to DBDAPs (a—c), including our novel approach (d).

The present approach enables the formation of two C—N bonds
along with a C—C bond and provides a good alternative to previ-
ously reported strategies, as it enables the formation of these
structures in a multicomponent fashion in the presence of a CO
surrogate through the in situ formation of an o-(2-bromo-
phenyl)aminoaniline intermediate (Scheme 1d). It should be
noted these target compounds have been of great interest to our
group and in 2015 we reported a proposed novel methodology
for the synthesis of dibenzodiazepines [18], however, upon later
careful review of the product structure it was revealed that
the purported dibenzodiazepine products were,
diarylimines, which resulted from a nucleophilic addition of the
aniline reagents to the aldimine substrates, followed by elimina-
tion of an tosylamine product. This was one of the principle
driving forces for the development of the work discussed in this

report.

in fact,

Results and Discussion

Synthesis of 0-(2-bromophenyl)aminoaniline
via Buchwald—Hartwig C—N coupling

One-pot synthesis of dibenzodiazepinones

Our preliminary attempt to synthesize DBDAPs via B-H
amination and carbonylation was carried out in the presence of
o-phenylenediamine (1a) and 1,2-dibromobenzene (2) as model
reactants using Pd(OAc), in combination with 7~-BuXPhos (2-di-
tert-butylphosphino-2',4',6'-triisopropyl-1,1'-biphenyl)
(5 mol %), and Et3N (2.5 equiv) as base in DMF. In this case,
DMEF served as the CO surrogate, as it was disclosed that DMF,
the reaction solvent, could act as a potential carbon monoxide
surrogate under certain circumstances, notably, in metal-cata-
lyzed aminocarbonylation procedures [19,20]. Unfortunately,

no DBDAP was obtained and we only observed the formation
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of intermediate 3a in 25% yield (entry 1, Table 1). Next, the
same procedure was carried out in the presence of molybdenum
hexacarbonyl (Mo(CO)g, 2 equiv) as CO surrogate, under the
previous conditions, but again we only observed the formation
of intermediate 3a in 21% yield (entry 2, Table 1). Changing
the ligand to triphenylphosphine, did not provide any improve-
ment of the reaction outcome as only traces of the intermediate
3a were obtained (entry 3, Table 1). Switching to DBU as the
base under these conditions, gave intermediate 3a in 35% yield
(entry 4, Table 1). In fact, DBU was previously shown by
Wannberg and Larhed to be an effective ligand in a variety of
highly efficient aminocarbonylation reactions with Mo(CO)q
due to its strong basicity and accelerated release of CO from
this reagent [21]. The reaction was then screened using two dif-
ferent bidentate ligands, XPhos and XantPhos, and using the
previous reaction conditions. However, we only obtained traces
of intermediate 3a (entries 5 and 6, Table 1). A slight improve-
ment of the yield of the intermediate 3 was obtained when using
DBU in dioxane, which gave 3a in 42%, but only traces of the
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target DBDAP were observed (entry 7, Table 1). The difficulty
encountered in the formation of DBDAP, prompted us to test al-
ternative CO surrogates. When the reaction was performed
using Coy(CO)g (0.3 equiv) in the presence of DBU, the inter-
mediate 3a was isolated in 35% yield, but again no DBDAP 4
was obtained (entry 8, Table 1). Formic acid, an effective CO
surrogate [20,22], was also screened. The reaction was carried
out in the presence of acetic anhydride (Ac,0) as an activator,
but unfortunately, no DBDAP was obtained (entry 9, Table 1).
The use of triphosgene as the CO transfer agent failed to give
any product.

When we undertook the B-H amination/carbonylative cycliza-
tion of o-phenylenediamine (1a) with 1,2-dibromobenzene (2)
in the presence of 5 mol % of PdCl,(CH3CN), and 5 mol % of
t-BuXPhos, with Et3N (2.5 equiv) and Mo(CO)g in DMF at
150 °C, surprisingly this afforded the SH-dibenzo[b,e][1,4]di-
azepin-11-ol (5), the tautomer of DBDAP (4a) in 53%
(Scheme 2). We attempted to convert compound 5 into the keto

Table 1: Explorative study of the sequential Buchwald—Hartwig amination/Pd-catalyzed carbonylative cyclization leading to DBDAPs.2

CL.,
NH,

5 H Br
r . N
+ @[ conditions ©: \®
_— +
Br NH,

(0]
@(L”H
A
N
H
4a

1a 2 3a
Entry Cat (mol %)  Ligand co Base Solvent 3aP 4a®
(5 mol %)

1 Pd(OAc)2 (5) t-BuXPhos - EtsN DMF 25% 0

2 Pd(OAc)2 (5)  t-BuXPhos Mo(CO)s EtsN DMF 21% 0

3 Pd(OAc)2 (5) PPhg Mo(CO)s EtsN DMF traces 0

4 Pd(OAc)2 (5)  t-BuXPhos Mo(CO)s DBU DMF 35% 0

5 Pd(OAc)2 (5) XPhos Mo(CO)g EtsN DMF traces 0

6 Pd(OAc)2 (5)  XantPhos Mo(CO)g EtsN DMF traces 0
7° Pd(OAc)2 (5)  t-BuXPhos Mo(CO)s DBU dioxane 42% traces
8¢ Pd(OAc)2 (5) t-BuXPhos Co2(CO)s DBU DMF 35% -
9 Pd(OAc)2 (5) t-BuXPhos HCOOH/Aco0O  EtzN DMF - -

aReaction conditions: o-phenylenediamine (1a, 0.46 mmol), dibromobenzene (2, 0.46 mmol), Pd(OAc),, base (2.5 equiv), CO surrogate (Mo(CO)g
and other CO surrogate (2 equiv) or Cos(CO)g (0.3 equiv)), solvent (5 mL), 130 °C, 20 h. PIsolated yields. The reaction was carried out during 24 h.

HO

PACl,(CH3CN), (5 mol %)

t-BuXPhos (5 mol %)

=N

NH» Br.
NH2 Br

EtsN, Mo(CO)g (2 equiv) H/@

DMF, 150 °C, 20 h

1a 2

Scheme 2: One-pot synthesis of 5H-dibenzol[b,e][1,4]diazepin-11-ol (5).

5, 53%
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form 4a by using TFA to shift the equilibrium towards the
desired product, but this proved to be futile under these condi-

tions, as only the iminol 5 structure was observed.

Attempt at accessing dibenzodiazepinone via step-
wise synthesis

Due to the difficulty encountered in the one-step synthesis of
DBDAPs, we embarked on an in-depth study of the B-H cou-
pling/carbonylative cyclization in a step-wise fashion. Our first
attempt was conducted using the previous conditions, which led
to the desired compound 3a in 15% yield (entry 1, Table 2).
Changing the ligand to PPh3 under the same conditions (entry 2,
Table 2) resulted in poorer results, as only traces of the desired
compound 3a were observed. Then, we considered XPhos
(entry 3, Table 2), and the bidendate ligands XantPhos and
DPEPhos (entries 4 and 5, Table 2), but no improvements were
observed. Then, we tested an alternative palladium source,
namely Pdydbas, but again only traces of the compound 3a were
observed (entry 6, Table 2). Next, we increased the Pd(OAc),
catalyst loading to 10 mol % and the amount of the #~-BuXphos
ligand to 15 mol % in the presence of DBU and DMF. Under
these conditions, the intermediate 3a was obtained in 15% yield
along with the undesired dihydrophenazine 6 side product in
5% yield, produced by a further C—N bond coupling (entry 7,
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Table 2). We decided to decrease the amount of base and time,
but little improvement was observed (entry 8, Table 2). Given
the well-established role of the base on the B-H coupling, we
considered exploring alternative bases. We conducted the
reaction in the presence of the previously disclosed catalytic
system but using -BuOK as the base and obtained compound
3a in 22% yield (entry 9, Table 2). Conducting the reaction in
the presence of Cs,CO3 in DMF, failed to provide any improve-
ment (entry 10, Table 2). However, replacing DMF by dioxane
as the solvent in the presence of DBU led to a significant
improvement in the yield of the reaction, as the intermediate 3a
could be obtained in 40% yield, along with the phenazine 6 in
48% (entry 11, Table 2). Next, we screened other ligands
such as XPhos and DPEPhos in the presence of Cs,COj3 as
base in dioxane, however, the undesired phenazine product
6 was still obtained in moderate yield under these conditions
(entries 12 and 13, Table 2). In the presence of SPhos as ligand,
Cs,CO3, and toluene as solvent, the desired intermediate 3a
was obtained in 20% yield along with 55% of the phenazine 6
(entry 14, Table 2). Although toluene was shown to be a
good solvent for this B-H coupling reaction, we were
unable to prevent the double B-H reaction from occurring
leading to the phenazine 6, even when shortening the reaction
time to 1 h.

Table 2: Influence of the catalytic system, base, and solvent combination on the outcome of the Buchwald—Hartwig reaction.?

EiENHz
= NH»

o = oih - ote

1a 2
Entry Cat (mol %)  Ligand Base
1 Pd(OAc)2 (5)  t-BuXPhos EtsN
2 Pd(OAc)2 (5) PPhg EtsN
3 Pd(OAc)2 (5)  XPhos EtsN
4 Pd(OAc)» (5)  XantPhos EtzN
5 Pd(OAc)2 (5) DPEPhos EtsN
6 Pdydbag (5) t-BuXPhos DBU
7 Pd(OAc)2 (10) t-BuXPhos DBU
8¢ Pd(OAc)2 (10) t-BuXPhos DBU
9 Pd(OAc)2 (10) t-BuXPhos t-BuOK
10°¢ Pd(OAc)2 (10) t-BuXPhos Cs2CO3
11¢ Pd(OAc)2 (10) t-BuXPhos DBU
12¢ Pd(OAc)2 (10) XPhos CspCO3
13d Pd(OAc)2 (10) DPEPhos CspCO3
144 Pd(OAc)2 (10) SPhos CspCO3

aReaction conditions: o-phenylenediamine (1a, 0.46 mmol), dibromobenzene (2, 0.46 mmol), Pd catalytic system, base (2.5 equiv), DMF (5 mL),
110 °C, 24 h; o-(2-bromophenyl)aminoaniline (3a) and 5,10-dihydrophenazine (6) products were detected by TLC and 'H NMR, and yields deter-

3a 6
Solvent Time 3a° 6°
DMF 10h 15 -
DMF 10 h - -
DMF 10 h - -
DMF 10 h - -
DMF 10h - -
DMF 24 h traces -
DMF 24 h 15 5
DMF 10 h 10 -
DMF 24 h 22 -
DMF 24 h traces -
dioxane 24 h 40 48
dioxane 10h 45 39
dioxane 10h 35 30
toluene 10h 20 55

mined after product isolation. Plsolated yields. ¢1.5 Equivalents of base were used. 91.2 Equivalents of base were used.
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Interestingly, we noticed that in the initial one-pot reactions
indicated in Table 1, the yields of the diarylamine 3a were
better when Mo(CO)¢ was present (compare entry 4, Table 1 to
entry 7, Table 2). This might be due to (a) the fact that the
temperature used for the reactions described in Table 1,
involving Mo(CO)¢ were 20 °C higher than the reactions de-
scribed in Table 2 and/or (b) Mo(CO)g acts as a co-catalyst. An
investigative study was thus undertaken to elucidate the effect
of the molybdenum reagent on the reaction using a simple
model system consisting of aniline and bromobenzene (see
Figure S1 and Table S1 in Supporting Information File 1). The
experimental design was limited, in that we only monitored
the reaction over a 90 min period. Contrary to what was
originally believed the reaction without the Mo reagent gave
better results during the first 90 min, but without additional
data it is impossible to draw firm conclusions about this reac-
tion, and thus further studies will be carried out in the near
future.

After uncovering the optimum conditions to access o-(2-bromo-
phenyl)aminoaniline via the B-H coupling reaction, it was
decided to explore the carbonylative intramolecular cyclization
of the intermediate 3a using different catalytic systems. To elu-
cidate the role of the palladium catalyst in this process, we
carried out the initial attempt under metal free-conditions using
molybdenum hexacarbonyl (Mo(CO)g) as CO surrogate, in the
presence of Et3N in DMF. The reaction was performed at
130 °C, as we believed that high temperature will promote the
cyclization of the sterically hindered intermediate 3a, but no
DBDAP was achieved under these conditions (entry 1, Table 3).
Next, Pd(OAc), was employed under ligand-free conditions,
but again the desired DBDAP product 4a could not be attained
(entry 2, Table 3). Then, we performed the reaction in the pres-
ence of ~~-BuXPhos as ligand and in this case, only traces of the
DBDAP 4a were obtained (entry 3, Table 3). When the reac-
tion was carried out in the presence of DPEPhos (entry 4,
Table 3), we were delighted to obtain the final dibenzodi-
azepine in 80% yield. Next, we tested another bidentate ligand,
XantPhos, which led to the obtention of the desired product 4a
in an excellent yield of 90% (entry 5, Table 3). This result
implied that diphosphine ligands were essential for the success
of this reaction. The reactivity of CopCOg as CO surrogate was
also explored, in this case the reaction afforded the DBDAP
product 4a in 55% yield (entry 6, Table 3). Molybdenum
hexacarbonyl (Mo(CO)g), was shown to be a powerful CO
surrogate in this carbonylative intramolecular cyclization. The
efficacy of Mo(CO)g is due to the energetically favorable
dissociation of Mo(CO),, into Mo(CO),,—; which was proven to
be a highly exothermic reaction in the presence of metal
catalysts especially after the dissociation of the first CO group
[23].
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Table 3: The intramolecular catalytic carbonylative cyclization condi-
tions for 0-(2-bromophenyl)aminoaniline.2

y B [Pd], ligand 0o

N HN
@[ \@ CO surrogate

NH2 Eth, DMF ©\N

130 °C H

3a 4a

Entry Catalytic system co Yield 4aP
surrogate (over 2 steps)

1 None Mo(CO)g -
2 Pd(OAc)» Mo(CO)g -
3 Pd(OAc)./t-BuXPhos Mo(CO)g traces
4 Pd(OAc)o/DPEPhos  Mo(CO)g 80% (44%)
5 Pd(OAc)o/XantPhos  Mo(CO)g 90% (50%)
6 Pd(OAc)o/XantPhos  Cos(CO)g 55% (30%)

@Reaction conditions: 0-(2-bromophenyl)aminoaniline (3a, 0.46 mmol),
Pd(OAc)2 (10 mol %), ligand (30 mol %, Mo(CO)g (1 equiv), EtsN

(1 equiv) DMF (5 mL), 130 °C, 20 h. The reaction was monitored by
TLC. bIsolated yields.

It should be noted that the best overall yield for the synthesis of
4a using the step-wise approach was 50% (Table 3).

Synthesis of dibenzodiazepinones via
Chan—Lam amination/carbonylative coupling
Synthesis of 0-(2-bromophenyl)aminoaniline via
Chan-Lam C—N coupling

Inspired by the previously independently reported work by
Chan [24] and Lam [25] and co-workers, we considered per-
forming the reaction of o-phenylenediamine (la) with
2-bromophenylboronic acid (7) in the presence of Cu(OAc),,
Et3N as base in DCM at 50 °C (entry 1, Table 4), and grat-
ifingly under these conditions, the reaction afforded compound
3a in 48% yield. The Chan-Lam couplings were undertaken
under an aerobic atmosphere which is an environmentally
benign oxidant. Further screening using dioxane as solvent
resulted in an increase in the yield to 55%, whilst DMF gave
access to 3a in a lower yield (30%) (entries 2 and 3, Table 4).
Next, we considered testing the performance of copper iodide
(Cul, 20 mol %) as catalyst, in the presence of Et3N both in
dioxane and DMF. These conditions resulted in the obtainment
of the desired compound 3a in 59% and 35% yield, respective-
ly (entries 4 and 5, Table 4). Increasing the reaction tempera-
ture to 100 °C resulted in a reduction of the reaction yield due
to purported catalyst degradation (entry 6, Table 4). Then, we
considered decreasing the amount of Cul to 10 mol % which led
to a decrease of the reaction yield to 31% (entry 7, Table 4).
Other bases such as dimethylaminopyridine (DMAP) and diiso-
propylethylamine (DIPEA) were tested under the previous reac-
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Table 4: Optimization of the Chan—Lam coupling conditions between o-phenylenediamine (1a) and 2-bromophenylboronic acid (7).2

NH, B(OH),
GRS
NH2 Br

1a 7
Entry Copper source Base
1 Cu(OAc)» EtsN
2 Cu(OAc)2 EtsN
3 Cu(OAc)» Et3N
4 Cul EtsN
5 Cul EtsN
6° Cul EtsN
7d Cul EtsN
8 Cul DMAP
9 Cul DIPEA
10 CuS04-5H,0 EtzN
11 CuS04-5H,0 EtzN

H Br
L
base, solvent NH,

3a
Solvent Yield 3a®
DCM 48%
dioxane 55%
DMF 30%
dioxane 59%
DMF 35%
DMF 23%
DMF 31%
DMF ND
DMF 19%
dioxane 60%
DCM 50%

@Reaction conditions: o-phenylenediamine (1a, 0.46 mmol), 2-bromophenylboronic acid (7, 0.46 mmol, 1 equiv), copper catalyst (20 mol %), base
(1.5 equiv), solvent (5 mL), 50 °C, 1—2 h. The reaction was monitored by TLC. Plsolated yield; ND: not detected Reaction performed at 100 °C.

410 mol % Cul were used.

tion conditions but failed to improve the yield. In the presence
of DMAP, no sign of the target compound was detected, while
with DIPEA, 3a was obtained in 19% yield (entries 8 and 9,
Table 4). Then, we tested CuSOy4-5H,0 in the presence of Et3N
as the base in two different solvents DCM and dioxane, and
both gave the desired compound in good yields of 60% and
50%, respectively (entries 10 and 11, Table 4).

Accessing the scope of the one-pot Chan-Lam/Pd-
catalyzed carbonylative cyclization

Once the abovementioned conditions were obtained, we under-
took a screening of the Chan-Lam/carbonylative synthesis of
the DBDA in a one-pot manner. In the first reaction,
o-phenylenediamine (1a) and 2-bromophenylboronic acid (7)
were reacted in a pressure flask under an inert atmosphere using
copper iodide (Cul) as the copper catalyst, Et3N, and Mo(CO)g
as CO surrogate in the presence of Pd(OAc),/XantPhos as cata-
lytic system for the carbonylative intramolecular cyclization.
These conditions led to the obtainment of the compound 4a in
45% yield (entry 1, Table 5). Using dioxane as solvent, in the
presence of the same catalytic system, afforded the desired
structure 4a in moderate yield (37%, entry 2, Table 5).
Changing the ligand to DPEPhos resulted in a slight increase of
the yield of 4a, which was obtained in 40% (entry 3, Table 5).
When the catalytic system PdCl,(NCCH3)/DPEPhos was em-
ployed, the product 4a was accessed in a lower yield of 18%

(entry 4, Table 5). Under these reaction conditions, copper bro-

mide was shown to be a good catalyst for this transformation, as
it allowed the production of 4a in 40% yield (entry 5, Table 5).
Then, we considered testing the performance of a different
copper source Cu(OAc), under these reaction conditions using
DMF and dioxane as solvents. In these cases, the final com-
pound 4a was obtained in 38% and 41% yield, respectively
(entries 6 and 7, Table 5). Next, we evaluated the performance
of CuSO4-5H50 in dioxane and DMF, but lower yields were
obtained (entries 8 and 9, Table 5). With the optimized condi-
tions in hand, we tested the one pot Chan—Lam intramolecular
cyclization with several other o-phenyldiamine derivatives,
however, several impurities were obtained. In the hope of ob-
taining better yields (best obtained with the one pot method =
41%) we looked at the step-wise synthesis.

Synthesis of 5,10-dihydro-11H-
dibenzo[b,e][1,4]diazepin-11-ones via a stepwise
Chan-Lam/carbonylative cyclization

After disclosing the optimal conditions for the Chan—Lam cou-
pling, we screened different varieties of o-phenylenediamine
derivatives. Overall, the o-phenylenene substrates bearing elec-
tron-donating substituents on the benzene ring proceeded
smoothly under these conditions and led to the desired struc-
tures in moderate to good yields (Scheme 3). The reactions
were generally regioselective, except in the case of 4-methyl-o-
phenylenediamine (1b) and o-bromophenylboronic acid (7)
which gave a mixture of products 3b and 3¢ in 60% yield (the
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Table 5: Substrate scope of the one-pot synthesis of dibenzodiazepine using via Chan—Lam coupling/carbonylative intramolecular cyclization.2

(0]
NHy (\Imomz 1. Chan-Lam BN
©:NH2 Z Br 2. Pd-catalyzed ©\N
carbonylative H
1a 7 cyclization 4a
Entry Copper source Base Solvent Pd/ligand Yield 4aP
1 Cul EtzN DMF Pd(OAc)o/XantPhos 45%
2 Cul EtzN dioxane Pd(OAc)o/XantPhos 37%
3 Cul EtsN DMF Pd(OAc)./DPEPhos 40%
4 Cul EtsN DMF PdCI>(NCCHg)o/XantPhos 18%
5 CuBr EtzN DMF Pd(OAc)o/Xantphos 40%
6 Cu(OAc)2 EtsN DMF Pd(OAc)./DPEPhos 38%
7 Cu(OAc)2 EtzN dioxane Pd(OAc)o/DPEPhos 41%
8 CuS0Qy4.5H,0 EtzN dioxane Pd(OAc)o/DPEPhos 18%
9 CuS04.5H,0 EtsN DMF Pd(OAc)./DPEPhos traces

@Reaction conditions: o-phenylenediamine (1a, 0.5 mmol), 7 (0.5 mmol), Cu catalyst (20 mol %), base (0.6 mmol), solvent (5 mL), 50 °C, 1 h; Pd cat-
alytic system (5 mol %), Mo(CO)g (0.5 mmol) and base (0.5 mmol), 130 °C. PIsolated yields.

Br
H
NH
T2 & BOM2 20 mol %) NN
R T + RZ—I R'l_: :_RZ
Z >NH-R & Br Et;N, dioxane = NHg\
1a-g 7,8 3a-i
R =H, Me
HooBr g Br HooBr
NH; NH, Me NH,
3a, 59% 3b + 3¢ 60%
Br Br
H H Br
"Ce® OO0 "o
Me NH, Cl NH, \QNH2
3d, 51% 3e, 37% (crude) 3f, 28%
Hooof y B NH, ,  Br
oy @ Cr @ @ﬁ)
EtOOC NH, NH F
|
Me
39, 43% (crude) 3h, 35% 3i, traces

Scheme 3: Scope of the Chan—Lam coupling between o-phenylenediamines and 2-bromophenylboronic acids (please note products 3e and 3g
contained some unidentified impurities that were impossible to remove via chromatography).
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ratio could not be determined). These were eventually separat-
ed and used in the cyclization step discussed below. The
dimethylated o-phenylenediamine 1d, gave the desired com-
pound 3d in 51% yield. A slight decrease in yield was observed
in the presence of an ester (COOEt) substituent, which
furnished compound 3g in 43% yield. Lower yields were ob-
served in the case of electron-withdrawing substituents such as
Cl and CFj3 groups, which afforded the compounds 3e and 3f in
37% and 28% yields, respectively. The N-methylated precursor
1h was also tolerated by this system and afforded the desired
compound 3h in 35% yield. Unfortunately, the reaction with
2-bromo-6-fluorophenylboronic acid (8) afforded the corre-
sponding product 3i only in trace amounts.

With the 0-(2-bromophenyl)aminoaniline derivatives in hand,

we conducted the carbonylative intramolecular cyclization ac-
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cording to the previously disclosed conditions, in order to
access the desired DBDAP structures. The unsubstituted
DBDAP structure 4a was obtained in 80% under these condi-
tions (Scheme 4). The methyl-substituted o-(2-bromo-
phenyl)aminoanilines 3 obtained via Chan—-Lam coupling could
be efficiently separated and were subjected to the intramolecu-
lar carbonylative cyclization to yield the DBDAPs 4b and 4c¢ in
excellent yields of 95% and 93%, respectively. The dimethyl-
DBDAP 4d could also be efficiently obtained under these
conditions in 75% yield. The chloro-substituted DBDAP 4e,
which is the intermediate to the antipsychotic drug clozapine,
could also be obtained in good yield (this represented a formal
synthesis to clozapine [26], if the procedure of Rao [27] is used,
which entails heating 4e with 1-methylpiperidine and Ti(IV)Cly,
Scheme 4). Also compound 4a can be transformed to Hiigel's
1,2,3-triazole-DBDAP using the methodology described in their

Pd(OAG), (10 mol %)
DPEPhos (30 mol %)

Mo(CO)g (1 equiv)
EtsN (1 equiv), DMF, 130 °C

| | formal 3a-h 4a-h
synthesis of
O Higel's O (@)
N 1,2,3-triazole- HN HN
@ _DBDAP Q Me\g\ Me\Q\
N N
H ref [5] H Me H
1
: 4a, 80% yield 4b, 95% yield 4c, 93% yield 4d, 75% yield
; CuAAC (overall 47%) (overall 38%)
______________ . o)
r —Ph : HN Me\N 2
g gede ¢l
| |
| ! N
I
P | i N
|
! | 4e, 85% yield 4f, 55% yield 4g, 40% yield 4h (traces)
! N : (overall 32%) (overall 15%) (overall 17%)
| H | X
| Higel's 1,2,3-triazole- | o formal
| DBDAP : TiCly E j ref. 126] synthesis of
: : | T clozapine
_______________ 4 !
Y
] / i
| N
I
I
I
: clozapine
|
I
|
|

Scheme 4: Scope of the synthesis of DBDAPs. Please note that product 4g contained some unidentified impurities that were impossible to remove

via chromatography.
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report (Scheme 4) [5]. The CF3- and COOEt-substituted
DBDASs 4f and 4g were obtained with a slightly decreased
yield of 55% and 40%, respectively. The N-methyldibenzodi-
azepine 4h could be accessed, but only in trace quantity. It
should be noted that the stepwise approach was slightly better
than the one-pot approach in the case of the synthesis 4a (47%
A\ 4—10/0).

Our mechanistic proposal is based on the information in
previous reports by the groups of Bose [28], Watson [29], and
Stahl [30]. Mechanistically, under basic conditions, the reac-
tion is triggered by copper-catalyzed activation of o-phenylene-
diamine (1a), followed by the oxygen-promoted insertion of the
phenylboronic acid coupling partner 7 to deliver intermediate IT
that undergoes reductive elimination to give diarylamine 3a
along with regeneration of the copper catalyst (Scheme 5).
Then, a palladium-promoted oxidative addition of the C-Br
bond takes places to deliver palladium species III. Then the
insertion of CO that is released by Mo(CO)g, should afford
intermediate I'V that undergoes a base-promoted intramolecular
cyclization via nucleophilic attack of the amine [31]. Finally,
the dibenzodiazepinone 4a would be obtained through reduc-
tive elimination of the palladium catalyst.

Conclusion

In summary, we have reported two one-pot pathways and two
step-wise pathways to access dibenzodiazepinone (DBDAP) de-
rivatives via copper-catalyzed Chan-Lam amination/carbonyla-
tive cyclization and Buchwald-Hartwig amination/carbonyla-
tive cyclization and their step-wise counterparts. Although the
one-pot method worked for one example in both cases (but in
one case it gave the DBDAP enol form), it failed to work for
other substrates, and for that reason we had to rely on the step-

wise approach. The more efficient method to access the di-

Beilstein J. Org. Chem. 2024, 20, 193-204.

amine intermediates 3 was via the Chan—Lam amination (milder
conditions, cheaper, earth-abundant catalyst, no expensive
ligand requirement) as the Buchwald-Hartwig amination re-
quired harsher conditions and an expensive metal catalyst, and
also gave an unwanted phenazine side product. The sequential
stepwise Chan-Lam amination/carbonylative cyclization
afforded a number of DBDAP products, showing good func-
tional group tolerance and giving the final products in good
yields. In terms of the overall best efficiency, it also would
appear that the step-wise Chan-Lam/Pd-catalyzed carbonyla-
tive cyclization was slightly better than the one-pot method. The
most important of which was the chloro-containing DBDAP 4e
that can be used to synthesize the antipsychotic drug clozapine
(see above), a triazole-hybrid with anticancer properties, and
can easily be used as the key part in the synthesis of other drugs
like dibenzepine and biologically active natural products such
as BU-4664L. We are currently looking at this methodology to
access some of these targets, including the agrochemical
boscalid.

Experimental

Synthesis of 0-(2-bromophenyl)aminoaniline
(3a)

Via Buchwald-Hartwig coupling: o-Phenylenediamine (1a,
0.05g, 1 equiv, 0.46 mmol) was added to a Radleys reaction
tube (a Radleys®
under N and dissolved in dry dioxane (5 mL). Next,
(0.055 mL, 0.46 mmol) of 1,2-dibromobenzene (2) was added
to the reaction mixture, followed by the addition of Pd(OAc),
(0.01 g, 0.046 mmol), XPhos (0.032 g, 0.069 mmol), and
CspCO3 (0.18 g, 0. 56 mmol, 1,2 equiv). The resulting reaction

12 position carousel reactor station was used)

mixture was allowed to stir at 100 °C. The reaction was left stir-

ring for several hours, followed by TLC. After consumption of

\ NH,
Pd(Il) | P
NH, 1a
PA(O)L, HI
NHZBr
Chan-Lam
base HX carbonylative NH=Cu(l)
cyclization
base NH-Cu(l) NH2
Pd L ©:
Ar— (OH), + 1/2 O, + HI
H2
Pd(II)L
Br B(OH)3 + I

Scheme 5: Proposed mechanism.
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the starting material (verified through TLC). The reaction was
allowed to cool and filtered through a celite pad to remove the
residual catalyst and base. The solvent was then evaportated
under reduced pressure and the crude was purified by flash
chromatography (hexane/AcOEt 9:1), to yield o-(2-bromo-
phenyl)aminoaniline (3) compound as a purple oil (0.057 g,
47% yield).

Via Chan-Lam coupling: o-Phenylenediamine (1a, 0.05 g,
1 equiv, 0.46 mmol) was added to a round-bottomed flask and
dissolved in dry dioxane (5 mL). Next, 2-bromophenyl)boronic
acid (7, 0.092 g, 1 equiv,0.46 mmol) was added, followed by
the addition of EtzN (0.07 mL, 0.055 mmol), Cul (0.018 g,
0.092 mmol, 20 mol %), and molecular sieves 3 A. The reac-
tion was left stirring at room temperature for several hours, and
monitored by TLC. After consumption of the starting material
(verified through TLC), the reaction mixture was filtered
through a celite pad to remove the residual catalyst and molecu-
lar sieves. The volatiles were then evaporated under reduced
pressure and the crude was purified by flash chromatography
(hexane/AcOEt 9:1), to yield o-(2-bromophenyl)aminoaniline
(3a) as a purple oil (0.07 g, 59% yield).!H NMR (CDCl3,
400 MHz) 8 4.00 (s, NH,, 2H), 5.76 (s, NH, 1H), 6.59-6.61 (d,
J =8 Hz, Ar, 1H), 6.65-6.69 (t, J = 8 Hz, Ar, 1H), 6.79-6.83 (t,
J =8 Hz, Ar, 1H), 6.85-6.87 (d, J = 8 Hz, Ar, 1H), 7.09-7.13
(m, Ar, 3H), 7.49-7.51 (d, J = 8 Hz, Ar, 1H); 13C NMR
(CDCl3, 100 MHz) d 110.42, 114.41, 116.47, 119.48, 119.70,
127.00, 127.04, 128.39, 132.62, 142.45, 143.03; HRESIMS
(m/z): [M + H'] caled for C1oH11BrN,, 263,0184; found,
263.0178.

Synthesis of 5,10-dihydro-11H-
dibenzo[b,e][1,4]diazepin-11-one (4a)
0-(2-Bromophenyl)aminoaniline (3a, 0.05 g, 0.19 mmol) was
added to a Radley’s® 12 position carousel reactor tube to which
DMF, then Pd(OAc), (4.26 mg, 0.019 mmol), DPEPhos
(30 mg, 0.057 mmol), Mo(CO)¢ (50 mg, 1 equiv, 0.19 mmol),
and Et3N (0.026 mL, 0.19 mmol) were added. The reaction
mixture was then stirred at 130 °C under a nitrogen atmosphere.
After completion of the reaction, as determined by TLC, the
reaction mixture was allowed to cool to room temperature. The
mixture was filtered through a pad of celite and washed with
DCM, then, the solvent was evaporated under reduced pressure
to give a crude mixture. Further purification by flash chroma-
tography (hexane/AcOEt 1:1), gave the desired compound
5,10-dihydro-11H-dibenzo[b,e][1,4]diazepin-11-one (4a) as a
yellow solid yield (0.032 g, 80%). Mp 249-251 °C; '"H NMR
(DMSO-dg, 400 MHz) & 6.87-7.00 (m, Ar, 6H), 7.31-7.35 (t,
J =8 Hz, Ar, 1H), 7.66-7.68 (d, J = 8 Hz, Ar,1H), 7.84 (s, Ar,
1H), 9.85 (s, Ar, 1H); 13C NMR (CDCl3, 100 MHz)  119.52,
120.23, 121.17, 121.73, 123.24, 123.40, 124.95, 130.29, 132.56,

Beilstein J. Org. Chem. 2024, 20, 193-204.

133.67, 140.43, 150.92, 168.40; ESIMS (m/z): 221.12
M + H*].

Supporting Information

Supporting Information File 1

Experimental procedures and spectral data (NMR, mass
spectra) and key kinetic studies.
[https://www.beilstein-journals.org/bjoc/content/
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Abstract

The present work covers novel herbicidal lead structures that contain a 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine scaffold as struc-
tural key feature carrying a substituted phenyl side chain. These new compounds show good acyl-ACP thioesterase inhibition in
line with strong herbicidal activity against commercially important weeds in broadacre crops, e.g., wheat and corn. The desired
substituted 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines were prepared via an optimized BH3-mediated reduction involving tris(penta-
fluorophenyl)borane as a strong Lewis acid. Remarkably, greenhouse trials showed that some of the target compounds outlined
herein display promising control of grass weed species in preemergence application, combined with a dose response window that

enables partial selectivity in certain crops.

Introduction

The presence of weed infestations exerts a high strain on food due to the associated efficiency and simplicity, they face
production around the globe by depleting resources for the  multiple challenges, such as the emergence and growth of resis-
crops and facilitating the transmission of diseases [1]. Although tant weed populations. It is therefore essential that crop protec-

herbicides remain the most effective solution for weed control  tion research acts rapidly to provide farmers with new solutions
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that enable them to fight back against resistant weed species [2].
Nevertheless, discovering novel and commercially viable
modes of action within the timeframe needed to significantly
impact the control of resistant weeds is a demanding task. Thus,
we analyzed several herbicidal modes of action with emphasis
on the structural diversity of small-molecule ligands. In this
context, acyl-acyl carrier protein (acyl-ACP) thioesterase inhib-
itors have shown a remarkable variability. Fatty acid
thioesterase (FAT) enzymes represent a family of proteins ex-
clusively found in higher plants. They mediate the release of
fatty acids from the plastids to the endoplasmic reticulum,
where they are utilized for the synthesis of acyl lipids that are
essential components for various physiological and defensive
processes [3-6]. As this enzyme target does not exist in other
kingdoms, structure—activity relationship (SAR) studies on
selective inhibitors reduce the prevalence of undesired effects,
such as toxicity in mammals [4]. Despite being employed in the
field for over three decades, the mode of action of preemer-
gence herbicide cinmethylin (1, Scheme 1) has remained
unknown until 2018. At that time, the binding affinity to en-
zyme targets, e.g., acyl-ACP thioesterases, belonging to the pro-
tein family of FATs, was demonstrated by using co-crystalliza-
tion, fluorescence-based thermal shift assays, and chemopro-
teomics techniques [3]. Likewise, methiozolin (2) is a recently
assigned FAT inhibitor that has shown good results in selec-
tively controlling grass weeds in both cool and warm seasons
[7-9]. Recently, it has been shown that several herbicides bear-

ing a gem-dimethylbenzylamide motif, e.g., cumyluron (3a) and

@Q@ g
F
N N
\ -0
g N

cinmethylin (1) methiozolin (2)

0 0
J cl )i@
NN N
@XH HQ@ ©><ko
cl

cumyluron (3a) oxaziclomefone (3b)
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oxaziclomefone (3b), previously exhibiting an unknown mode
of action, control weeds due to the inhibition of FAT [10]. In
search for further chemical entities that can control resistant
weed species via the inhibition of FAT, we were interested in
exploring a compound class containing a 1,8-naphthyridine core
that was first reported by BASF, e.g., compound 4 [11].

In contrast to bicyclic cinmethylin (1) and methiozolin (2),
substituted 1,8-naphthyridine 4 does not contain any stereo-
centers but still displays promising efficacy against grass
weeds. Further considering the rather low molecular weight
(220 g/mol) and structural simplicity, compound 4 is a highly
attractive initial lead structure with ample space for structural
variations. By formally replacing one pyridine moiety of 1,8-
naphthyridine 4 by a five-membered thiazole unit, we have
identified thiazolo[4,5-b]pyridine 5 as a strong inhibitor of acyl-
ACP thioesterase, which has further been confirmed via an
X-ray co-crystal structure [12]. Additionally, greenhouse trials
have shown that thiazolopyridine 5 and a large number of
closely related analogues display excellent control of grass
weed species in preemergence applications [13,14]. Indepen-
dently, researchers at Syngenta have shown that the pyridine
unit in the 1,8-naphthyridine scaffold can also be formally
substituted by an isothiazole group, as can be seen in isothia-
zolo[3,4-b]pyridine 6 [15].

Thus, several bicyclic heteroaromatic motifs containing two

nitrogen atoms serve as structural surrogates of cinmethylin (1),

VASS T

= N/

F

S

S
= X <\ \\
N | _ |:> N N/

N N

F
4 5

C1
\
~
NT >N
H
7a
this work

Scheme 1: Selected known inhibitors 1-3 of acyl-ACP thioesterases (belonging to the protein family of FATs) and new lead structures 4-7a.
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bearing a substituted 7-oxabicyclo[2.2.1]heptane scaffold [16].
Based on the findings outlined above and based on other plant-
specific modes of action, it is plausible that FAT inhibitors
encompass a broader range of structural motifs [16,17]. Herein,
we present our approach to complement heteroaromatic lead
structures 4—6 by introducing a nonaromatic motif via prepara-
tion of the novel 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 7.

Results and Discussion

Although the 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine scaffold
looks relatively simple at a first glance, it displays a very differ-
ent reactivity compared to the parent naphthyridine series. Like-
wise, 1,8-naphthyridines are easily accessed in high yield and
on a multigram scale via Friedlédnder synthesis [18]. This was in
clear contrast to the intermediate thiazolo[4,5-b]pyridines and
the desired 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine that we
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wanted to access, with approaches to prepare the thiazolo[4,5-
b]pyridines using the Friedldnder synthesis often being met with
failure or disappointingly low product yield [12]. We thus par-
ticularly emphasized on upscaling, facile workup, and a robust
yield for each step. This was due to the potential need for the
preparation of multigram quantities of the most active com-
pounds for advanced biological testing. Pleasingly, our four-
step approach using a potassium O-ethyl dithiocarbonate-medi-
ated formation of thio intermediates 11a—c (thiol-thione
tautomers) with subsequent sulfur removal using iron powder in
acetic acid [19] proceeded smoothly to afford thiazolopyridines
12a—c in good yield. This allowed us to circumvent the previ-
ously employed alkylation—oxidation-reduction sequences
(Scheme 2) [12]. Thereupon, we recognized that we could intro-
duce two halogen atoms in the halogenation step and carry one
through to the end of the synthetic route, which enabled us to

B
7 S0
OH 1 Y ~7
R S K*
Pd(dppf)Clg, N82CO3
H,oN N\ Br H,0, dioxane NBS, MeCN HoN N\ DMF, 155 °C
| ( | —
Z 59-93% 79— 7% Br™ N7 g 92-97%
8 9a-c 10a—c
1. B(CeFs)s,
NH;-BH3
2. HCO,H 1
optimization, R Rz\[&o
Fe AcOH see Table 1 H N cl
N
S_ﬂ/ 9—63% M _ EtsN, DCM
Br S Br \
11a-c 12a-c 13a-c
o 1
R R
N N
K3PO4, Pd(OAC), OH N
SPhos, APDTC B C _
Hz0 ~“oH S Br
14a-c
1. B(CeFs)s, )
=H (a), F (b), CH;3 (c NH3-BH; R\fo o R
R2 = CHg, iPr 2. HCOOH c RY
optimization, H N
see Table 1 N EtsN, DMF <N S
< S =
S
5, 15a, 15¢ Ta—c 16a—f

Scheme 2: Preparation of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 7a—c and 13a—c via iron-mediated sulfur removal and subsequent reduction. dppf =
1,1'-bis(diphenylphosphino)ferrocene, SPhos = 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl, APDTC = ammonium pyrrolidinedithiocarbamate.
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introduce a methyl substituent in this position. Likewise,
methyl-substituted thiazolo[4,5-b]pyridines 5, 15a, and 15c¢
were synthesized using an optimized Suzuki coupling and
served together with compounds 12a—c as key intermediates to
explore different reagents and conditions to prepare 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridines 7a—c and 13a—c via a late-
stage reduction (Scheme 2 and Table 1).

Whilst several synthetic approaches towards 2,3-dihydro-1,3-
benzothiazoles involving the hydrogenation of 1,3-benzothia-
zoles have been described [20], the corresponding preparation
of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines remained unex-
plored to our great surprise. Thus, we investigated the conver-
sion of [1,3]thiazolo[4,5-b]pyridines 5 (R! = F), 15a (R = H),
and 15¢ (R! = CHj3) into 2,3-dihydro[1,3]thiazolo[4,5-
b]pyridines 7a—c thoroughly, with the aim to establish a practi-
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cable and robust synthetic route enabling us to carry out a broad
SAR study. Initial attempts to prepare 2,3-dihydro[1,3]thia-
zolo[4,5-b]pyridines 7a and 7b using hydrogen and palladium
on charcoal under elevated pressure did not show any conver-
sion of the starting material (Table 1, entries 1 and 2). Corre-
spondingly, [1,3]thiazolo[4,5-b]pyridine 5 remained unchanged
upon application of methods that had been successfully utilized
in the hydrogenation of 1,3-benzothiazoles, involving diboronic
acid or hydrazine hydrate as key reagents [21] in protic sol-
vents at an elevated temperature (Table 1, entries 3 and 4).
Whilst tetrabutylammonium borohydride [22] at room tempera-
ture did not lead to a conversion of the starting material 5 either,
a trace amount of desired 2,3-dihydro[1,3]thiazolo[4,5-b]pyri-
dine 7b was formed at elevated temperature, accompanied by
disulfide 18b as the main product (Table 1, entries 5 and 6).
This result indicated that borohydride reagents were able to

Table 1: Preparation of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 7a—c via reduction of the thiazole moiety: optimization of the reaction conditions.2

R1
R! R! R HN_N
H,B z
NN No N g
/N /N , <Niﬂ> + < Iﬁg + /S
<S N | S S S X S
| —
5, 15a, 15¢ 7a—c 17a-c N N\H 18a-c
R'=H (a), F (b), CHs (c) R
entry R reagents solvent T,°C T.h 7a—c,%°  17a—c,%° 18a—c, %P°
1 CH3 Ho, Pd/C, 2—20 bar MeOH 20 4 — — —
2 F Ho, Pd/C, 4-35 bar MeOH 20 6 — — —
3 F NoHy4, Pd/C EtOH 80 6 — — —
4 F Bu(OH)4 Ho0 80 6 — — —
5 F BusNBH, THF 20 5 - — -
6 F BusNBH, THF 70 5 5 — 48
7 H BusNBH4 dioxane 80 5 8 — 59
8 F NaCNBH3, AcOH MeOH 60 5 4 — 15
9 F SiClgH toluene 110 3 — — 35
10 CHs; SiEtsH dioxane 80 3 — — 43
11 F NH3-BH3 toluene 80 4 4 12
12 F NHg-BHs, B(CeFs)3 toluene 80 4 16 33 18
13 CHs; NH3-BH3, B(CgF5)3 toluene 80 7 8 29 30
14 CH3  NH3-BHg, B(CeFs)s toluene 45 6 4 51 3
15 H NH3-BHg, B(CFs)s, toluene 45 7 64° — 2
HCOLH
16 F NH3-BH3, B(CgF5)3, toluene 45 5 66° — 5
HCOoH
17 CHs  NH3:BHg, B(CeFs)a, toluene 45 7 59¢ — 4
HCOLH

aAll reactions in the optimization phase were carried out using 0.2 mmol of 5, 15a, and 15¢, respectively. PDetermined by analytical HPLC. CIsolated

yield after silica gel column chromatography.
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activate the thiazole moiety in [1,3]thiazolo[4,5-b]pyridines,

leaving the pyridine unit unchanged. While sodium cyanoboro-
hydride afforded a comparable result, albeit with lower conver-
sion, the use of silane reagents at elevated temperature [23] led
to the cleavage of the thiazole ring, furnishing disulfides 18b
and 18c exclusively (Table 1, entries 7-10). Interestingly, the
reaction of 5 with ammonia borane at elevated temperature in
toluene [20] furnished three reaction products with a low yield
since 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine 7b was formed

together with disulfide 18b and aminoborane 17b (Table 1,

entry 11). We thus evaluated B(CgF5)3 as a nonmetallic cata-
lyst to activate ammonia borane in the reductive hydrogenation
of the C=N-bond in [1,3]thiazolo[4,5-b]pyridines 5 and 15c. In
line with reports on the hydrogenation of quinolines and indoles
[24], pyridines [25], and imines [26], the reactions of 5 and 15¢
with ammonia borane (3 equiv) in the presence of a catalytic
amount of B(C¢Fs)3 in toluene as an aprotic solvent at a temper-
ature of 80 °C afforded aminoboranes 17b (R! = F) and 17¢
(R! = CH3) as main products along with desired target com-
pounds 7b and 7¢ (Table 1, entries 12 and 13). However, disul-
fides were still formed as side products in a significant amount.

Pleasingly, the undesired thiazole cleavage could successfully

be minimized by reducing the reaction temperature to 45 °C,

furnishing aminoborane 17¢ in 51% yield (Table 1, entry 14).
The borane group could be cleaved off easily by the subsequent
treatment of 17¢ with formic acid in acetonitrile, affording 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridine 7¢ as the only reaction
product. By applying this optimized two-step procedure to
[1,3]thiazolo[4,5-b]pyridines 5, 15a, and 15¢, the desired 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridines 7a—c were prepared in
good yield (Table 1, entries 15-17, 59-66% isolated yield),

enabling us to investigate the biological profiles as well as the

BH3'NH3
B(CsFs5)3
toluene
N N\ 45°C,6 h
< | >
S %

17d

HCO,H
H
ST
S = Br
13c

H2N
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N
S
54% HCOZI-/
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reactions with acyl chlorides to form amides 16a—f (Scheme 2)
[27]. These acylations proceeded cleanly under mild conditions,
using the corresponding acyl chloride together with triethyl-
amine as a suitable base in DCM.

Furthermore, we evaluated the tolerance of [1,3]thiazolo[4,5-
b]pyridines 12a—c, containing a bromine atom, towards the opti-
mized B(C¢Fs)3-mediated reduction. In good accordance with
the results obtained for dimethylated [1,3]thiazolo[4,5-b]pyri-
dine 15¢, the corresponding aminoboranes 17d and 17e were
formed when 6-bromo[1,3]thiazolo[4,5-b]pyridine 12¢ was
treated with ammonia borane in toluene at 45 °C in the pres-
ence of a catalytic amount of B(CgF5)3 (Scheme 3). Whilst
diphenyl analogue 17f was isolated as a side product upon aryl-
ation with B(CgFs)3, debromination was only observed in
traces. Both aminoboranes 17d and 17e were then cleaved sepa-
rately in clean conversions using formic acid to afford the
desired substituted 6-bromo-5-(2-tolyl)-2,3-dihydro-
thiazolo[4,5-b]pyridine (13¢, 54% combined isolated yield). As
shown for N-acylated target compounds 16a—f, the acylation of
6-bromo-2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 13a-c,
affording target compounds 14a—c, proceeded under mild
conditions with a suitable acyl chloride reagent and triethyl-
amine as base in DCM. It was not necessary to add a further
base to activate the thiazoline nitrogen atom. Following the
aforementioned two-step procedure, more than 15 unprece-
dented 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines bearing differ-
ent substituents were obtained for biological and biochemical
tests.

Converting the thiazole moiety into a thiazoline unit had a

measurable impact on several physicochemical parameters,

¥

Scheme 3: Evaluation of potential side reactions in the borane-mediated preparation of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine 13c.
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such as LogP and water solubility. Whilst thiazolo[4,5-b]pyri-
dine 5 afforded a moderate water solubility of 49 mg/L, paired
with a LogP of 2.28 (pH 2.3), the corresponding 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridine 7b had a higher water solu-
bility of 173 mg/L and a lower LogP of 1.59 (pH 2.3). Howev-
er, the lipophilicity of the new 2,3-dihydro[1,3]thiazolo[4,5-
b]pyridines was highly dependent on the substituents. For ex-
ample, the brominated analogs 13b and 13c showed consider-
ably higher LogP values of 2.88 (i.e., 13b) and 3.17 (i.e., 13c).
We were thus curious to see how the structural change from a
heteroaromatic thiazole unit to a partially saturated thiazoline
moiety affected the in vitro and in vivo efficacy of the target
compounds.

All compounds that were prepared to explore the SAR of substi-
tuted 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines, i.e., 13a—c, and
7a—c, the acylated analogues 14a—c and 16a—f, as well as
selected aminoboranes 17d and 17e, were tested for target
affinity in dedicated in vitro tests, as well as for herbicidal
effects in vivo upon preemergence application to plants. Based
on our experience with thiazolopyridine-based FAT inhibitors
[12,13], five representative grass weeds (ALOMY, ECHCG,
LOLRI, POAAN, and SETVI) were chosen as model plants to
assess initial preemergence activity using a dose rate of
320 g/ha, whereas in vitro tests were carried out using FAT A,
isolated from duckweed (Lemna paucicostata, LEMPA, Lp). As
outlined in Table 2, entries 19 and 20, cinmethylin (1) and
methiozolin (2) proved to be suitable commercial reference
compounds. They showed good and broad control of grass
weeds in various test systems, albeit with incomplete control of
the commercially important grass weed LOLRI, paired with
insufficient control of ECHCG by methiozolin (2) in our green-
house tests. Furthermore, we used thiazolo[4,5-b]pyridine 5 as a
strong internal standard to assess how modification of the thia-
zole moiety would affected the biological activity. It is worth
noting that we emphasized investigating the preemergence effi-
cacy as this application type is still important for cereals.

Firstly, we investigated 6-methyl-2,3-dihydro[1,3]thiazolo[4,5-
b]pyridines 7a—c containing a variously substituted phenyl
moiety. Moderate receptor affinity towards FAT A isolated
from LEMPA could be observed for all three target compounds
7a—c (plsg 5.9-6.3, Table 2, entries 1-3). However, this was
paired with strong in vivo efficacy on the level of internal stan-
dard 5 and exceeding the results obtained for cinmethylin (1)
and methiozolin (2). Whilst compounds 7a—c¢ afforded com-
plete control of all tested weeds at an application rate of
320 g/ha, the corresponding 6-bromo analogues 13a—c showed
higher sensitivity towards changes in the phenyl moiety.
6-Bromo-5-phenyl-2,3-dihydrothiazolo[4,5-b]pyridine (13a)
showed only partial control of ALOMY and LOLRI, combined
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with moderate target affinity (plsg 5.7), whereas compound 13c,
bearing an o-tolyl substituent, provided insufficient control of
three weeds, i.e., ALOMY, POAAN, and LOLRI (Table 2,
entry 6), in line with a surprisingly weak target affinity (plsg
4.5). Remarkably, 6-bromo-5-(2-fluorophenyl)-2,3-
dihydro[1,3]thiazolo[4,5-b]pyridine (13b) exhibited the highest
affinity towards FAT A of all new analogues (plsg 7.3), paired
with full control of all tested weeds (Table 2, entry 5). As
shown by the results outlined for 2,3-dihydro[1,3]thiazolo[4,5-
b]pyridines 7a—c and 13a—c (Table 2, entries 1-6) our approach
to introduce a thiazoline moiety via hydrogenation was well
tolerated with respect to in vivo efficacy, albeit paired with
reduced target affinity except for 13b. Likewise, the N-acylated
2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 14a—c and 16a—f
afforded a moderate target affinity in line with moderate to
good control of the tested weeds (Table 2, entries 7-15). Inter-
estingly, N-acylated analogues 14a and 16a, both bearing an
unsubstituted phenyl substituent, delivered the best in vivo
results, fully controlling four grass weeds, including commer-
cially important LOLRI, and only showing partial control of
ALOMY (Table 2, entries 7 and 10). Thus, both N-acylated
compounds afforded nearly the same level of in vivo efficacy as
the parent 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 13a and 7a.
Aminoboranes 17d and 17e also showed partial control of the
tested grass weeds, albeit on a significantly lower level. Ac-
cordingly, the target binding affinities were considerably lower
than those measured for the strongest analogues 7b, 7¢, and
13b.

To gain further insights into the biological profile, we chose
compounds 7b, 7¢, and 13b with promising initial in vivo activ-
ity as representatives of our new class of FAT inhibitors to
assess the activity in advanced greenhouse tests (i.e., more
replicates, larger pots, and lower application rate). Emphasis
was put on the efficacy against resistant weeds and on crop
selectivity profiles. We thus expanded our investigations to
resistant monocotyledon weed species, i.e., resistant blackgrass
(ALOMY_R, also known as black twitch or slender foxtail) and
ryegrass (LOLSS_R), together with nonresistant ALOMY,
LOLRI, APESV, and BROTE as commercially relevant target
weeds, and wheat (TRZAS) as the crop (Figure 1).

Whilst all three new 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine-
based FAT inhibitors exceeded the efficacy of commercial stan-
dard methiozolin (2), target compound 7b controlled grass
weeds on the same level or slightly better than cinmethylin (1).
Accordingly, application of 7¢, 13b, and 2 resulted in low crop
damage in wheat (in particular at an application rate of 50 g/ha),
whereas compounds 7b and 1 exhibited higher crop damage in
the test systems on a comparable level. Methiozolin (2) only
showed moderate control of nonresistant ALOMY (85% at
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Table 2: Preemergence in vivo efficacy screening of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 7a—c and 13a—c as well as of N-acylated analogs 14a—c
and 16a—f against selected monocotyledon weeds, and binding affinity to FAT A from LEMPA.

R! R!
<NINﬂ> <NIN/\|(\<>
STN STN Br

Ta—c 13a—c
enty  compound  R! R2 plsg? ALOMY®b:C
1 7a H H 5.9 5
2 7b F H 6.1 5
3 7c CH3 H 6.3 5
4 13a H H 5.7 4
5 13b F H 7.3 5
6 13¢c CHg H 45 1
7 14a H Ac 5.5 4
8 14b F iBrd 4.7 3
9 14c CH3 Ac 4.3 3
10 16a H Ac 55 4
11 16b H iBtr 4.7 3
12 16¢ F Ac 5.3 4
13 16d F iBtr 4.7 3
14 16e CH3 Ac 4.1 3
15 16f CHs iBtr 48 3
16 17d CHs BHy 48 2
17 17e CHs BX,®  <4.0 1
18 5 F — 7.2 5
19 1 6.8 5
20 2 71 4

R R
e R
aa aa
S NS Br S NS

14a-c
17d, 17e

16a—f

ECHCGbC  POAANP:C SETVIb.C LOLRIP.C
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a|n vitro inhibition of FAT A (from LEMPA). Pn = 10, i.e., 10 monocotyledonous weed seeds were grown per pot. °Dose rate 320 g/ha. Efficacy values
are given based on a rating scale by final visual experts’ assessment of green mass, i.e., 5 2 90% inhibition, 4 = 70-89% inhibition, 3 = 50—69% inhibi-
tion, 2 = 40-49% inhibition, 1 = 21-39% inhibition, and — < 20% inhibition. Cinmethylin (1), methiozolin (2), and thiazolo[4,5-b]pyridine 5 were used
as comparative internal standards. 9Isobutyryl. €BX, = 1,3,2,4-diazadiboretidin-2-amine.

200 g/ha and 20% at 50 g/ha vs more than 90% control at both
application rates by 7b, Figure 1). Likewise, 2 had only
marginal effects against ALOMY_R and LOLSS_R. Whilst
2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 7¢ and 13b showed
weak to moderate efficacy against ALOMY_R (strongly de-
pendent on the application rate), o-fluorophenyl analogue 7b
exhibited strong control of this resistant, commercially
important grass weed. Remarkably, all three 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridines 7b, 7¢, and 13b afforded
very good control of the second resistant monocotyledon weed
LOLSS_R, reaching an efficacy level of above 90% at both ap-
plication rates. Considering the low crop damage of 7c and 13b,
their strong control of sensitive and resistant lolium species
emphasizes their potential as lead structures to identify tailored

solutions for sustainable lolium control in relevant countries

(e.g., Australia). In line with good control of other grass weeds
(APESV and BROTE, Figure 1), target compound 7b showed
the most promising spectrum of efficacy of all new test com-
pounds, being on the same level or slightly better than 1. Hence,
2,3-dihydro[1,3]thiazolo[4,5-b]pyridines represent a propitious
class of herbicidal lead structures with the potential to control
resistant grass weeds. To complement our investigations that
focused on relevant monocotyledon weeds in wheat, including
resistant species, we tested the three selected 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridines 7b, 7¢, and 13b against
commercially relevant weeds in corn, e.g., crabgrass or red
fingergrass (DIGSA) and goosegrass or crowsfoot grass
(ELEIN), together with Johnson grass (SORHA) and broad-
leaved signal grass (BRAPP). We used 1 and 5 as standards to

assess the potential of the new lead structures. Both standards
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Figure 1: Preemergence efficacy of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine-based FAT inhibitors 7b, 7c, and 13b as well as internal standards
cinmethylin (1) and methiozolin (2) against selected resistant and nonresistant monocotyledon weeds in wheat at application rates of 200 and 50 g/ha
in advanced greenhouse trials, e.g., LOLSS_R and ALOMY_R (replicates: 10 plants per pot).

showed sufficient crop selectivity only at the lower application
rate of 50 g/ha. [1,3]Thiazolo[4,5-b]pyridine 5 showed good
control of all tested warm-season weeds, whilst 1 showed only
insufficient control of BRAPP, ELEIN, and SORHA at the
lower application rate of 50 g/ha. 2,3-Dihydro[1,3]thiazolo[4,5-
b]pyridines 7b, 7¢, and 13b showed good crop selectivity at
both application rates in our advanced preemergence green-
house test, affording low damage in corn and only marginal
damage in soy (Figure 2). However, 7¢ showed a moderate
damage of 20% in both crops at the higher application rate of

M 7b
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150 g/ha. Remarkably, 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine
7b afforded good efficacy at both dose rates against all five
monocotyledon weeds, including BRAPP, ELEIN, and
SORHA, which were not sufficiently controlled by 1. Whilst
the structurally closely related compounds 7b and 5 showed
comparable efficacy against all tested weeds, 7b afforded
considerably lower crop damage at the higher application rate in
corn and at both application rates in soy compared to 5
(Figure 2). Furthermore, 7b, 7¢, and 13b provided full control
of ELEIN, one of the most difficult turfgrass weeds to control in

ITlH 0T I |

ECHCG ELEIN SETVI SORHA

monocotyledon weed

Figure 2: Preemergence efficacy of 2,3-dihydro[1,3]thiazolo[4,5-b]pyridine-based FAT inhibitors 7b, 7¢, and 13b as well as internal standards
cinmethylin (1) and [1,3]thiazolo[4,5-b]pyridine 5 against selected warm-season monocotyledon weeds in corn and soy at application rates of 150 and
50 g/ha in advanced greenhouse trials, e.g., BRAPP and ELEIN (replicates: 10 plants per pot).
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the tropics and warmer temperate zones, emphasizing the poten-
tial of novel FAT inhibitors to contribute to integrated weed and

resistance management.

Conclusion

The agrochemical work outlined herein covers a series of novel
herbicidal lead structures that contain a 2,3-dihydro[1,3]thia-
zolo[4,5-b]pyridine unit as the essential structural feature, with
all of them carrying an o-substituted phenyl group. Inspired by
earlier work in our group focusing on substituted thiazolo[4,5-
b]pyridines that showed promising inhibition of the plant-spe-
cific enzyme FAT, we explored the selective late-stage conver-
sion into the corresponding 2,3-dihydro[1,3]thiazolo[4,5-
b]pyridines via different reduction methods. Noteworthy,
substituted 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines had
remained almost entirely unexplored prior to our investigations.
Likewise, we identified an optimized BH3-NH3-mediated reduc-
tion involving tris(pentafluorophenyl)borane as a strong Lewis
acid and subsequent treatment with formic acid as the most suit-
able conditions to prepare the desired 2,3-dihydro[1,3]thia-
zolo[4,5-b]pyridines. It is worth noting that this reduction
proved to be thiazole-specific and gave access to a broad range
of desired target compounds. Several substituted 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridines showed promising herbi-
cidal activity against commercially important grass weeds in
preemergence greenhouse tests in line with competitive applica-
tion rates and hints for crop selectivity, particularly in wheat
and soy. Furthermore, the new heterocyclic lead structures have
the potential to mitigate and affect weeds that have become
resistant towards commercial herbicides, such as resistant
blackgrass (ALOMY_R, also known as slender foxtail or black
twitch) and ryegrass (LOLSS_R). Remarkably, 2,3-
dihydro[1,3]thiazolo[4,5-b]pyridine 7b turned out to be superi-
or to market standards (i.e., 1 and 2 in wheat) in terms of overall
efficacy and resistance breaking potential. Halogen-free target
compound 7¢ also showed strong efficacy against commercial-
ly important weeds, in particular resistant ryegrass (LOLSS_R),
combined with promising crop safety. In our view, these results
underline that chemical innovation using isostere concepts and
addressing unusual structural features is a useful tool to broaden
the structural scope of modern agrochemical research and to
address sustainability goals, e.g., overcoming herbicide resis-
tance and meeting demanding environmental safety goals.

Experimental

Synthesis

Representative procedure for the synthesis of 6-bromo-5-(2-
fluorophenyl)-2,3-dihydro[1,3]thiazolo[4,5-b]pyridine (13b):
To a stirred mixture of 6-bromopyridin-2-amine (8, 10.00 g,
56.88 mmol, 1.00 equiv), 2-fluorophenylboronic acid (9.52 g,
65.98 mmol, 1.16 equiv), and Nay,CO3 (12.06 g, 113.8 mmol,
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2.00 equiv) in a mixture of 1,4-dioxane (80 mL) and water
(80 mL) at room temperature was added Pd(dppf)Cl, (1.67 g,
2.28 mmol, 0.04 equiv), and the mixture was stirred at 80 °C for
3 h. Thereafter, the reaction mixture was cooled to room tem-
perature, diluted with water, and extracted thoroughly with
ethyl acetate. The combined organic layer was washed with
brine, dried over NaySQy, filtered, and concentrated under
reduced pressure. The remaining residue was purified via
column chromatography (gradient ethyl acetate/hexane) to
afford 6-(2-fluorophenyl)pyridin-2-ylamine (9b, 9.98 g, 93%).
'H NMR (400 MHz, CDCl3, 8) 7.92-7.88 (m, 1H), 7.53-7.49
(m, 1H), 7.36-7.31 (m, 1H), 7.25-7.20 (m, 1H), 7.16-7.10 (m,
1H), 6.50-6.48 (d, 1H), 4.53-4.44 (br s, 2H, NH,).

6-(2-Fluorophenyl)pyridin-2-ylamine (9b, 9.98 g, 52.49 mmol,
1.0 equiv) was dissolved in acetonitrile (140 mL) and cooled to
0 °C. Thereafter, N-bromosuccinimide (20.56 g, 115.49 mmol,
2.2 equiv) was added carefully. The reaction mixture was
warmed to room temperature and stirred for 4 h. Subsequently,
the reaction mixture was diluted with water, and the resulting
solid was filtered off. The solid was washed thoroughly with
water and dried to afford 3,5-dibromo-6-(2-fluoro-
phenyl)pyridin-2-ylamine (10b, 17.62 g, 97%) as an orange
solid. '"H NMR (400 MHz, CDCls, 8) 7.92 (s, 1H), 7.44-7.33
(m, 2H), 7.25-7.20 (m, 1H), 7.17-7.12 (m, 1H), 5.07-4.98 (br
s, 2H, NHj).

To a stirred solution of 3,5-dibromo-6-(2-fluorophenyl)pyridin-
2-ylamine (10b, 17.62 g, 50.93 mmol, 1.0 equiv) in DMF
(120 mL) at room temperature was added potassium O-ethyl
dithiocarbonate (18.52 g, 112.04 mmol, 2.2 equiv). The result-
ing mixture was heated at reflux for 7 h. Thereafter, the reac-
tion mixture was cooled to room temperature, poured onto ice
water, and acidified with 2 N HCI. The obtained precipitate was
filtered, washed with water, collected, and dried under reduced
pressure to afford 11b as thiol-thione tautomer consisting of
6-bromo-5-(2-fluorophenyl)[1,3]thiazolo[4,5-b]pyridine-2-thiol
and 6-bromo-5-(2-fluorophenyl)[1,3]thiazolo[4,5-b]pyridine-
2(3H)thione (17.20 g, 97%). '"H NMR (400 MHz, CDCls, d)
9.96 (br s, 1H), 8.01 (s, 1H), 7.50-7.44 (m, 1H), 7.41-7.38 (m,
1H), 7.29-7.25 (m, 1H), 7.19-7.15 (m, 1H).

The thiol-thione tautomer 11b (14.55 g, 42.64 mmol, 1.0 equiv)
was dissolved in acetic acid (200 mL), and iron powder
(35.71 g, 639.61 mmol, 15 equiv) was carefully added in
portions. The resulting reaction mixture was stirred at 100 °C
for 10 h. After full conversion (indicated by LC-MS), the reac-
tion mixture was cooled to 60 °C, and the iron powder was
filtered off. The remaining solution was diluted with water, and
the resulting precipitate was filtered, washed with water, and

dried under reduced pressure. The remaining crude residue was
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redissolved in DCM, then water was added, followed by thor-
ough extraction. The combined organic layer was dried over
magnesium sulfate, filtered, and dried under reduced pressure.
The remaining residue was purified via column chromatogra-
phy (gradient ethyl acetate/hexane) to afford 6-bromo-5-(2-
fluorophenyl)[1,3]thiazolo[4,5-b]pyridine (12b, 8.75 g, 63%).
'H NMR (400 MHz, CDCls, 8) 9.32 (s, 1H), 8.64 (s, 1H),
7.54-7.45 (m, 2H), 7.31-7.27 (m, 1H), 7.21-7.16 (m, 1H).

6-Bromo-5-(2-fluorophenyl)[1,3]thiazolo[4,5-b]pyridine (12b,
1,000 mg, 3.07 mmol, 1.0 equiv) was dissolved in absolute tolu-
ene (10 mL) in an oven-dried round-bottom flask under argon,
to which ammonia borane (285 mg, 9.20 mmol, 3.0 equiv) and
B(CgFs)3 (79 mg, 0.15 mmol, 0.05 equiv) were added. The re-
sulting reaction mixture was stirred at a temperature of 45 °C
for 5 h and then concentrated under reduced pressure. The
remaining residue was redissolved in acetonitrile, formic acid
was added, and the reaction mixture was stirred at room temper-
ature for 2 h. The phases were separated via phase separator,
and the organic layer was concentrated under reduced pressure.
The remaining crude product was purified via column chroma-
tography (gradient ethyl acetate/hexane) to afford 6-bromo-5-
(2-fluorophenyl)-2,3-dihydro[1,3]thiazolo[4,5-b]pyridine (13b,
596 mg, 59%). "H NMR (600 MHz, CDCl3, 8) 4.56 (s, 2H),
6.88 (br s, 1H), 7.11-7.16 (m, 1H), 7.21 (td, J = 7.5; 1.1 Hz,
1H), 7.31 (s, 1H), 7.34 (td, J = 7.4; 1.9 Hz, 1H), 7.36-7.41 (m,
1H); 13C NMR (151 MHz, CDCl3, 8) 49.0 (CH,), 108.1 (C),
115.7 (CH), 115.9 (CH), 123.5 (C), 124.0 (CH), 127.7 (d, C),
130.4 (CH), 131.1 (CH), 146.2 (C), 158.7 (C), 160.3 (d, C);
HRESIMS (m/z): [M + H]* calcd for C1,HgBrFN,S, 310.9671;
found, 310.9654.

5-(2-Fluorophenyl)-6-methyl-2,3-dihydro[1,3]thiazolo[4,5-
b]pyridine (7b): 6-Bromo-5-(2-fluorophenyl)[1,3]thiazolo[4,5-
blpyridine (12b, 1.88 g, 4.56 mmol, 1.0 equiv), methylboronic
acid (1.13 g, 18.24 mmol, 4.0 equiv), potassium phosphate
(1.94 g, 9.12 mmol, 2.0 equiv), palladium(Il) acetate (103 mg,
0.46 mmol, 0.1 equiv), and 2-dicyclohexylphosphino-2’,6’-
dimethoxybiphenyl (579 mg, 1.37 mmol, 0.3 equiv) were dis-
solved in absolute toluene (40 mL) in an oven-dried round-
bottom flask under argon. The resulting reaction mixture was
stirred at reflux for 3.5 h. After cooling to room temperature,
water (80 mL) and toluene (20 mL) were added, followed by
addition of ammonium pyrrolidinedithiocarbamate (328 mg,
2.00 mmol, 0.44 equiv). The reaction mixture was stirred for
1 h at room temperature, and the organic layer was washed with
saturated sodium hydrogencarbonate solution, dried over
magnesium sulfate, filtered, and concentrated under reduced
pressure. The remaining residue was purified via column chro-
matography (gradient ethyl acetate/hexane) to afford 5-(2-
fluorophenyl)-6-methyl[1,3]thiazolo[4,5-b]pyridine (5, 900 mg,

Beilstein J. Org. Chem. 2024, 20, 540-551.

81%). 'H NMR (400 MHz, CDCls, 8) 9.25 (s, 1H), 8.23 (s,
1H), 7.55-7.51 (m, 1H), 7.47-7.41 (m, 1H), 7.30-7.27 (m, 1H),
7.19-7.15 (m, 1H), 2.40 (s, 3H).

5-(2-Fluorophenyl)-6-methyl[1,3]thiazolo[4,5-b]pyridine (5,
320 mg, 1.23 mmol, 1.0 equiv) was dissolved in absolute tolu-
ene (10 mL) in an oven-dried round-bottom flask under argon,
to which ammonia borane (114 mg, 3.69 mmol, 3.0 equiv) and
B(CgFs)3 (32 mg, 0.06 mmol, 0.05 equiv) were added. The re-
sulting reaction mixture was stirred at a temperature of 45 °C
for 5 h and then concentrated under reduced pressure. The
remaining residue was redissolved in acetonitrile, formic acid
was added, and the reaction mixture was stirred at room temper-
ature for further 45 min. The phases were separated via phase
separator, and the organic layer was concentrated under reduced
pressure. The remaining crude product was purified via column
chromatography (gradient ethyl acetate/hexane) to afford 5-(2-
fluorophenyl)-6-methyl-2,3-dihydro[1,3]thiazolo[4,5-b]pyri-
dine (7b, 62%). 'H NMR (600 MHz, CDCls, ) 2.00 (s, 3H),
4.55 (s, 2H), 6.61 (br s, 1H), 7.07 (s, 1H), 7.09-7.12 (m, 1H),
7.19-7.21 (m, 1H), 7.32-7.36 (m, 2H); '3C NMR (151 MHz,
CDCl3, ) 17.96 (CHj3), 17.99 (CHj3), 48.8 (CH,), 115.6 (CH),
115.7 (CH), 121.0 (C), 121.8 (C), 124.15 (CH), 124.18 (CH),
129.59 (CH), 129.64 (CH), 130.2 (CH), 131.40 (CH), 131.43
(CH), 145.6 (C), 158.9 (C), 159.2 (C), 160.5 (C); HRESIMS
(m/z): [M + H]* calcd for C13H 2FN,S, 247.0705; found,
247.0724.

General procedure for the synthesis of N-acylated 6-methyl-
2,3-dihydro[1,3]thiazolo[4,5-b]pyridines 16a—f: The corre-
sponding acyl chloride (0.31 mmol, 1.1 equiv) and triethyl-
amine (0.09 mL, 0.63 mmol, 2.2 equiv) were added to a stirred
solution of the corresponding 6-methyl-5-phenyl-2,3-
dihydro[1,3]thiazolo[4,5-b]pyridine 7a-c (0.28 mmol,
1.00 equiv) in absolute DCM (5 mL). The resulting reaction
mixture was stirred at room temperature for 30-120 min, fol-
lowed by dilution with DCM and water, and subsequent extrac-
tion and phase separation. The aqueous layer was thoroughly
extracted with DCM, and the combined organic layer was dried
over anhydrous MgSQy, filtered, and concentrated under
reduced pressure. The remaining crude product was purified via
column chromatography (gradient ethyl acetate/heptane) to
afford the corresponding desired target compound 16a—f, for
example, 1-[5-(2-fluorophenyl)-6-methyl[1,3]thiazolo[4,5-
b]pyridin-3(2H)-yl]ethanone (16¢, 150 mg, 84%). 'H NMR
(600 MHz, CDCl3, 6) 2.16 (d, J = 2.2 Hz, 3H), 2.61 (s, 2H),
5.32 (s, 2H), 7.12-7.15 (m, 1H), 7.21-7.24 (m, 1H), 7.34 (s,
1H), 7.37-7.49 (m, 2H); '3C NMR (151 MHz, CDCl3, 5) 18.41
(CH3), 18.44 (CH3), 24.7 (CH3), 49.3 (CHy), 115.7 (CH), 115.8
(CH), 124.09 (CH), 124.12 (CH), 125.2 (C), 127.8 (C), 129.9
(CH), 130.0 (CH), 131.37 (CH), 131.40 (CH), 132.1 (CH),
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147.0 (C), 149.6 (C), 158.9 (C), 160.6 (C), 170.6 (C);
HRESIMS (m/z): [M + H]" calcd for Cy5H;4FN,0S, 289.0811;
found, 289.0806.

Biology and biochemistry

In vivo greenhouse screening: Seeds of mono- and dicotyledo-
nous weed plants and crop plants were sown in plastic or
organic planting pots in sandy loam and covered with soil
(replicates: n = 10, i.e., 10 monocotyledonous weed seeds were
grown per pot or n =5, i.e., 5 dicotyledonous weed seeds were
grown per pot). The 2,3-dihydro[1,3]thiazolo[4,5-b]pyridines
described above (e.g., 7a—c, 13a—c, 14a—c, 16a—f, and 17a-b),
formulated in the form of wettable powder (WP) , were applied
to the surface of the covering soil as aqueous suspension or
emulsion, with the addition of 0.5% of an additive at an applica-
tion rate of 600 L of water/ha (converted). Following treatment,
the pots were placed in a greenhouse and kept under optimum
growth conditions for the test plants. The test plants were
placed in the greenhouse for ca. three weeks under optimum
growth conditions, and then the effect of the preparations was
assessed visually in comparison to untreated control plants
(herbicidal effect: 100% = plants died off, 0% = as untreated
control plants). Efficacy values were given based on a rating
scale by final visual experts’ assessment of green mass, i.e.,
5 = 290% inhibition, 4 = 70-89% inhibition, 3 = 50-69% inhi-
bition, 2 = 40-49% inhibition, 1 = 21-39% inhibition, and
— = <20% inhibition. Advanced screening was carried out with
or as emulsifiable concentrate formulations, three replicate pots,
and a standardized number of seeds per pot depending on the
plant species (10 seeds for corn and wheat spectrum). The
harmful plants and crops used in greenhouse tests were the
following species: Alopecurus myosuroides (ALOMY), resis-
tant Alopecurus myosuroides (ALOMY _R, origin: Germany),
Apera spica-venti (APESV), Brachiaria platyphylla (BRAPP),
Bromus tectorum (BROTE), Echinochloa crus-galli (ECHCG),
Digitaria sanguinalis (DIGSA), Eleusine indica (ELEIN),
Glycine max (GLXMA), Lolium rigidum (LOLRI), Lolium sp.
(LOLSS), resistant Lolium sp. (LOLSS_R, origin: France), Poa
annua (POAAN), Setaria viridis (SETVI), Sorghum halepense
(SORHA), Triticum aestivum (TRZAS), and Zea mays
(ZEAMX).

LpFAT A expression and purification: The far a03 gene from
Lemna paucicostata, in which the N-terminal amino acids
representing the chloroplast transit peptide were replaced by an
N-terminal 6xHis-tag, was cloned into a pET24 vector [3]. The
LpFAT A protein was expressed in E. coli BL21Star(DE3)
cells. 5 mL of an overnight culture of E. coli cells grown in LB
medium with 100 ug/mL carbenicillin were used to inoculate
0.5 L of autoinduction medium containing 100 pg/mL carbeni-

cillin [28]. The bacteria were grown at 37 °C and 120 rpm for
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about 4.5 h to reach ODggp = 0.6 and then further cultivated at
21 °C overnight. The bacteria were harvested by centrifugation
(20 min, 6,000g) and stored frozen at —80 °C. LpFAT A protein
was purified using the Ni-NTA Fast Start Kit (Qiagen GmbH,
Germany) according to the instructions of the manufacturer.
Active fractions were pooled together, and the buffer was
exchanged into 25 mM potassium phosphate buffer pH 7.3 con-
taining 10% glycerol with PD10 columns (GE Healthcare).
Aliquots of the protein solution were frozen in liquid nitrogen
and stored at —80 °C.

LpFAT A fluorescence polarization assay: Fluorescence po-
larization (FP) competition assays were performed at room tem-
perature in black 96-well microtiter plates (Greiner, Catalog No.
655900). The assay mixture contained 25 mM potassium phos-
phate buffer pH 7.3, 200 mM NaCl, 0.01% Triton X-100, 2 nM
fluorescent tracer, 0.4 ug of purified LpFAT A protein and dif-
ferent amounts of the test compound in a total volume of
100 pL. FP was measured with a BMG CLARIOstar microtiter
plate reader using the FP filter set for fluorescein (Ex 482-16,
Em 530-40, LP504). FP is the difference between wells contain-
ing LpFAT A and wells containing only tracer. The plsq values
were calculated from plots of inhibition values vs test com-
pound concentration using Model 205 of the ID Business Solu-
tions Ltd XIfit software suite. The FAT A binding fluorescent
tracer was synthesized from (2S5,45)-4-[(2,6-difluoro-
phenyl)methoxymethyl]-4-ethyl-2-methyl-N-(prop-2-ynylcar-
bamoyl)-1,3-dioxolane-2-carboxamide [3] and FAM azide,
5-isomer (Broadpharm BP-22544, San Diego, CA) by click
chemistry [29] and was purified by flash column chromatogra-
phy on silica gel.

Supporting Information

Supporting Information File 1

General synthetic procedures, characterization of all target
compounds, methods for biological and biochemical
testing, and scans of 'H and '3C NMR spectra of the new
2,3-dihydro[1,3]thiazolo[4,5-b]pyridines.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-46-S1.pdf]
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A polysubstituted 3-aminoimidazo[5,1-b]oxazol-6-ium framework has been accessed from a new nitrenoid reagent by a two-step

ynamide annulation and imidazolium ring-formation sequence. Metalation with Au(I), Cu(I) and Ir(I) at the C2 position provides an

L-shaped NHC ligand scaffold that has been validated in gold-catalysed alkyne hydration and arylative cyclisation reactions.

Introduction

Imidazolium-derived nucleophilic heterocyclic carbenes
(NHCs) have had a sustained impact across the fields of organo-
metallic and main group chemistry, transition-metal catalysis,
materials synthesis and organocatalysis [1]. Laterally annel-
lated polycyclic NHCs offer a useful contrast to the most widely
used ‘umbrella-like’ NHCs (Figure 1) [2,3]. An extended
m-system influences the donor and acceptor properties of the
carbene whilst substitution on the polycycle can position groups
adjacent to the active centre.

The imidazo[1,5-a]pyridin-3-ylidene motif (ImPy), indepen-
dently introduced by the groups of Lassaletta [4] and Glorius

[5], is the most widely explored framework for L-shaped

ligands (Figure 1a). Even when only considering gold catalysis
[6], the ImPy framework has been used to great effect [7]. The
motif has been used to introduce sterically demanding NHCs
with secondary gold-ligand interactions [8-10], chiral environ-
ments [11-13] including those enabling secondary interactions
with substrates for asymmetric catalysis [14], cooperative and
bimetallic catalysis [7,15], and redox-enabling function for
Au(I)/(I1T) cycles [16,17].

Such L-shaped ligands provide scope to influence the reactivity
profile of their resulting metal complexes through steric
shielding, direct stabilising interactions with the metal, or by

proximal effects to reactive species. Given the sensitivity of
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Figure 1: Laterally fused NHC motifs.

metal catalysis to even subtle steric and electronic changes in
the ligand sphere, accessing more diverse fused imidazolium
frameworks and different peripheral functionality offers signifi-
cant scope to influence catalytic properties. Few studies into
L-shaped imidazolylidines have explored core motifs beyond
ImPy, with NHCs derived from two m-rich rings fused together
particularly underinvestigated [2,18,19].

In this work we report the preparation of a new L-shaped NHC
motif, the 3-aminoimidazol[5,1-b]oxazol-5-ylidene A (short-
ened hereafter to AImOx), which fuses two m-rich rings and po-
sitions a sulfonamide group alongside the metal centre
(Figure 1b). We envisaged that the potential NHC precursor to
A, a polysubstituted 3-aminoimidazol[5,1-b]Joxazol-6-ium motif
B, might be rapidly accessed from an ynamide by sequential
oxazole-forming annulation and imidazolium formation steps.
The basis of this approach was a gold-catalysed oxazole forma-
tion developed in our group [20,21] that should facilitate access
to different groups at the oxazole C-2 position allowing a range
of imidazolium-forming cyclisation strategies to be explored.
Glorius and co-workers reported the formation of symmetrical

NHCs by imidazolium ring formation from bisoxazoline motifs

[22] but incorporating the unsaturated oxazole counterparts has
not been explored.

Results and Discussion

Reaction of ynamide 1a with the N-acylpyridinium-N-aminide
reagent 2 proceeded in good yield to afford oxazole 3 bearing a
C-2 methyleneamino moiety as the first example of a free sec-
ondary amine in this annulation type (Scheme 1a, path a). How-
ever, attempts to form the desired imidazolium ring from 3
using triethyl orthoformate and different additives were unsuc-
cessful. Similarly, an imine precursor 6, prepared in high yields
by synthesising the known acetal-bearing oxazole 5 [21] and
reacting it with 2,6-diisopropylphenylamine, could not be con-
verted into the desired imidazolium salt (Scheme 1a, path b).
Applying a range of conditions, including those successful on
other annulated systems, led to unreacted starting material or
hydrolysis products after work-up (see Supporting Information
File 1) [5,18,19,23-27]. The unique Schiff base 6 can however
be stored without precautions for several months without
degradation and is prepared with minimal processing in
75% yield by telescoping the annulation and condensation

steps.
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Scheme 1: Synthetic studies into the formation of a 3-aminoimdazo[5,1-bJoxazol-6-ium motif based on a gold-catalysed oxazole formation. DIPP =

2,6-diisopropylphenylamine; Pic = picolinate; PMP = p-methoxyphenyl.

As the 4-aminooxazole motif appeared to be a poor nucleophile,

we sought to introduce a formamide motif in place of the amine
or imine to allow the use of more forcing cyclisation conditions
(Scheme 1a, path c). Oxazole 8a was obtained in good yield
from 1a using only a slight excess of nitrenoid 7 and 2 mol %
catalyst loading. Heating 8a in the presence of POClj afforded
the 3-aminoimidazo[5,1-b]Joxazol-6-ium motif, followed by salt
metathesis using KPFg leading to the clean hexafluorophos-
phate salt 9a in 67% yield after recrystallisation [4].

This two-step assembly of the 3-aminoimidazol[5,1-b]oxazol-6-
ium motif was also applied to ynamide 1b affording the PMP-
substituted salt 9b in good yield.

The new nitrenoid reagent 7 is readily prepared from 2,6-diiso-

propylphenylamine in three steps. Alkylation with methyl

bromoacetate is followed by formylation of 11 and then substi-
tution [21] of 12 with N-aminopyridinium iodide to yield the
bench-stable and crystalline N-acylpyridinium aminide 7 in
good yield on a gram scale (Scheme 1b).

With the novel 3-aminoimidazo[5,1-b]oxazol-6-ium salt in
hand, we examined its use as an NHC precursor for the prepara-
tion of late transition metal complexes. Treating compound 9a
with triethylamine and either dimethyl sulfide gold(I) chloride
or copper(l) chloride in acetone led to the formation of the
desired AImOxAuCl and AImOxCuCl metal chloride com-
plexes 13 and 14, respectively (Scheme 2) [7].

The 'H NMR spectra of the resulting AImOx metal complexes

show a loss of symmetry for the diisopropyl substituents, indi-

cating restricted rotation about the C(oxazole)-N(sulfonamide)
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Scheme 2: The synthesis of AImOxAu(l)Cl, AImOxCu(l)Cl, and AImOxIr(CO)>Cl complexes from 6a. The single crystal X-ray diffraction structures of
13 and 14 have ellipsoids drawn at 50% probability, with hydrogens and solvent omitted for clarity. Selected bond angles and distances: 13: C1-Au:
1.98 A, Au-Cl: 2.28 A, N2-Au: 3.65 A. N1—C1-N3: 102.7°, N3—-C1-Au: 129.5°, N1-C1-Au: 127.1°, C1—-Au—Cl: 175.8°. 14: C1-Au: 1.97 A, Au—Cl:
2.28 A, N2—-Au: 3.66 A. N1-C1-N3: 102.6°, N3-C1-Au: 129.4°, N1-C1-Au: 127.9°, C1—-Au-Cl: 177.7°. Topographic steric maps of AImOxAuCl 13.
Au—carbene bond selected as z-axis, nitrogen’s flanking carbene define xz plane. Bondi radii scaled by 1.17, sphere radius 3.5 A, mesh spacing 0.10,
H atoms removed for calculations. Colour coding represents positioning of steric bulk relative to the centre of the sphere, scale in A.

bond. No coalescence is observed at up to 110 °C indicating
that these motifs might be useful as a robust atropisomeric
system. The molecular structure of 13 and 14 have been unam-
biguously determined by single crystal X-ray diffraction
(Scheme 2) [28]. The N-metal interatomic distances are be-
tween 3.53 and 3.66 A leaving insufficient space for bond rota-
tion about the C-N axis with the sulfonamide substituents being
approximately perpendicular to the fused aromatic unit. A per-
centage buried volume of 44.6% was calculated from the crystal
structure of 13 using Cavallo’s method and Sambvca V.2.0 soft-
ware (Scheme 2) [29]. Although a similar value to that
reported for IPrAuCl (% Vbur = 45.4%) [30] the steric map
shows a very different steric environment on either side of the

ligand.

The AImOxIr(CO),Cl complex 15 was targeted in order to
assess the electronic effects of the fused imidazolium core
(Scheme 2). No reaction was observed between 6a and
[Ir(cod)Cl], in the presence of NEt3. A solution of the free

carbene was prepared from 6 and reacted with [Ir(cod)Cl], and

then CO to afford the AImOxIr(CO)CI] complex 15. A minor
side-product with a strong red colour was formed which could
not be fully purified or characterised but has a characteristic AQ
quartet of two protons replacing the singlet for the N-methyl
group in the 'H NMR spectra consistent with a cyclometallated
complex from C-H insertion [31,32].

Three distinct sets of N-methyl and N-methylsulfonyl signals,
with a major one accounting for approximately 80% of the total,
were observed in the "H NMR spectra of 15 likely due to
restricted rotation around the metal carbene bond combining
with the locked rotation around the oxazole C4-N bond.
Elemental analysis was consistent with the proposed structure
and only two sharp CO stretching frequencies were observed in
the IR (Scheme 2) and so a value for Tolman’s electronic pa-
rameter (TEP) could be estimated. [33] At TEP[Ir] =
2053.1 cm™! and 2052.8 cm™! for 15a and 15b, respectively,
the values for these AImOx ligands are towards the electron-
deficient end seen with imidazolidines (cf. for IPr TEP[Ir] =
2050.2 cm™!) [34].
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A benchmarking exercise was then performed looking at the re-
activity of 13 compared against reaction of symmetrical
IPrAuCl across a range of known gold-mediated transformat-
ions of alkynes featuring intermolecular attack [35], intramolec-
ular cyclisation [36] or a mixture of both [8,37-39]. The new

[Au] (1 mol %)

Beilstein J. Org. Chem. 2024, 20, 621-627.

ligand system proved to deliver competent catalysis. Conver-
sion was seen in all cases at 1 mol % catalyst loading
(Scheme 3). Use of 13 resulted in a slight increase of the anti-
Markovnikov hydration product 17 over 18 when compared to
IPrAuCl [35]. In arylative cyclisations incomplete reaction was

— AgSbFg (2 mol %) O o]
Ph—— 6
Ph 1,4-dioxane/H,0 2:1 Ph\)l\/\ph ph)J\/\/Ph
16 70°C 17 18
[Au] yield (ratio of 17:18)
IPrAuClI 87% (1.0:1.0)
13 76% (1.1:1.0)
OMe
_ MeO OMe [Au] (1 mol %)
= AgOTf (1 mol %) MeO
TsN TsN H
\x DCM, 1h OMe
Ph OMe rt Ph
19 20 21
[Au] yield (recovered 19)
IPrAuClI 73%
13 27% (47%)
Ph
o Ph H [Au] (1 mol %) (0] N
Z N AgSbFg (1 mol %) \
@:/) DCM, rt, 4 h
|
NH
22 23 24
[Au] yield
IPrAuCI 84%
13 86%
O O
[Au] (1 mol %) COMe
MeO OMe AgSbFg (1 mol %) MeO,C ’
Z DCM, t, 4 h CQ
25 26
[Au] yield
IPrAuClI 89%
13 quant.

Scheme 3: Use of AImOxAuCI 13 in catalysis. 2Yields are calculated from the TH NMR spectra against an internal standard unless otherwise stated.

Isolated yield of 17:18 with ratios determined from the 'H NMR spectra.
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seen with enyne 19 [8,37] but ynone 22 [39] afforded high yield
of 24. A quantitative conversion was seen in the intramolecular
arylative cyclisation of 25 where 13 outperformed IPrAuCl
[36].

Conclusion

An L-shaped NHC ligand motif, AImOx, has been developed
and used to access monoligated Au(I), Cu(I) and Ir(I) com-
plexes. The NHC precursors, polysubstituted 3-amino-
imidazol[5,1-b]oxazol-6-ium salts are readily prepared in an
efficient two-step sequence from ynamides using a newly de-
veloped nitrenoid reagent 4. The resulting AImOxAu(I) com-
plex is catalytically competent across several transformations
with excellent conversions at 1 mol % loading and with broadly
comparable reactivity to IPrAuCl. Having validated the AImOx
motif as a viable ligand platform for development, further elab-
oration and applications will be reported in due course.
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2-Chloro-4-sulfonylquinazolines undergo functional group swap when treated with an azide nucleophile: 1) the azide replaces the

sulfonyl group at the C4 position; 2) the intrinsic azide—tetrazole tautomeric equilibrium directs the nucleofugal sulfinate from the

first step to replace chloride at the C2 position. This transformation is effective with quinazolines bearing electron-rich substituents.

Therefore, the title transformations are demonstrated on the 6,7-dimethoxyquinazoline core, which is present in pharmaceutically

active substances. The methodology application is showcased by transforming the obtained 4-azido-6,7-dimethoxy-2-

sulfonylquinazolines into the a;-adrenoceptor blockers terazosin and prazosin by further C2-selective SyAr reaction and azide

reduction.

Introduction

The quinazoline core is a privileged structure with a wide range
of applications. Quinazoline derivatives exhibit a broad spec-
trum of biological activities, finding use as anticancer, antimi-
crobial, antimalarial, and antiviral agents [1,2]. Furthermore,
numerous 2-amino-6,7-dimethoxyquinazoline analogs are ex-
tensively employed as a-adrenoceptor blockers [3,4]. In recent
years quinazoline-based OLED materials have also gained

attention showing great quantum efficiencies [5-7]. Conse-

quently, ongoing efforts focus on advancing methodologies for
synthesizing established quinazoline-based drugs and acquiring
novel modified quinazoline derivatives for pharmaceutical or

materials science purposes.
Aromatic nucleophilic substitution [8] or metal-catalyzed reac-

tions [9,10] are commonly employed for quinazoline modifica-

tion (Scheme 1). Existing literature underscores the reactivity of
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Scheme 1: Approaches for quinazoline modifications at the C2 and C4 positions.

the C4 position in aromatic nucleophilic substitutions of quina-
zolines I while achieving regioselective replacement at the C2
position poses challenges [11]. Modification of the C2 position
of quinazolines requires longer time, higher temperatures, and
sometimes the use of expensive transition-metal catalysts [12].
A selective C2 modification can be achieved by using 2-chloro-
quinazolines IV, where the C4 position is blocked by an unreac-
tive C—C or C-H bond (Scheme 1). Cyclization reactions of
substituted anilines VI, VII or N-arylamidines VIII are
frequently employed for synthesizing C2-substituted quinazo-
lines (Scheme 1), thereby influencing the spatial arrangement of
the desired substituents [13,14]. Moreover, there have been
recent advancements in efficient C—H activation techniques em-
ploying transition-metal and photocatalysis [15,16]. These
methods facilitate C—C bond formation, enabling the introduc-
tion of alkyl groups at the C2 position of quinazoline deriva-

tives.

While arylsulfanyl group rearrangement reactions have been
documented by us for modifying 2,4-substituted quinazolines
[17,18], and sulfonyl group rearrangement has been applied to
functionalize purines [19], the literature lacks information on
sulfonyl group migration in quinazolines. Notably, this transfor-
mation has not been previously reported, despite its potential
utility in the synthesis of drugs such as terazosin and prazosin
[20].

Herein, we report the use of the sulfonyl group dance to synthe-
size novel 4-azido-2-sulfonylquinazolines and their C2-selec-
tive modification in SyAr reactions. In addition, we offer an ap-
proach for the synthesis of terazosin and prazosin, known
medications against hypertension, using sulfonyl group dance
products.

Results and Discussion

Synthesis of 4-azido-2-sulfonylquinazolines
We started our experiments with commercially available 2,4-
dichloroquinazoline (1a). It was treated with sodium 4-methyl-
phenylsulfinate in order to yield 4-sulfonylquinazoline 2a
(Scheme 2), but the first attempts in iPrOH did not provide the
starting material conversion. The reaction in THF resulted in the
full conversion of the starting material, but the analysis of the
crude product revealed the quantitative formation of hydrolysis
product 5a. Assuming the instability of intermediate 2a, a one-
pot reaction was performed by adding sodium 4-methylphenyl-
sulfinate in the first step which was followed by NaNj3. As the
result, the formation of hydrolysis product 5a and 2,4-diazido-
quinazoline (6a) was observed.

Next, the reaction 1a — 4a in DMSO yielded diazidoquinazo-
line 6a as a major product and hydrolysis product 5a. In MeCN
the conversion to derivative 2a was stopped at 50% and was not

facilitated by an extra addition of sulfinate. To our delight, in
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Scheme 2: Attempts toward sulfonyl group dance using 2,4-dichloroquinazolines 1a—c.

MeOH we observed the formation of intermediate 2a over
5 hours, and after the subsequent addition of sodium azide prod-
uct 4a was isolated in 31% yield over 2 steps. The full conver-
sion was achieved by keeping the reaction mixture at a tempera-
ture of 0 °C and by the stepwise additions of the sulfinate and
NaN3. Any deviation from these conditions facilitated the for-
mation of byproducts.

In addition, the sulfonyl group dance reactions were carried out
also with quinazoline derivatives 1b and 1c¢ (Scheme 2), the
structure features of which may slow-down the fast SyAr pro-
cesses due to the substituents’ character. The desired products
4b and 4c¢ were obtained in MeOH and isolated in 44 and 40%
yields, respectively. Methanol is known to decrease reactivity in
the SNAr reactions in comparison to polar solvents such as
DMSO and DMF. This is explained by solvent hydrogen bond
acidity and basicity descriptors a and B, for example,
a(DMSO) = 0, B(DMSO) = 0.88, a(MeOH) = 0.43, B(MeOH) =
0.47. The rate constant of the SyAr process escalates with an
increase of f parameters and diminishes with an increase of a
parameters [21,22]. Therefore, it was possible to accomplish the
sulfonyl group dance reactions of very reactive quinazolines
la—c in MeOH.

Synthesis of 4-azido-6,7-dimethoxy-2-
sulfonylquinazolines

Next, we aimed to explore the sulfonyl group dance process
using a more electron-rich quinazoline. The commercially avail-

able 2,4-dichloro-6,7-dimethoxyquinazoline (7) was chosen for

this purpose (Scheme 3). The common dimethoxy motif is also
found in a variety of quinazoline-based pharmaceuticals
[2,3,8,23].

(0]
Osn_R
| Cl | ~S
Ojg\)\ R-SO,Na X
N 2 N
? N/)\CI anh.rtDMF ? N/)\CI

8a, R = 4-CH3CgHy, 45%
8b,R = n-C12H25, 20%
hydrolysis byproduct
| O

o N/)\CI

| 9

Scheme 3: Synthesis of 2-chloro-6,7-dimethoxy-4-sulfonylquinazoline
derivatives 8.

We commenced our study with the preparation of 2-chloro-4-
sulfonylquinazolines 8 (Scheme 3). The starting material 7
underwent SNAr reactions with sodium sulfinates and the
C4-substituted products 8a,b were isolated [24]. The complete
conversion was achieved in DMF or DMSO. In the case of sodi-
um dodecylsulfinate, the reaction stopped at 70% conversion

when 1 equivalent of sulfinate was used. Products 8 exhibited
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instability in the presence of water, leading to the formation of
hydrolysis product 9 [25] in the reaction mixture. This insta-
bility caused issues during the reaction work-up, and attempts
for purification using column chromatography resulted in full
degradation of the formed product.

Consequently, an alternative pathway toward product 8 was
explored (Scheme 4). 2-Chloro-4-thioquinazolines 10 were pre-
pared from starting material 7 in an SNyAr reaction with thiols in
the presence of K,COj3 in good 75-93% yields. Next, thioquina-
zolines 10 were oxidized to the corresponding sulfonylquinazo-
lines 8. Inspired by our previous work [19] a TFAA/H,0,
oxidizing system was tried first but yielded several side-prod-
ucts, such as the hydrolysis product and unwanted oxidation of
the quinazoline N3 position. Changing the oxidant to mCPBA
(with 96% purity) [26] provided a more selective reaction, no
water-based work-up was needed and the pure product was ob-
tained by simple recrystallization from ethanol in yields up to
88%. The oxidation step thiol — sulfoxide was fast and full

Beilstein J. Org. Chem. 2024, 20, 675-683.

conversion to the intermediate was achieved in one hour for
most substrates, but the step sulfoxide — sulfone was entirely
slower and required stirring overnight (except for 8d
(R = iC3Hy)).

With 2-chloro-6,7-dimethoxy-4-sulfonylquinazolines 8 in hand,
we started to explore the reactivity in SyAr reactions
(Scheme 5). Sulfonyl group dance reactions did not work in an-
hydrous THF, MeCN, and dioxane, using such azide sources as
NaN3, LiN3, and TMS-Nj3. Full conversion towards product 12a
was observed by HPLC with NaNj3 in anhydrous DMF. Howev-
er, precipitation, direct, and reversed-phase column chromatog-
raphy provided low yields (Scheme 5) due to the degradation of
the product. Compounds 12 did not tolerate aqueous conditions
or high temperatures and have also been observed to degrade
under direct sunlight.

Next, a stepwise one-pot approach was investigated to increase
the overall yield (Scheme 6). The reaction in anhydrous DMF

| Cl R OiR
o R-SH | | S
SN KoCOs5 O SN mCPBA o Q
PN ' Y anh. DCM \
DMF :
° N™ci o N t o e

rt
! |

10a, R = 4-CH3CgHg, 89%
10b, R = n-C12H25, 78%
10c, R = CgHs, 93%

10d, R = iC3H7, 75%

8a,R= 4-CH306H4, 1%
8b,R = I’I-C12H25, 63%
8¢, R = CgHs, 88%

8d, R =iC3Hy, 86%

Scheme 4: Alternative synthesis pathway for 2-chloro-6,7-dimethoxy-4-sulfonylquinazoline derivatives 8.
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Scheme 5: Sulfonyl group dance using 2-chloro-6,7-dimethoxy-4-sulfonylquinazolines 8.
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Scheme 6: One-pot synthesis of 4-azido-6,7-dimethoxy-2-sulfonylquinazolines 12. The crystallographic information for 12a has been submitted to the
Cambridge Crystallographic Data Centre and is available as supplementary publication No. CCDC-2312750.

yielded a mixture of the desired product 12a, diazide 13, and
hydrolysis product 9 [25] which were inseparable using

common purification methods (Table 1).

The pivotal advancement occurred when attempting the reac-
tion in DMSO (Table 1). In the case of 8a (R = 4-CH3C¢Hy),
the product precipitated out when full conversion was reached.
Filtration of this precipitate yielded the pure desired product
12a in 39% yield (Table 1, entry 2). Incremental additions of
NaN3, coupled with HPLC analysis following each addition,
facilitated the achievement of full conversion of the starting ma-
terial after 0.7-0.8 equivalents of NaN3. This approach limited
the formation of diazide 13 and significantly elevated the yield
of the desired product to 69% over two steps. When other sufi-
nates were employed, the product failed to precipitate, necessi-
tating isolation through preparative HPLC. Quantitative nuclear
magnetic resonance (QNMR) yields were consequently re-
ported.

To reduce the formation of diazide 13, an overnight addition of
the azide solution via a dispenser was employed at a rate of
0.1 equivalents of NaNj per hour. This strategy improved the
ratio of product 12 to diazide 13. For arylsulfinates, the addi-
tion time was finally reduced to 2 hours without compromising
selectivity. Although tetrabutylammonium azide (TBAA) is
better soluble in DMSO than NaNj3, practical challenges associ-

ated with its use led to the preference for NaNj3.

Confirmation of regioselectivity for the

sulfonyl group dance products

The regioselectivity and the structure of 4-azido-6,7-dimethoxy-
2-sulfonylquinazoline derivatives 12 were proven by chemical
synthesis of the regioisomers 15 (Scheme 7) and X-ray analysis
of 12a (Scheme 6). 6,7-Dimethoxy-2.,4-diazidoquinazoline (13)
was synthesized from commercially available dichloroquinazo-
line 7 in 93% yield. Further, thioether substituents were
installed in the presence of K,COs3. For alkylthiols, DMF was

Table 1: Conditions for one-pot synthesis of 4-azido-6,7-dimethoxy-2-sulfonylquinazolines 12.

Entry Solvent Azide source

1 anh. DMF 1.0 equiv NaN3z2
2 anh. DMSO 0.6 equiv NaN3?
3 anh. DMSO 0.8 equiv NaN3?
4 anh. DMSO 0.8 equiv NaN3®
5 anh. DMSO 0.8 equiv NaN3®
6 anh. DMSO 0.8 equiv NaN3®
7 anh. DMSO 0.8 equiv NaN3®

Time, h R Yield, %
1 4-CH3CgH4 b

1 4-CHaCgHy 12a, 39

4 4-CHaCgHy 12a, 69

2 4-CH3CgH4 12a, 66
12 n—C12H25 12b, 28

12 iCgH> 12d, 63¢
2 CGH5 12¢, 508

aAdded in portions; Pa mixture of products 12 and 13 (Scheme 6); €0.5 M solution of NaN3 in anh. DMSO added over 2 hours; 95.8 mmol scale;

egNMR yield.
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14b, R = n-C12H25, 82%
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14d, R = iC3H7, 50%
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Scheme 7: Synthesis of 2-azido-4-sulfonyl-6,7-dimethoxyquinazolines 15.

used, but arylthiols required milder conditions with MeOH and
cooling to acquire regioselectivity to the C4 position which
resulted in yields up to 91%. Oxidation with purified mCPBA
(commercial mCPBA with 68% purity was washed with pH 7.4
phosphate buffer to reach 96% purity [26]) yielded the regio-
isomers 15 of the sulfonyl group dance products at a lower yield
than the previously mentioned oxidation step, which was most
likely caused by the high reactivity of product 14, but the reac-
tion conditions were not further optimized since the products
were only needed for analytical purposes.

Two different pyrrolidine-substituted derivatives were addition-
ally synthesized to prove the regioselectivity of the sulfonyl

group dance products (Scheme 8). Compound 16 was obtained

in the C4-selective SNAr reaction between diazidoquinazoline

NOI;( Q
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I N3 { 3 I N3
N 0o
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0 N/)\/S\\ eick o N NQ
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| 750
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Scheme 8: Synthesis of 6,7-dimethoxyquinazoline derivatives 16, 17a
and 18.

Beilstein J. Org. Chem. 2024, 20, 675-683.

R | O\\(IS?/R
0o S )N\ mCPBA O SN
P anh. DCM
0 N~ "Ns o N/)\N3

|
15a, R = 4-CH3CgH,, 35%
15b, R = n-C12H25, 43%
15¢, R = CgHg, 70%
15d, R = iC3H7, 50%

13 and pyrrolidine in 93% yield. A cross peak for the H-C5 po-
sition of quinazoline and CH; groups of pyrrolidine at the
second position was observed in the NOESY spectrum and
unequivocally proved the structure 16. Selective C2 substitu-
tion was achieved between sulfonylquinazoline 12 and pyrrol-
idine in CHClj3 yielding product 17a. No NOESY signals were
seen between the quinazoline core and the pyrrolidine moiety.
Interestingly, the C4 substitution was achieved when DMF was
used as a solvent in the transformation 12 — 18, resulting in
product 18.

In addition, the reaction 12a + pyrrolidine in MeCN and THF
gave only product 17a, but in DMSO resulted in the mixture of
17a/18/6,7-dimethoxy-2,4-di(pyrrolidin-1-yl)quinazoline =
36:15:48% (HPLC analysis). The selectivity of 17a/18 was
interesting but was not further developed in the scope of this
study.

Consequently, an investigation into the azide—tetrazole equilib-
rium of product 12a was initiated, revealing a singular form
present in all solvents. Despite attempts to increase the amount
of the azide form with the increase of the temperature in NMR
experiments [27], no observable alteration in the tautomeric
equilibrium was observed. FTIR analysis of 12a in CHCl3 and
DMSO solutions revealed the absence of the azide form (see
Supporting Information File 1), precluding an explanation of
the reactivity of 12a through the tautomeric equilibrium. The
presence of electron-donating methoxy groups in the structure
was proposed as a plausible explanation for the present tetra-
zole form in the solutions. Surprisingly, FTIR and X-ray
analyses of 12a in the solid state indicated the existence of 12a

in the azide form.

In subsequent experiments it was discovered that for less
nucleophilic N-nucleophiles (piperidine, morpholine,
N-methylpiperazine) C2 selectivity was reached only in polar
solvents such as DMF, DMSO, and MeCN. In other solvents,

no reactivity was observed at the C2 or C4 positions.
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Selective modification of the C2 position of
6,7-dimethoxyquinazoline

Products 12 are useful intermediates to achieve selective modi-
fication at the C2 position of quinazolines. A scope of 2-amino-
4-azido-6,7-dimetoxyquinazolines 17 was synthesized. For
pyrrolidine, selective C2 substitution was achieved in a non-
polar solvent such as CHClj. Less nucleophilic amines gave
C2-selective SyAr in MeCN.

To apply the developed technique to the synthesis of pharma-
ceutically active substances such as terazosin and prazosin,
nucleophilic substitution at the C2 position was carried out with
the corresponding amines — piperazin-1-yl(tetrahydrofuran-2-
yl)methanone and furan-2-yl(piperazin-1-yl)methanone to give
products 17e and 17f. Products 17e,f can be obtained through
the aromatic nucleophilic substitution of 2-azido-4-sulfonyl-
quinazoline 12a or by performing three subsequent SyAr reac-
tions starting from 2,4-dichloroquinazoline 7 in a one-pot pro-
cedure [28] (Scheme 9, Table 2).

The resulting products exist in an azide—tetrazole equilibrium in
solution, but in solid form can be in either the azide (17e, 17f)
or tetrazole form (17a-d).

With derivatives 17e.f in hand, the reduction of the azido group
in the C4 position was carried out by bubbling hydrogen
through the solution in the presence of palladium on charcoal.
In the last step, the product was acidified with a 4 M HCI solu-
tion in iPrOH, forming the respective hydrochlorides of tera-
zosin [29,30] and prazosin [31,32] (Scheme 10).

In addition, we explored some other reactions of the azido
group, and derivatives 17 were used in CuAAC and Staudinger

reactions, yielding products 20 and 21 (Scheme 11).

For CuAAC reactions no conversion towards the desired
triazolyl product 20 was observed in systems such as
CuS0y4-5H,0/sodium ascorbate/r-BuOH/H,0O, CuSOy4-5H,0/
sodium ascorbate/THF/H,O, Cul/DIPEA/DCM. Instead, tri-
azolyl derivatives 20 were synthesized using [Cu(MeCN)4]PF¢/
TBTA (tris(benzyltriazolylmethyl)amine) [33] in toluene.

R'R2NH X

Z

@

/, \\

solvent

12a 17a-f

Scheme 9: Synthesis of 2-amino-4-azido-6,7-dimethoxyquinazolines 17.

Beilstein J. Org. Chem. 2024, 20, 675-683.

Table 2: Diversity and yields for 2-amino-4-azido-6,7-dimethoxyquina-
zolines 17.

Entry RTR2NH Solvent Yield
1 [N> CHCl3 17a, 932
H
2 (Nj MeCN 17b, 732
H
o)
3 [ ] MeCN 17¢, 752
N
H
|
N
4 [ MeCN 17d, 772
N
H
HNTY
5 K/N DMSO 17e, 802, 41P
o}
HN/\ 0
6 K/N x DMSO 171, 752, 49°

aYield 12a—17, %; Pyield 7—17, % (over 3 steps).

Conclusion

To summarize, an approach toward 4-azido-6,7-dimethoxy-2-
alkyl/arylsulfonylquinazolines was developed employing a sul-
fonyl group dance caused by the azide—tetrazole equilibrium in
quinazolines. 4-Azido-6,7-dimethoxy-2-alkyl/arylsulfonyl-
quinazolines were obtained using two pathways: 1) SyAr reac-
tion between 2-chloro-6,7-dimethoxy-4-sulfonylquinazoline de-
rivatives and NaN3; 2) SyAr reaction between 2,4-dichloro-6,7-
dimethoxyquinazoline and alkyl/arylsulfinates, followed by
substitution with NaN3. 4-Azido-6,7-dimethoxy-2-alkyl/arylsul-
fonylquinazolines serve as valuable precursors for the C2-regio-
selective modification in quinazolines. Furthermore, the de-

1) 1.05 equiv 4-CH3CgH4SO,Na
2) 0.8 equiv 0.5 M NaN3

anh. DMSO | a
3) 2.0 equiv R'R2NH o NN
NR1R2 anh. DMSO /)\CI

—Q
z
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1. Hy,
10% Pd/C (10 wt %)
N NH
c|> 3 MeOH, rt, 3 h 2
N 2.4 M HCI iPrOH, N
— MeOH —
(l) N/kNR1R2 —_— (l) N)\
17e f 19

Beilstein J. Org. Chem. 2024, 20, 675-683.

terazosin hydrochloride

;\N

/ﬁ o
N
19a: NR'R2 = K/ j{o 71% over 2 steps
0

prazosin hydrochloride

f\N/\ (0] A\

19b: NR'R2 NS

73% over 2 steps

Scheme 10: Synthesis of terazosin and prazosin hydrochlorides 19a and 19b.

CUAAC
R3 reaction
N =—R3
N [Cu(MeCN),JPFs |
| N TBTA 0
@) X toluene
/"t 110 °C 0
—
0 N~ >NR'R2
|
20a, 63% p 17
R3 = CgHs, NR'R? = \D
20b, 32% I

R3 = 4-CN-CgH4, NR'RZ= N
oHs ()N\

Scheme 11: Modifications of derivatives 17.

veloped methodology was valorized by successfully employing

it in the synthesis of adrenoblockers terazosin and prazosin.
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We report herein an enantioselective palladium-catalyzed Heck—Matsuda reaction for the desymmetrization of N-protected 2,5-

dihydro-1H-pyrroles with aryldiazonium salts, using the chiral N,N-ligand (S)-PyraBox. This strategy has allowed straightforward

access to a diversity of 4-aryl-y-lactams via Heck arylation followed by a sequential Jones oxidation. The overall method displays a

broad scope and good enantioselectivity, favoring the (R) enantiomer. The applicability of the protocol is highlighted by the effi-

cient enantioselective syntheses of the selective phosphodiesterase-4-inhibitor rolipram and the commercial drug baclofen as hydro-

chloride.

Introduction

Desymmetrization reactions consist in the modification of a
molecule with the loss of one or more symmetry elements, such
as those which preclude chirality as in the transformation of a
prochiral molecular entity into a chiral one [1]. It is a powerful
and elegant strategy in asymmetric synthesis [2], which
combined with the use of chiral ligands and transition-metal
catalysts enabled many valuable transformations to increase

molecular complexity in a synthetic route. The palladium-cata-

lyzed coupling of arenediazonium salts with olefins, the
Heck—Matsuda reaction, has been instrumental in this strategy
involving the desymmetrization of cyclic systems [3], espe-
cially five-membered substrates [4-7]. As we have demon-
strated previously, key five-membered olefins bearing
heteroatoms can provide direct access to chiral sulfones, sulfox-
ides, phosphine oxides [8], phthalides, isochromanones, and

lactones [9] in a very efficient and convenient manner. Despite
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our previous results in this area, the desymmetrization of 2,5-
dihydro-1H-pyrroles posed some challenges due to substrate
instability and undesirable side reactions. In 2003, we reported
the Heck—Matsuda arylation of N-protected 2,5-dihydro-1H-
pyrroles [10] to obtain 4-aryl-y-lactams in a racemic manner

[11], thus demonstrating the feasibility of this transformation.

The y-lactam ring is a privileged scaffold widely present in

drugs and natural products [12-14], as shown in Scheme 1.

examples of drugs containing a y-lactamring — ~

Beilstein J. Org. Chem. 2024, 20, 940-949.

Herein, we report the effective desymmetrization strategy of
N-protected 2,5-dihydro-1H-pyrroles using aryldiazonium salts
and the chiral N,N-ligand (S)-PyraBox (Scheme 2). The ob-
tained Heck adducts (methyl N,0O-acetals) were efficiently con-
verted into several arylated y-lactams by a simple oxidation pro-
cedure (Jones oxidation). To demonstrate the applicability of
the strategy, two of the chiral aryl-lactams were further deriva-
tized to provide the selective phosphodiesterase-4 inhibitor (R)-

y-lactam derivative drug ~ —

O
HoN NH;
NH
N 1) o
o
B MeO Cl HO™ YO
=
phenylpiracetam rolipram baclofen
- J
Scheme 1: Examples of drugs containing a y-lactam and derivative.
desymmetrization strategies employing Heck—Matsuda reactions
A) cyclic compounds
. X
[Pd], N,N-ligand
X ArNZBF 4 or ArB(OH), \
X =CHOH, CHCH,0H, SO, SO,, P(O)t-Bu, P(O)Ph, CH(OH)(OH)CH
B) spiro compounds c
c Me
[Pd], N,N-ligand Oy N X
ArN,BF, c= T =0 o i | &0
R L‘tlg Th PR
7R o¢ X = NMe, NBn, NBoc, O
this work
PG
PG 1) [Pd], N,N-ligand

base, MeOH

N ﬁ/NzBF4
|
< L

PG = Boc, Ts, 2-Ns, Ns

2) Jones oxidation @
R R

N

28 examples
up to 85% yield
up to 93:7 er

Scheme 2: Desymmetrization strategies employing Heck-Matsuda reactions.
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rolipram (5b) [15], and the commercial drug (R)-baclofen
hydrochloride (6), used to treat muscle spasticity from spinal

cord injury and multiple sclerosis [16].

Results and Discussion
Desymmetrization of N-protected 2,5-

dihydro-1H-pyrroles

Some initial results and reaction optimization

Based on our previous results regarding the desymmetrization
of hidantoins [17], we started this study with the N-Boc-pro-
tected dihydropyrrole 1a using different electronic-demanding
aryldiazonium salts and the standard reaction conditions for
similar Heck—Matsuda reactions (Scheme 3), i.e., Pd(TFA), as
the palladium source in combination with the pyrazinebisoxazo-
line ligand, (S)-PyraBox (L1), zinc carbonate as base, and meth-
anol as solvent at 40 °C.

These initial conditions furnished 2-methoxypyrrolidines
arylated at the 4-position, compound 3, as Heck products as
illustrated in Scheme 3. The presence of a methoxy group after
the Heck—Matsuda reaction indicates methanolysis after aryl-
ation. Given the importance of the lactam rings, we envisioned
a sequential Jones oxidation protocol without isolation of the
methyl N,0-acetal products to obtain the corresponding lactams
4. As observed in previous works [18], the oxidation step is
practical and high-yielding, and the overall yield can be re-
ported based on the isolated lactams.

1) Pd(TFA), (5 mol %)
L1 (6 mol %)
ZnCO3 (0.5 equiv)

Boc N,BF,
Ve 1T
L x

MeOH (0.2 M), 40 °C J@ @
R RN

Beilstein J. Org. Chem. 2024, 20, 940-949.

By evaluating the electronics of the diazonium salt, we ob-
served that the electron-donating p-OMe substituent performed
better (4aa, 68% yield) when compared to neutral (4ab, 34%
yield) and electron-withdrawing (4ac, 27% yield) ones, but no
significant changes in the enantiomeric ratio were observed
(Scheme 3).

Despite the formation of the hemiaminal ether as the major
product, the formation of a minor N-Boc pyrrole was also ob-
served as a side-product. To circumvent this side reaction, we
envisioned that a more electron-withdrawing protecting group
could reduce the tendency of the starting olefin to oxidation.
Therefore, the N-tosylated 2,5-dihydro-1H-pyrrole 1b was eval-
uated under the same reaction conditions with the same three
aryldiazonium salts used before. Before exploring the reactivity
of the olefin towards other aryldiazonium salts, we performed a
brief optimization of the process by testing several other N,N-
ligands. Therefore, five other N,N-ligands were evaluated as
follows: PyraBox (L2), QuinOx (L3), PyOx L4 and LS5, and
PyriBOx (L6) (Figure 1).

However, neither one of these new ligands performed better
than L1 (see Table 1 below). In an attempt to enhance the
protocol performance, we also evaluated the palladium source
as indicated in Table 1. Switching Pd(TFA), by Pd(OAc), led
to a minor increase in the yield, but without any changes in the
er. Pd(acac); and Pd(MeCN),(OTs), were also tested without

significant improvements.

Boc

’

N
L )=o
X

Boc
N
‘QMOMG 2) Jones oxidaton

1a 2
ligand
t_Bu//,,,[N N=— 6]
7\
O N N™ ™¢gy
MeO
L1
4aa, 68%, 78:22 er

variation of diazonium salt

‘ |
e A

4ab, 34%, 80:20 er 4ac, 27%, 80:20 er

Scheme 3: Heck—Matsuda reaction (1) and Jones oxidation (2) of the N-Boc-protected 2,5-dihydro-1H-pyrrole 1a. Reaction conditions: 1) pyrroline 1a
(0.30 mmol, 1.0 equiv), aryldiazonium salt 2 (0.60 mmol, 2.0 equiv), Pd(TFA)2 (5 mol %), L1 (S)-PyraBox (6 mol %), ZnCOgz (0.15 mmol, 0.5 equiv),
and MeOH (1.5 mL, 0.2 M) at 40 °C, 4 h; 2) 1.0 mL of the Jones solution 2.5 M, 6 mL of acetone/water 3:1 (v/v), 1.5 h. Isolated yields were calcu-
lated from an average of two runs. Enantiomeric ratios (er) were determined by high-performance liquid chromatography (HPLC) analysis of the puri-

fied compounds.
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*Bu
(S)-QuinOx L3

[

| A | N —<\O O/>
t-Bu _ ~ 7/ "t-Bu
N/ 0 N/ o) NWN
O o |
N—/ N—/ N N
t-Bu *-Bu
(S)-PyOx L4 (S)-PyOx L5 (S)-PyriBox L6

Figure 1: N,N-Ligands evaluated in this work.

Table 1: Optimization of the reaction conditions with tosyl-protected pyrroline 1b.2

1) [Pd] source Ts
/Ts N N,BF, ligand, ZnCO;3 (0.5 equiv) N
E\l) . U MeOH (0.3 M), 40 °C __[ko
¥z
= F3C 2) Jones oxidation ©
F3C
1b 2c 4bc

Entry Ligand [Pd] source 4bc %P er®
1 L1d PA(TFA), 62 85:15
2 Lod Pd(TFA), 56 57:43
3 L3e Pd(TFA), 49 56:44
4 L4e Pd(TFA), 57 77:23
5 Lse Pd(TFA)2 54 72:28
6 Led Pd(TFA)2 51 69:31
7 L1d Pd(OAC), 65 85:15
8 L1d Pddbag 64 84:16
9 L1d Pd(acac), 68 84:16
10 L1d Pd(MeCN)»(OTs), 62 83:17

aReaction conditions: pyrroline 1b (0.30 mmol, 1.0 equiv), 4-(trifluoromethyl)benzenediazonium tetrafluoroborate (2¢, 0.60 mmol, 2.0 equiv), Pd(TFA)»
(5 mol %), ligand, ZnCO3 (0.15 mmol, 0.5 equiv), MeOH (1.0 mL, 0.3 M), 40 °C, 4 h. Jones conditions: 1.0 mL Jones solution 2.5 M, 6 mL of acetone/

water 3:1 (v/v), 1.5 h. PNMR yields. ¢Determined by HPLC analysis. dLigand: 6 mol %. eLigand: 11 mol %.

Despite the fact that palladium acetate slightly better performed
as shown in Table 1, we decided to continue with palladium tri-
fluoroacetate due to its higher reactivity in forming palladium
complexes with N,N-ligands. Therefore, we decided to main-
tain our initial conditions using Pd(TFA), and proceeded to the
evaluation of the scope of the Heck—Matsuda arylation as

shown in Scheme 4. Gratifyingly, the new reaction conditions

with the tosylpyrroline 1b showed significant improvements in
yield and enantioselectivities (4ba and 4bc in Scheme 4).
Somewhat surprisingly, no enhancement in the enantiomeric

ratio was observed for the lactam 4bb.

With the optimized conditions in hand, we evaluated the scope

of the method by varying the aryldiazonium salts. For aryldia-
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1) Pd(TFA), (5 mol %)

L1 (6 mol %) Ts ligand
Ts ZnCO3 (0.5 equiv) N B
’\j O NZBF4 MeOH (03 M), 40 °C E#O u//,,_ N\ N— (0]
Q + | \/ A I: >_<\; / \ ]
= R 2) Jones oxidation | \] 0 N N7 gy
;\’R
1b 2 4b L1
p scope \
Ts Ts T§ T§ T§

MeOC

MeO
4ba, 85%, 84:16 er

Ts

N.._ O

o
>

4bf, 76%, 86:14 er

O.N
4bk, 70%, 84:16 er

4bb, 72%, 79:21 er

Cl
4bg, 70%, 86:14 er

Cren

4bl, 85%, 57:43 er

Cl

FsC
4bc, 64%, 85:15 er

4bh, 69%, 87:13 er

o

4bm, 82%, 93:7 er

MeO

MeOQC
4bd, 76%, 87:13 er

4bi, 70%, 85:15 er

e

4bn, 66%, 91:9 er

4be, 71%, 87:13 er

4bj, 79%, 86:14 er

4bo, 67%, 67:33 er

4bp, 70%, 86:14 er 4bq, 74%, 83:17 er

Scheme 4: Heck—Matsuda reaction of N-tosyl-2,5-dihydro-1H-pyrrole (1b). Reaction conditions: 1) pyrroline 1b (0.30 mmol, 1.0 equiv), aryldiazonium
salts 2 (0.60 mmol, 2.0 equiv), Pd(TFA)2 (5 mol %), L1 (6 mol %), ZnCO3 (0.15 mmol, 0.5 equiv), MeOH (1.0 mL, 0.3 M), 40 °C, 4 h. 2) 1.0 mL Jones
solution 2.5 M, 6 mL of acetone/water 3:1 (v/v), 1.5 h. Isolated yields were calculated from an average of two runs. Enantiomeric ratio (er) determined

by high-performance liquid chromatography (HPLC) analysis of the purified compounds.
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zonium salts bearing p-substituted groups, there is very little in-
fluence in the enantiomeric ratios, although electron-donating
groups performed slightly better in terms of yield, as observed
before for the N-Boc-protected pyrrolines. Weak electron-do-
nating groups such as the methyl group furnished compound
4bj in a higher yield and good er. Carbonyl-containing electron-
withdrawing groups such as methyl ester and ketone did not
show much of an effect in the outcome of the reaction, provid-
ing compounds 4bd and 4be in high yields and good er. On the
other hand, product 4bq was obtained in a higher yield but with
a lower er. The p-halogen-containing derivatives 4bf, 4bg, 4bh,
and 4bi were all obtained in high yields and good er. We also
evaluated the change of some substituents to the ortho position.
This change furnished compound 4bm in higher yield and
excellent er. However, when the bulkiness of the substituent
was increased, as in compounds 4bl and 4bo (0-phenoxy and
o-bromo group, respectively), the er dropped considerably.
Finally, a strong electron-withdrawing group in the ortho posi-
tion such as nitro (4bn) was met with a decrease in yield (66%),
but with a higher er.

During the development of the scope, the hemiaminal ethers
(Heck—Matsuda products) were found to be somehow unstable
when concentrated to dryness during work-up. We hypothesize
that a possible cause of such instability might consist in the for-
mation of a highly electrophilic iminium ion upon protonation
of the hemiaminal ether by silica or glassware acidity and
further elimination of methanol favored by the evaporation
process. The instability of hemiaminal ethers was previously
described in literature [19] during work-up. We then found that
careful control of the drying conditions, thus avoiding complete
drying of the crude mixture prevents degradation of the Heck
products. We then established a robust protocol consisting of
successive additions of acetone to the crude mixture, followed
by careful rotaevaporation. This procedure gradually removes
most of the methanol, allowing the sequential Jones oxidation
step to take place without any significant losses (see Support-

ing Information File 1 for details).

Given the presence of the 4-aryl-y-lactam motif in the phospho-
diesterase-4 inhibitor rolipram, and in a synthetic intermediate
for the baclofen drug, the Heck products 4bg and 4bq were
used as starting material for their syntheses. N-Tosylated
lactams 4bg and 4bq were then submitted to deprotection proto-
cols as described in the literature [20,21]. However, the removal
of the tosyl group of pyrroline 1b proved to be a challenging
task. After several unsuccessful attempts to remove the tosyl
group, we decided to evaluate the (p-nitrophenyl)sulfonyl (Ns)
and (o-nitrophenyl)sulfonyl (2-Ns) as alternative protecting
groups of 2,5-dihydro-1H-pyrrole (Scheme 5). Although the

results with the 2-Ns protecting group were somewhat disap-
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pointing, the results with 4-Ns group were more promising,
even with a welcome increase in the enantiomeric ratio in some
cases (4dd and 4de).

Synthesis of (R)-baclofen hydrochloride (6) from
4dd and (R)-rolipram (5b) from 4de

To further demonstrate the applicability of this method, the
aryl-lactams 4dd and 4de were successfully converted into the
selective phosphodiesterase-4 inhibitor (R)-rolipram (5b) [15],
and the commercial drug (R)-baclofen for the treatment of
muscle spasticity from spinal cord injury and multiple sclerosis
[16]. Among all the sulfonyl-protecting groups used in this
work, the removal of the N-nosyl group required milder condi-
tions [22]. Deprotection of N-nosylated 4dd and 4de with thio-
phenol and K,CO3 at room temperature gave the NH-unpro-
tected y-lactam Sa and the drug (R)-rolipram 5b in 79% and
97% yields, respectively, with excellent enantioselectivity.
Hydrolysis of y-lactam 5a in 6 N HCI aqueous solution at
100 °C for 10 hours then led to the formation of (R)-baclofen
hydrochloride (6) in 76% yield (Scheme 6). The total yields
were determined to be 49% for (R)-baclofen hydrochloride (6)
and 61% (R)-rolipram (Sb) from starting pyrrolidine 1d.

Determination of the absolute stereochemistry of the
Heck adducts/lactams and rationalization of the
enantioselectivity

The absolute stereochemistry of the products was determined by
the correlation of their optical rotations with that of the previ-
ously reported aryl-lactam 4bb [23], and its deprotected analog
[24], as well as with the intermediates 5b, 5a, and 6 in the
(R)-rolipram (5b) and (R)-baclofen hydrochloride (6) [25] syn-
theses. Assignment of the stereochemistry of all other lactams
as R was done by analogy. The assignment of the absolute
stereochemistry allowed us to propose a rationale for the
Heck—Matsuda reaction (Scheme 7). Upon activation of the
catalyst (I), oxidative addition of aryldiazonium salt and subse-
quent nitrogen release generates the cationic palladium(II)-N,N-
ligand complex (II), to which the pyrrolidine substrate coordi-
nates (IIT). Next, migratory insertion takes place generating the
alkylpalladium species (IV), which upon a sequence of p-elimi-
nation (V) and hydride insertion leads to alkylpalladium
intermediate (VI). Finally, upon methanolysis, the hemiaminal
ether product 3 is formed. We hypothesize that the enantioselec-
tivity-determining step consists of the migratory insertion of the
aryl group bonded to palladium to the pyrroline. The steric
effect of the #-Bu group favors the coordination of the pyrroline
with the protecting group upward, therefore creating an asym-
metric center with absolute configuration (R), in accordance
with experimental results. A rationalization for the transition
state that would lead to the observed outcome is depicted in

Figure 2.
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Scheme 5: Heck—Matsuda reaction of the protected 2,5-dihydro-1H-pyrrole with Ns and 2-Ns groups (pyrrolines 1¢, 1d). Reaction conditions:

1) pyrroline 1c or 1d (0.30 mmol, 1.0 equiv), aryldiazonium salts 2 (0.60 mmol, 2.0 equiv), Pd(TFA), (5 mol %), L1 (6 mol %), ZnCO3 (0.15 mmol,
0.5 equiv), MeOH (1.5 mL, 0.2 M), 40 °C, 4 h. 2) 1.0 mL Jones solution 2.5 M, 6 mL of acetone/water 3:1 (v/v), 1.5 h. Isolated yields were calculated
from an average of two runs. Enantiomeric ratio (er) determined by high-performance liquid chromatography (HPLC) analysis of the purified com-

pounds.
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Scheme 6: Synthesis of (R)-baclofen hydrochloride (6) from 4dd and (R)-rolipram (5b) from 4de. Reaction conditions: a) 4dd (0.20 mmol, 1.0 equiv),
PhSH (0.30 mmol, 1.5 equiv), KoCO3 (0.40 mmol, 2 equiv), MeCN (2 mL), DMSO (0.75 mL), 25 °C, 2 h, then 6 N HCI (0.5 mL), 100 °C, 10 h. Reac-
tion conditions: b) 4de (0.105 mmol, 1.0 equiv), PhSH (0.16 mmol, 1.5 equiv), KoCOj3 (0.21 mmol, 2 equiv), MeCN (1 mL), DMSO (0.4 mL), 25 °C,

2 h. Enantiomeric ratio (er) determined by high-performance liquid chromatography (HPLC) analysis of the purified compounds.
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Figure 2: Rationalization of the enantioselectivity obtained in the Heck—Matsuda reaction of protected 2,5-dihydro-1H-pyrrole with aryldiazonium salts

catalyzed by the (S)-PyraBox—palladium complex.

Conclusion

The palladium-catalyzed Heck—Matsuda desymmetrization of
N-protected 2,5-dihydro-1H-pyrroles with aryldiazonium salts
was successfully accomplished. The synthetic protocol em-
ployed the N,N-ligand (S)-PyraBox to provide several 4-substi-

tuted y-lactams in an enantioselective fashion, with broad scope
and good enantioselectivities, with yields up to 85% and er up
to 93:7. The methodology was shown to be robust, allowing the
use of different protecting groups at the nitrogen of the 4-pyrro-

line substrate. We also report straightforward synthetic routes to
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obtain (R)-rolipram (5b, 61% overall yield, 3 steps, 82:18 er)
and (R)-baclofen hydrochloride (6, 49% overall yield, 4 steps,
90:10 er) using the Heck—Matsuda reaction as a key step for
constructing the stereogenic center.

Supporting Information

Supporting Information File 1

Experimental procedures and characterization data for the
new compounds.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-84-S1.pdf]
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The RNA-dependent RNA polymerase (RdRp) represents a prominent target in the discovery and development of new antivirotics

against RNA viruses, inhibiting the replication process. One of the most targeted RNA viruses of the last years is, without doubt,
SARS-CoV-2, the cause of the recent COVID-19 pandemic. HeE1-2Tyr, a known inhibitor of flaviviral RdRp, has been discov-
ered to also have antiviral potency against this coronavirus. In this study, we report three distinct modifications of HeE1-2Tyr:

conversion of the core from a benzothiazole to a benzoxazole moiety and two different scaffold simplifications, respectively. We

provide a novel synthetic approach and, in addition, evaluate the final molecules in an in vitro polymerase assay for biological ac-

tivity.

Introduction

Epidemics caused by various viral infections, such as AIDS,
Zika fever, Dengue fever, or Ebola, are a constant threat to
communities of all sizes [1]. The COVID-19 pandemic, caused
by the newly emerged severe acute respiratory syndrome coron-
avirus type 2 (SARS-CoV-2), has put an enormous pressure on
the healthcare system worldwide and called for immediate
action in prevention and treatment, which in turn required the

discovery of new effective therapeutic options. It seems to be

clear that the widespread use of vaccines is able to stop the
acute phase of the pandemic. However, antiviral therapy for
COVID-19 is indispensable in case of vaccine failure, virus
mutation or suppressed immunity of some patients [2].

SARS-CoV-2 is part of the Coronaviridae family, a group of

enveloped +ssRNA viruses. The genome can directly act as a

viral messenger RNA and encodes essential enzymes for repli-
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cation [3]. Inhibiting these nonstructural proteins that are part of
the replication complex has already shown great success in

antiviral therapy [4-7].

The viral RNA-dependent RNA polymerase (RdRp) is encoded
in all RNA viruses and plays a crucial role in viral RNA replica-
tion. In the proteome of SARS-CoV-2, the catalytic subunit
nspl2, expressed together with the cofactors nsp7 and nspS,
constitutes the RdRp [8]. RdRp is usually targeted by nucleotide
analogue inhibitors (NAIs) [9]. This class of antivirals can
inhibit the replication by acting as a delayed chain terminator or
by causing genetic corruption in the viral RNA and includes the
first FDA-approved antiviral drugs in the therapy of COVID-19
patients, remdesivir [10] and molnupiravir [11]. The usability of
NAIs may largely depend on the metabolic activation, and they
also compete with the intracellular pool of natural nucleoside
triphosphates (NTPs). Nonnucleotide analogue inhibitors
(NNAIs) do not face these challenges as they bind to both
active but also allosteric sites of the RdRp, and therefore they

represent a promising NAI alternative [12].

Since the beginning of the pandemic, a variety of heterocyclic
small molecules — either of natural or synthetic origin — was re-
ported as promising inhibitors of the SARS-CoV-2 RdRp [13-
15]. However, compounds with a sufficient combination of high
potency and suitable pharmacokinetic properties are still scarce.
Recently, many studies have been focusing on drug repur-
posing or screening libraries of already approved biologically
active compounds [16,17]. This approach might represent a
very promising strategy in the case of targeting the coronaviral
RdRp due to the highly conserved structure of the polymerase,
not only across the CoV group but also in other RNA viruses
[13]. A great example of this phenomenon is remdesivir, which
was originally developed as a therapeutic agent against Ebola
virus [18,19].

HeE1-2Tyr (1) was originally identified by Tarantino et al. [20]
as a potent inhibitor of RdRp from all members of the genus
Orthoflavivirus [20-23] and was crystallized in complex with
the RdRp from DENV-3 [20]. In 2021, our group reported this
compound to also exhibit inhibitory activity against feline infec-
tious peritonitis virus (FIPV) and SARS-CoV-2 RdRp and to
hinder viral replication in cell-based antiviral assays [24]. That
study highlighted the beneficial role of the tyrosine residue and

the indispensable role of the C-2 substitution.

In this work, we report the synthesis and biological evaluation
of further analogues of HeE1-2Tyr (1) against the SARS-CoV-2
RdRp. We focused on the modification of the central hetero-
cyclic core and on the simplification and truncation of the rela-

tively large molecule 1 (Figure 1).

Beilstein J. Org. Chem. 2024, 20, 1029-1036.

In this work, replacing the sulfur atom with a (bio)isosteric
oxygen atom yielded two novel structural analogues, whilst our
effort towards more simple molecules led to a series of pyri-
done derivatives. Out of these, 3a had already been synthesized
by a different approach [22]. However, this study presents a
novel and notably simpler synthetic route. Furthermore, as part
of the systematic truncation of the core, we synthesized thia-
zolopyridone and thiadiazolopyridone derivatives because mol-
ecules based on these cores have already shown promising anti-

microbial activities [25,26].

Results and Discussion
Synthesis of HeE1-2Tyr (1) structural

analogues

Modification of the core: synthesis of
pyridobenzoxazole derivatives

The synthesis of the pyridobenzoxazole derivative 2 was de-
signed based on the modified approach published by Dejmek et
al. (Scheme 1) [24].

In this work, we first synthesized the intermediate 6 from
readily available 2',5'-dihydroxyacetophenone (5) following a
published procedure [27]. This compound was then easily con-
verted to the suitably decorated benzoxazole derivative 12a.
The benzoxazole core showed increased sensitivity towards a
basic environment, resulting in the ring-opened side product 13
through saponification of the ester function of compound 12a.
The identification of this side product proved to be challenging
due to insufficient evidence provided even by meticulous NMR
analysis and eventually had to be confirmed by X-ray crystal-
lography (Figure S1, Supporting Information File 1). Changing
the ester function from an ethyl to an allyl group enabled
a very mild cleavage using a Pd-mediated reaction with triethyl-
silane [28], and thus avoiding the use of base, leading to the
desired intermediate 14 in good yield. Compound 14 was
then coupled with L-tyrosine methyl ester followed by deprotec-
tion of the amino acid carboxyl group by LiOH-H,O. As
in the previous base-mediated saponification, here we also
received a product of the benzoxazole ring-opening reaction,
namely 16.

Simplification of the hit molecule: synthesis of
pyridone derivatives

We decided to simplify the relatively large structure of
HeE1-2Tyr (1) in order to obtain smaller, more accessible in-
hibitors with similar or better properties. The employed novel
synthetic strategy leading to pyridones bearing different aryl
substituents is described in Scheme 2. During the
Suzuki—-Miyaura cross-coupling reaction, which introduced the

substituents in the C-5 position, the methyl ester protection of
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Figure 1: Structure of HeE1-2Tyr (1) and of the derivatives synthesized in this work.

the amino acid moiety was also cleaved, leading directly to the
final compounds 3a (first reported by Cannalire et al. [22]) and
3b,c.

Simplification of the hit molecule: synthesis of
thiazolopyridone derivatives

Further, a novel type of inhibitor containing a thiazolopyridone
core and the corresponding azo derivative, namely 4a,b, were
synthesized. The synthetic route was designed based on the
work reported by Potts et al. [29] and is described in Scheme 3.
The 2-bromo-2-phenylacetyl chloride, necessary for the first
step of the synthesis, was prepared from readily available
phenylacetic acid [30,31]. The reaction with the 5-membered
heterocycles 21 and 26, respectively, led to two crucial
mesoionic compounds, 22 and 27. The recrystallized intermedi-
ates then underwent a formal cycloaddition with ethyl acrylate,
followed by the elimination of H,S, forming the desired hetero-
cyclic core structures (intermediates 23 and 28, respectively). A
subsequent saponification step led to the corresponding
carboxylic acids 24 and 29, and from there, the desired final
compounds 4a,b were obtained in a straightforward two-step

synthesis.

Biochemical study: inhibition of SARS-CoV-2
RdRp

We aimed to determine the inhibitory activity of the final com-
pounds 2, 16, 3a—c and 4a,b against SARS-CoV-2 RdRp. The
RdRp was prepared recombinantly, and the inhibitory activity
was measured using a primer extension polymerase assay. This
assay was also used to determine the ICs values (Figure 2 and
Figure S2, Supporting Information File 1). The benzoxazole an-
alogue 2 was devoid of any activity, while the ring-opened de-
rivative 16 showed inhibition with IC5y = 114.2 pM. It seemed
that the significantly smaller size of the oxygen atom in the
benzoxazole derivative compared to sulfur in HeE1-2Tyr (1) led
to an unfavorable molecular shape, while the analogue with the
open ring was able to compensate this difference. The pyridone
derivatives 3a—c exerted an activity resulting in ICs values of
128.7 uM, 203.8 uM and 88.1 uM, respectively, highlighting
that even significantly truncated molecules are capable of RdRp
inhibition. A thiophene substituent in position 5 (i.e., 3¢) proved
to be the most successful modification. The potential of the
truncated derivatives was further illustrated by the thiazolopyri-
done and thiadiazolopyridone compounds 4a,b, which showed
inhibition with IC5y = 88.1 uM and 128.7 uM, respectively.
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Scheme 1: Synthetic pathway to benzoxazole analogue 2 of HeE1-2Tyr (1). Reagents and conditions: a) TMSN3, TfOH, DCM, rt, overnight, b) BnBr,
NaH, DMF, 0 °C tort, 1 h, c) (R = Et) diethyl carbonate, LIHMDS, THF, -78to 0 °C, 1 h, d) (R = allyl) allyl chloroformate, LIHMDS, THF, -78 to 0 °C,
1 h, e) POCl3, DMF, 90 °C, 30 min, f) (BnCO)»0, 100 °C, 1.5 h, g) methanesulfonic acid, DCM, 0 °C to rt, 4 h, h) CyOH, PPhg, DIAD, 1,4-dioxane,
50 °C, overnight, i) (R = Et) NaOH, H20, EtOH, 75 °C, 3 h, j) (R = allyl) Et3SiH, PPh3, Pd(OAc)2, ACN, rt, k) H-L-Tyr-OMe, HOBt, EDCI, TEA, DCM,

DMF, rt, 12 h, 1) LiOH-H20, H20, 1,4-dioxane, rt, 45 min. Cy = cyclohexyl.

Even though the measured inhibitory concentration was higher
than that of HeE1-2Tyr (1), it must be considered that the syn-
thesized ligands were significantly smaller in size. Normaliza-
tion of the obtained results using the binding efficiency index
(BED) [32] suggest that both ligand types, 3a—c and 4a,b, bind
more efficiently to the SARS-CoV-2 RdRp when compared
to 1.

Conclusion

In this study, novel analogues of the antiviral HeE1-2Tyr (1)
were synthesized and evaluated with respect to the in vitro
inhibitory activity towards SARS-CoV-2 RdRp. To obtain the
benzoxazole analogue, a new synthetic strategy avoiding base-
mediated hydrolysis was successfully applied. For the simpli-

fied structural derivatives, the applied routes were optimized for
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maximal efficacy of the synthetic work. Regarding the
inhibitory activity, six of the novel compounds showed inhibi-
tion in the fluorescence-based primer extension assay. The two

simplified molecules were the most promising inhibitors, with

an ICsq value below 90 uM, and the compounds 3a—c and 4a,b
exerted stronger BEIs than 1. The obtained results provide
important information about the structural requirements
for the heterocyclic inhibitors based on HeE1-2Tyr (1), which
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Figure 2: Analysis of inhibitory activity against SARS-CoV-2 RdRp using primer extension assay. A) Gel-based polymerase assay with a constant
concentration of fluorescently labeled template/primer RNA (0.5 uM) and the polymerase complex (nsp7, nsp8 3 uM and nsp12 1 pM), along with in-
creasing concentrations of compounds as indicated at the top. Reactions were initiated by adding 10 uM NTPs and run for 1 h at 30 °C. The reac-
tions were stopped by adding stop buffer, and the products were separated on a 20% denaturing gel. B) Graphical representation of the inhibitory ac-
tivity of selected compounds evaluated from the gels obtained in the primer extension assay. The percentage of inhibition (against control) was plotted
against the logarithm of the concentration of compounds. The results were fitted to sigmoidal dose—response curves. C) The ICsq values were deter-
mined using the GraphPad algorithm (ICsq value of compound 1 was published by Dejmek et al. [24]), the BEI was calculated using the function plCsq
[mol/LYMW [kDa].
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Considering early-stage drug discovery programs, the Ugi four-component reaction is a valuable, flexible, and pivotal tool, facili-

tating the creation of two new amide bonds in a one-pot fashion to effectively yield the desired a-aminoacylamides. Here, we high-

light the reputation of this reaction approach to access number and scaffold diversity of a library of isatin-based a-acetamide

carboxamide oxindole hybrids, promising anticancer agents, in a mild and fast sustainable reaction process. The library was tested

against six human solid tumor cell lines, among them, non-small cell lung carcinoma, cervical adenocarcinoma, breast cancer and

colon adenocarcinoma. The most potent compounds 8d, 8h and 8k showed Gls( values in the range of 1-10 uM.

Introduction

Meticulous attention has been given by chemists regarding
process formation of new bonds and synthesis of new scaffolds.
In drug discovery and development, medicinal chemists
struggle everyday towards the creation of new synthetic
methods, driven by the increasing complexity of the molecules
and taking into consideration economic and social aspects.
Multicomponent reactions (MCRs) are remarkable tools which
demonstrated great potential for more sustainable production of
active pharmaceutical ingredients (API’s). These flexible and
versatile one-pot transformations in which three or more

reagents are combined to access a new complex scaffold with

remarkable atom economy, cost and time-effective and mainly
diminishing waste production is a conscientious boost for struc-
tural diversity and sustainability [1-3]. The well-known
Passerini, Ugi, Mannich, Biginelli, Hantzsch and Strecker reac-
tions are some examples of the classic MCRs, representing the
easygoing generation of a collection of small-molecules essen-
tial for structure—activity relationships (SAR). The isocyanide-
based Ugi reaction is one of the most resourceful tools and still
broadly studied MCR, generating multifunctional libraries of
a-aminoacylamide derivatives, or Ugi adducts, with stereo-

chemistry control [4,5]. Unquestionable potential of application
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in the pharmaceutical industry is recognizable by the number of
APIs obtained by this reaction approach [6,7]. The oxindole
framework is a privileged unit, recognized massively by its ex-
tensive biological applications [8,9]. In the last few years we
have been active in isatin modification using new synthetic ap-
proaches, anticipating the creation of new libraries of small-
molecule hybrids with potential as cholinesterase inhibitors [10-
13], important to treat neurodegenerative diseases, and anti-

cancer agents [14-16] (Figure 1).

Cancer is a complex, cureless and fatal disease, oftentimes diag-
nosed worldwide. Being one of the leading causes of death
worldwide, it is expected an increase of 47% with 28.4 million
cases diagnosed, in 2040 [17,18]. Despite long years of
research, there is still an urgent need to find novel, effective and

safe drugs for cancer therapy.

Recently, focusing on the design of more potent anticancer drug
candidates using more sustainable synthetic processes, we
report a new Ugi four-component reaction approach for easy
access to Ugi-derived isatin-peptoids in moderate to excellent
yields (up to 99% yield). Some selected compounds were
screened against five human solid tumor cell lines: lung (A549),
breast (HBL-100 and T-47D), cervix (HeLa) and colon (WiDr).
Preliminary SAR studies have revealed the preference of the

N-benzylisatin structure over the 3,3-protected-oxindole, ali-

isatin
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phatic chain on the acid component and small aliphatic chain on
the aldehyde component to increase the antiproliferative activi-
ty. Also, benzyl isocyanide was favored over the aliphatic one
(Scheme 1A) [16]. Considering the value of amide groups in
drug discovery [19], the feasibility of running the isatin-based
Ugi reaction [16,20-23] and the potential of the bis-amide-oxin-
dole type derivatives as anticancer agents, a second family was
synthesized, and screened for their anticancer activities
(Scheme 1B).

Results and Discussion
Synthesis

Underlining sustainability and economically favored processes,
a second family of a-acetamide carboxamide oxindole deriva-
tives 5 was obtained using the previously optimized Ugi4CR
approach [16] (Scheme 2 and Figure 2). Taking into account the
preliminary SAR studies reported for the first family of Ugi-
derived isatin-peptoids, the second family was obtained using
5-amino-1-benzyl-3,3-dimethoxyindolin-2-one (1) [12] and
benzyl isocyanide (4), as amine and isocyanide components, re-
spectively. Different carboxylic acids 2 and aldehydes/ketones 3
were evaluated using ZnF, as catalyst (10 mol %) and MeOH as
the solvent (Scheme 2 and Figure 2).

A library of a-acetamide carboxamide oxindole hybrids 5 was

obtained in moderate yields (26-63%), at room temperature, in
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Figure 1: (A) Accessing libraries of oxindole hybrids using commercially available isatin as starting material and (B) most potent oxindole derivatives

as BuChE inhibitors and anticancer agents, by Marques et al. [10-16].
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Scheme 1: (A) Library of isatin-based a-acetamide carboxamide oxindole derivatives obtained using an Ugi four-component reaction (Ugi4CR).

(B) The synthetic strategy reported in this work.

short time (2 hours), proving the efficiency and the generality of
this methodology. Aliphatic (2a, 2¢ and 2m), aromatic (2d, 2f,
2g, 2k and 2l), heterocyclic (2e, 2h, 2i, 2n and 20), alkyne 2b
and alkene 2j carboxylic acids were used successfully in this
MCR, demonstrating a great reaction scope (Scheme 2 and
Figure 2). Remarkably, the best yields were obtained when
heterocyclic carboxylic acid components like 1H-pyrrole-3-
carboxylic acid (2mn), 2-furoic acid (20) and 5-nitrofuran-2-
carboxylic acid (2e) were used. The corresponding products
Snb, Sob and Sec were achieved in 63, 51 and 49% yields, re-
spectively. 1-Boc-azetidine-3-carboxylic acid (2i) also gave the
corresponding product 5ib in 54% yield. Considering the car-
bonyl component, 1-chloropropan-2-one (3a) was used to
access the corresponding Ugi adduct Saa in 42% yield
(Scheme 2 and Figure 2). Interestingly, N-benzyl-2-(N-(1-
benzyl-3,3-dimethoxy-2-oxoindolin-5-yl)acetamido)-3-
hydroxy-2-methylpropanamide (5aa) was obtained rather than
the predictable compound with a 3-chloro-2-methyl-

propanamide group. We believe that a nucleophilic substitution

occurs due to the presence of acetic acid (2a) as reaction com-
ponent. Aliphatic aldehydes with small chains (3b and 3c¢) were
used successfully in the reaction approach, as expected. Also,
aromatic 2-chlorobenzaldehyde (3d) was used and the desired
compound Sad was obtained in 36% yield (Scheme 2 and
Figure 2).

Like the oxindole scaffold, 1,2,3-triazole is also considered a
privileged unit in drug discovery since compounds having this
structure have a broad spectrum of biological activities, and
have been widely used to create anticancer drug candidates
[24,25]. The copper-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction, or commonly entitled “click” reaction, is a
widely and straightforward tool to access the 1,2,3-triazole ring
[26,27]. Due to the presence of an alkyne group on the Ugi-
adduct 5bb (Scheme 2) we decided to use the CuAAC reaction
to introduce a 1,2,3-triazole unit into the scaffold. Benzyl azide
(6), obtained using a previously reported procedure [27], was

used in the CuAAC reaction. The a-acetamide carboxamide
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1,2,3-triazole oxindole hybrid 7 was easily obtained in 61%
yield using Cu(OAc), as catalyst, ascorbic acid, DMF as sol-
vent, and microwave reaction conditions (120 °C, 30 minutes)
(Scheme 3).

Resourcefulness of the Ugi4CR and preliminary SAR studies
[16] lead us to synthesize a third library of oxindole derivatives,
using trifluoroacetic acid (TFA), under mild reaction condi-
tions, to afford the corresponding a-acetamide carboxamide
isatin hybrids 8 from the 3-protected oxindole counterparts 5
and 7, in moderate to good yields (Scheme 4). The best yield
was obtained when 3-protected oxindole derivatives 5 possess
an aromatic or heterocyclic unit substituted in the 5-amide posi-
tion of the oxindole ring. Compounds 8c, 8d, 8e and 8m were
obtained in 83, 72, 74 and 84% yield, respectively. An excep-
tion was noticed for N-heterocycle units (pyridine and
1H-pyrrole) substituted in the same position, since compounds

/
/

MeO OMe

Beilstein J. Org. Chem. 2024, 20, 1213-1220.

H ON_o o
)
OH
2e

O
HO)KE\ \)ko o o}
Ny O a0 K

3a 3b

(@]
(6]
SHse.
H
>
3c 3d

N 2n o

8g, 8l and 8i were obtained in 56, 51 and 36% yield, respective-
ly. The 1,2,3-triazole hybrid isatin compound 8n was obtained
in 56% yield. Compounds 5ib and Shb, with N-Boc protected-
heterocycle units in the 5-amide position of the oxindole ring
(Scheme 2) failed to afford the corresponding 3-deprotected
isatin hybrids, since only decomposition byproducts (not identi-

fied) were obtained.

Antiproliferative activity

Considering the potential antiproliferative activity of these com-
pounds, we screened 14 a-acetamide carboxamide isatin
hybrids against six human solid tumor cell lines. The panel of
cell lines comprised non-small cell lung carcinoma A549 and
SW1573, cervical adenocarcinoma HeLa, breast cancer HBL-
100 and T-47D, and colon adenocarcinoma WiDr. The half-
maximal growth inhibitory concentration (Glsg) values after
48 hours of exposure were calculated for each compound (Table

N Cu(OAc); (20 mol %)
©/\H o + [ _sscorbicacid 22mol%) A\ N)H/N
N = DMF, MW | JH °
. N
120 °C, 30 min

5bb

)

7 (61% yield) \\©

Scheme 3: Microwave-assisted CuAAC reaction to access a-acetamide carboxamide 1,2,3-triazole oxindole hybrid 7.
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S1, Supporting Information File 1). The standard anticancer
drug cisplatin (CDDP) was used as positive control. The results
are viewed as Gl range plot (Figure 3). The compounds were
classified in three groups according to the Gl range plot. The
first group included the most active compounds 8d, 8h and 8k.
These compounds exhibited antiproliferative effects in the
range of 1-10 uM against all cell lines. The second group
comprised the less potent compounds, which were 8a, 8b, 8g
and 8i. In this group, the GIsq values were higher than 10 uM in
all cell lines tested. Finally, the third group enclosed the com-
pounds that displayed a larger Glsg range with relevant activity
against some cell lines (GIsg < 10 uM), but less potent against
the others (Glsg > 10 uM). Some structure—activity relation-
ships derived from the Glsg values. The presence of a nitro
group at the furan moiety enhanced the activity (8d > 8m).
Presumably, the nitro group made 8d the most potent analogue
bearing an aromatic amide (8c, 8e, 8g, 8i, 81-n). For the aliphat-
ic amides, the most potent derivatives were 8h and 8k. The
former is an a,B-unsaturated amide, which could react with
nucleophiles inside the cell and thus explain its relative potency.
The latter bears a long aliphatic side chain (thirteen carbon
atoms), which could allow anchoring to cell membranes,
representing a potential target. Overall, the results of the biolog-
ical activity allow speculating that the compounds from the
series 8a—n might exhibit diverse mode of actions. Taking
all these considerations as a whole, further studies of the

biological activity of compounds 8d, 8h and 8k might provide

Gl5;, Range (pM)
10

Figure 3: Glsq range plot against human solid tumor cell lines of inves-
tigated a-acetamide carboxamide isatin hybrids. Green most potent,
yellow intermediate, red less potent.

Beilstein J. Org. Chem. 2024, 20, 1213-1220.

insights into the mode of action. Generally, the biological
results point out the relevance of these isatin hybrids as privi-
leged scaffolds for the development of new therapeutically rele-

vant substances.

Conclusion

Two new families of a-acetamide carboxamide oxindole and
isatin hybrids were synthesized efficiently using the sustainable
and efficient Ugi4CR approach. Easy access to isatin from the
3-protected oxindole scaffold was demonstrated using mild
reaction conditions. Flexibility of the carboxylic acid compo-
nent and also the carbonyl one (ketone/aldehyde) was exhibited
in the library of Ugi adducts obtained in moderate to good
yields, in a fast and clean reaction process. Among the library
of a-acetamide carboxamide isatin hybrids, 14 were tested
regarding their antiproliferative activity. Compounds 8d, 8h
and 8k were found to be the most potent ones, with Glsg
values in the range of 1-10 uM. Further studies on the mode of
action and lead-discovery are in progress and will be reported
shortly.
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Abstract

A new paradigm for energy is underway demanding decarbonized energy systems. Some of them rely on emerging electrochemical
devices, crucial in hydrogen technologies, including fuel cells, CO, and water electrolysers, whose applications and performances
depend on key components such as their separators/ion-exchange membranes. The most studied and already commercialized Nafion
membrane shows great chemical stability, but its water content limits its high proton conduction to a limited range of operating
temperatures. Here, we report the synthesis of a new series of triazinephosphonate derivatives and their use as dopants in the prepa-
ration of new modified Nafion membranes. The triazinephosphonate derivatives were prepared by substitution of chlorine atoms in
cyanuric chloride. Diverse conditions were used to obtain the trisubstituted (4-hydroxyphenyl)triazinephosphonate derivatives and
the (4-aminophenyl)triazinephosphonate derivatives, but with these amino counterparts, only the disubstituted compounds were ob-
tained. The new modified Nafion membranes were prepared by casting incorporation of the synthesized 1,3,5-triazinephosphonate
(TPs) derivatives. The evaluation of the proton conduction properties of the new membranes and relative humidity (RH) conditions
and at 60 °C, showed that they present higher proton conductivities than the prepared Nafion membrane and similar or better proton
conductivities than commercial Nafion N115, in the same experimental conditions. The Nafion-doped membrane with compound

TP2 with a 1.0 wt % loading showed the highest proton conductivity with 84 mS-cm™!.

Introduction
Decarbonized energy sources are the new paradigm in a world  mental effects of climate change. Vast efforts are being made to
with increasing energy demands, primarily powered by fossil  fulfil this crucial challenge of the 21st century. Clean, renew-

fuels, being proposed as a key strategy for restricting the detri-  able, and environmental-friendly technological processes are
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being considered using electrochemical devices which convert
chemical to electric energy and/or vice versa that, when associ-
ated to renewable energy sources, can promote sustainable
energy systems [1-4]. Among them are included proton
exchange membrane devices [5,6], such as proton exchange
membrane fuel cells (PEMFCs) [3,7-9], due to their high-power
density and high power-to-weight ratio, and CO, electrolysers,
which can reduce the polluting gas CO, and produce syngas
from the co-electrolysis of CO, and water [10,11], or water
electrolysers that allow the generation of green hydrogen
[12,13]. The technology behind these electrochemical devices
still relies on the membrane as a key component that defines the
applications and the conditions to its use [14]. Both fuel cells
and water electrolyser devices depend on proton exchange
membranes to ensure a high proton conduction or leading to an
efficient reaction production of hydrogen and oxygen gases,
with no risk of electrolyte leakage and restricted gas-crossover
[15-17].

Also, besides their conductivity and their low permeability to
fuel and oxidant, the chemical and structural properties of the
membranes restrain their stability and durability, their humidity
and temperature application conditions, and their efficiency and
consequently, the performance of fuel cells or eletrolysers
[18,19].

Many organic polymers with acidic functional groups have been
developed as membranes for these electrochemical devices
[14,20]. However, many technological limitations remain due to
the high dependence of the membrane’s performance on the
presence of water or other electrolyte content. To overcome
these limitations, the modification of the membrane can be done
by the incorporation of other compounds into these polymeric
materials to participate in the proton conduction or to surpass
the water or electrolyte dependency [15,21].

The most studied and commercially available proton exchange
membranes consist of Nafion, a hydrophobic perfluorosul-
fonated polymer with sulfonic acid groups [22]. These mem-
branes have an excellent chemical stability, but their high
proton conduction is dependent of the water content of the
membranes which limits their operating temperature range to
80 °C [23].

The importance of the membranes for the new sustainable
energy sources fostered the efforts and investments in the
research and development of new membranes that might be able
to surpass the actual limitations. Our studies started with the
synthesis of phosphonate and phosphonic acid compounds to be
used as membrane dopants [24,25]. These studies were fol-

lowed by the incorporation of bisphosphonic acids as dopants in

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

Nafion membranes that led to an increase on the proton conduc-
tion of the new membranes, since these compounds are good
proton carriers due to their proton donor and acceptor behavior
[26-29]. In addition, the increase in the proton conduction of the
doped membranes has been shown to be dependent of the chem-
ical structure of the dopant.

Triazines are a class of heteroaromatic compounds with three
nitrogen atoms on a six-membered ring, with the general
formula C3N3Hj3. According to the position of the nitrogen
atoms in the ring, they constitute 1,2,3-, 1,2,4- and 1,3,5-
triazine isomers [30]. There have been reported several and
diverse applications to a large number of compounds with a
triazine moiety, ranging from biological applications [31-34],
such as fungicide, herbicide, antiviral, antimicrobial, antitumor,
to their use in organic synthesis, including combinatorial chem-
istry [35], in analytical chemistry, in electrochemical redox pro-
cesses, in crystal engineering, and as fluorescent, light emitting,
corrosion inhibitors or several other materials [36-42].

The most used triazine is 1,3,5-triazine (or s-triazine) that can
provide symmetrical monosubstituted derivatives, or di- or
trisubstituted symmetrical or asymmetrical derivatives. The C3
symmetry of 1,3,5-triazine makes it a popular heterocyclic core
for the synthesis of star-shaped molecules [43-45], which was
being used to the construction of triangular molecules, includ-
ing molecular cages [46,47] and at porous materials, as linkers
in metal-organic frameworks (MOFs) [48], used in the evalua-
tion of the cycloaddition of CO; to epoxides [49] and CO,
uptake [50].

Taking in consideration the strategy of the incorporation of
dopants to promote the proton conduction in Nafion mem-
branes, new triazinephosphonate (TPs) derivatives were pre-
pared to be applied as dopants through their incorporation into
new doped membranes. To this purpose, the present work
reports on the synthesis and characterization of a new series of
1,3,5-triazinephosphonate (TPs) derivatives in the anticipation
that these dopants can act both as a source of protons and proton
acceptors, facilitating the intermolecular proton conduction. The
rational of the strategy behind the use of amino- and hydroxy-
phenyl spacers is twofold: i) their inclusion in the structure
separates the bulky phosphonate groups from the triazine
moiety, giving the membrane more structural flexibility;
ii) nitrogen and oxygen atoms of these groups can also partici-
pate in the proton conduction of the membranes. The new mem-
branes were prepared by casting incorporation of the synthe-
sized 1,3,5-triazinephosphonate (TPs) derivatives. Proton
conduction properties of new membranes were evaluated by
electrochemical impedance spectroscopy (EIS) at 60 °C at dif-

ferent relative humidity (RH) conditions. The results showed
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higher proton conductivities than recast Nafion membrane and
similar or better proton conductivities than commercial Nafion

N115, in the same experimental conditions.

Results and Discussion

Preparation of triazine derivatives

The synthesis of 1,3,5-triazinephosphonate (TP) derivatives, to
be used as dopants on new membranes, were carried out from
the commercially available cyanuric chloride (1), through the
substitution of chlorine atoms by different nucleophiles. The
devised strategy involved the attack of the O or N atoms of the
arylphosphonate nucleophile at the position of the chlorine atom
of triazine, at its 2, 4 and 6 carbon positions (Figure 1). Most of
these nucleophiles bearing a phosphonate group were not com-
mercially available and were prepared from 4-hydroxyphenyl-

or 4-aminophenyl-based derivatives.

The first nucleophile to be synthesized was diethyl (4-hydroxy-
phenyl)phosphonate (2) [51], starting from 4-bromophenol (3)
and triethyl phosphite. When this reaction was carried out in the
presence of nickel(Il) bromide, it afforded compound 2 with a
very low yield (2%). When the phosphonation was performed
with diethyl phosphonate in the presence of Pd(PPh3), as cata-
lyst and trimethylamine, compound 2 was formed with a good
yield (72%) (Scheme 1).

The corresponding (4-nitrophenyl)phosphonate derivative 6
[51] was also prepared, using the same reaction conditions, by

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

Br PO3Et2
HP(O)(OEt),, Pd(PPh3)s, NEt3
R R
3 R=OH 2 R=0OH (72%)
5 R=NO, 6 R=NOy (79%)

Ho, Pd/C (10%) [
4 R=NH, (95%)

Scheme 1: Synthesis of diethyl phenylphosphonates 2, 4 and 6.

the reaction between 1-bromo-4-nitrobenzene (5) and diethyl
phosphonate, in the presence of Pd(PPhj3)4 as catalyst and tri-
ethylamine, since the use of triethyl phosphite in the presence
on nickel(IT) bromide do not allow the formation of the desired
product. Compound 6 [51] was subsequently reduced to the cor-
responding aniline derivative 4 [52] in the presence of H, and
Pd/C (Scheme 1).

The synthesis of diethyl (4-hydroxyphenyl)methylphosphonate
(7) [53] started from [4-(benzyloxy)phenyl]methanol (8). Com-
pound 8 was submitted to a nucleophilic substitution using
hydrobromic acid, as a 33% solution in acetic acid, to afford the
corresponding bromide derivative 9 [54] (Scheme 2). Subse-
quently 1-(benzyloxy)-4-(bromomethyl)benzene (9) underwent
Michaelis—Arbuzov reaction with triethyl phosphite to afford
diethyl [4-(benzyloxy)phenyl]methylphosphonate (10). The

ey

Cl Cl
R N)%N base NN base R\©\ N™ SN
| | | _
/kN/)\ Cl)\N/)\CI O)\N)\O
- o)
1
|
R R
Figure 1: General synthesis of triazinephosphonate compounds.
OH Br POgEtz PO3Et2
HBr, HOAc P(OEt); H,, Pd/C, EtOH
~ ~Ph ~Ph OH
8 9 (81%) 10 (quantitative) 7 (99%)

Scheme 2: Synthesis of (4-hydroxyphenyl)methylphosphonate 7 starting from [4-(benzyloxy)phenylJmethanol (8).
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following hydrogenolysis under H»/Pd/C conditions in ethanol,
afforded the desired diethyl (4-hydroxyphenyl)methylphospho-
nate (7), in an overall yield of 80%.

The synthesis of diethyl [hydroxy(4-hydroxyphenyl)meth-
yl]lphosphonate (11) [55] started with the reaction of 4-hydroxy-
benzaldehyde (12) with diethyl phosphonate. Several attempts
were carried out under different conditions, using several bases
or an acidic resin, but only complex mixtures of products were
obtained from which it was not possible to isolate the product.
The reaction of 4-hydroxybenzaldehyde (12) with triethyl phos-
phite in the presence of zinc(II) bromide allowed the formation
of diethyl [hydroxy(4-hydroxyphenyl)methyl]phosphonate (11)
and tetraethyl [(4-hydroxyphenyl)methylene]bis(phosphonate)
(13), which were separated by column chromatography
(Scheme 3).

HO PO3Et2 Et203P POgEtz

P(OEt)3, ZnBr2

OH OH OH

12 11 (46%) 13 (42%)

Scheme 3: Synthesis of diethyl [hydroxy(4-hydroxyphenyl)meth-
yllphosphonate (11) and tetraethyl [(4-hydroxyphenyl)methyl-
ene]bis(phosphonate) (13).

The synthesis of pure tetraethyl [(4-hydroxyphenyl)methyl-
ene]bis(phosphonate) (13) [56] was successfully achieved, with
high yield, by the reaction of diethyl phosphonate with
4-hydroxybenzaldehyde (12) in the presence of sodium metal.

A reaction to obtain the corresponding amino derivative 14 [57]
was carried out starting from 4-nitrobenzaldehyde (15). Com-
pound 15 reacted with diethyl phosphonate in the presence of a
strong base (sodium methoxide) to afford diethyl [hydroxy(4-
nitrophenyl)methyl]phosphonate (16) in 81% yield (Scheme 4).
The hydrogenolysis of this compound under Hj on

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

Pd/C afforded quantitatively diethyl [hydroxy(4-amino-
phenyl)methyl]phosphonate (14) (Scheme 4). With the starting
compound 15, the Michaelis-Arbuzov reaction did not afford

the tetraethyl bisphosphonate derivative.

To reach the star-shaped s-triazine derivatives bearing a phos-
phonate group, it was considered that the best strategy was to
carry out the substitution of chlorine atoms of 2,4,6-trichloro-
1,3,5-triazine (cyanuric chloride, 1) by the previously synthe-
sized nucleophiles. The general scheme to obtain the desired
triazinephosphonates (TPs) from the synthesized amino nucleo-
philes are represented in Scheme 5.

Initially, the 4-aminophenyl derivatives were synthesized in a
THF solution, using DIPEA as base. The first reaction was
carried out between more than 3 equiv of (4-aminophenyl)phos-
phonate 4 and cyanuric chloride (1). This reaction did not afford
the desired trisubstituted triazine; instead, only the disubsti-
tuted derivative was achieved (compound TP1), in low yield,
with a chlorine atom remaining bonded to the triazine ring
(Scheme 5). The spectroscopic data of the isolated compound
are in accordance with the proposed structure for compound
TP1. The MS spectrum confirms the presence of a chlorine
atom, with a molecular ion MH* and a MH* + 2 peak for 3>CI
and 37Cl isotopes, respectively, with an approximately 3/4 and
1/4 proportion. The symmetry of the obtained compound TP1
gives simple NMR spectra, with the 3P NMR spectrum
showing a singlet signal (Figure 2) and the signal at 169.5 ppm,
on the 13C NMR spectrum, confirming the presence of a chlo-
rine atom bonded to a carbon atom in the proposed structure.
Other synthetic attempts were carried out with different reac-
tion conditions, but they usually gave complex mixtures, whose
compounds could not be separated, and the trisubstituted

triazine derivative was not achieved.

The reaction of cyanuric chloride (1) with (4-amino-
phenyl)methylphosphonate 17 also afforded the disubstituted
triazine derivative TP2 (Scheme 5). Other reactions were
carried out at different conditions, but they did not afford the

desired trisubstituted derivative. The spectroscopic data are in

Oy H HO.__POsEt, HO. _POsEt,
HP(O)(OEt),, NaOMe H,, Pd/C (10%)
N02 NOQ NH,
15 16 (81%) 14 (99%)

Scheme 4: Synthesis of diethyl phenylphosphonates 16 and 14.
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Cl Cl
— DIPEA R
N)*N + -/ Z N)%N
P "N\ /R I
cI” N el /\H N NH
1 4 R=POsEt, /\H TP1 R =POsEt,
14 R = CH(OH)POsEt, K‘/ TP2 R = CH(OH)POsEt,
17 R= CH2PO3Et2 R TP3 R= CH2PO3Et2
Cl PO3Et2 Cl PO3Et2 Cl
Et,03P. N)§N N')QN HO)\©\ /NIKJQN
|
(j\N/'\N/)\NH NS N N
H H H
POsEt; Et,05P Et,O3P° OH
TP1 (22%) TP2 (82%) TP3 (84%)

Scheme 5: Synthesis of 4-aminophenyltriazinephosphonate derivatives TP1-TP3.

H NMR 1P NMR

PO3Et, cl
HO) @\ N J§N
]
S N/)\NH
H
3
Et,05P” “OH
f M |
|
-~ l jv‘\ JIL
PO3Et, cl
K<j N J§N
H |
“
o2
t Et,04P
P | WA W J —
cl

5 (ppm) S (ppm)

Figure 2: Partial view of 'H and 3P NMR spectra of 4-aminophenyltriazinephosphonate derivatives TP1-TP3.
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agreement with the proposed disubstitution pattern, with MS
showing MH* and MH* + 2 isotope peaks due to the presence
of chlorine in the molecule. In the '"H NMR spectrum, the CH,P
protons appear as a doublet signal at 3.14 ppm, due to the cou-
pling with the 3'P atom of the phosphonate group (Figure 2).
The chemical shift of the 3'P atoms is observed as a singlet for
both phosphorus atoms (Figure 2) and the carbon atom bonded

to the chlorine atom is observed at 167.8 ppm.

Also, the reaction with diethyl [hydroxy(4-amino-
phenyl)methyl]phosphonate (14) only afforded the disubsti-
tuted derivative TP3 (Scheme 5), despite the different condi-
tions tested. The spectroscopic data are in agreement with the

cl
NIAN . HO@R DIPEA
Cl)\N/)\CI
1 2 R=POsEt,

7 R= CH2P03Et2
14 R = CH(PO4Ety),
11 R = CH(OH)PO;Et,

Et203P\©\ NAN \
OJ'\ PR O)'\N/)\

|
O)\N/)\O
© TP4 (76%)

POsEt,

Et,04P

OH
/@POgEtQ
o

oy
O)\N/)\O

Et,04P

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

proposed structure for compound TP3 (Scheme 5), namely the
presence of the chlorine atom in the mass spectrum, due to the
presence of isotope peaks, the signal at 168.2 ppm at '3C NMR
spectrum attributed to the carbon atom bonded to chlorine, and
the singlet signal of the phosphorus atom at the 3'P NMR spec-

trum.

The synthesis of the corresponding 4-hydroxyphenylphospho-
nate derivatives followed the same strategy of the amino coun-
terparts’ preparation (Scheme 6). The initial reaction between
cyanuric acid (1) and diethyl 4-hydroxyphenylphosphonate (2)
in THF, with DIPEA as base, gave a mixture of products which
was purified by column chromatography to afford the desired

TP4 R =PO.Et,
TP5 R = CH,PO3Et,
R TP6 R = CH(POsEty),
TP7 R = CH(OH)PO3Et,
POsEt, PO;Et,
POSEt,

POSE,
N Et;03P N

o)
@ TP6 (73%)

Et,03P” “PO;Et,

o)
%j TP5 (72%)

TP7
(mixture)

Et,0sP” “OH

Scheme 6: Synthesis of (4-hydroxyphenyl)triazinephosphonate derivatives TP4-TP6.
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trisubstituted compound TP4 (Scheme 6). Since this reaction
had a very low yield (17%), another base, NayCOj3, was used
and compound TP4 was obtained in a good yield (76%). No
isotope peaks were observed at the MS of the compound, in
agreement with the full displacement of the chlorine atoms. The
NMR spectra (Figure 3) presented a similar pattern of the corre-
sponding 4-amino derivative TP1. The 3'P NMR spectrum
shows only one singlet in accordance with the symmetry of the

molecule, with magnetically equivalent phosphorus atoms.

H NMR
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The synthesis of other 4-hydroxyphenyltriazinephosphonate de-
rivatives TPS and TP6, starting from diethyl [(4-hydroxy-
phenyl)methyl]phosphonate (7) and tetraethyl [(4-hydroxy-
phenyl)methylene]bisphosphonate (13), were carried out using
the same conditions of the previous reaction, including NayCOj3
as base. These reactions afforded the desired trisubstituted
triazine derivatives, compounds TP5 and TP6, respectively, in
good yields (>70%) (Scheme 6). The TP5 was also prepared
using DIPEA as a base, but in low yield (25%). All spectra of

1P NMR

i |

/©/PO3E12
o)
Et;OsP._ | NJ\N
|
N0 NP Yo
a
- TP4
AL PO, .
I I I I I I I I I I I I I I 1 I | I
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Figure 3: Partial view of 'H and 3'P NMR spectra of (4-hydroxyphenyl)triazinephosphonate derivatives TP4-TP6.
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these compounds are in agreement with the proposed structures
(Figure 3).

Several attempts were carried out to prepare triazinephospho-
nate TP7 derivative from diethyl [hydroxy(4-hydroxy-
phenyl)methyl]phosphonate (11). However, all the attempts to
isolate triazinephosphonate TP7 derivative failed. The initial
reactions between cyanuric acid (1) and compound 11, using
Na,COj3 as base, gave a mixture of products, which were not
possible to separate. The data obtained from these mixtures
suggest that triazine derivatives with different substitutions
patterns are obtained, and that the displacement of the chlorine
atom occurred by several substitution degrees by both the
oxygen atom of hydroxyphenyl or the hydroxymethyl group of
compound 11, giving a complex mixture. The use of DIPEA as
base, under the previous conditions, gave the desired trisubsti-
tuted compound TP7 (crude, 47%) (Scheme 6). However,
purification of the crude product by column chromatography led
to the decomposition of compound TP7.

Another strategy was devised to obtain the desired triazinephos-
phonate TP7: The first step was the nucleophilic substitution of
the chlorine atoms of triazine 1 by 4-hydroxybenzaldehyde
(12), followed by the phosphonation of the aldehyde group. To
implement this strategy, a reaction between 4-hydroxybenzalde-
hyde (12) and cyanuric chloride (1) was performed, in toluene
with NayCOs as base, to obtain compound 19 [58] in very good
yield (87%) (Scheme 7). Compound 19 was subjected to simi-
lar reaction conditions that led to phosphonates 11 and 16, using
diethyl phosphonate in the presence of a base, such as Et3;N and
NaOCHj3, or even sodium metal, to obtain compound TP7
(Scheme 7). Unfortunately, these reactions afforded complex
mixtures of products and by column chromatography was iso-

lated only compound 20 in low yield (13%). It was not possible

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

to isolate neither di- or triphosphonate derivatives and with this
compound it was not possible to prepare a doped membrane
(Scheme 7).

Preparation and proton conduction of doped

membranes

Previous studies in our group [26-29] have shown that the in-
corporation of phosphonic acid derivatives into commercial
Nafion polymers increment their proton conduction properties.
The synthesized compounds (TP1-TP6) were attempted to be
applied as dopants in the preparation of new proton exchange
membranes.

With this in mind, new doped membranes were prepared by in-
corporation of the chosen dopants into a Nafion polymer using a
casting method (Figure 4). It was expected that the dopants
could act as proton carriers, improving the proton conduction of
the membranes. The new membranes had a 1 wt % loading of
TPs since our previous [27] results showed that 1 wt % is

usually the best weight loading for doped Nafion membranes.

The FTIR-ATR spectra of Nafion membranes (Supporting
Information File 1, Figure S1) showed the characteristic very
strong and broad absorption bands of Nafion near 1200 and
1145 cm™! due to the C-F stretching vibration [59-63]. The
phosphonate compounds also present their strongest bands in
this region, but they are overlapped by the more intense Nafion
bonds due to the small wt % loading of the dopants. As a result,
despite the visible slight dark-brown color, observed by a visual
inspection of the membranes, only discrete changes are ob-
served in the spectra of new membranes compared to commer-
cial Nafion [64]. Other characteristic bands of S—O group,
CF,—CF and C-O-C are observed at near 1050, 980 and
960 cm™!, respectively, in the FTIR spectra [63].

(6] OH
H PO4EL,
(e} H
Cl H O H e}
N)QN Na;CO5 NKN Na, HP(O)(OEt), . *\N
| + | | + mixtures
e o o
OH
1 12
H™ "0 H™ ~O
19 (87%) 20 (13%)

Scheme 7: Attempted synthesis of triazinephosphonate TP7.
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Figure 4: Preparation of the new doped membranes.

The proton conductivity of the new proton exchange membrane
is a key property relevant, for example, to the performance of
fuel cells. The study of the protonic conductivities of the new
modified membranes were determined, in-plane, at 60 °C, in
different relative humidity (RH) conditions (40, 60 and 80%),
through electrochemical impedance spectroscopy (EIS)
(Figure 5). A prepared recast Nafion and a commercial Nafion
N115 membrane were also submitted to EIS analysis, under the
same experimental conditions of the prepared membranes, for

comparison of their proton conductivities.

An increase in the proton conductivity of all membranes with
increasing of RH was observed. All membranes showed a near
4-fold increment in their proton conductivities between 40% to
80% RH conditions.

All membranes showed a better proton conductivity than the
recast Nafion membrane. Also, all prepared membranes, with
exception of the membrane doped with TP4, showed better

proton conductivity than commercial Nafion N115.

It was also observed that the membranes doped with
aminophenylphosphonate derivatives (TP1, TP2 and TP3)
show slightly higher proton conductivities compared with
hydroxyphenyl derivatives (TP4, TP5 and TP6). In both series

Gl o

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

with1.0 wt% TP3

Nafion® casting
]

Solution casting
L with1.0wt%TP6

(aminophenylphosphonate or hydroxyphenylphosphonate deriv-
atives), the membranes doped with phenylphosphonates (TP1
and TP4) showed the lowest proton conductivity compared with
the membranes doped with other amino- or hydroxy derivatives.
In the case of the membrane doped with triazine TP6, with a
methylbisphosphonate structure, it is observed similar results
compared to the membrane doped with TP3 with a hydroxy-
methylphosphonate structure. The best value was observed for
the Nafion membrane doped with compound TP2, at 80% RH,
with a proton conductivity of 83.8 mS-cm™!.

Conclusion

This study presents the synthesis of several triazinephospho-
nates with 4-aminophenyl or 4-hydroxyphenyl moieties, used as
dopants in the preparation of new Nafion membranes. The syn-
thesis of these triazinephosphonate derivatives were achieved
through the substitution of chlorine atoms of cyanuric chloride
(1). In these syntheses, different bases were used with different
results, with NayCOj3 being used to obtain 4-hydroxyphenyl de-
rivatives TP4, TP5 and TP6, while DIPEA was used to prepare
the 4-aminophenyl counterparts and TP7. In the case of the
4-aminophenyl derivatives, only the disubstituted triazine com-
pounds TP1-TP3 were isolated. The proposed structures for
these compounds were supported by the spectroscopic data, in-
cluding NMR, FTIR and MS spectra.

Relative Humidity (%)

1.0
; 4 Nafion N115
_ 1.2 1
F: Recast Nafion
£.1.4 ] ;
9
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o | |
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_ A2 ;
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Figure 5: Comparison of in-plane proton conductivity vs RH of Nafion doped membranes, at 60 °C.
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New doped Nafion membranes were prepared, with a 1 wt %
loading of the dopant, by a casting method developed previ-
ously in our group. The proton conduction properties of the new
membranes were evaluated by EIS, under different RH condi-
tions, at 60 °C. The EIS results of the new membranes endorse
the proposed strategy delivering new membranes with a better
proton conductivity. These results showed that the incorpora-
tion of the dopants promotes an increase in the proton conduc-
tion of the new membranes, with higher proton conductivity
values than recast Nafion and commercial Nafion N115 (with
the exception of the membrane doped with TP4) under the same
experimental conditions. The RH marks a strong influence with
large increments in the proton conductivity of all membranes
with the increase of RH, up to 4.2-fold, when the measure-
ments were done at 80% RH compared with 40% RH results.
Also, disubstituted (4-aminophenyl)triazinephosphonate-
doped membranes showed better proton conductivities than
trisubstituted (4-hydroxyphenyl)triazinephosphonate-
doped membranes in the same experimental conditions. The
highest proton conductivity was observed for Nafion doped
membrane with compound TP2, with a 1.0 wt % loading, with
84 mS-cm™!.

Experimental

Materials and methods

Cyanuric chloride (1) and diethyl (4-aminophenyl)methylphos-
phonate (17) are commercially available (Sigma-Aldrich, Alfa
Aesar). Other acquired reagents and deuterated solvents were
used as received, without further purification. Solvents and air-
sensitive reagents were distilled under a dry nitrogen atmo-
sphere. Dry THF was distilled from sodium benzophenone
ketyl.

A Nafion N115 film was acquired from FuelCell Store and a
20 wt % mixture in lower aliphatic alcohols and water (34%) of
Nafion perfluorinated resin solution was purchased from
Sigma-Aldrich.

Purification of reaction products was done by column chroma-
tography on silica gel (230-400 mesh) with the appropriate

eluent mixture and using a positive pressure of nitrogen.

Spectroscopic characterization

The characterization of the dopants was carried out by Fourier-
transform infrared spectroscopy (FTIR), nuclear magnetic reso-
nance (NMR) spectroscopy and mass spectrometry (MS). 'H,
13C and 3!P NMR characterization was done using different
one- and two-dimensional techniques, and were obtained on a
Bruker Avance III HD 400 ('H 400 MHz, '3C NMR 100 MHz,
31p 162 MHz) spectrometer, with the chemical shifts (d) indi-

cated in ppm, and coupling constants (J) in Hz.

Beilstein J. Org. Chem. 2024, 20, 1623-1634.

The FTIR characterization of the dopants was done on a
PerkinElmer FT-IR Spectrum BX Fourier Transform spectrom-
eter, using KBr discs, and the characterization of the mem-
branes was carried out on a Perkin Elmer Spectrum Two, with
an attenuated total reflectance (ATR) module, with a wavenum-
ber range from 450 to 4000 cm™!, and their band wavelengths

are quoted in cm™.

Low-resolution and high-resolution (HRMS) mass spectra (MS)
were performed on an APEX-Q (Bruker Daltonics) instrument
at ‘C.A.C.T.I. - Unidad de Espectrometria de Masas’, at the
University of Vigo, Spain. Melting points were determined on a
Reichert Thermovar melting point apparatus and are uncor-
rected.

Proton conductivity

In-plane proton conductivity (o) evaluation of the new mem-
branes was performed by electrochemical impedance spectros-
copy (EIS), on a commercial BT-112 BekkTech conductivity
cell (Scribner Associates Inc.), with a frequency response
analyzer Solartron 1250, coupled to a Solartron 1286 electro-
chemical interface. The measurements were performed with a
test signal amplitude of 10 mV, over a frequency range of
65 kHz to 5 Hz. The bulk resistance (Rp) of the membranes
were calculated using the ZView software (Version 2.6b,
Scribner Associates). A Binder KBF 115 climatic chamber was
used to perform the measurements at a temperature of 60 °C
and different relative humidity (RH) conditions (40, 60 and
80%). The measurements were performed directly from the
temperature-controlled humidity chamber, after a 2 h equilibra-
tion period.

The proton conductivity (o) was calculated using Equation 1

L

o=——o1,
R, (1)

where L — distance between the two electrodes (cm), Rj, — bulk

resistance (Q), and A - cross-sectional area (cm?).

Preparation of the dopants
The preparation of all compounds is described in Supporting
Information File 1.

Membrane preparation

Membranes were prepared by a casting method using Nafion®/
DMAc solutions, based on our previous works, using 1 wt %
loading of TP dopants. The 20 wt % Nafion solution was dried
under reduced pressure, at 40 °C, until a dry residue was ob-
tained. A new 10 wt % solution of Nafion was obtained by

dissolution of the dried Nafion in the required amount of N,N-
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dimethylacetamide (DMAc). The TP dopant quantity was
added to DMAC solution and the mixture was stirred during
1-5 h, in an ultrasonic bath, to guarantee the complete dissolu-
tion of dopants. The resulting solutions were casted on a 5 cm
diameter Petri dish and slowly evaporated, until obtaining ho-
mogeneous membranes. The resulting membranes were dried in
a vacuum oven at 60 °C, and were followed by their annella-
tion for 2 h, at 140 °C. The membranes were activated by a
sequential treatment, with 1 h for each step, by boiling them in
H»O; solution (3%), washing with hot deionized water, boiling
in a 0.5 M sulfonic acid solution, and washing again with hot
deionized water. After activation, the membranes were kept in
deionized water until their use. The new membranes were
labelled as Nafion/TPi-1.0, respectively, where i indicates the
specific triazine used, and 1.0 specifies the wt % of dopant.
Recast Nafion films were also prepared, for comparison, with-
out the incorporation of TPs.

Supporting Information

Supporting Information File 1
Experimental data.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-145-S1.pdf]
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The concept of bioisostere replacement is of paramount importance in medicinal chemistry, as it can be employed as a rational to

expand bioactive chemical space to tackle lead optimization issues like lack of potency, efficacy, and selectivity or pharmacoki-

netic/dynamic issues. One of the most important building blocks (in the sense of participating in a vast area of chemical space of bi-

ological importance) in medicinal chemistry is the 2-phenethyl moiety, a key component of diverse drug-like entities. Although the

core 2-phenethylamine structure has been recognized by the drug discovery community, little attention has been given to the

various ring-based rescaffolding procedures that can be conducted with this unit. In this regard, a review on the use of

2-heteroarylethylamines displaying pharmacological activity is reported. A detailed description of flexible, amine-opened motifs is

provided, that describes therapeutic targets and other potent bioactive examples, which will be a valuable repository of phenyl,

heteroaryl, and other replacement units of high value to the drug discovery community.

Introduction

One of the major hit-2-lead exploration techniques in any me-
dicinal chemistry program — knowledge-based or computation-
ally aided — is bioisosteric replacement, where a particular
arrangement of atoms, such as a functional group, chain, ring,
linker, etc., is substituted by motifs with size, electronic, and

physicochemical characteristics comparable to the original [1].

The main purpose of this approach is quality improvement, such
as activity, selectivity, bioavailability, metabolism, and/or toxic-
ity, while expanding the chemical space surrounding bioactive
compounds [2,3]. Benzene-to-heteroaromatic ring replacement
represents a classical structural hopping strategy, as five- or six-

membered heterocyclic aromatic rings are widespread entities in
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drug discovery [4]. In this sense, any bioactive molecule
enclosing a benzene ring in its initial optimization stages could

undergo a heteroaromatic replacement.

2-Phenethylamines are notable bioactive compounds towards
different disease-related receptors, as it was described in our
previous work [5]. By means of benzene ring aromatic rescaf-
folding, it is possible to access the 2-heteroarylethylamine
neighboring space. This satellite chemical region is rich not
only in structures displaying affinity to key phenethylamine
targets like adrenergic or histamine-type receptors, but also to
novel ones such as TAAR1 (trace-amine-associated receptor 1),
o1/2 (sigma receptors 1 and 2), or AChE (acetylcholinesterase).
Similar to our previous review, a descriptive, simple scope is
presented below to outline which structural motifs are included
in this work and which ones are discarded (Scheme 1). In detail,
this review encompasses bioactive compounds which satisfy:

» flexible, open chain-substituted 5/6-membered
heteroaromatic scaffolds with decorations,

* condensed heteroaromatic or polycyclic systems
featuring an exocyclic amine (and their substitutions).

Systems out of scope of this review are those, where:

* non-basic ethylamine systems are present (featuring

other functionalities due to oxidation states),

covered:

re R

1 RS K
NH, NH, NH N~gf
8 0 B Gk

flexible, open-chain-substituted

5/6-membered ring hetereoaromatic scaffolds with decorations

NH, NH, TN N
% % AO) R’ A\CAD __NH A Y

condensed hetereoaromatic or polycyclic systems
featuring an exocyclic amine
(and their decorations)
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* condensed or polycyclic systems are present and

featuring a key amine embedded in a (poly)cycle.

Consequently, a dedicated review covering the 2-heteroaryl-
ethylamine space is presented here. This work is divided into
subsections covering individual heteroaryl replacements and
target bioactive deployment, rather than a pure disease-related
target division as in our previous review. The absence of a spe-
cific heteroaromatic subsection indicates no biologically rele-

vant data has been reported up to date.

Review

2-Heteroarylethylamine scaffolds of

biological importance

Six-membered heteroaromatic rings

Pyridines: /L4111, interleukin-4 induced gene 1, encodes
L-phenylalanine oxidase IL4I1 present in the tumor bed of a
vast diversity of human tumor types. As phenylalanine is the
preferred substrate of IL411 catalytic activity, Presset et al. [6]
reported novel phenylalanine derivatives as a strategy to inhibit
ILA4I1 activity, as this enzyme has a preference for hydrophobic
amino acids. Among them, commercial compound 1
(Scheme 2) represents a rescaffolding exercise to pyridine
retaining low inhibitory activity although it was found toxic in
in vitro assays on a human T-cell line and PBMCs (periferal

blood mononuclear cells).

not covered:

ﬁgﬂ A\©/V

non-basic ethylamine systems
(featuring other functionalities due to oxidation states)

condensed or polycyclic systems
featuring key amine embedded in a (poly)cycle

featured bioisosteric replacements:

H H H

H

)

Scheme 1: Description of the 2-heteroarylethylamine scope of the present review featuring appropriate heteroaromatic systems (A = O, N, S).
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o CO,H

1, Ki IL411 = 2800 uM

o

3,R=H, K a4p2 ([*H](S)-nicotine) = 18 nM
4, R = OMe, K; a4f2 ([*H](S)-nicotine) = 19 nM
5, R =n-Pr, K;o4p2 ([*H](S)-nicotine) = 52 nM

Scheme 2: 2-Aminoethylpyridine derivatives with therapeutic activity.

The derivatives (R)-2 and (S)-2 were elaborated by Berger et al.
[7] in the course of an extensive screening of NMDA
(N-methyl-p-aspartate) channel blockers resembling 1,2-
diphenylethylamines. A channel pharmacophore description
was envisaged collecting data from stereoisomers of 1,2-
diphenylethylamine derivatives and 1,2-dicyclohexylethyl-
amine derivatives. Among them, isomer (S5)-2, also called
lanicemine, AZD6765 or AR-R15896AR, was described as a
competitive ketamine alternative without psychotomimetic side
effects, although potency and selectivity were significantly
lower (Scheme 2) [8,9].

Dukat et al. [10] developed flexible 3-(2-aminoethyl)pyridine
(AEP) analogs 3-5 as a4f2 nicotinic cholinergic receptor
ligands with nanomolar activities in rat brain homogenates
(Scheme 2). The idea behind these AEP structures was to check
activity correlation against a nicotine series. The comparison of
K; values of both series showed a moderate correlation, which
opens the possibility of different binding topologies to the a4p2
receptor.

Betahistine (6) is an orally active 2-(2-aminoethyl)pyridine drug
indicated for vestibular disorders like Meniere’s disease, whose
patients exhibit acute vertigo attacks (Scheme 2) [11,12].
Gbahou et al. [13] demonstrated histaminergic synapse
improvement through inverse agonism at histamine receptor 3
(H3) using recombinant isoforms. This finding corrects their
previous assumption of betahistidine acting as an antagonist.
Inhibition of cAMP formation and [>H]arachidonic acid release

concluded the inverse agonist role.

Five-membered heteroaromatic rings
Furans: Racemic heteroarylisopropylamines were described as
MADO inhibitors (monoamine oxidase) by Vallejos et al. [14] as

a natural extension of their previous QSAR studies using

Beilstein J. Org. Chem. 2024, 20, 1880-1893.

(S)-2, K; NMDA ([*H]MK-801) = 14.0 uM
(R)-2, K; NMDA ([*H]MK-801) = 84.0 uM

A

|
N" N~
H

6, betahistine, K; hH3 (['25I]iodoproxyfan) = 2.5 uM

phenylisopropylamines [15]. The authors supported their aryl-
to-heteroaryl group hopping due to the success of similar
replacements leading to novel MAO-A bioactive entities
[16,17]. The brominated analogue 8 showed moderate MAO-A
activity compared to the parent 2-furyl compound 7, as a result
of increased polarizability. The condensed benzofuran 9
revealed submicromolar MAO-A potency, a resemblance to the
indole system of 5-hydroxytryptamine (a MAO-A substrate), in
a molecular docking experiment tested against serotonin
(Scheme 3).

A similar class of benzofuran systems with attractive binding
properties are those represented by 4-amino-3-(benzo[b]furan-
2-yl)butanoic acids, baclofen analogs, elaborated to elucidate
the structural requirements for access to y-aminobutyric
receptor type B (GABApg) [18]. Amino acids 10-12 were
demonstrated [19-21] to act as substrates of GABAp
(Scheme 3), key metabotropic receptors from the G-protein-
coupled receptor superfamily responsible for CNS inhibitory
synapses [22]. The authors concluded that a heteroaromatic ring
bound to the C3 position of the GABA chain is well tolerated

for activity.

Thiophenes: Back to the MAO-A scenario, Vallejo et al. [14]
also developed thienyl-substituted isopropylamines 13-16,
which were found to bind to MAO-A with ICsq values in the
micromolar range with better inhibitory data than for the afore-
mentioned furyl analogues (Scheme 4). The authors suggested
the replacement of furyl by a more polarizable aromatic ring
such as thienyl as prospective origin of the observed ICjs(
downward shift.

Berthelot et al. [23,24] expanded their studies on GABAg inhib-

itors from furanyl derivatives to thienyl-substituted compounds

17-23 in the search to elucidate structural features for accessing
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Y NH,

sz \
(6]

7,R=H, ICs9 MAO-A > 100 uM
8, R = Br, IC5y MAO-A = 44.8 uM

9, ICso MAO-A = 0.8 uM

Scheme 3: 2-Aminoethylfuran derivatives with therapeutic activity.

Beilstein J. Org. Chem. 2024, 20, 1880-1893.

R1

| NH,

RZ 0O

CO,H

10, R'=H, R2=Me, ICsy GABAg (rac-[*H]-baclofen) = 5.4 uM
11,R'=CI,R2=H, ICs) GABAg (rac-[*H]-baclofen) = 17.0 uM
12, R' = OMe, R2 = H, IC5, GABAg (rac-[*H]-baclofen) = 5.6 uM

R4
R R®
a
5
NH R
S
CO,H
13,R"=H, R?=H, IC50 MAO-A > 100 uM compound R3 R* R5 ICsy GABAg ((R)-[*H]-baclofen)
14, R" =Br, R2 = H, IC50 MAO-A = 17.8 uM
15, R' = H, R2=Br, IC5y MAO-A = 15.8 uM 17 H H H 9.72 uM
18 H H Me 1.34 uM
19 Me H H 124 uM
20 H H Br 1.86 puM
NH
‘ 2 21 H Br H 39.1 uM
s 22 H H cl 0.61 uM
16, IC5o MAO-A = 16.2 uM 23 H Cl H 453 M

Scheme 4: 2-Aminoethylthiophene derivatives with therapeutic activity, part 1.

this receptor (Scheme 4). The chloride- and bromide-substi-
tuted thienyl derivatives encompassed micromolar to submicro-
molar activities in radioligand binding assays based on (R)-
[3H]-baclofen displacement. QSAR studies have been de-
veloped in order to examine the pivotal role of the aromatic
moiety of baclofen-like compounds [25]. In this sense, the
QSAR equation revealed HOMO/LUMO orbital energies are
critical for a high correlation with binding strength.

An in vivo antihypertensive activity was demonstrated for a
series of flexible secondary amines incorporating terminal aro-
matic rings by Bagli et al. [26]. A blood pressure lowering
effect was observed for 2-hydroxy-2-thienylethylamines 24-26
(Scheme 5), which was related to typical antihypertensive path-
ways like adrenergic system interference, catecholamine deple-

tion, or plasma volume lowering.

The 20S proteasome core particle represents a critical degrada-
tion machinery for cellular homeostasis [27]. A set of (thio-

phen-2-yl)cycloalkyl(phenoxypropanol)amines 27-29 was

tested against caspase-like and chymotrypsin-like activities of
this supramolecular complex (Scheme 5), with positive in vitro
activities in 20S proteasome core particles isolated from rabbit
erythrocytes [28].

The sulfonamide 30 (Scheme 6) has been evaluated as inhibitor
of human carbonic anhydrase I/Il (hCA I and II), which cata-
lyze the reversible hydration reaction of carbon dioxide to
bicarbonate, cyanates to carbamic acids, aldehydes to gem-
diols, etc., and represent a potential therapeutic target for
diseases like osteoporosis, edema, obesity or cancer [29]. Alim
et al. [30] evaluated a series of thiophene sulfonamides based
on the high stability of this aromatic ring. Molecular docking
studies combined with in vitro studies showed that only the
thiophene-based phenethylamine derivative 30 possesses a
weak hCA I/II activity compared with analogues lacking the
2-aminoethyl moiety.

Carrol et al. [31,32] explored bupropion analogues for their

capacity to antagonize human nAChRs (nicotinic acetylcholine
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cl
8 9
S N/Y\o

" on

27, 1C5¢ ChT-L 20S proteasome = 15.8 uM

RG
a
R” 8
S N/\/R
oH M
compound R6 R7 R®
(@)
24 cl cl >
(0]
OMe
25 Cl Cl @
OMe
OMe
26 H Me OMe
OMe

cl
8 L
S N/Y\o

" oH

28, IC5¢ ChT-L 20S proteasome = 18 uM

cl
4 L
S N/\(\O
A on
0

29, IC5¢ ChT-L 20S proteasome = 40 uM

Scheme 5: 2-Aminoethylthiophene derivatives with therapeutic activity, part 2.

\
(0]

30, |C50 hCAl = 25 |,lM

ICs0 hCA Il = 0.99 uM

31, ICsp a3p4 =10 uM
ICs0 a4p2 = 32 uM

QL

HNO'\S% WNk
g s NH, 5 H H

32, methiopropamine

HoN

(0]

33, ulotaront

ECso TAAR1 = 38 nM 113 nM

H H
_N _N HoN
| & & |
Y/ g Y/ Y/ g
34 35

36 37

3.5nM 8.3 nM 25 nM

Scheme 6: 2-Aminoethylthiophene derivatives with therapeutic activity, part 3.

receptor) as these are of clinical importance in developing
tobacco-derived diseases. From the range of propiophenone de-
rivatives elaborated tackling dopaminergic activities, thiophene
31 showed weak inhibitory activity towards a3p4 and a4p2
(Scheme 6).

Methiopropamine (32) [33] is an emergent psychoactive
substance structurally similar to methamphetamine, where the
aromatic moiety was rescaffolded from benzene to thiophene
(Scheme 6). First synthesized in 1942 [34], it irrupted into the

recreational drug market in 2011 [35], with acute toxicity

reports in hospital admissions. Nguyen et al. [36] investigated
its effects in mice, demonstrating neurotoxicity via dopamine
receptors, while Tuv et al. [37] studied the compound’s phamar-
cokinetics, pharmacodynamics, and mode of action in compari-
son to methamphetamine, which revealed a significantly lower

potency of 32.

Ulotaront (33, SEP-363856) [38] is a phase-3 clinical lead for
the treatment of schizophrenia, displaying TAARI1 (trace-
amine-associated receptor 1) [39] and 5-HT1A agonism as

mode of action, lacking dopamine D2 and 5-HT2A antagonism.
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SAR exploration of the ulotaront family was envisaged by
Heffernan et al. [40], including human TAARI agonist activity
and structural evaluation via homology model development fol-
lowed by molecular docking and molecular dynamics studies
(Scheme 6). Structural features like sulfur location and ring
opening of the aminoethyl section were investigated computa-
tionally, identifying key interactions to understand TAAR1

agonism.

Pyrroles: New histamine-related compounds were synthesized
and evaluated towards activation of human carbonic anhydrase
isoforms (hCA), aiming at potency and selectivity enhance-
ment by Chiaramonte et al. [41]. Among them, a discrete set of
2-aminoethylpyrrole (Scheme 7) hits were elaborated and tested
in a stopped-flow CO; hydrase assay. Comparing this pyrrole
family with original histamine inferred a decrease in selectivity
towards the hCA VII isoform, while activity was not affected
significantly.

Tryptamine derivatives, i.e., compounds derived from
2-(indole-3-yl)ethylamine, comprise a huge number of indole
compounds such as serotonin (41) [42] (Scheme 7). These com-
pounds play an important role for a variety of biological targets,
from 5-HT (serotonin receptors) to RAS [43,44], and are used
to treat disorders as diverse as obesity, oncology, CNS disor-
ders, etc. Following these overwhelming features, these are not
included in this work as capturing an adequate group of repre-
sentatives, even selecting only the most prominent ones, would

mask other heteroaromatic structures.

Imidazoles: Probably, the pinnacle of the 2-heteroarylethyl-
amine chemical space is constituted by the biogenic amine hist-

amine (43). In a similar fashion as dopamine and epinephrine

NH, L-histidine N
A decarboxylase (HDC)
N ? N
U \ COzH 14 \
N N
H H
42, L-histidine 43, histamine

diamine
oxidase (DAO)

Beilstein J. Org. Chem. 2024, 20, 1880-1893.

o

HoN HoN
H / H
N N N
| |, |
38 39 40
KihCA | 2.16 uM 11.6 uM 3.0 uM
KihCAVA 294 .M 34.9 uM 14.0 uM
KihCA VIl 446 uM 13.8 uM 12.5 M
HO NH;
A\
N
H

41, 5-hydroxytryptamine or serotonine

Scheme 7: 2-Aminoethylpyrrole derivatives with therapeutic activity.

produced from L-phenylalanine along the catecholamine path-
way, histamine is generated from the amino acid r-histidine
(42) via enzymatic decarboxylation promoted by L-histidine
decarboxylase (Scheme 8) [45-47]. Histamine is commonly
degradated by two enzymes: diamine oxidase (DAO) to produce
(imidazol-4-yl)acetic acid (44), or histamine N-methyltrans-
ferase (HMT) to N-methylhistamine 45. Monoamine oxidase B
(MAO-B) transforms N-methylhistamine into (N-methylimi-
dazol-4-yl)acetic acid (46). The major source of histamine are
mast cells, although it is additionally biosynthesized in
basophils, other immune cells, and tissues like intestinal
mucosa, skin, or the heart [45,48].

Histamine plays many pivotal roles in the onset of allergies via

Th2 cytokine secretion and inhibition of Th1 cytokine,

H,  histamine

N-methyltransferase (HMT) N
U \
N
Me

45, N-methylhistamine

NH;

monoamine
oxidase B (MAO-B)

N CO,H N CO,H
l \ U \

N
H

44, (imidazol-4-yl)acetic acid

Scheme 8: Histamine metabolic pathway.

N
Me

46, (N-methylimidazol-4-yl)acetic acid
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leukotriene and chemokines release, or IL-6 induction. Hista-
mine targets histamine receptors H1—4, triggering pro-inflam-
matory or anti-inflammatory events depending on the receptor
type and cells involved [45,49]. Histamine also plays a critical
role in both vertebrates and invertebrates as neurotransmitter, in
the so called histaminergic synapses [50]. As a consequence,
histamine has been used as a template to rationally design hista-
mine receptor agonists/antagonists capable to modulate their ex-

tensive range of capabilities.

(R)-a-Methylhistamine (51) is an H3 receptor agonist approxi-
mately 15-fold more active than histamine (Scheme 9).
Gannellin et al. [51] performed a discrete H3 SAR study starting
from compound 51 and investigated the effect of the position of
the methyl group on the agonist activity. Analogues 50 and 53,
having the methyl group in the aminoethyl side chain, showed
almost a 3-fold potency compared to histamine, while the deriv-
atives 4749 with a methyl group attached to the imidazole core
demonstrated lower relative potency. The derivative 54 was in-
vestigated towards its effect against the Hy receptor, recently

[52-54]. Furthermore, an antagonistic H3 SAR study was

NH, . NH. NH, {\/NHQ
o\ \ \ ;o\ ;o\
4,? §, Y ¢, 4

47, K,y <0.04 48, K <0.04 49, K. < 0.001

H
NH, NH, N
-\ = ;o\ ;o\ ;-\
QN 4N 4N 4N
H H H

H

51, Kie = 155 52, K = 0.13

50, K. = 2.8

53, K = 2.7 54
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achieved creating N-arylimidazolethylamine counterparts 55-59
(Scheme 9). It was shown, that electron-withdrawing substitu-
ents at the pyridine 5-position lowered the antagonistic activity

for this small family.

Conformationally restricted cyclopropylhistamine analogues
were disclosed by De Esch et al. [55] and by Kazuta el al. [56].
The primary aim was the design of a new class of highly
Hj3-selective agonists lacking Hy affinity by restricting the flexi-
bility of the aminoethyl chain. Previous structure—activity exer-
cises demonstrated an impact on selectivity upon introducing a
stereocenter into the flexible aminoethyl chain [57]. Radioli-
gand binding assays showed activities in the nanomolar range
for the four diastereomers, while functional assays demon-
strated only H3-subtype activity for compound 63, with no Hy
subtype activity, which was the original goal (Scheme 10).

Histaprodifen 64 is a potent H; receptor agonist with a 3,3-
diphenylpropyl moiety at position 2 of the imidazole ring char-
acterized by Elz and co-workers [58]. The authors showed

parent compound 64 and methylated derivatives 65 and 66 were

Scheme 9: 2-Aminoethylimidazole derivatives with therapeutic activity, part 1. K| is referred as histamine relative potency (basal reference 1.0).

NH,
N
1\
N
H
compound 60
Ki Hs ([®H]-N-a-methylhistamine) (nM) 91

H
N —
N_/—R
H
compound 55 56 57 58 59
R -H -NO, -CF3 -CO,Me -NH,
K;i (nM) 200 29 17 42 186
NH,

Z\ NH: A\ NH2 NH,

N N N

H H H

61 62 63
1380 42 4.30

Scheme 10: Conformationally restricted 2-aminoethylimidazole derivatives with therapeutic activity, part 2.
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potent H; receptor agonists in pithed and anaesthetized rats
(Scheme 11). Later, the authors expanded the histaprodifen
family by SAR exploration of small substituents in the phenyl
rings (compounds 67-78, Scheme 11) [59,60]. While pEC5q
values varied very subtle, a histamine relative potency
screening revealed a general reduction in potency. Following
the same assay, Menghin and co-workers [61] explored flexible

chain incorporations at the terminal nitrogen of histaprodifen

O H

compound

Beilstein J. Org. Chem. 2024, 20, 1880-1893.

generating hits 79-86 (Scheme 11). Finally, the N,N-bis(2-
imidazolyl)ethyl)-substituted amine superhistaprodifen 87
cluster was exhaustively synthesized and tested for their agonist
activity against the H; receptor by Straler et al. [62]. From the
set of compounds, biological assays revealed pK;j values of
4.5-7.5 in human, rat, bovine, and guinea pig H receptor activ-
ities. Additional modelling studies via CoOMFA (comparative

molecular field analysis) and posterior comparison with experi-

PEDso
64, histaprodifen (R'= R?=H) 7.55
65, methylhistaprodifen (R' = H, R2= Me) 8.43
66, dimethylhistaprodifen (R' = R2 = Me) 8.12

compound RZ R3 R* DpECs, relative potency (histamine)
NH
O ’ 67 F H H 5.66 0.09
’/\l \ 68 H F H 6.66 0.92
N 69 H H F 6.33 0.43
O R? H 70 C H H 618 0.30
7 H Cl H 6.65 0.89
pae R 72 H H C 572 0.10
73 Br H H 6.31 0.41
74 H Br H 6.42 0.52
75 H H Br 5.61 0.08
76 Me H H 6.25 0.35
77 H Me H 5.99 0.20
78 H CF; H 5.27 0.04
compound n R pECso relative potency (histamine)
R
HN )’7 79 2 4-imidazolyl 8.26 36.30
O N 80 3  4-imidazolyl 7.87 14.68
78\ 81 4 4-imidazolyl 6.91 1.63
N 82 4 2-pyridyl 8.16 28.56
H 83 5 2-pyridyl 7.81 12.97
O 84 3 3-pyridyl 6.93 1.69
85 4 3-pyridyl 7.87 14.79
86 4 4-pyridyl 7.62 8.32

O H
O U

87 superhistaprodifen-like compounds

)
I

NH>

Qe
oH

88, pECso Hq = 5.78 uM

Scheme 11: 2-Aminoethylimidazole derivatives with therapeutic activity, part 3.
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mental data showed good agreement, suggesting two different
binding topologies. Patil et al. [63] synthesized compound 88,
an oxidized version at position 1 of the propyl chain, and ob-

served H-type agonism in guinea pig ileum assays (Scheme 11).

The sulfur-containing histidine compounds ovothiol (90) and
thiohistidine (89) were evaluated for skincare anti-inflammato-
ry properties by Brancaccio et al. (Scheme 12) [64]. These com-
pounds, biosynthesized by microalgae, bacteria and marine
invertebrates feature skin protection via Nrf2 activation (nuclear
factor erythroid 2-related factor 2).

Antimalarial properties against chloroquine-sensitive and resis-
tant Plasmodium falciparium strains in mice were reported by
Jain and co-workers [65]. Initially, these authors developed
simple halohistidine derivatives as first generation analogues
showing successful in vitro antimalarial activity. Prompted by
these findings, a second generation series, i.e., compounds
91-94 (Scheme 12), featuring simple hydrocarbon substituents
was elaborated. This collection showed good activities, demon-
strating the tolerance of introducing bulky moieties at position
C2 or N1 of the imidazole ring. Researchers also described pos-
itive membrane diffusion features related to these changes.

The amino acid r-histidine has attracted the attention of the
medicinal chemistry community due to its properties not only in
the aforementioned histaminergic system, but also as metal-
ion chelator, proton buffering modulator, and antioxidant.
Considering the importance and applications of ring-
modified histidines, Sharma et al. [66] reviewed the design,
synthesis, and medicinal chemistry of these motifs covering
antimicrobial, antiplasmodial, CNS and anticancer applications

among others.

NH,

R\ -
N

1 o
N~ SH

Beilstein J. Org. Chem. 2024, 20, 1880-1893.

Pyrazoles: Betazole (95) is a pyrazole-like histamine analogue
with H, receptor agonist activity (Scheme 13) and is employed
as a stimulant of gastric secretion, with a 10-fold weaker activi-
ty compared to parent histamine [67]. Betazole and its isomer
96 were also found to be moderately active in the activation of
human carbonic anhydrase isoforms as reported by Chiara-
monte et al. (Scheme 13) [41].

NH, r/(;/\NHZ
~ NH
~_ 7 N

A\
N “N
H
95, betazole 96
Ky hCA | 11.6 uM 28.4 uM
K, hCA VA 37.9 uM 51.0 uM
Ky hCA VII 32.8 uM 23.7 M

Scheme 13: 2-Aminoethylpyrazole derivatives with therapeutic activity.

Isoxazole: Homoibotenic acid (HIBO) analogues are known
ligands with pharmacological bioactive profile towards
ionotropic and metabotropic glutamate receptors (iGluR and
mGluR). 4-Substituted HIBO compounds 97 and 98
(Scheme 14) portrayed by Madsen et al. [68] and Kromann et
al. [69] were investigated to search new selectivity profiles.
They presented different affinities towards glutamate receptors,
with good potencies for the Glul, Glu2 and Glu5 receptors. The
high selectivity achievement is related to neuroprotective or
neurotoxic applications following authors studies.

Thiazoles: 2-Thiazolylethylamine was characterized as a more

selective and potent histamine H; agonist [70]. Based on this,

89, R=H, 5-thiohistidine
90, R = Me, ovothiol

NH,
N

compound 91

Ph

ICsq P. falciparum
(chloroquine sensitive)

9.6 uM

20.7 uM

NH, NH, NH,
;-\ ;o\ ;-\
QN \T/4N :7/4N
) H H

92 93 94

4.7 uM 15.5 uM

Scheme 12: 2-Aminoethylimidazole derivatives with therapeutic activity, part 4.
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\}(\(N Ho NH,
—{  CcoH >/l:(\gozH
X O X O

HO™ =y HO™ =y

97, KiGluR1 =  0.37 uM 98, K; GluR1 3.4 M
KiGIuR2 = 0.34 uM KiGIuR2 = 3.4uM
K GIUR3 = 19.0 uM KiGIuR3 = 74.0uM
KiGuR4 = 50 uM KiGluR4 = 49.0uM
K GIUR5 =  0.53 uM K GIuR5 = 1.6uM
K GluR6 > 1000 uM K GIluR6 > 1000 uM

Scheme 14: 2-Aminoethylisoxazole derivatives with therapeutic activi-
ty.

Govoni et al. [71] analyzed the pharmacological profile of
several histamine H; antagonists, with a section covering thia-
zole-based compounds. 2-(Thiazol-4-yl)ethylamine (99)
presented a low H; affinity, whereas the 2-substituted candi-
dates 100-103 displayed a borderline, marginal activity
(Scheme 15). A similar derivative described as a histamine Hj
full agonist used to study gastric secretion was amthamine (104)
[72].

Beilstein J. Org. Chem. 2024, 20, 1880-1893.

Pramipexole (105, SND 919) is a dopamine agonist approved
for the treatment of Parkinson’s symptoms like rigidity, tremor,
and bradykinesia [73]. Mierau et al. [74] showed that the com-
pound has a high affinity for the dopamine Dj receptor
(Scheme 15).

Jonczyk and co-workers [75] evaluated a series of 1-[2-thiazol-
5-yl-(2-aminoethyl)]-4-N-propylpiperazine and 1-[2-thiazol-4-
yl-(2-aminoethyl)]-4-N-propylpiperazine derivatives as sub-
strates for acetylcholinesterase (AChE) and butyrylcholin-
esterase (BuChE). Compounds 106 and 107 showed good
inhibitory potency as multitarget-directed ligands (MTD,
Scheme 15).

Oxadiazole: In their seminal work, Chiaramonte and
co-workers [41] also tested 1,3,4-oxadiazole 108 and 1,2,4-
oxadiazole 109 histamine congeners towards carbonic anhy-
drase isoforms, finding moderate potencies among them, with
109 3 times more potent than histamine in CA type VII
(Scheme 16).

Oxolamine (110, Scheme 16) is a cough suppressant originally
synthesized by Palazzo et al. [76] and several other deriv-

NH,
R NH,
0
NH
N 2
S B\ {/
99 n S S \
H2N/<\N
compound n R pKi H4
104, amthamine
100 0 H 4.5 uM
101 0 CF;  49uM
102 1 H 4.2 M
103 1 Cl 4.5 uM
HN
s - .
e \ K; D2L ([3H]-spiperone) = 2.07
HaN™ =y D3 ([3H]-spiperone) = 0.49

105, pramipexole

D4 ([®H]-spiperone) = 2.76

/
N N
Vool
N

106, IC5o AChE = 4.45 uM
ICso BUChE = 29.62 uM

Scheme 15: 2-Aminoethylthiazole derivatives with therapeutic activity.

/S‘\\/\>_/7N<_/_Ph
N

e

107, IC5o AChE = 8.52 uM
ICso BUChE = 8.72 uM
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N r
LVO 7\r/N LFN
[ > —
N/ O~y O~ />_®
N N
108 109 110, oxolamine

Ky hCA VA 21.7 WM 28.6 M
Ka hCA VII 23.0 M 12.1 WM

Scheme 16: 2-Aminoethyloxadiazole derivatives with therapeutic activity.

atives were developed based on ethylamine-chain homologation
[77].

Triazoles: Hall and co-workers [78] developed 1,2,3-triazolyl
analogues 111 of L-histidine for L-type amino acid transporter 1
(LATT1) activity, a sodium-independent membrane solute carrier
protein which is used as strategic target for blood—brain-barrier
drug delivery. In general, the authors found the compounds less
potent than the natural substrate L-tryptophan, with exception of
derivative 112 (Scheme 17).

_NHy _NHy
. S~
R‘N/ /(N CO,H Q "\ CoH
¥ ¢
111 112

Scheme 17: 2-Aminoethyltriazole derivatives with therapeutic activity.

Tetrazoles: Taking advantage of using tetrazoles not as a phe-
nyl-ring bioisostere, but as carboxylic acid one, Schwarz et al.
[79] developed tetrazole-based pregabalin bioisosteres 113-118
(Scheme 18). The target protein o2-6 is involved in neurotrans-
mitters release reduction, as a model of anxiety and neuro-
pathic pain. In general, submicromolar affinities were observed
for this family of tetrazole scaffolds.

Conclusion

The present review focuses on an examination of the expanded
2-phenethylamine chemical space, highlighting heteroaromatic
structures with reported pharmacological profiles. The close
inspection of each of the phenyl and other heteroaryl ring
systems reveals a conserved pattern: most of the changes are
related to bioisostere structure—activity exploration of the chem-
ical space from original phenyl hits. The results with the imida-
zole analogues are different, since the L-histidine unit marks a

non-phenyl-based scaffold hopping.

R2
RIT NH,
/N\
N.
N/NH
compound R? R? Ki 02-8
113 H H >10 uM
114 iPr H 0.13 uM
115 Bn H 76 uM
116 cCsHg H  0.018 uM
117 Me Me >10 uM
118 Bn  Me 090 uM

Scheme 18: 2-Aminoethyloxadiazole derivatives with therapeutic ac-
tivity.

The main goal of these SAR expansions is creating new chemi-
cal matter with appealing potency and selectivity profiles. The
impact of the scaffold hopping exercise in these target biomark-
ers depends on the nature of the targets themselves. It is note-
worthy, that the use of molecular modelling tools, especially
molecular docking or QSAR calculations to describe the
bioisostere, impact and rationalize the observed experimental
binding or efficacy measurements.

As it was stated in the introduction, only the rings described in
this review, are the ones with reported activity, but there exists
a plethora of other analogues containing a wide variety of
heteroaryls which still need to be bioassayed. These examples,
will be covered in another article on the 2-heteroaryl- (and phe-
nyl)ethylamine series. As a final conclusion, this review of
2-heteroarylethylamines serves as an updated repository of bio-
isosteric rescaffolding of 2-phenethylamine derivatives evalu-
ating affinity and aromatic core diversity.
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Diketopyrrolopyrroles (DPPs) are a versatile group of dyes and pigments with valuable optoelectronic properties. In this work we

report the synthesis of highly fluorescent DPP derivatives through straightforward nucleophilic aromatic substitution reactions with

thiols and phenols. These nucleophilic substitutions occur at room temperature and manifest a remarkable selectivity for the 4-posi-

tion of the pentafluorophenyl groups. Both symmetrical (disubstitution) and non-symmetrical (monosubstitution) DPP derivatives

are formed in excellent overall yields. The optical properties of the newly synthesized compounds are also discussed. The new plat-

form may be useful for bioorthogonal chemistry.

Introduction

Diketopyrrolopyrroles (DPPs) are a class of organic pigments
discovered by serendipity in the 1970s [1,2]. Generally, N-un-
substituted DPP derivatives exhibit high melting points, low
solubility in most solvents, and strong absorption in the visible
region [3.4]. In turn, N-substituted DPP derivatives are soluble
in common organic solvents, exhibit large molar extinction
coefficients, Stokes shifts in the range of 10-70 nm and high
fluorescence quantum yields [5-7].

Due to their outstanding photophysical properties, DPP-based

dyes have been used in a wide range of applications, namely as

organic semiconductors [8], acceptors for organic solar cells
[9,10], as fluorescent probes [11-13], or as photosensitizers
for photodynamic therapy and antimicrobial photodynamic
therapy [14-17]. DPP derivatives with improved performance
or novel properties can be prepared by conventional chemical
modifications of simple DPP derivatives [3,18]. The most
frequently used transformations include: i) N-alkylation
with adequately functionalized alkyl groups [19-22], ii) N-aryl-
ation [23-25], and functionalization at the 3,6-di(het)aryl
groups via Suzuki—Miyaura [26-28] or Sonogashira [29-31]
reactions.
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In this study, we report a straightforward method to obtain a
diverse array of N-substituted DPP derivatives through a two-
step process. Firstly, the N-alkylation of Pigment Red 254 (DPP
1) is achieved using pentafluorobenzyl bromide, followed by a
nucleophilic aromatic substitution (SyAr) with thiols and
phenols. This approach is based on the well-established reactiv-
ity of perfluoroaromatic compounds in nucleophilic aromatic
substitutions [32-35]. By varying the reaction conditions and
the number of equivalents of the nucleophile, it is possible to
promote the substitution of one or more fluorine atoms. Nucleo-
philic substitution of fluorine atoms often necessitates harsh
conditions such as elevated temperatures, strong bases, or
strong nucleophiles, but our findings demonstrate that this

process can be conducted under remarkably mild conditions.

Results and Discussion

The initial step of our method involved the N-alkylation of DPP
1 with pentafluorobenzyl bromide (Scheme 1). Although a simi-
lar reaction had been previously reported for other DPP deriva-

Beilstein J. Org. Chem. 2024, 20, 1933-1939.

tives, the experimental conditions used (DMF, K,CO3, 120 °C,
2 h) resulted in very low yields (6-16%) for the formation of
N,N’-bis(pentafluorobenzyl)-DPP derivatives [36]. Changing
the base to NaH and performing the reaction at a lower temper-
ature, enabled to obtain DPP 2 in a reasonable yield (61%) and
allowed us to use it as a starting material for generating new
DPP derivatives through nucleophilic aromatic substitution

reactions with thiols and phenols.

The main objective of this study was to employ the N,N’-
bis(pentafluorobenzyl)-DPP 2 as an electrophile and investi-
gate its reactivity with thiols and phenols (Scheme 1). All SyAr
reactions were performed in dry DMF at room temperature, in
the presence of a base (K,COj3 or CspCOj3). Room temperature
was chosen due to the observed rapid degradation of the starting
material at elevated temperatures. The work described herein
allowed us to assess the potential of DPP 2 as a novel platform
for obtaining functionalized DPP derivatives. As anticipated, it
displayed reactivity with thiols and phenols through nucleo-

RSH or ROH
base rt

—s—(_ N

_O‘©—/<(C))Me -

3a—f Ar=4-CICgHy4
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cl
R F
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2
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Scheme 1: Synthesis of new diketopyrrolopyrroles via nucleophilic aromatic substitution.
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philic aromatic substitution at the pentafluorobenzyl groups,
yielding both symmetrical (disubstitution) and non-symmetri-
cal (monosubstitution) derivatives in satisfactory yields
(Scheme 1).

Thiols are excellent nucleophiles and generally react under mild
conditions, resulting in the substitution of the 4-F atom of the
pentafluorophenyl groups. In this case, reactions with thiols
were performed in dry DMF and K,CO3 was used as the base.
Three different thiols were tested: pyridine-4-thiol, pyridine-2-
thiol and 4-(acetylamino)benzenethiol. The reaction with pyri-
dine-4-thiol yielded a mixture of the di- and monosubstituted
compounds 3a and 4a in 51% and 23% yields, respectively.
Conversely, for the reaction with pyridine-2-thiol, exclusively
produced the disubstituted compound 3b in an 85% yield.
Furthermore, the reaction with 4-(acetylamino)benzenethiol led
to the selective formation of the disubstituted compound 3¢ in
53% yield.

Phenols are less nucleophilic than thiols and, depending on the
substitution pattern, a stronger base is often required to generate
the corresponding alkoxide, which is the effective nucleophile.
So, in this case, CspCO3 was employed as the base. The reac-
tion of DPP 2 with methyl 4-hydroxybenzoate yielded com-
pounds 3d and 4d in 56% and 14% yield, respectively. When
reacting with 4-(2,4,4-trimethylpentan-2-yl)phenol, the disubsti-
tuted compound 3e was obtained in 63% yield. In contrast to the
reaction with pyridine-4-thiol, which resulted in the S-substi-
tuted product 3a, the reaction with 4-hydroxypyridine led exclu-
sively to the formation of the pyridin-4-one-derived com-
pounds 3f and 4f, in 45% and 13% yield, respectively. The sub-
stitution occurred at the nitrogen atom rather than the oxygen

due to the preferential existence of 4-hydroxypyridine in the

>
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pyridin-4-one tautomeric form [37-39]. The structures of dyes
3a—f, 4a, 4d and 4f were unambiguously established through
their 'H, '3C and '°F NMR and mass spectra.

The 'H NMR spectra of the symmetrical compounds displayed
a characteristic signal for the N-CH, protons as a singlet at
approximately & 5.10 ppm. Signals of the 4-chlorophenyl
groups appeared as AB systems centred at around 8 7.9 ppm.
For the non-symmetrical derivatives, two singlets were ob-
served at approximately d 5.05 and 5.10 ppm, corresponding to
the protons of the N-CH,CgF5 and N-CH,CgF4XR groups, re-
spectively. All '9F NMR spectra confirmed the selective substi-
tution of the 4-fluorine atoms (in one or in two rings) by the
disappearance of the signal corresponding to the resonance of
those atoms. Mass spectra of compounds 3a—f, 4a, 4d and 4f
consistently displayed the protonated molecular ion [M + H]* as
the base peak.

The UV-vis and fluorescence spectra of DPP derivatives 3a—f,
4a, 4d and 4f in DMF are presented in Figure 1, and their pho-
tophysical properties are summarized in Table 1. These com-
pounds are highly fluorescent, and their UV-vis spectra are
very similar. These results indicate that substituents with differ-
ent functional groups can be attached to DPP 2 without signifi-
cant modification of their optical properties. The observed
Stokes shifts for dyes 3 and 4 averaged in the range of
60-70 nm. All compounds exhibited high fluorescence quan-
tum yields, ranging from 0.66 to 0.83, confirming their poten-
tial applications in fluorescence imaging, sensors, and optoelec-
tronic devices. A comprehensive discussion of the potential
uses of these fluorescent substances in areas such as materials
science, biology, or chemistry may provide a deeper under-

standing of their significance.

1,0
3a
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> 08 ——3b
=
[ 3c
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Figure 1: (A) Absorption and (B) fluorescence spectra of compounds 3a—f, 4a, 4d and 4f, in DMF. Different concentrations of the compounds were

used to allow visualization of each spectrum.

1935



Beilstein J. Org. Chem. 2024, 20, 1933-1939.

Table 1: Spectroscopic data for the new compounds (between 1 x 106 M and 4 x 103 M in DMF).

Compound Absorption Amax (nM) Loge (M~ cm™)
3a 460 415
4a 460 4.11
3b 461 417
3c 461 4.25
3d 457 4.43
4d 459 4.46
3e 460 4.03
3f 456 4.33
4f 458 4.32

Emission Amax (M) Stokes shift (cm™")  ®f (DMF)2
521 2545 0.69
522 2582 0.68
524 2608 0.83
525 2644 0.78
522 2687 0.73
521 2593 0.72
522 2547 0.71
523 2809 0.83
524 2750 0.66

3Excitation at 436 nm. N,N’-Dibenzyl-DPP was used as the fluorescence quantum yield reference: ®g = 0.88, in chloroform [40].

Conclusion

In conclusion, novel DPP derivatives were synthesized through
the reaction of a N,N’-bis(pentafluorobenzyl)-DPP with thiols
and phenols. The nucleophilic aromatic substitution reactions
took place under exceptionally mild experimental conditions,
and the resulting compounds were isolated in reasonable yields.
The newly synthesized compounds display high fluorescence
quantum yields and moderate Stokes shifts, which are crucial
attributes for their potential application in diverse fields, partic-
ularly in biological or technical applications. Additionally, it is
crucial to highlight the chemical versatility of compound 2,
which allows the attachment of various functional units without
significantly altering its optical properties. This versatility holds
significant promise in the design and synthesis of innovative
molecules tailored for specific purposes. This study not only
contributes to the expansion of accessible N-substituted DPP
derivatives but also reveals that such transformations can be
achieved with outstanding efficiency and environmental sensi-

tivity by employing mild reaction conditions.

Experimental
Chemicals and instrumentation

The reagents used in this work were purchased from Merck Life
Science (Algés, Portugal) or TCI Europe N.V. (Belgium) and
were used as received. Pigment Red 254 was purchased from
TCI Europe N.V. The solvents were used as received or
distilled and dried by standard procedures. Analytical thin-layer
chromatography (TLC) was carried out on precoated sheets
with silica gel (Merck 60, 0.2 mm thick). Preparative TLC was
carried out on 20 cm X 20 c¢m glass plates precoated with a layer
of silica gel 60 (0.5 mm thick) and activated in an oven at
100 °C for 12 h. Melting points were determined with a Biichi
B-540 apparatus. NMR spectra were recorded on a Bruker DRX
300 Avance operating at 300.13 MHz (for 'H NMR), at
75.47 MHz (for '3C NMR) and 282 MHz (for 'F NMR).

Deuterated chloroform (CDClj3) was used as the solvent and

tetramethylsilane (TMS) as the internal reference. The chemi-
cal shifts (8) are expressed in parts per million (ppm) and the
coupling constants (J) in hertz (Hz). UV-vis spectra were re-
corded on a Shimadzu UV-2501PC spectrophotometer using
DMF as the solvent. The emission spectra were recorded with a
Jasco FP-8300 spectrofluorometer using DMF as the solvent.
Mass spectra were recorded using a Micromass Q-TOF-2TM
mass spectrometer and CHCl3 as the solvent. The NMR,
absorption and emission spectra of the new compounds are
shown in Supporting Information File 1.

Synthesis
3,6-Bis(4-chlorophenyl)-2,5-bis(pentafluorobenzyl)-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2)

A suspension of DPP 1 (1 g, 2.8 mmol) and NaH (11.2 mmol)
in DMF (60 mL) was stirred at 0 °C under a nitrogen atmo-
sphere for 30 min. At this temperature, and under vigorous stir-
ring, a solution of pentafluorobenzyl bromide (1.7 mL,
11.2 mmol) in DMF (8 mL) was added dropwise. The mixture
was stirred for 24 h at room temperature and then it was diluted
with CH,Cl, and water. The organic layer was separated and
washed with water and brine. The product was isolated by
column chromatography on silica gel using CH;Cl, as the
eluent. Yield: 61%; mp: 278-280 °C; IH NMR (300 MHz,
CDCl3) d (ppm) 7.62-7.66 (m, 4H), 7.47-7.52 (m, 4H), 5.03 (s,
4H); 13C NMR (75 MHz, CDCls) & (ppm) 161.7, 147.2, 138.01,
129.8, 129.6, 125.6, 110.0, 29.7; 'F NMR (282 MHz, CDCl3)
d (ppm) —138.11 to —138.29 (m, 4F), —149.90 (t, J = 21.4 Hz,
2F), —=157.63 to —157.91 (m, 4F); ESIMS m/z: 717.0 (M + H*,
100%).

General procedure for the nucleophilic aromatic
substitution reactions

The reactions of DPP 2 with thiols and phenols were carried out
in dry DMF, at room temperature, and in the presence of

K;»CO3 or CspCOj3. Once the starting DPP was completely con-
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sumed (after 2—-3 hours with thiols and 56 hours with phenols),
the reaction mixtures were diluted with CH,Cl, and water. The
organic layer was then separated and washed with brine and
water. The products were isolated by preparative TLC using
CH,Cly/hexane mixtures as the eluent.

Compound 3a. Yield: 51%; mp 274-276 °C; IH NMR (CDCls,
300 MHz) 6 (ppm) 8.43 (AA’XX’, J = 6 Hz, 4H), 7.68
(AA’BB’,J =8.7 Hz, 4H), 7.51 (AA’BB’, J = 8.7 Hz, 4H), 6.91
(AA’XX’, J = 6 Hz, 4H), 5.15 (s, 4H); 19F NMR (282 MHz,
CDCl3) & (ppm) —153.53 to —153.65 (m, 4F), —162.60 to
—162.73 (m, 4F); ESIMS m/z: 899.1 (M + H*, 100%).

Compound 4a. Yield: 23%; mp 269-273 °C; IH NMR
(300 MHz, CDCl3) & (ppm) 8.45 (AA’XX’, J = 6.3 Hz, 2H),
7.70-7.64 (m, 4H), 7.52 (AA’BB’, J = 8.7 Hz, 4H), 7.07
(AA’XX’, J = 6.3 Hz, 2H), 5.15 (s, 2H), 5.05 (s, 2H); !3C NMR
(125 MHz, CDCl3) & (ppm) 161.7, 149.7, 147.6, 146.95, 145.9,
138.1, 129.9, 129.6, 125.6, 121.1, 109.9, 109.7, 34.9, 34.5;
I9F NMR (282 MHz, CDCl3) & (ppm) —126.79 to —126.90 (m,
2F), -135.53 to —153.81 (m, 2F), —137.99 to —138.50 (m, 2F),
~149.74 (t, J = 21.3 Hz, 1F), —157.60 to —157.78 (m, 2H);
ESIMS m/z: 802.3 (M + H*, 100%).

Compound 3b. Yield: 85%; mp 270-272 °C; IH NMR
(300 MHz, CDCl3) d (ppm) 8.3-8.32 (m, 2H), 7.68 (AA’BB’,
J = 8.7 Hz, 4H), 7.55 (ddd, J = 8.1, 7.4, 1.9 Hz, 2H), 7.49
(AA’BB’, J = 8.7 Hz, 4H), 7.15-7.02 (m, 4H), 5.13 (s, 4H);
13C NMR (125 MHz, CDCl3) & (ppm) 161.8, 155.5, 150.0,
147.3, 137.9, 137.1, 129.9, 129.5, 125.8, 121.7, 121.1, 116.4,
110.0, 35.1; '9F NMR (282 MHz, CDCl3) & (ppm) —127.66 to
—127.79 (m 4F), —138.03 to —138.25 (m, 4F); ESIMS m/z:
899.0 (M + H*, 100%).

Compound 3c. Yield: 53%; mp 252-256 °C; 'H NMR
(300 MHz, DMSO-dg) 5 (ppm) 10.08 (s, 2H), 7.78 (AA’BB’,
J =8.7 Hz, 4H), 7.55-7.61 (m, 8H), 7.22 (AA’BB’, J = (8.7 Hz,
4H), 5.09 (s, 4H), 2.03 (s, 6H); '3C NMR (125 MHz, DMSO) 5
(ppm) 169.1, 164.7, 161.2, 147.3, 139.9, 136.7, 131.6, 130.9,
130.6, 129.5, 126.4, 125.4, 120.4, 120.1, 109.3, 31.3, 24.5;
19F NMR (282 MHz, DMSO-dg) 8 (ppm) —131.31 to —131.54
(m, 4F), —=137.94 to —138.07 (m, 4F); ESIMS m/z: 1011.0
(M + H*, 100%).

Compound 3d. Yield: 56%; mp 249-251 °C; 'H NMR
(300 MHz, CDCl5) & (ppm) 8.02 (AA’XX’, J = 9 Hz, 4H), 7.68
(AA’BB’,J = 8.7 Hz, 4H), 7.52 (AA’BB’, J = 8.7 Hz, 4H), 6.88
(AA’XX’, J = 9 Hz, 4H), 5.11 (s, 4H), 3.90 (s, 6H); °F NMR
(282 MHz, CDCl3) & (ppm) —138.23 to —138.35 (m, 4F),
—149.59 to —149.96 (m, 4F); ESIMS m/z: 981.0 (M + H*,
100%).
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Compound 4d. Yield: 14%; mp 255-257 °C; I'H NMR
(300 MHz, CDCl3) & (ppm) 8.02 (AA’XX’, J = 9 Hz, 2H),
7.67-7.59 (m, 4H), 7.52-7.44 (m, 4H), 6.88 (AA’XX’, J =
9 Hz, 2H), 5.10 (s, 2H), 5.03 (s, 2H), 3.92 (s, 3H); 1°F NMR
(282 MHz, CDCl3) & (ppm) —138.14 to —138.37 (m, 4F),
-149.82 to —150.01 (m, 3F), —157.70 to —157.85 (m, 2F);
ESIMS m/z: 849.0 (M + H*, 100%).

Compound 3e. Yield: 63%; mp 262-265 °C; 'H NMR
(300 MHz, CDCl3) & (ppm) 7.66 (AA’BB’, J = 8.7 Hz, 4H),
7.47 (AA’BB’, J = 8.7 Hz, 4H), 7.28 (AA’BB’, J = 9 Hz, 4H),
6.75 (AA’BB’, J = 9 Hz, 4H), 5.09 (s, 4H), 1.70 (s, 4H), 1.34
(s, 12H), 0.70 (s, 18H); '3C NMR (125 MHz, DMSO) & (ppm)
161.7, 154.7, 147.3, 145.8, 137.9, 129.9, 129.4, 127.4, 125.8,
114.8, 109.8, 57.0, 38.2, 34.5, 32.3, 31.8, 31.6; 19F NMR
(282 MHz, CDCl3) & (ppm) —139.07 to —139.30 (m, 4F),
~150.36 to —150.46 (m, 4F); ESIMS m/z: 1089.2 (M + H*,
100%).

Compound 3f. Yield: 45%; mp 253-255 °C; Iy NMR
(300 MHz, CDCl3) 8 (ppm) 7.69 (AA’BB’, J = 8.7 Hz, 4H),
7.55 (AA’BB’, J = 8.7 Hz, 4H), 7.25-7.21 (m, 4H), 6.48 (d, J =
8.1 Hz, 4H), 5.12 (s, 4H); !°F NMR (282 MHz, CDCl3) &
(ppm) —137.72 to —137.84 (m, 4F), —145.60 to —145.71 (m,
4F); ESIMS m/z: 867.1 (M + H*, 100%).

Compound 4f. Yield: 13%; mp 248-250 °C; I'H NMR
(300 MHz, CDCl3) & (ppm) 7.73-7.58 (m, 4H), 7.58-7.46 (m,
4H), 7.28-7.25 (m, 2H), 6.53 (d, J = 7.8 Hz, 2H), 5.10 (s, 2H),
5.04 (s, 2H); 13C NMR (125 MHz, DMSO) & (ppm) 177.7,
161.2, 147.4, 141.8, 136.9, 131.1, 130.9, 129.6, 126.3, 118.0,
109.4, 34.9, 34.5; 19F NMR (282 MHz, CDCl3) & (ppm):
-135.56 to —135.69 (m, 2F), —138.23 to —138.34 (m, 2F),
~144.36 to —144.49 (m, 2F), —149.67 (t, J = 20.8 Hz, 1F),
~157.53 to —157.84 (m, 2F); ESIMS m/z: 792.1 (M + H™,
100%).

Supporting Information

Supporting Information File 1

TH NMR, 13C NMR and '°F NMR spectra; MS, UV-vis
and emission spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-169-S1.pdf]
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Organocatalysis has become a powerful tool in synthetic chemistry, providing a cost-effective alternative to traditional catalytic

methods. The immobilisation of organocatalysts offers the potential to increase catalyst reusability and efficiency in organic reac-

tions. This article reviews the key parameters that influence the effectiveness of immobilised organocatalysts, including the type of

support, immobilisation techniques and the resulting interactions. In addition, the influence of these factors on catalytic activity,

selectivity and recyclability is discussed, providing an insight into optimising the performance of immobilised organocatalysts for

practical applications in organic chemistry.

Introduction

Organocatalysts are small molecules that do not contain a metal
atom in the reaction centre and are able to increase the speed of
reactions. They have proven their place among the efficient and
robust catalysts on numerous occasions since the two seminal
works [1,2] published in 2000. Since then, organocatalysis has
been combined with many other areas of research, such as
photocatalysis, electrochemistry and mechanochemistry [3-5],
while List and MacMillan were awarded the Nobel Prize in
2021 for the development of asymmetric organocatalysis [6].
To date, industrial companies have used a number of asym-
metric organocatalytic processes to synthesise pharmaceuticals

and fine chemicals on large scales [7].

Catalyst recycling is key from both an economic and an envi-
ronmental perspective. An efficient catalytic process is charac-
terised by the fact that the catalyst can be easily and, if possible,
completely separated from the reaction mixture. Catalysts can
be classified into homogeneous and heterogeneous catalysts. In
homogeneous catalysis, the reaction components and the cata-
lyst are in the same phase. Active catalytic sites are readily
accessible to the reactants and therefore generally result in
higher catalytic activity and selectivity [8]. As a result, homoge-
neous catalysis is generally preferred to heterogeneous cataly-
sis, especially in the fine chemical and pharmaceutical indus-

tries [9]. The limitation of homogeneous catalysts, however, is
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their complex, time-consuming and energy-intensive recovery
and subsequent recycling. Therefore, synthetic modification of

catalysts is a commonly used method to aid their recovery.

Obstacles to the recycling of homogeneous catalysts can be
addressed by heterogenisation of homogeneous catalysts [10],
either following their application as homogeneous catalysts or
before their application (heterogeneous catalysis). In heterogen-
eous catalysis, catalysts and reactants are present in different
phases. Heterogeneous catalysts are easy to handle and can be
easily separated from the reaction mixture by filtration,
centrifugation or magnetic force, thus allowing catalysts to be
recycled multiple times. Most highly stable and recyclable cata-
lysts are attached to solid supports [11].

Solid supports are generally insoluble materials preferably with
a large surface area to maximise the number of active sites for
catalyst attachment. The advantages of such supports have been
demonstrated by numerous reports on immobilised catalysts
[12-14]. The type of support and the immobilisation technique
have a major influence on the properties and thus performance

of the resulting heterogeneous catalyst.

However, immobilisation and structural modification introduce
additional steps in the synthesis of the catalyst. Moreover, the
catalytic activity and selectivity of immobilised catalysts are
often lower than those of the corresponding native catalysts. In
addition, inactivation due to degradation may also occur. For
long-term use, consistently high yields (and selectivity) are re-
quired over repeated runs, as these are indicative of the robust
nature of the catalyst system.

A real challenge is to develop a supported organocatalyst whose
catalytic efficiency can be reproduced over a sufficient number
of reaction cycles. Despite the difficulty of the challenge, the
design of heterogeneous, recyclable organocatalytic systems is
of high interest [8]. The continued development of efficient cat-
alytic recovery methods, such as the application of immobilised
organocatalysts [14,15] and heterogeneous organocatalysis [16-
18], could be a potential driver for the introduction of, for ex-
ample, enantioselective organocatalysis in the pharmaceutical
industry [19]. Knowledge of the factors that influence catalyst
performance is crucial to the development of high performance

immobilised organocatalysts.

Review

Characteristics of the solid support

Considering the support type, organic polymer-supported,
silica-supported [20-25], glass beads [26] and magnetic nano-
particle-supported [27-32] organocatalysts are pivotal in the

field of immobilised organocatalysts. Polymer-supported
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organocatalysts are commonly immobilised on polystyrene (PS)
[28,33-38], as well as on other materials such as nylon 6,6 [15],
chitosan [39,40], and polymethylhydrosiloxane (PMHS) [41].
The role of the polymers as supports for catalysts is not merely
passive. These supports significantly influence the reaction
environment and catalytic efficiency [42]. Attachment methods,
spacer lengths, and polymer nature profoundly impact the cata-
lyst's performance and recyclability. Various immobilization
strategies, including covalent bonding and encapsulation, cater
to different polymer types. Soluble polymers enhance diffusion,
while insoluble ones ensure stability and high loading capaci-
ties [42]. Silica is also widely applied due to its ease of func-
tionalisation and thermal stability [43]. The controllability of
surface, geometry, and pore size makes silica-based materials
sustainable and functionalisable supports for organocatalytic

reactions [44].

The particle morphology of mesoporous silica can be tuned to
various shapes, including spheres, tubes, and rods of various
dimensions [45], by using a co-condensation method per-
formed under low surfactant concentration conditions [46-50],
changing the concentration, molecular size, and hydrophilicity/
hydrophobicity of the organoalkoxysilane precursors [51].
Various morphologies of mesoporous silica, including fibre,
platelet, rod, and film, can be generated by altering the reaction
conditions during synthesis [52-57] or by using potassium chlo-
ride or ammonium fluoride salts as additives [58-60]. In a
comprehensive study [61], the catalytic properties of three types
(rope, rod and fibre) of mesoporous silica Santa Barbara Amor-
phous (SBA-15) and small pore-sized Mobil Composition of
Matter (MCM-41) were applied and compared as supports of an
organocatalyst. These silicas were modified by incorporating an
organosulfonic acid group (propylenesulfonic acid) through a
post-synthesis grafting method. Their catalytic performance was
studied and compared in the esterification of methanol or glyc-
erol with oleic acid (1). It was observed that substrate conver-
sion and product yield also depended on the particle morpholo-
gy. Rope-type propylsulfonic SBA-15 mesoporous silica gel
showed the highest catalytic activity in both studied esterifica-

tion reactions (Scheme 1).

By adjusting the pore size of the support, the catalyst selec-
tivity can be influenced. To counteract the decrease in selec-
tivity caused by catalyst immobilisation, the concept of
“confinement” was introduced [62], which involves forcing the
catalytic moieties into confined spaces. The confinement of the
heterogeneous version of cinchona amine and thiourea catalysts
was reported, leading to improved enantioselectivity values in
the Michael addition of nitromethane (5) to chalcone (6)
through modification of the pore size of mesoporous silica 8 or

9 (Scheme 2) [63]. Thus, for cinchona thiourea, enantioselectiv-
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Scheme 1: Esterification of oleic acid (1) with propylsulfonic acid (Pr-SOzH)-functionalised mesoporous silica catalyst 4.
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Scheme 2: Using confinement of organocatalytic units for improving the enantioselectivity of silica-supported organocatalysts in the Michael addition

of nitromethane (5) to chalcone (6).

ity not only increased with reduced pore size but even reached
the level of the homogeneous catalyst when the support pore
size was reduced to 6.3 nm. This resulted in obtaining the (R)-
configured product 7 with 63% yield and 93% ee, as opposed to
a 55% yield and 39% ee for a pore size of 11.3 nm [64].

Catalyst supports must meet certain criteria, including being

chemically inert, and the supported catalyst should exhibit high

stability across various reaction conditions while also being
easily recyclable [8,64]. When the solid support is not inert, it
can lead to a decrease in selectivity.

Connon and co-workers have attached a cinchona thiourea
organocatalyst to magnetic nanoparticles 13 for the Michael ad-
dition of dimethyl malonate (10) to trans-B-nitrostyrene (11)
(Scheme 3) [31].
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Scheme 3: Michael addition catalysed by cinchona thiourea immobilised on magnetic nanoparticles (13).

To explore the potential impact of nanoparticles on catalyst effi-
ciency, experiments were conducted. It was discovered that the
nanoparticles themselves catalysed the formation of the racemic
product in the absence of the thiourea catalyst. This finding elu-
cidates the relatively poor enantioselectivity observed in reac-

tions catalysed by the magnetic nanoparticle-supported organo-

S A, - O
MeO OMe

10 1"

catalyst:
~

catalyst. To validate this hypothesis, the Michael addition was
repeated in the presence of both unsupported thiourea 14 and
the nanoparticles. The resulting product was isolated with only
84% ee, indicating that the nanoparticles compete with the thio-
urea catalyst 14 for the substrate under these conditions
(Scheme 4).
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Scheme 4: Michael addition catalysed by cinchona thiourea in the presence of magnetic nanoparticles.
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Thiel and co-workers examined N-benzylthiazolium salts 17
anchored covalently to mesoporous materials in a benzoin con-
densation reaction (Scheme 5) [65]. Initially good yields were
observed, even after a short reaction time, but a drop in yield
was seen after reusing the catalysts for a second run. This de-
crease was attributed to the use of a protic solvent, MeOH, in
combination with basic EtzN, which could degrade the surface
of the support and result in the leaching of the active sites or the
restructuring of the mesoporous material. This could have been
avoided by performing reactions in a less protic and less polar
solvent.

Attaching catalysts to solid supports also offers the potential for
enhancing catalyst stability. Boyer and co-workers reported the
use of silica nanoparticle-supported eosin Y 21 as a photocata-
lyst in reversible addition fragmentation chain transfer (RAFT)
photo-polymerisation reactions (Scheme 6) [24]. Previous
endeavours utilising the homogeneous catalyst led to catalyst
degradation or failure to remove the catalyst properly which
resulted in the degradation of the polymer itself [66]. By em-
ploying the supported photocatalyst, reduced contamination was
demonstrated in the final product and the catalyst could be recy-
cled over five polymerisation cycles at ultralow catalyst load-
ings (6 ppm), thereby confirming the stability of the catalyst.

Immobilisation methods
Catalysts are generally immobilised via various interactions be-

tween the support and the active catalytic species. These
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Scheme 5: Benzoin condensation catalysed by N-benzylthiazolium
salt attached to mesoporous material.

methods can be classified into four categories: covalent bond-
ing, non-covalent interactions (physisorption), ionic bonding,
and encapsulation. The catalysts are connected to the support
via strong chemical bonds in covalent bonding. In non-covalent
interactions, the catalysts are adsorbed onto the support surface
through weaker intermolecular forces, such as van der Waals
forces and hydrogen bonding. Ionic catalysts form ionic bonds
or those that can be ionised under immobilisation conditions.
Encapsulation involves physically trapping the catalyst within

the pores or cavities of the support [8,67].
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Scheme 6: Photoinduced RAFT polymerisation of n-butyl acrylate (19) catalysed by silica nanoparticle-supported eosin Y 21, which could be recy-

cled over five reaction cycles.
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Adsorption is a non-covalent reversible technique for attaching
organocatalysts to supports. It offers a facile and modular con-
struction of immobilised chiral catalysts with maintained or
even improved activity and stereoselectivity [68-70]. The main
advantages of catalyst immobilisation by adsorption are that
minimal modifications of the parent catalysts are required, few
reagents are needed, and it is a relatively cheap and easily
implemented method [69,71]. Therefore, adsorption is a popular
method for immobilising catalysts. However, this method has a
major drawback as the catalyst can easily leach into the solu-
tion as it reaches equilibrium between the absorbed species on
the surface and the solubilised species. To improve the stability
of the supported catalyst, it is important to modify the catalyst
and support to enable hydrogen bonding.

This method can also bring the catalyst closer to the support,
impacting electronic properties and ligand conformation. With
large catalyst molecules, the pores of an ordered mesoporous
material being similar in size to the catalyst can create signifi-
cant diffusion barriers as the catalyst attempts to enter the pores.
As a result, the pore channels that are distant from the pore

openings are unlikely to be accessible to the catalyst [72].

Ionic bonding is a straightforward and economical immobilisa-
tion method. This form of non-covalent immobilisation can be
reversed by altering the temperature and ionic strength [71].
Furthermore, the electrostatic interaction between the homoge-
neous catalyst and the support is robust enough to reduce
leaching significantly [67,73]. However, a potential drawback
of this technique is that the presence of a charged support can
lead to complications, such as distortion of the catalyst struc-

ture and changes in the reaction kinetics.

The non-covalent immobilisation of chiral organocatalysts can
also be carried out within deep eutectic solvents (DESs). Very
recently, a cinchonidine-squaramide organocatalyst was immo-
bilised in three types of natural DESs, namely betaine/sorbitol/
water, betaine/xylitol/water, and betaine/mannitol/water [74]. In
these systems, the recyclability of the organocatalyst was inves-
tigated and several reaction cycles were performed using the
same DESs and organocatalyst. For example, in the Michael ad-
dition of methyl 2-oxocyclopentane-1-carboxylate and trans-f-
nitrostyrene, the recyclability of the organocatalyst in the
betaine/sorbitol/water DES system was demonstrated up to
10 cycles without any significant decrease in yield (up to 99%)

or stereoselectivity (up to 96% ee).

Encapsulation is an irreversible method and the only catalyst
immobilisation process that does not require any interaction be-
tween the catalyst and the support. Because of this, it is the sole

technique which attempts to mimic the homogeneously cata-
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lysed reaction process [75]. It typically results in enhanced
properties, e.g., augmented morphological stability, tailored
physicochemical permeability, and reduced catalyst leakage
[76].

When constructing a support around a catalyst, the catalyst must
remain stable under the synthesis conditions of the support. If
the catalyst can be easily synthesised in a few steps, assembling
it within the pores is preferable. However, if the catalyst is diffi-
cult to synthesise but remains stable, forming the support
around it is advisable [67]. Another limitation of the encapsula-
tion method is that the size of the pore openings in the support
must be smaller than the kinetic size of the immobilised cata-
lyst [77].

Covalent tethering is a method of bonding that creates stable
catalysts and minimises catalyst leaching. However, this tech-
nique has some limitations. Some covalent immobilisation
methods involve complex synthetic manipulations, making
them unsuitable for large-scale preparations. Furthermore, cata-
lysts bound to carriers may experience restrictions in mobility,
limiting their ability to undergo conformational changes neces-
sary for catalysis, especially in the case of enzymes [72,78].
Overall, covalent tethering techniques are the preferred ap-
proach to designing stable heterogeneous organocatalysts, pro-
vided that the covalent modification does not involve complex

synthetic steps.

Recent advancements in materials synthesis and nanotechnolo-
gy have expanded the repertoire of techniques available for
designing catalysts with controlled structures to promote com-
plex reactions selectively. A recent review of Francuisco Zaera
[79] discusses key research directions in the transition from ho-
mogeneous to heterogeneous catalysis. Special nanostructures,
the so-called metal-organic frameworks (MOF), covalent
organic frameworks (COF), porous organic frameworks (POF),
and hyperbranched systems are formed with a special case of
tethering. The ability to predesign both primary and high-order
structures serves as a great advantage in these catalytic systems,
making them easily fine tuneable. Catalytically active sites can
be formed by direct condensation or post-synthetic modifica-
tions. In the case of catalyst immobilisation post-synthetic mod-
ifications play a more important role.

MOFs are a type of porous crystalline polymers where organic
ligands are coordinated to metal clusters [80-90]. The frame-
work can be post-synthetically modified by functional organic
sites, often specifically chiral functionalities, giving easily re-
cyclable asymmetric catalysts. The asymmetric sites can be dif-
ferent types, commonly they are binaphthyl-, biphenyl- [91-93]
and proline-based [94,95].
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COFs are a type of crystalline porous material, consisting of
covalently linked organic ligands [96,97]. Since the framework
only has organic building blocks, both condensation [98] and
post-synthetic modification [99] methods can be used to immo-
bilise organocatalysts. Asymmetric organocatalysis is common-
ly achieved by pyrrolidone ligands, with great results in a
variety of reactions, such as Michael [100] and aldol [101] reac-
tions.

POFs [102] are hydrocarbon systems that contain pores, of
which COFs are a subgroup. POFs are widely applied in the
fields of gas adsorption and storage, the separation of gases, ca-
talysis, energy storage, photocatalysis, etc., and have many dif-
ferent types, such as hyper-cross-linked polymers (HCPs), poly-
mers of intrinsic microporosity (PIMs), covalent organic frame-
works (COFs), extrinsic porous molecules, and porous organic
cages [103] etc. Since in terms of organocatalyst immobilisa-
tion COFs are the most important, further discussion of POFs is
not included in this review.

Hyperbranched systems [104-106] and dendrimers [107-109]
have also emerged as alternative soluble supports for catalyst
immobilisation. In these systems the catalyst moieties can be
built in at the core, at the periphery, or at intermediate positions,
affecting the catalytic performances differently [110]. An
advantage of dendrimer-supported organocatalysts are their
enzyme-like properties [111,112]. Selective binding and coop-

erative catalysis can give the catalyst high selectivity and activi-
ty.

Interactions between the support and other
components

The interaction between the solid support and the organocata-
lyst [113], reactants [114], product [115] or solvent [116] can
significantly impact catalytic activity. These interactions often
manifest in various forms of adsorption: physisorption, involv-
ing forces like van der Waals interactions and hydrogen bond-
ing, or chemisorption, which may involve ionic or covalent
bonding. These adsorptive interactions can alter the electronic
properties and conformation of the supported organocatalyst,
thereby influencing its catalytic activity compared to its homo-
geneous counterpart. For instance, Fotaras et al. showed that the
incorporation of a tripeptide-like prolinamide-thiourea organo-
catalyst onto commercially available resins (Jandalel, poly-
styrene-divinylbenzene, and ChemMatrix) results in dimin-
ished catalytic activity, both in terms of yield and enantiomeric
excess values, compared to the homogeneous analogue [117].
On the contrary, Dumesic and co-workers showed that the ac-
tivity of a difunctional organocatalyst in lactose hydrolysis was
improved 5.2-fold by immobilisation on different solid supports

that mimic the active site channels of enzymes [113].
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In a solid-supported system, the solvent can exert a different in-
fluence on the catalytic activity compared to a homogeneous
catalyst. Solvent molecules present on the support surface might
partially obstruct the active sites of the catalyst. Therefore,
selecting the appropriate solvent may require adjustments to op-
timise the performance of the solid-supported organocatalyst
[116]. Moreover, before the immobilisation of catalysts, it is
necessary to consider whether the solid support itself can cata-
lyse the desired or side reactions. This could be advantageous in
some cases, 1.e., when the solid support cooperatively helps the
reaction [118], but in asymmetric synthesis, background activi-
ty of the solid support can lead to lower stereoselectivity, as
previously shown in Scheme 4.

Solutions for limitations of solid-supported

organocatalysts

The properties and applicability of an immobilised catalyst
depend not only on the immobilisation method and the physico-
chemical characteristics, porosity, and dimensions of the
support, but can also be influenced by several other factors. In a
homogeneous system, rapid diffusion, and creation of
catalyst-reactant interactions are possible because the organo-
catalyst is dissolved in the reaction mixture. However, in a
solid-supported organocatalyst, the reactants need to diffuse to
the active sites on the solid support. Diffusion limitations can
decrease the effective concentration of reactants at the catalytic
sites, resulting in lower reaction rates compared to the homoge-
neous catalyst. Thus, optimising reactor design, including
appropriate mixing and flow characteristics, can help to
minimise these limitations. Higher reactant concentrations may
also be necessary to overcome diffusion limitations and main-

tain suitable concentrations at the active sites [119].

Fiilop and co-workers proved the diffusion dependence by em-
ploying the Koros—Nowak criterion test [120] in the conjugate
addition of propanal (22) and trans-B-nitrostyrene (11) cata-
lysed by a simple solid-supported peptidic catalyst 24 using a
continuous flow reactor. To overcome the diffusion limitations,
elevated pressure was applied. Increasing the pressure from
atmospheric to 60 bar resulted in a 12% increase in yields, how-
ever, further increase in pressure proved to be non-beneficial.
Moreover, increasing the temperature provided higher yields at
optimised pressure (60 bar) but also led to lowered enantiose-
lectivity (Scheme 7) [121].

Zhang and co-workers prepared a novel polymer with an
ordered mesoporous system, resulting in a high surface area and
uniform pore size. As a result, a high degree of dispersion of the
piperazine active sites was achieved, leading to a catalyst exhib-
iting comparable activity and selectivity to that of a homoge-

nous organocatalyst. Moreover, the hydrophobic surface of the
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Scheme 7: Pressure and temperature dependence of the 1,4-addition of pr

catalyst enhanced the mass transport of organic reactants in
water [122]. Based on similar mesoporous catalysts [123,124],
it can be concluded that with a properly designed pore size re-
sulting in a high density of active catalytic sites, diffusion

control could be diminished.

Furthermore, the solid support may impose restrictions on
access to the active sites of the organocatalyst. If the active sites
are too close to the support backbone or situated within the
porous structure of the support, they are less accessible for
larger reactant molecules, thereby affecting the catalytic activi-
ty and selectivity. Proper design of the linker between the cata-
lytic sites and the support surface, along with careful selection
of the solid support, can help to optimise the accessibility of the
active sites and mitigate this limitation [65,125].

Consequently, the properties of the supported organocatalyst
also depend on the density of catalytic sites on the support sur-
face, as well as the nature and length of the linker [8]. Addition-
ally, the linker itself could serve as a competitive active site. In
the case of enantioselective catalysis, the linker could promote
the formation of racemic products, leading to lower stereoselec-

tivity. Moreover, in catalyst co-polymerisation, the organocata-
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opanal to trans-B-nitrostyrene under continuous flow conditions.

lyst might be enclosed within the inner part of the polymer
bead, rendering it inaccessible for reactants, or the repeating
unit of the polymer could act as a competitive active site.

On the other hand, in some cases, the support surface can even
impede unwanted side reactions. Pericas and co-workers immo-
bilised a thiourea organocatalyst on PS (28) and applied it in the
enantioselective a-amination of 1,3-dicarbonyl compounds [36].
Unlike homogeneous thioureas, catalyst 28 is not irreversibly
deactivated by azodicarboxylate reagents. In the attempt to
recycle catalyst 28 for the reaction between ethyl 2-oxocy-
clopentanecarboxylate (25) and di-tert-butyl azodicarboxylate
(26) (Scheme 8), a decline in catalytic activity was initially
noticed. While this could be attributed to the nucleophilic deac-
tivation of thioureas by azodicarboxylates in a homogeneous
phase, as noted by Takemoto [126], it was suggested that this
interaction would be significantly impeded by the polymer
backbone. Alternatively, it was proposed that this degradation
could be due to protonation of the basic tertiary amine unit. It
was found that washing the resin with triethylamine between
reaction cycles was sufficient to regenerate the catalyst. Conse-
quently, high yields (85-94%) and enantiomeric excess values

(90-92%) were consistently achieved over 9 reaction cycles.
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Scheme 8: a-Amination of ethyl 2-oxocyclopentanecarboxylate catalysed by PS-THU which could be recycled over 9 reaction cycles.

In a previous work conducted in our research group, we investi-
gated the influence of various linkers of cinchona squaramide
organocatalysts immobilised on a poly(glycidyl methacrylate)
(PGMA) solid support [127]. The support consisted of well-
defined monodispersed PGMA microspheres, which were pre-
pared through thorough parameter optimisation. Three amine-

functionalised cinchona derivatives 29-31 were immobilised on
this polymer support by utilising its reactive epoxy groups
(Scheme 9).

These structurally diverse precatalysts were prepared by modi-
fying the cinchona skeleton at different positions to investigate
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Scheme 9: Preparation of supported catalysts C29-C31 from cinchona squaramides 29-31 modified with a primary amino group.

2137



how the amino group-containing linker affects them. The
immobilised organocatalysts' catalytic activities and enantiose-
lectivity values were evaluated in the Michael addition of
pentane-2,4-dione (32) and trans-p-nitrostyrene (11). The cata-
lysts could be reused over five reaction cycles through centrifu-
gation, without significant loss of activity (Scheme 10).

The catalysts showed no significant differences in terms of
yields. However, catalysts C30 and C31 achieved higher enan-
tiomeric excess values (up to 79% ee and 59% ee, respectively)
compared to catalyst C29 (up to 31% ee). Among the immo-
bilised catalysts, C30 produced the best results. Catalyst C29,
which showed lower selectivity, features a 1,2,3-triazole-4-yl
unit as the substituent at the tertiary amine-containing quinucli-
dine motif, whereas C30 and C31 have an ethyl group attached
to the ring in this position. Additionally, catalyst C31 has a
longer-chain linker, but its squaramide NH groups are more
acidic due to binding with an electron-withdrawing group. This
acidity can result in stronger hydrogen bonds between the sub-
strate and the catalyst C30, which contains a bis(trifluoro-
methyl)phenyl-modified squaramide moiety. This stronger
interaction potentially enhances the catalyst—substrate interac-
tion, allowing for more precise stereocontrol of the reaction
[128-132]. Therefore, the difference in enantioselectivity values
may be attributed to these electronic effects. Ultimately, the
most favourable outcomes were achieved with catalyst C30 at
0 °C, with yields reaching up to 84% and enantiomeric excess

reaching 96%.

As highlighted in this review, different factors can aid in the
design and optimisation of solid-supported organocatalysts,
ensuring their catalytic activity is comparable or even superior
to their homogeneous counterparts. A notable example of a
highly recyclable solid-supported organocatalyst was demon-
strated by List and co-workers, who showcased the robustness
of a cinchona alkaloid-based sulfonamide organotextile catalyst
36 (immobilised on nylon 6,6) through hundreds of recycling
experiments (Scheme 11) [15]. The organotextile catalyst 36

exhibited a very similar enantioselectivity (93% ee) to the ho-
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mogeneous catalyst (94% ee) in the alcoholytic desymmetrisa-
tion of a cyclic anhydride 34 albeit requiring a slightly longer
reaction time. Compared to polymer films, textile fibres offer a
significantly higher surface area, potentially contributing to the
maintenance of high enantioselectivity (>90% ee) for over
250 cycles.

H
catalyst (10 mol %) O?iCOOH
MeOH :>COOH
MTBE, rt H
35

99% yield, 93% ee (14 h)

homogeneous catalyst (5 mol %): 99% yield, 94% ee (2 h)

CF;

—~
@

Scheme 11: Alcoholytic desymmetrisation of a cyclic anhydride 34 cat-
alysed by polyamide-supported cinchona sulfonamide 36.

Conclusion

Solid-supported organocatalysts can provide an environmental-
ly friendly and economical solution even for industrial pro-
cesses. To maximise their adoption by industry, efficient cata-
lysts that can be easily recycled need to be developed. Immobi-
lisation on solid supports such as polymers, silica, glass beads
and magnetic nanoparticles has proven effective, although each
method presents unique challenges regarding catalytic activity,

selectivity and stability. A number of factors need to be taken

catalyst C29 or O O
C30or C31
0o o N0z (5 mol %) M
M “_NO,
32 1 rt, 24 h 33

with C29: 87-90% vyield, 17-31% ee
with C30: 78-89% yield, 73-79% ee
with C31: 79-87% yield, 53-59% ee

Scheme 10: Application of PGMA-supported organocatalysts C29—C31 in the asymmetric Michael addition of pentane-2,4-dione (32) and trans-B-

nitrostyrene (11).
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into account during the development process. The surface area,
morphology and pore size of the solid support have a strong in-
fluence on the catalytic properties. Innovative approaches such
as confinement effects and advanced material designs such as
MOFs, COFs and hyperbranched systems offer promising solu-
tions to enhance catalyst efficiency and selectivity. It is also
crucial that the supports meet certain requirements: they must
be chemically inert, stable and easily recyclable. Examples can
also be found where the stability of the catalyst is increased

through the attachment to the support.

Of the immobilisation methods, covalent tethering is preferred
because of the resulting stable immobilisation. However, simple
catalyst grafting with few steps is important and favourable for
industrial applications. Interactions between the support, the
catalytically active site and other components must also be
taken into account in catalyst development. Additionally, the
selection of the appropriate solvent is critical.

To mitigate diffusion limitation, it is important to ensure appro-
priate mixing and flow characteristics and adequate concentra-
tion of reactants and catalytic units. Flow chemistry can be
easily combined with solid-supported organocatalysis, while
even elevated pressure can be applied to reduce diffusion limi-
tations. The size, rigidity and character of the linker also play an

important role in catalyst design.

Despite these advances, the development of highly efficient and
recyclable organocatalysts remains a challenge. Trade-offs be-
tween immobilisation methods and the catalytic performance
require further research. Future directions include improving
immobilisation strategies, exploring new support materials and
optimising reaction conditions to alleviate diffusion limitations
and improve the availability of active sites.

In summary, the evolving development of solid-supported
organocatalysts has significant potential for industrial applica-
tions, particularly in the pharmaceutical and fine chemical
industry. The design of recyclable, robust and high-perfor-
mance organocatalyst systems will continue to encourage inno-
vation in this area, contributing to more sustainable and effi-
cient catalytic processes.
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