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Direct synthesis of 2,3-dihydroperimidine
derivatives via dehydrogenative C—N coupling
using a recyclable Fe catalyst
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We report here an efficient and sustainable protocol for the direct synthesis of 2,3-dihydroperimidine

derivatives via dehydrogenative C—N coupling, utilizing a recyclable Fe single-atom catalyst supported on

nitrogen-doped carbon (Fe;—N-C). The catalyst was synthesized by encapsulating ferrocene within the

ZIF-8 framework, followed by pyrolysis. The catalyst exhibited excellent activity, stability, and recyclability,

facilitating the transformation of diverse primary alcohols, including aryl/heteroaryl methanol and aliphatic
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Introduction

Nitrogen-containing heterocyclic molecules are ubiquitous
and play a significant role as pharmaceuticals,’ agrochem-
icals,” and biologically active products.® Their biological
activity, coupled with their ability to readily protonate or
deprotonate and to form various weak interactions such as
H-bonding and dipole-dipole interactions, makes them indis-
pensable in various fields of organic and pharmaceutical
chemistry. Among various nitrogen-containing heterocycles,
perimidines stand out as a class of scaffolds that are renowned
for their multifunctional properties.” Perimidine derivatives
have been extensively employed as ligands for catalysts,® con-
ducting polymers,” dyes,® photosensors as well as supramole-
cular self-assembly,” and corrosion inhibitors."® They exhibit a
wide range of biological activities, including antioxidant,
anticancer,'” antimicrobial,"® anti-inflammatory,'* and acetyl-
cholinesterase inhibitory activities (Fig. 1).*

Perimidine derivatives are conventionally synthesized
through a condensation reaction between 1,8-diamino-
naphthalene and aldehydes, using mineral acids or Lewis
acids as catalysts.'® Moreover, the synthesis of 2,3-dihydroperi-
midine derivatives has been effectively facilitated by employing
Si0, and zeolite-based catalytic systems.'” However, most of
the protocols are associated with the generation of stoichio-
metric waste, harsh reaction conditions, and low atom
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alcohols, into the desired products in moderate to good yields. To delineate the mechanism, several
control experiments were performed, revealing the formation of aldehyde as the intermediate, which sub-
sequently underwent annulation with naphthalene-1,8-diamine. Additionally, the gram-scale synthesis
further showcased the versatility of the catalyst as well as the protocol.

economy. In recent times, due to alarming environmental con-
cerns, more emphasis has been placed on sustainable organic
synthesis. Over the past decade, acceptorless dehydrogenation
of alcohols has emerged as a sustainable and atom-economical
strategy for the construction of C-C and C-heteroatom bonds
and the synthesis of heterocycles with water and hydrogen
being the sole byproducts.'® Thus, numerous research groups
are engaged in the development of highly active and selective
homogeneous as well as heterogeneous catalyst systems for
acceptorless dehydrogenation.'® To meet the growing demand
for an active, robust, and inexpensive catalyst, single-atom cat-
alysts (SACs) have emerged as the new frontier in catalytic
chemical processes.”® Not only do they exhibit excellent
activity, selectivity, and tunability, but they also have tra-
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Fig. 1 Representative important perimidine derivatives.
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ditional heterogeneous characteristics like stability, recyclabil-
ity, and easy separation from the product.>® SACs offer
maximum atom utility, efficiency of the catalytic centers, and
stability and can function under diverse reaction conditions.>>

The synthesis of 2,3-dihydroperimidine derivatives via
acceptorless dehydrogenation of alcohols, followed by annula-
tion with naphthalene-1,8-diamine, is known in the literature
but not widely explored. Ramesh et al. developed palladium(u)
complexes as catalysts for the synthesis of 2,3-dihydro-1H-
perimidine.”?

Recently, Srimani and coworkers accomplished the syn-
thesis of 2,3-dihydro-1H-perimidine derivatives by utilizing a
homogeneous Co-complex®* and a Mn complex®® as a catalytic
system (Scheme 1). Furthermore, Dateer et al. reported the syn-
thesis of perimidine derivatives using single-phase 8-MnO,
NPs.>® Wang and team achieved the same transformation uti-
lizing recyclable mesoporous silica-supported iridium and
ruthenium catalysts.>” During our thorough literature survey,
we didn’t come across any 3d transition metal heterogeneous
catalyst for the synthesis of 2,3-dihydro-1H-perimidine deriva-
tives via acceptorless dehydrogenative coupling. Hence, as a
part of a continuing program to explore the novel applications
of acceptorless dehydrogenation,”® we explore here the syn-
thesis of 2,3-dihydro-1H-perimidine derivatives utilizing an
earth-abundant, inexpensive, and environmentally benign Fe-
based catalyst system. Previously, our group developed an iron
single-atom catalyst on nitrogen-doped carbon (Fe;-N-C) for
the direct formation of the Csp®-S bond via the borrowing
hydrogen strategy using alcohols as the alkylating agent.>® The
catalyst was synthesized using a ferrocene encapsulated zeoli-
tic imidazole framework (Fc@ZIF-8) as the precursor, which,
on pyrolysis at 900 °C, leads to the reduction of ZnO and evap-
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Scheme 1 State of the art in the synthesis of 2,3-dihydro-1H-perimi-
dine derivatives via acceptorless dehydrogenative annulation.
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oration of Zn, increasing the surface area and encasing Fe
atoms into the Zn vacancies.*’

Results and discussion

The catalyst precursor Fc@ZIF-8 was synthesized using readily
available and inexpensive precursors ferrocene (Fc), Zn(NO;),,
and 2-methylimidazole. Furthermore, the former was pyro-
lyzed under an argon atmosphere at 900 °C to obtain the
desired catalyst Fe;-N-C. The synthesized Fe;-N-C was charac-
terized by EXAFS, XPS, HR-TEM, XRD, ICP-OES, Raman spec-
troscopy, etc. The reusability of the catalyst was tested for the
current protocol, and it could be recycled 5 times without
appreciably affecting the catalyst activity (Fig. 3).

The XRD patterns of the catalysts presented only character-
istic peaks corresponding to graphitic carbon, ranging from 20
to 30° (002) and 40 to 50° (101), and no signals corresponding
to crystalline metal or metal oxide were observed (Fig. $4).%**
The presence of iron single atoms (encircled in red) was deter-
mined by HR-TEM (Fig. 2a and b). EXAFS measurement of the
catalyst further validated the single atomic nature of iron in
the catalyst (Fig. 2c). In the EXAFS spectrum, a peak at a radial
distance of ~1.4 A corresponding to the Fe-N bond was
observed. However, Fe-Fe interaction peaks at ~2.1 A, 3.7 A
and 4.4 A were found to be absent in the EXAFS signal of Fe,~
N-C, further confirming the single atomic nature of iron in
the catalyst. To obtain insights into the electronic properties
and oxidation state of the surface species present in the cata-
lyst, XPS analysis was carried out. The XPS spectrum of the
nitrogen region (Fig. 2d) revealed the presence of four
different nitrogen species i.e. pyridinic N (398.4 eV), pyrrolic N
(400.1 eV), graphitic N (401.2 eV), and oxidized nitrogen
species (402.9 eV).*® It was observed that the integrated peak
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Fig. 2 (a) HR-TEM image of Fe;—N-C, (b) magnified HR-TEM image of
Fe;—N-C with Fe single atoms encircled in red, (c) EXAFS spectrum of
Fe;—N-C, Fe metal and FeO, (d) XPS spectrum of N in Fe;—N-C.
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Fig. 3 Recyclability test carried out using benzyl alcohol and naphtha-
lene-1,8-diamine under standard reaction conditions.

area of pyridinic type N was higher when compared with
others and is presumed to be the anchor sites to the Fe atoms.
The actual Fe loading in the catalyst was determined by
ICP-OES and found to be 0.65 wt%. Furthermore, HAADF-
elemental mapping provided the elemental distribution in the
catalyst (Fig. S5, SI).

Following detailed characterization of the catalyst, we inves-
tigated the catalytic activity of the catalyst in the acceptorless
dehydrogenative coupling between 4-methylbenzyl alcohol and
naphthalene-1,8-diamine as the model substrates. Various
crucial reaction parameters like catalyst, solvent, reaction time,
and temperature were varied to achieve the optimal reaction
conditions (Table 1 and Table S1, SI).

Table 1 Optimization of reaction conditions?

View Article Online
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A complete conversion into the product with 80% isolated
yield was achieved when 0.5 mmol of naphthalene-1,8-
diamine, 1 mmol of 4-methylbenzyl alcohol, 1 mmol of KOH,
and 5 mg of Fe,-N-C catalyst were stirred in toluene medium
at 130 °C for 24 h (Table 1, entry 2). A reduction in the reaction
temperature and time resulted in a significant reduction in the
yield of 2-tolyl-2,3-dihydro-1H-perimidine, indicating the criti-
cal dependence of product formation on the optimized temp-
erature and time (Table 1, entries 3 and 4). The base KOH was
indispensable for the current protocol, and carrying out the
reaction without it (Table 1, entry 5) or replacing it with milder
bases like K,COj; (Table 1, entry 10) resulted in the recovery of
the limiting reagent, naphthalene-1,8-diamine, without
product formation. As expected, the reaction didn’t proceed
efficiently in the absence of the catalyst, leaving the majority of
the reactants unreacted (Table 1, entry 1). Similarly, no promis-
ing results were observed when the catalyst precursors ferro-
cene, Zn(NOj),, and Fc@ZIF-8 were used as the catalyst
(Table 1, entries 6-8). These outcomes emphasize the critical
role of the Fe;—-N-C catalyst in the current protocol. The reaction
was not feasible in polar solvents, including DMF (Table 1,
entry 9), DMSO, and water (Table S1, entries 11 and 12).

To demonstrate the versatility of the current protocol, we
expanded the substrate scope by employing a range of benzyl
alcohols and aliphatic alcohols. It was observed that the reac-
tion was uniform irrespective of the functional group present.
Benzyl alcohol with electron-donating groups at the para posi-
tion, such as 4-Me, 4-OMe, and 4—ipr, furnished the desired
2-phenyl-2,3-dihydro-1H-perimidine derivatives in good yields
(Table 2, entries 3b-3d). A similar observation was made when
2-aminobenzyl alcohol was employed as the substrate (Table 2,
entry 3e). Furthermore, the trend continued with halogen-sub-
stituted benzyl alcohols, and 2-phenyl-2,3-dihydro-1H-perimi-
dine derivatives were obtained in moderate to good yields

Qo

/_©_Me
|
o

Solvent, Temp

Catalyst
Base, Time

-5

1a 2b 3b

Entry Catalyst Solvent Temperature® (°C) Base Time (h) vield® (%)
1 — Toluene 130 KOH 24 10
2 Fe,-N-C Toluene 130 KOH 24 80
3 Fe,;-N-C Toluene 110 KOH 24 48
4 Fe,-N-C Toluene 130 KOH 16 59
5 Fe,-N-C Toluene 130 — 24 —
6 Ferrocene? Toluene 130 KOH 24 9
7 Zn(NO;), Toluene 130 KOH 24 7
8 Fc@ZIF-8 Toluene 130 KOH 24 19
9 Fe;-N-C DMF 130 KOH 24 —
10 Fe,-N-C Toluene 130 K,CO; 24 —

%Reaction conditions: 4-methylbenzyl alcohol (1 mmol), naphthalene-1,8-diamine (0.5 mmol), catalyst (5 mg), solvent (2 mL), and base (1 mmol)
were stirred under an argon atmosphere for the required time using a preheated heating block. ” Yield refers to isolated yield. © Heating block

temperature. ¢ Catalyst amount equivalent to 0.6 wt% of Fe was used.
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Table 2 Substrate scope®”
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“Reaction conditions: alcohol (1 mmol), naphthalene-1,8-diamine (0.5 mmol), Fe;-N-C (5 mg, Fe loading 0.65 wt%) toluene (2 mL), and KOH
(1 mmol) were stirred under an argon a atmosphere for 24 h on a preheated heating block maintained at 130 °C. ” Yield refers to isolated yield of

pure compounds characterized by 'H, *C NMR and mass spectroscopy.

(Table 2, entries 3f, 3g, and 3k). Notably, the 4-CF; functional
group also furnished the desired perimidine derivative in good
yield (Table 2, entry 31). The protocol scope was further
extended beyond benzyl alcohols, heteroaryl primary alcohols
like thiophen-2-yl methanol (Table 2, entry 3h), furfural
alcohol (Table 2, entry 3i), and aliphatic alcohols including
heptanol, octanol, isoamyl alcohol, 3-phenyl butanol and
diphenyl methanol all of which furnished the corresponding
2,3-dihydroperimidine derivatives in gratifying yields (Table 2,
entries 3n-3q). Hydrogen labile groups, such as O-benzyl,
remained intact under the present reaction protocol (Table 2,
entry 3j). Moreover, when a-trans methyl cinnamyl alcohol was
employed, the reaction proceeded selectively at the terminal
carbon with 60% yield of the desired product (Table 2, entry
3r). Furthermore, when 2,6-dichlorobenzyl alcohol
deployed, the corresponding product was obtained in good
yield (Table 2, entry 3s). In addition, to check the large-scale
utility of the protocol and the catalyst, a gram-scale synthesis
was performed by employing naphthalene-1,8-diamine and
thiophenyl-1-methanol under the standard reaction con-
ditions. To our delight, we were able to isolate the corres-
ponding 2,3-dihydroperimidine derivatives containing the
thiophene moiety, a potent acetylcholinesterase inhibitor, in
52% yield (Scheme 2).

was

This journal is © The Royal Society of Chemistry 2025
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KOH 24h
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3h, (52 %) isolated yield

5 mmol

Scheme 2 Gram-scale synthesis of 2,3-dihydro-1H-perimidine deriva-
tives containing the thiophene moiety, a potent acetylcholinesterase
inhibitor.

To gain mechanistic insights into the synthesis of 2,3-dihy-
droperimidine derivatives, a series of control experiments were
carried out and are summarized in Fig. 4. When the reaction
was carried out under the standard reaction conditions by
employing only 4-methylbenzyl alcohol along with the catalyst
Fe,-N-C, it led to the formation of 4-methylbenzaldehyde
(Fig. 4, eqn (i)) via acceptorless dehydrogenation with the liber-
ation of hydrogen gas, which was qualitatively detected using
gas chromatography (Fig. S6, SI). Furthermore, when the reac-
tion was carried out using 4-methylbenzaldehyde instead of
4-methylbenzyl alcohol, under the standard reaction con-
ditions, we obtained the desired 2-tolyl-2,3-dihydro-1H-perimi-

Org. Biomol. Chem., 2025, 23, 8914-8919 | 8917
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Fig. 4 Control experiments. Reaction conditions: 4-methylbenzyl

alcohol/4-methylbenzaldehyde (1 mmol), naphthalene-1,8-diamine
(0.5 mmol, for reaction ii-iv), Fe;—N—-C (5 mg, Fe loading 0.65 wt%),
toluene (2 mL), and KOH (1 mmol) were stirred under an argon atmo-
sphere for 24 h using a preheated heating block. For reactions iii—iv,
1 mmol radical scavengers were used.

dine in 75% isolated yield, confirming that aldehyde is the
intermediate formed during the course of the reaction (Fig. 4,
eqn (ii)). To eliminate the possibility of a radical pathway, a
radical scavenging test was performed using 2,2,6,6-tetra-
methylpiperidinyloxy (TEMPO) and 1,1-diphenylethylene
(DPE). The reaction proceeded smoothly even in the presence
of radical scavengers, furnishing the desired product with 77%
and 72% yields, respectively (Fig. 4, eqn (iii) and (iv)).

Based on these experimental findings, a plausible reaction
mechanism was proposed as shown in Scheme 3, where at the
beginning, alcohol undergoes an Fe;-N-C catalyzed acceptor-
less dehydrogenation to give the corresponding aldehyde. The
aldehyde subsequently undergoes nucleophilic attack by
naphthalene-1,8-diamine, followed by base-catalyzed conden-
sation, leading to the formation of the desired 2,3-dihydro-1H-
perimidine derivative as the final product.

ArR
HNJ\NH

ArlR

_—
Acceptorless
Dehydrogenation

Fes-N-C

H, 0% AR

Scheme 3 Plausible reaction mechanism.
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Conclusions

In conclusion, the synthesis of 2,3-dihydro-1H-perimidine
derivatives has been demonstrated by employing an iron
single atom on nitrogen-doped carbon (Fe;-N-C) as a catalyst
via acceptorless alcohol dehydrogenation. The catalyst Fe;—N-
C displayed good activity, stability, and recyclability, and was
synthesized using inexpensive precursors via high-temperature
pyrolysis and sacrificial template strategies. The catalyst was
characterized by various analytical and spectroscopic tech-
niques, including HR-TEM and EXAFS measurement, which
confirm the well-dispersed Fe-single atom on the nitrogen-
doped carbon (N-C) support. The versatility of the protocol
and catalyst was validated using a wide range of substrates,
including benzyl alcohols containing electron-donating, elec-
tron-withdrawing, halogen, and hydrogenation-labile substitu-
ents, heteroaryl methanols, and aliphatic alcohols. A wide
array of functional groups was tolerated, and the corres-
ponding 2,3-dihydro-1H-perimidine was furnished in moderate
to good yields. Control experiments suggested that the reaction
proceeds via the formation of an aldehyde intermediate, fol-
lowed by annulation with naphthalene-1,8-diamine.
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