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Abstract

Benzofuro[3,2-d]pyrimidine derivatives represent an important class of fused heterocyclic compounds, owing
to their diverse biological activities and their significance as scaffolds in medicinal chemistry. combining the
structural features of benzofuran and pyrimidine nuclei within a fused polycyclic scaffold. The incorporation of
oxygen- and nitrogen-containing heteroatoms provides these molecules with unique electronic, hydrogen-
bonding, and n—mt stacking capabilities, making them attractive frameworks in medicinal chemistry and drug
discovery. This review presents an overview of the synthetic methods and biological properties for
benzofuro[3,2-d]pyrimidines reported between 1976 and 2025.
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1. Introduction

Many naturally occurring furans exhibit diverse biological activities,! such as cytotoxic,> antitumor,3
antispasmodic* antimicrobial® and anti-influenza virus activity.® In addition, benzofurans have received
significant attention in recent years owing to their medical importance.” They have been identified as promising
frameworks for the development of new antimicrobial agents.® The antibacterial and antifungal activity of
benzofuran derivatives is predominantly modulated by substituents on the heterocyclic furan ring, with
comparatively less contribution from the aromatic ring. In most cases, early structure—activity relationship (SAR)
studies focused on variations in nitro substitution It was found that 3-nitrobenzofurans consistently exhibited
lower antibacterial and antiprotozoal activity in vitro compared to their 2-nitro derivatives, highlighting the
significance of the nitro position for bioactivity.> 19 Investigation of benzofurans as potential inhibitors of fungal
N-myristoyltransferase (Nmt) in Candida albicans has facilitated the identification of a new class of antifungal
agents.!? Furthermore, several other biomolecular targets have been identified for benzofurans that possess in
vitro antibacterial properties,® including bacterial enzymes engaged in the methionine cycle such as methionine
aminopeptidase!? and deformylase,’® as well as enzymes related to peptidoglycan synthesis like UDP-N-
acetylmuramyl-L-alanine ligase'* and chorismate synthase, which are vital for bacterial vitality.’> Consequently,
there is an increasing interest in developing versatile and general methods for synthesizing benzofurans. Over
the years, various classical and metal-mediated procedures have been established for constructing the
benzofuran structure.'® Additionally, benzofuro[3,2-d]pyrimidines are commonly recognized as core structures
in a diverse range of compounds exhibiting significant biological activities,'’ such as anti-cancer properties.'®
Some derivatives of benzofuro[3,2-d]pyrimidine act as antimicrobial agents,*® while others have been reported
as protein kinase inhibitors,?® adenosine receptor (A2A) antagonists,?! and novel PARP-1 inhibitors.?? Recently,
N-aryl-7-methoxybenzo[b]furo[3,2-d]pyrimidin-4-amines have been described as dual inhibitors of CLK1 and
DYRK1A kinases.?* 2* Furthermore, compound A is a multistage tyrosine kinase inhibitor currently undergoing
phase | clinical trials, while compound B has been identified as a histamine H4 modulator (Figure 1).2> 26 In
continuation of our previously published reviews?’-32 on the synthesis of heterocyclic compounds of biological
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importance, this focused review aims to address the synthetic strategies and biological importance of
benzofuro[3,2-d]pyrimidine derivatives.

Figure 1. Selected examples of benzofuro([3,2-d]pyrimidine compounds displaying antimicrobial activity.
2. Synthesis of Benzofuro[3,2-d]pyrimidine Derivatives

2.1. From 2-hydroxybenzonitrile derivatives

lI'chenko et al. reported that,3 treatment of the 2-hydroxybenzonitrile 1 with ethyl chloroacetate afforded the
corresponding ethyl 3-aminobenzofuran-2-carboxylate 2. Compound 2 was reacted with isothiocyanates 3 in
dimethylformamide to yield the associated thiourea derivatives 4. Heating thiourea derivative 4 in alkaline
medium induced cyclization, affording the 3-substituted 2-thioxo-2,3-dihydro-1H-benzofuro[3,2-d]pyrimidin-
4(1H)-ones (5c-e,g). Treatment of 2 with thiophosgene 6 afforded the corresponding ethyl 3-
isothiocyanatobenzofuran-2-carboxylate 7. Reaction of isothiocyanato derivative 7 with amine derivatives 8a-
m in the presence of triethylamine gave the benzofuro[3,2-d]pyrimidine derivatives 5a-m (Scheme 1).

N
S "R
CN s( H .
R-NCS NH KOH \f
3 | . | I
3c, 5¢, R=Ph . O 5c-e,g O
CICH2C02Et 3d, 5d, R= 4-F-Ph

3e, 5e, R=4-(OCH;-Ph)
3g, 59, R= CH,-Ph

NH, | S RNH, H s
NCS 8a-m
L on |ols oo _sem Y
6 OEt N(Et); 0 "R
5a-m o

7 O

(8a): R = H, (8b): R = CHs, (8¢c): R = Ph, (8d): R = 4-F-Ph, (8€): R = 4-(OCH3-Ph), (8f): R = C4Hg (8g): R = CH,-
Ph, (8h): R = (CH,),-OCH, (8i): R = CH,~(4-F-Ph), (8]): R = CHy-(4-OCHs-Ph), (8k): R = CH,-(4-CHa-Ph), (8l):
R = CH,COOH, (8m): R = (CH,),COOH.

Scheme 1. Synthesis of 3-N-substituted-2-thioxo-2,3-dihydrobenzofuro[3,2-d]pyrimidin-4(1H)-ones 5a-m.
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Furthermore, cyclization3* of ethyl 3-amino-2-carboxylate 2 with formamidine acetate in formamide at
150 °C gave the 4-hydroxypyrimidine 9. Chlorination of 9 with phosphorus oxychloride subsequently reaction of
the resulting product with ammonium hydroxide in DMSO afforded 4-aminopyrimidine 10 (Scheme 2).

N
NH, formamidine acetate ‘ N\ﬁ 1) POCls, 90 °C ‘ \w
g N
~
[;Eoil formamide, 150 °C; o~ ~#N 2)NH,0H, DMSO, 0

COOEt g OH 100 °C NH,

2

Scheme 2. Synthesis of benzofuro[3,2-d]pyrimidine derivatives 9 and 10.

It was found that,3° the reaction of benzofuran derivative 2 with phenyl isocyanate in anhydrous pyridine
under reflux gave ethyl 3-phenylureido-2-benzofuran carboxyalate 11 and not the expected tricycle 12.
Similarly, treatment of 2 with phenyl isocyanate in acetone under mild conditions gave compound 11. Reaction
of 11 with phosphoryl chloride at reflux temperature gave 2-chloro-3-phenyl-3,4-dihydro-4-oxobenzofuro[3,2-
d] pyrimidine (13), probably the result of both cyclization and halogenation. Reaction of 13 with piperidine and
morpholine in ethanol afforded the corresponding compounds 14a and 14b. The reaction of 13 using hydrazine
hydrate in ethanol at reflux furnished 15. The condensation of 15 with different aromatic aldehydes in methanol
at room temperature led to formation of the corresponding benzofuro[3,2-d]pyrimidines (16a-e). Treatment of
15 with ethyl orthoformate gave a tetracyclic heterocycle 17 (Scheme 3).

N._O N\\rN
—f— | \,T | N
NH, o) “Ph o Ph
O
- O 14a,b
| OFt PhNCO/Pyridine 12 ] a, X= CH,

O
o]
2 NHCONHPh

POCI, N\\(C'
o | OEt ‘ R
PhNCO/Acetone f O Ph
1 O 13 o
N
N_ N N,H4/EtOH
HC(OEt 2My
| \( - (OEt)3
N.
0 Ph
17 ©

16a, Ar= CgHs N NHN=CHAr

16b, Ar= CgH4OCHj(p) T

16¢, Ar= 3,4,5-CgH,(OCH3), o N\Ph f\rCHO/MeOH
16d, Ar= C4H,Cl(p) -

16e, Ar= 2-methyl furane 16a-e O

b, X=0

Scheme 3. Synthesis of 2-arylideneamino-3-phenyl-3,4-dihydro-4-oxobenzofuro(3,2-d]pyrimidines 16a-e.
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Wu W-N. et al. mentioned that,3® treatment of amino ester 17 with formamide gave the corresponding
8-nitrobenzofuro[3,2-d]pyrimidin-4-ol (18). Chlorination of the latter compound with phosphorous oxychloride
gave the 4-chloro derivative 19. Reaction of the latter compound with 3-bromoaniline gave corresponding
compound 20. Reduction of nitro derivative 20 lead to the formation of amine 21. Reaction of 21 with benzyl
chloride gave dibenzylamino derivative 22 (Scheme 4).

NH, N
HCONH, m © N | Poc,
0 NH| —
CO,Et 135°C,4h 6] reflux
N N . HoN N
2 ‘ \w 3-bromoaniline \ N,H, FeCls 2 ‘ \w
_—
o) =N ipr, reflux N Active carbon, o =N
ethanol, reflux
Br
enol m
Acetone

Scheme 4. Synthesis of benzofuro[3,2-d]pyrimidines 18-22.

In 2012, Okuda et al.?” found that treatment of amino derivative 1038 with N, N-dimethylformamide or
N,N-dimethylacetamide dimethyl acetal (DMAC) 23 in toluene, under reflux, gave compounds 24a,b. On the
other hand, reaction of 10 with Vilsmeier reagent afforded N'-(benzofurol[3,2-d]lpyrimidin-4-yl)-N,N-
dimethylformimidamides 24c-g which were previously synthesised.3® The amide oxime 25a was obtained by the
reaction of 24a with hydroxylamine hydrochloride (1.2 equiv.) in methanol at ambient temperature, whereas,
when the same reaction was performed using hydroxylamine hydrochloride (10 equiv.) in boiling methanol and
dioxane mixture, the 1,2,4-oxadiazole compound 26a was formed. Similarly, the 1,2,4-oxadiazole derivative 26b
was obtained when the compound 24b was allowed to react with 6.0 equiv. of hydroxylamine hydrochloride at
reflux in methanol. In addition, reaction of other amidines 24c-g with of hydroxylamine hydrochloride (1.2-8
equiv.) in methanol at ambient temperature gave the oxadiazole derivatives 26¢-g (Scheme 5).

Wang et al. mentioned that,*® the synthetic approach of the crucial intermediate 27 has been reported
previously.’®4! Thus, reaction of 2 with PhsP and EtsN in C,Cls gave the iminophosphorane 27. Treatment of the
latter compound 27 with with n-butyl isocyanate at 40-50 °C afforded the carbodiimide 28. Reaction of 28 with
morpholine and piperidine followed by treatment with sodium ethoxide vyielded the corresponding
benzofuro[3,2-d]pyrimidine derivatives 29a and 29b respectively. Interaction of 28 with phenols using
anhydrous K;COs; at 50-60 °C afforded 30a,b. The benzofuro[3,2-d]pyrimidines 31a,b were obtained by
treatment of compound 28 with aliphatic alcohols (R30OH) using R30ONa (Scheme 6).
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CR(OMe);NMe, NH,OH.HCI
23
toluene (1.2 eq.)
dry MeOH HIY R
or R 25a,b |
CR(OMe);NMe;| RCONMe,, POClI,, NMe, NH,OH HCI NOH
23 Et;N, CHCI, (10 eq.)
toluene ) NOH
dry MeOH (/
NH,OH.HCI NH
(1.2-8 eq.) |
> N
24c-g N~ _R dry MeOH 0 - />—_—R
\r r.t ¢, R=Et 263,Rf H O-N
NMe; d, R=4-CI-Ph 26b,R= Me
f, R=4-F-Ph 26¢-g
g, R=4-Me-Ph

Scheme 5. Reactions of formamidine derivatives 24a-g with hydroxylamine hydrochloride.

| . X
0~ “CO,Et

OH
2 1

PhsP, C,Clg
Et;N

i) NHR'R?

N=PPhs ii) EtONa/EtOH
| o
0~ “CO,Et 29a,b

29a (86%): NR'R?= morpholin-1-yl
29b (82%): NR'R?= piperidin-1-yl

27 (75%)
n-C4H9NCO

40-50°C
AI'OH/K2CO3
N=C=N
|
: 0" "CO,Et 30a (75%): Ar= p-MeCgH,4

28 30b (78%): Ar= p-MeOCgH,

R30OH/R®0ONa \ \\(
o N~

31a,b ©
31a (80%); R®= C,H5

31b (68%): R3= n-C,Hq

Scheme 6. Preparation of benzofuro[3,2-d]pyrimidin-4(3H)-one derivatives 31a,b.
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Moreover, the same authors*® described the reaction of iminophosphorane 27 with an excess of carbon
disulfide and prolonged heating at 40-50 °C, followed by subsequent treatment with n-propylamine. Further
treatment with alkyl halides or halogenated aliphatic esters under anhydrous K,COs yielded 2-substitutedthio-
3-n-propylbenzofuro[3,2-d]pyrimidin-4(3H)-ones 32a-d (Scheme 7).

N=PPh, N_ _S.
i) CS, SR
gt - DSk
0~ “CO,Et ii) n-PrNH, ~ N

0
27 iii) RX 32a-c O

32a (86%): R*= CH,CO,C,H5

32b (86%): R*= CH,CH,CHj,

32c (82%): R*= CH,CH,CH,CH3

32d (85%): R4= CH,Ph

Scheme 7. Construction of 2-substitutdthio-3-n-propyl-benzofuro[3,2-d]pyrimidin-4(3H)-ones 32a-d.

In 2016, it was reported that,*? reaction of compound 274 with of carbon disulfide used in excess gave
the isothiocyanate 33. Reaction of latter derivative with aliphatic primary amines gave the corresponding 2-
thione derivatives 34. The 2-substituedthio benzofuro[3,2-d]pyrimidin-4(3H)-ones 35a-d and 37 were obtained
by the reaction of 34 with alkyl halides or methyl 3-(2-(bromomethyl)phenyl)-3-methoxyacrylate 36 in the
presence of K COs. The synthesis of derivatives 38-40 has been described earlier.***> The 1-aryl-2-
thioxobenzofuro[3,2-d]-1,2,4-triazolo[1,5-a]pyrimidin-5(1H)-ones (41a,b) were prepared by treatment of
iminophosphoranes 40 with excess carbon disulfide. The 1-aryl-2-alkylthiobenzofuro(3,2-d]-1,2,4-triazolo[1,5-
alpyrimidin-5(1H)-ones (42a-g) were obtained when compound 41 was treated with alkyl halides in the
presence of K;COs (Scheme 8).
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©?\002Me
CHzBr
KoCOs 37 © R'=Ph, 4-F-Ph

N=PPh3 cs N=C=S RNH, \( N\(
2
\ — \ — N\R1 K2COs3
CO,Et o o

N\R'l
33 34 O 35a-d O

)—COaMe

S
NQ{ MeO

N\R'l

\

0
o

N
L
o

a, R'=Et, R?= CH,CHj;

b, R'= Et, R?= CH,CH,CH,4
c, R'=Et, R2=CH,Ph

d, R'=Et, R?= CH,CO,Et

R1 1
SH SR?
T QQ "
© 42a-g
- a, R'= Ph, R2= CH,CH,CH,CH,
b, R'= 4-F-Ph - 2- ¢
b, R'= Ph, R C(CHj3),CO,Et
c, R'=Ph, = CH,CH,CO,Et
d, R'= Ph, R2 CH,CO,Et
e, R'= Ph, = -CH,C=CH

f, R'= 4-F-Ph, R2- CHy(CH,),CH,4
g, R'= 4-F-Ph, R?= CH,CO,Et

Scheme 8. Synthesis of 1-aryl-2-substitutedthio benzofuro[3,2-d]-1,2,4-triazolo[1,5-a]pyrimidin-5(1H)-ones
42a-g.

Tang et al.*® found that the reaction of iminophosphorane 27%% 47 with isocyanates at 0-5 °C afforded the
corresponding compound 43. Treatment of latter compound 43 with substituted anilines provide guanidine
intermediates 44. The intermediates 44 were converted easily under mild conditions using sodium ethoxide to
benzofuro[3,2-d]pyrimidin-4(3H)-one derivatives 45a,b. Chlorination of the pyrimidinone derivatives 45a,b with
POCI; afforded the chloro derivatives 46a,b. Nucleophilic substitution reaction of the chloro derivative 46a,b
with amines gave the corresponding compounds 47a-c (Scheme 9).
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NH, H
H, N N
N=PPh, L [ ;] \Q
HNCO N=C=NH 1
| OEt — R Ri
0 o OEt OEt
27 o} 43 O 44 o}
NaOEt

NH._,
47a-c R
a, R'= H, R®= HOCH,CH,0OCH,CH,
b, R'=H, R® = n-C3H;
¢, R'=H, R® = p-C,H;00CPh

®)

Scheme 9. Synthesis of benzofuro[2,3-d]pyrimidine derivatives 47a-c.

It was also reported that** the carbodiimides 48 were prepared by the reaction of iminophosphorane 27
with isocyanates. Treatment of 48 with a-amino esters in presence of sodium ethoxide afforded the guanidine
intermediates 49, which did not cyclize to benzofuro[3,2-d]pyrimidin-4(3H)-ones 50 but the reaction
preferentially formed imidazolones 51 which underwent base-catalyzed intramolecular cyclization to the
corresponding benzofuro[3,2-d]imidazo[1,2-a]pyrimidine-2,5-diones 52 (Scheme 10).

N CO,Et R
\_ ’ ANCO oA HZN)\R —</:<002Et
©§>—002Et — O\ COEt  NaOET Q—§\ NHATr
27 48 [ 07 O |

_ Ar\ (a) % (b)

H
QL T
COzEt

R = H, Me, i-Pr, CH,0OH, CH,COOEt
Ar = Ph, 3-M906H4, 4-FCGH4

Scheme 10. Synthesis of benzofuro[3,2-d]imidazo[1,2-a]pyrimidine-2,5-diones (52).

In 2024, Bharathi Sh. V. et al.®® mentioned that the cyclization of hydroxybenzonitrile 53 with different
ketones in alcoholic media furnished the benzofuran derivatives (54a-d). Subsequent reaction of 54a-d with
ammonium thiocyanate and acetyl chloride under mild conditions afforded the carbamothioylacetamide
derivatives 55a-d. Cyclization of the latter with agueous NaOH probably formed thiol intermediates 56a-d,
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which were treated with chloroacetic acid that produced the corresponding [(4-methyl-8-nitrobenzofuro[3,2-d]
pyrimidin-2-yl)sulfanyl]acetic acids (57a-d) (Scheme 11).

OzN\CECN
OH

53

RCOCH,X

b, R= CgHs,
¢, R= CgH,Cl(p), X= Br
d, R= CgH,OH(p), X=Br

(54-57)a, R= CHj
(54-57)b, R= CgHs
(54-57)c, R= CqH,Cl(p)
(54-57)d, R= CgH,(OH)

NH,
—_—
X= ClI d R CHsCOCI
X=Br 54a-d
COOH
S
-
O,N N
\_/ CICH,COOH
o) R
57a-d

Scheme 11. Synthesis of benzofuro[3,2-d]pyrimidine derivatives (57a-d).

Wang Y. et al. found that??> when 2-hydroxybenzonitrile 1 was reacted with 2-bromoacetamide in DMA
in the presence of Cs,CO3, the corresponding cyano derivative 58 was isolated. Treatment of 58 with ethanolic
KOH afforded the cyclized product 59. Reaction of 59 with dialdehydes in acetonitrile using iodine under mild
conditions yielded benzofuro[3,2-d]pyrimidin-4(3H)-one derivatives 60-63. The Schiff base condensation of
intermediates 60-63 with 2-methyl-3-thiosemicarbazide and semicarbazide yielded the target products 64a,b-

67a,b (Scheme 12).
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CL
/N\ 1
CN R
1
2-Bromoacetamide
0
75°C| pMA, Cs,CO3,
0]
N
0] 1
¢tNH2 N
CN
R'
85 0c | KOH, EtOH NN
NH2
NH, o
59 / S\-R!

64a-67a; R' = }FITJJJ\NHZ 64b-67b; R'= ?5,\1)]\;«42
|
(a) dialdehyde derivatives, |,, CH3CN, r.t.; (b) 2-methylthiosemicarbazide or semicarbazide hydrochloride, EtOH,

HAc, reflux.

Scheme 12. Construction of benzofuran[3,2-d]pyrimidine derivatives and related heterocycles 60-67.
Furthrmore,?? compound 68 was obtained when compound 59 was reacted with 2-chloro-1,1,1-
trimethoxyethane and catalytic amount of p-toluene sulfonic acid. Treatment of 68 with p-
hydroxybenzaldehyde, 1H-imidazole-4-carbaldehyde, and 4-piperidinone, formed the corresponding
derivatives 69-71. Condensation of 69-71 with 2-methyl-3-thiosemicarbazide and semicarbazide furnished the
corresponding Schiff bases 72a,b-74a,b (Scheme 13).
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71 74a,b

72a-74a = }Xel/\l NH, 72b-74b = F)N)J\NHz
[

(c) 2-chloro-1,1,1-trimethoxyethane, p-toluenesulfonic acid, toluene, 110 °C; (d) aldehyde or ketone erivatives,
K,COs3, KI, DMF, 80 °C; (e) 4-piperidone hydrate hydrochloride, EtzN, KI, DMA, 80 °C.

Scheme 13. Synthesis of 2-substitued benzofuran[3,2-d]pyrimidine derivatives 69-74.

Reaction of pyrimidinone 60 with different amines in ethanol using acetic acid under reflux afforded of
the corresponding benzofuran[3,2-d]pyrimidine-4(3H)-one derivatives 75a-g?*> (Scheme 14).

Scheme 14. Synthesis of some hydrazone derivatives of benzofuran([3,2-d]pyrimidines 75a-g.

Raga Basawaraj et al. mentioned that®® the reaction of versatile intermediate 59 with aromatic aldehydes
in absolute ethanol and conc. HCl gave the benzofuro[3,2-d]pyrimidine derivatives 76.*° Treatment of
compounds 76 with POCl; underwent nucleophilic substitution reaction to give the corresponding 2-(3,4,5-
triethoxy-phenyl)-3,4-dihydro-4-chlorobenzofuro[3,2-d]pyrimidines 77. Reaction of chloro derivatives 77 with
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primary and secondary aliphatic amines, heterocyclic amines such as pyrrolidine, piperidine morpholine and/or
aromatic amines in absolute ethanol under reflux, yielded the corresponding 4-substitutedamino-2-(3,4,5-
triethoxyphenyl)benzofuro[3,2-d]pyrimidine derivatives 78-90 respectively (Scheme 15).

. N Ar
NH, CHO HN-RR /EtOH‘ ‘ \\r
O~ “CONH r= .
59 2 MeO OMe 78-81 N-RR
ArCHO/EtOH OMe
HCl RH/EtOH N\\(Ar
N__Ar N AT N
- _Pocy T 07 Y
o ~AN o ~FN T 82-84 R
77 CI
76 OH RNH,/EtOH ‘ N\\rAr
_N
@)
85-90 NH-R
Compounds 78-81 Compounds 85-90
No R’ R No R
78 H CHs 85 CsHs
79 H CaHs 86 CeHaCHs(p)
80 CHs CHs 87 CeHaOCH3s(p)
81 CoHs CaHs 88 CsHaCl(p)
Compounds 82-84 89 CsH4Br(p)
No R 90 X
82 ’NO | -
83 —N: >
84 —N 0
__/

Scheme 15. Nucleophilic substitution reactions of choro derivatives 77 with different amines (78-90).

It was also found that* reaction of amino amide derivative 59 with ethyl chloro(oxo)acetate in
acetone/pyridine mixture gave compound 91. Compound 91 was considered as a valuable precursor for the
synthesis of heterocyclic-fused benzofurans. Thus, treatment of 91 with EtONa in dry ethanol afforded the ester
derivative 92. An alternative synthesis of ester 92 was achieved via reaction of 91 in DCE using EtsN and TMSCI,
following a previously described®! protocol, providing the ester in 60% yield. Saponification of the ester 92
furnished acid 93 (88% yield) which underwent decarboxylation to give benzofuro[3,2-d]pyrimidine 94.
Treatment of Ester 92 with POCl; according to Sangapure et al.> produced 4-chlorobenzofuro[3,2-d]pyrimidine
95. The chloro derivative 95 was subsequently converted into amines 97a-c through reactions with secondary
amines 96a-c. Hydrolysis of esters 97a-c with LiOH in THF—water yielded the corresponding acids, which were
reacted with primary and secondary amines 96a-t to produce the carboxamide derivatives (98-100)a-t (Scheme
16).
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EtO

O$O
NH, i, EtONa/EtOH/AcOH,
[, SloocooE NH 450C. 3-4h
O 2 Acetone/Pyridine | NH, ii, DCE, EtsN, TMSCI,
o (0) reflux, 16 h
A,3h

59 ’ 91 e} and/or
2h THF, 25 °C
OH
N
K,CO3/DMF ‘ \W/go
0 reflux 0 NH
92 O HNQ Q 93 O
3.4 h |POCh
reflux 96a
R* RS
‘N
NHR'R? 0 N
m O “gbac o , LIOH/HZO/THF, 25 °C "o
N
90-100 °C, 3 h N:'GZ?’F“ COIDMF 0" Y
97a-c NR'R2 98-100 NR'R?

a, R1 + R2 = (CH2)4
b, R + R? = (CH,),0(CH),
¢, R" + R? = (CHy)g

98a-t, R' + R? = (CH,),
99a-t, R'+ R?=(CH,),0(CH,),
100a-t, R'+ R? = (CH,)g

Scheme 16. Synthesis of carboxamide derivatives-based benzofuro[3,2-d]pyrimidine 98-100.

2.2. From benzofuran derivatives

Yokota et al. suggested that,>® the reaction of the ketene dithioacetal 101 with guanidine carbonate 102 in
pyridine under reflux afforded the 7-methoxy-4-(methylthio)benzofuro[3,2-d]pyrimidin-2-amine 103 in good
yield (Scheme 17).

° reflux
oo A SMe HN=( - 1/2H,CO; “Pyridine MeO
SMe
101 102

Scheme 17. Synthesis of 7-methoxy-4-(methylthio)benzofuro[3,2-d]pyrimidin-2-amine 103.

In 2024, Wang et al. reported that?! reaction of benzofuran-derived azadiene 104 with N-Ts cyanamide
105 under the action of Cs;CO3 and EtsN-HF in CH3CN under mild conditions, afforded the 2-anilino derivative
107 in 68%. Moreover, the corresponding nonaromatic cyclization derivative 106, which served as the precursor
to the final product 107, was observed early in the reaction mixture by TLC and disappeared after the completion
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of the reaction (Scheme 18). The exclusive chemo selectivity for this tandem[4+2]cyclization/aromatization
strategy was identified in this reaction. A proposed mechanism was suggested, as illustrated in the scheme 19.

—Ph NH—Ph
Ts Ts, HN
N s N— N—
/ + N. Et;N.3HF, Cs,CO; N /"N
Ph” “CN \ o _
O Ph CH4CN, rt, 48 h O Ph o Ph
104 105 106 107
Scheme 18. Synthesis of N,4-diphenylbenzofuro[3,2-d]pyrimidin-2-amine 107.
Ts, NH Ph
Ts /N cascade [4+2]cyclizatio / aromatlzatlon
|
N .
NoAZ + — one-pot multistep procedure w
Ph” “C=N @E}\Ph
105 104 107
? Ts aromatization | -TsH
@A _ _
/ \)A Michael addition Ph Ts, HN-Ph
Ph— “C=N Ts, ) N—{
O ¢ izati N
ll\ll cyclization @Eg\/<
oy N=C= R ©f\$/< i o Ph
e) Ph
104 N L . 106

Scheme 19. A suggested mechanistic pathway for the formation of compound 107.

2.3. From benzene-1,3,5-triol

In 2018, it was reported that >* the initial tribenzylation of benzene-1,3,5-triyl triacetate 109 was used to prevent
additive C-benzylation via direct O-benzylation of benzene-1,3,5-triol 108. This gave rise to the formation of
1,3,5-tris(benzyloxy)benzene 110. Mono-deprotection was then carried out under transfer hydrogenation
conditions using Pd/C and cyclohexene, in ethyl acetate/ethanol mixture under reflux, which gave 3,5-
dibenzyloxyphenol 111 in moderate yield. The 2-halo-3,5-dibenzyloxyphenols 112 and 113 were prepared by
mono-bromination and mono-iodination, respectively. Following this, O-alkylation was achieved employing
sodium hydride (NaH) as a base and ethyl bromoacetate under mild conditions, that produced esters 114 and
115 in high yields. Cyanation of esters 114 and 115 with copper cyanide in DMF resulted in the formation of
ester 116 in good yield. Cyclization of ethoxycarbonylmethylether 116 was carried out with NaH to yield
benzofuran derivative 117, which incorporated an amino group at position 3 and an ester group at position 2. A
ring closure reaction of the benzofuran precursor 117 was attempted via treatment of a formamide
intermediate with ammonia, yielding the corresponding benzofuro[3,2-d]pyrimidin-4-one 118. Attempts to
further convert 118 to 119 were unsuccessful (Scheme 20).
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OH OAc OBn OBn OBn
HO OH AcO OAc BnO OBn BnO OH BnO OH
108 109 110 111 X

112: X=Br
OBn OBn ) OBn NH, 113: X=I
v vi Vi . P vi
OEt
BnO oﬂ(oa BnO oY BnO O  OEt
N S CN o)
114: X=Br 116 117
115: X=I
OBn  NHCHO QBN N=— _ OBn \—
0 \ NH IX NH
B | =T
BnO O  OEt BnO o O BnO o O
118 119 CONH,

(i) Acy0O, pyridine, 120 °C, 5 h, 87%; (ii) BnCl, NaH, DMF, H,O, 0 °C to rt, 10 h, 96%; (iii) CgH4g, Pd-C 10%,
AcOEY/EtOH (3/1), 110 °C, 2 h, 45%; (iv) NBS(1.0 eq.), CH5Cl,, -78 °C, 2 min, 95% for 112 or NIS (1.0 eq.),CH,Cl,, -
8 °C, 2 min, 76% for 113; (v) NaH, BrCH,CO,Et, DMF, rt, 12 h, 83% for 114 and 96% for 115; (vi) CuCN, DMF, 160
°C, 1 h, 19% from 114 and 92% from 115; (vii) NaH, DMF, 0 °C, 30 min, 66%; (viii) HC(OEt);, MW, 200 °C, 15 min
then NH3/MeOH 7 N, MW, 140 °C,15 min, 31%; (ix) CSI, CH3CN, rt, 24 h then HCI 1 N, rt, 24 h, failure.

Scheme 20. Construction of benzofuro[3,2-d]pyrimidin-4(3H)-one derivatives 118.

In 2021, it was reported that®® the diiodination of compound 120 under mild conditions using N-
iodosuccinimide (NIS), followed by O-alkylation with ethyl bromoacetate® ¢! using NaH as base, resulted in the
formation of compound 122 with a yield of 72%.52 Cyanation of 122 with cuprous cyanide in DMF resulted in
dicyano derivative 123 in 75% vyield. Cyclization of compound 123 was performed using sodium hydride to
produce the ester 124.5° Treatment of 124 with the triethyl orthoformate using microwave irradiation gave the
pyrimidine derivative 125.%3 However, several trials to transform nitrile 125 to carboxamide 126, for example,
oxidation with aqueous H,0,, were fruitless (Scheme 21),6% 64-66
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OMe OMe OMe
NIS, CHyCl, | BICH,CO,Et CuCN/ DMF
—_— - _—
_ 0 P 0 @) 0
MeO on78°C. 2min e on NaH 60%, DMF, OA‘? 160 °C, 2 h
120 121' 122 I OEt
o QMe i OMe i
€ NaH 60%/ DMF NH, N. _OEt
CN ————— | HC(OEt)s/MW X
0°C, 30 min o) > o)
Ve o“fo MeO O 200°C,15min  [MeO o)
CN OFEt -2EtOH
CN OEt 124 CN OFt
123 L .
r OMe ] OMe OMe
N NH2 - N H202 35%, N\
NH3/MeOH (7N) T EtoH N | 7\1
MeO o) © MeO N KGO, 1t MeO g
CN OEt CN OH CONH, OH
126

- - 125
Scheme 21. Synthesis of 4-hydroxy-7,9-dimethoxybenzofuro[3,2-d]pyrimidine-6-carbonitrile derivative (125).

In 2021, another published approach® was to incorporate the carboxamide group before the cyclization
step. The direct aminocarbonylation of compound 120 using chlorosulfonylisocyanate (CSI) as the electrophilic
reagent, most probably led to the formation of an N-chlorosulfonyl carboxamide intermediate, which
subsequently underwent acidic hydrolysis to yield benzamide derivative 127. Compound 127 was iodinated at
0 °C using NIS, that produced the iodo derivative 128. The subsequent cyanation of compound 128 with cuprous
cyanide in DMF afforded the cyano derivative 129. O-alkylation of compound 129 and ethyl bromoacetate using
a base resulted in ester 130, in 90% vyield. Compound 130 was cyclized by treatment with NaH to produce
benzofuran derivative 131. The same reaction sequence outlined in Scheme 21 was utilized to synthesize the
carboxamide derivative 126. The 7-methoxy group of compound 126 was demethylated by heating in pyridine
hydrochloride at 200 °C under microwave-assisted conditions, yielding carboxamide 132 (Scheme 22).%7

Page 17 of 30 ©AUTHOR(S)



Arkivoc 2026 (1) 202512505 Farghaly, A.-R. et al..

QMe T M Nis, chcl
CSI, CH4CN, HCI5 M, rt, Bl
0°C, 10 min 10 h, 45%. 70°C, 10 min,
MeO OH MeO OH MeO OH 60%.
120 i CONHSO,CI| 127 CONH, CONH2
128
OMe OMe
CuCN/ DMF CN  BrCH,CO,Et CN NaH, DMF,
o g o .
160°C Meo OH NaH 60%, DMF, MeO o ¢ 0°C 10min MeO
oh. 38% CONH,  rt, 24h, 90% CONH,  OEt 67%. CONH2 OEt
129 130 131
B OMe ]
N.__NH,
i) HC(OEt),, X )
-EtOH I o Eton .
MW, 200°C,15 min —|MeO o)
ii) NH3/MeOH 7N, CONH2 CONH,  OFt
MW, 140°C, 15 min," - - -
62%.

Pyridine. HCI,
MW, 200°C, 10 min,
43%.
CONH2 OH 0 CONH2 OH

126 132

Scheme 22: Synthesis of benzofuro[3,2-d]pyrimidine-6-carboxamide derivatives 132.

Moreover,** interaction of compound 111 with chlorosulfonyl isocyanate (CSl) followed by an acidic
hydrolysis>> gave carboxamide 133. lodination of the latter with NIS gave iodo derivative 134 which was treated
with ethyl bromoacetate in DMF to yield compound 135. Cyanation of 135 with CuCN in DMF afforded the
corresponding cyano derivative 136. Compound 136 was cyclized in DMF containing NaH, giving ethyl 3-amino-
4,6-bis(benzyloxy)-7-carbamoyl-benzofuran-2-carboxylate 137. Treatment of compound 137 with
triethylorthoformate under microwave at 200 °C afforded the pyrimidinone derivative 119. Treatment of 134
with CuCN afforded the cyano derivative 138 that was O-alkylated to compound 136. Reaction of carboxamide
119 with concentrated sulfuric acid provided the 7-hydroxy derivative 139 (Scheme 23).
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OBn
OBn OBn 0Bn OBn N
i i i | v
BnO OCH,CO,Et
80 oy BnO OH BRO OH BnRO OCH,CO,Et CONN 2z
CONH, CONH, CONH, ?
m 133 134 135 136
iv
OBn v
CN
1]
BnO OH \
NH .. NH Vi O
N\ B vii \ N\
CONH, CONH, CONH,
139 19 137

(i) CSI, CH3CN, 0 °C, 10 min then HCI 1 N, rt, 10 h, 53%; (ii) NIS, CH,Cl,, 0 °C, 10 min, 80%; (iii) NaH,
BrCH,CO,Et, DMF, rt, 24 h, 86% for 135 and 90% for 136 (iv) CuCN, DMF, 160 °C, 6 h, 20% for 136 and 73% for
138; (v) NaH, DMF, 0 °C, 10 min, 67%; (vi) HC(OEt)3, MW, 200 °C, 15 min then NH3/MeOH 7 N, MW, 140 °C, 15
min, 62%; (vii) HySOy, rt, 15 min, 53%.

Scheme 23. Synthesis of 7,9-dihydroxy-4-oxo-3,4-dihydrobenzofuro[3,2-d]pyrimidine-6-carboxamide 139.

Building on previously reported work,>* o-alkylation of benzamide derivative 138 was achieved via in situ
generation of its sodium salt employing NaH as a base, followed by reaction with 2-iodoacetamide. This process
afforded 2-(2-amino-2-oxoethoxy)-4,6-bis(benzyloxy)-3-cyanobenzamide 140, analogous to the procedure
described for the corresponding ester 136, upon heating the reaction mixture to 60 °C.3* Compound 140 was
cyclized subsequently using KOH/EtOH at 60 °C to produce the benzofuran-2,7-dicarboxamide 141 in acceptable
yield. Compound 141 was then converted into 7,9-bis(benzyloxy)-2,4-dioxo-1,2,3,4-tetrahydro-benzofuro[3,2-
d]pyrimidine-6-carboxamide 142 through a postulated urea intermediate. Debenzylation of derivative 142,
achieved by treatment with concentrated sulfuric acid, yielded the corresponding 2,4-dioxo-1,2,3,4-
tetrahydro[1]benzofuro(3,2-d]pyrimidine-6-carboxamide analogue 143 (Scheme 24).
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OBn OBn OBn  NH, OBn  NHCONH,
CN i CN i o i 0
BnO OH BnO OCH,CONH, BnO O NH, BnO O  NH
CONH, CONH, CONH, CONH,
138 140 141
CONH, CONH,
143 142

(i) NaH, ICH,CONH,, DMF, 60 °C, 12 h, 69 %; (i) KOH, EtOH, 60 °C, 30 min, 60 %; (iii) 1) KOCN, CH;COOH,
100 °C, 1 h — 2) KOH, EtOH, 90 °C, 1 h, 56 %; (iv) HySOy, rt, 5 min, 48%.

Scheme 24. Synthesis of benzofuro[3,2-d]pyrimidine-6-carboxamide 143.

It was found that>* the O-alkylation of 3-cyano-2-hydroxybenzamide 138 with bromoacetonitrile using
K2CO3 in DMF at 80 °C afforded 4,6-bis(benzyloxy)-3-cyano-2-(cyanomethoxy)benzamide 144. Treatment of 144
with NaH led to smooth cyclization, that afforded 3-amino-2-cyanobenzofuran-7-carboxamide 145. Compound
145 was subsequently converted with ethyl orthoformate into 4-aminobenzofuro[3,2-d]pyrimidine-6-
carboxamide 146. Employing the previously reported debenzylation protocol to 146 furnished the
corresponding unprotected analogue, 4-amino-7,9-dihydroxybenzofuro(3,2-d]pyrimidine-6-carboxamide 147
(Scheme 25).

OBn OBn OBn NH
CN i CN i 2
—_— e e
\ CN
BnO OH BnO OCH,CN  BnO
CONH, CONH, CONH;, CONH,
138 144 145 146
iv
OH ¥ \—
N
N\ /)
HO o  NH;
CONH,
147

(i) BrCH,CN, K,COg3, DMF, 80 °C, 24 h, 72%; (ii) NaH, DMF, 0 °C, 5 min, 64%; (iii) HC(OEt)3, MW, 200 °C, 15 min
then NH3/MeOH 7 N, MW, 140 °C,15 min, 45%; (iv) H,SO4cc, rt, 5 min, 66%.

Scheme 25. Synthesis of 4-amino-7,9-dihydroxybenzofuro[3,2-d]pyrimidine-6-carboxamide 147.
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2.4. From 2-(5-bromo-3,4-dihydropyrimidin-4-yl)-4-methylphenol

In 2023, Shcherbakov et al. reported®® utilizing manganese(IV) oxide for the oxidation of the dihydropyridine
ring. Refluxing 2-(5-bromo-3,4-dihydropyrimidin-4-yl)-4-methylphenol 148b in dichloromethane for 3 h
afforded a mixture of two products, which were isolated and identified as the oxidative aromatization product
150 and the intramolecular furan ring closure product, 8-methylbenzofuro[3,2-d]pyrimidine 151a. Extending
the reaction time to 12 h, led to the formation of benzofuro[3,2-d]pyrimidines 151a-cin 63-69% yields. A similar
outcome was noted when the reaction time was prolonged using aqueous potassium ferrocyanide. Conducting
the reaction for 72 h afforded compounds 151a-g (Scheme 26).

P
e
MnO,/CH,Cl, -~ \@J
reflux, 3 h - Br (o)
OH HN™ SN
R3 _ (R'=Me, R?= R3= H)) Me 150 (43%) 151a (26%)
2 Br
R 1 R1 N:::\N
R" 148a-
9 MnO,/CH,Cl, \
reflux, 72 h R2 @)
and/or R® Compound R R? R3 Yield (%)
Ks[Fe(CN)e/KOH  151a.g  148a,151a Me H H 82
reflux, 72 h 148b, 151b Et H H 74
148c, 151c Pr H H 79
148d, 151d Me Me H 84
148e, 151e F H H 76
148f, 151f Cl Me H 65
1489, 151g Me H Br 68

Scheme 26. Synthesis of benzofuro(3,2-d]pyrimidines 151a-g.

The reaction mechanism leading to the formation of benzofuro[3,2-d]pyrimidines 151a-g was proposed
to proceed through initial proton abstraction from 2-(5-bromo-3,4-dihydropyrimidin-4-yl)phenols 148a-g,
yielding the corresponding 2-(5-bromopyrimidin-4-yl)phenolates 149a-g, followed by intramolecular
nucleophilic substitution of the bromine atom and then oxidation, ultimately yielding the target benzofuro[3,2-
d]pyrimidines 151a-g (Scheme 27).

HN&N HN/§N ; N=—\
R! _— 1 I . R N\ N
Ks[Fe(CN)g/KOH R ( .~ _-Br
Br > B R2 )
2 reflux, 72 h r
R OH R? 0 e
148a-g 149a-g 151a-g

Scheme 27. Proposed mechanism of formation of benzofuro[3,2-d]pyrimidines 151a-g.
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It was reported that®® the traditional synthetic approach to benzofuro[3,2-d]pyrimidines (Scheme 28)
involves the use of 2-carbonyl-3-aminobenzofurans 152 and related analogues, which are converted into
benzofurans 153 that subsequently serve as key intermediates for the synthesis of pyrimidines 154.7°.7" More
recently, an alternative synthetic strategy has been developed in which Suzuki coupling of 2-chloropyrimidine
with 2-methoxyphenylboronic acid is subsequently subjected to demethylation and intramolecular C-O bond
formation.”®72 Accordingly, interaction of 3-halogenated chromones 155 with amidines 156 through a Michael
addition—elimination sequence and subsequent double intramolecular cyclization afforded phenols 157, which
further undergo C-0 bond-forming cyclization to yield benzofuro[3,2-d]pyrimidine derivatives 158 (Scheme 28).

NH2
KO
X Michael
‘\| . H3C\H/NH2 addition
X
o ‘\/NH OH
155 156
X=1, Br, Cl -H,0
CH
C-O 3
YCHB coupling N%
\ N
/
0 -HX
OHX
158
157

Scheme 28. Construction of benzofuro[3,2-d]pyrimidine derivatives 158.

3. Biological Importance

Benzofuro[3,2-d]pyrimidines represent an important heterocyclic scaffold with broad biological significance.
Their fused benzofuranpyrimidine framework provides a rigid, planar structure that interacts effectively with
diverse biological targets, making them valuable in medicinal chemistry. Compounds of this class have
demonstrated notable pharmacological activities, including:

3.1. Antimicrobial agents

Most substituted benzofuranyl pyrimidine derivatives' exhibit moderate to high antibacterial activity against
Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas spp., and Escherichia coli, in addition to
notable antifungal activity against Candida and Aspergillus species. The biological activities of compounds 56a-
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d and 57a-d are further supported by molecular docking studies targeting staphylococcal enterotoxin C2 from
Staphylococcus aureus.

COOH

56a, 57a, R= CHj N:<S N:<

_ O,N N

56b, 57b, R— C6H5 02N N 2 \ /)

56¢, 57c, R= CgH,Cl(p) \_/

56d, 57d, R= C¢H,CI(OH) 5 R O R
57a-d 56a-d

3.2. Antitumor agents and adenosine receptors antagonists

Benzofuro[3,2-d]pyrimidin-2-amine scaffolds?' are widely present in diverse classes of compounds exhibiting
significant biological and physicochemical properties, including compound A with antitumor activity,'®
compound B as a histamine H4 receptor antagonist,”> compound C as an adenosine (A,A) receptor antagonist,”
and compound D, which displays solid-state fluorescence properties.®3

NHPh NH, NH NH
2
N::< N= N% N=
N Cl /N N N
o NH o o Ph  MeO O  SMe
A § B (o3 D
atitumor H4 antagonist A, antagonist flurescence

3.3. Protein Kinase inhibitors

The 4,7,9-trihydroxybenzofuro(3,2-d]pyrimidine-6-carboxamides 126 and 132 were reported® to exhibit
inhibitory potency against protein kinase C (CaPkcl). In addition, 4-(4-methyl-1-piperazinyl)-2-
phenylbenzofuro([3,2-d]pyrimidine (E)”®> demonstrated a binding energy of -8.6 kcal/mol when docked with the
human thymidylate synthase (TS) protein.

OMe

N\
N
| \W o) ‘ _N
_N
R o N
CONH, OH [ ]
126, R=OCHj3 E N
132, R= OH |

4-(4-methylpiperazin-1-yl)-2-phenylbenzofuro[3,2-d]pyrimidine

It was reported®* that cercosporamide represents a valuable structural template for the development of
promising tricyclic compounds capable of restoring susceptibility in fluconazole-resistant strains through protein
kinase C (PKC) inhibition. Moreover, other kinases have emerged as potential molecular targets for certain
benzofuro[3,2-d]pyrimidine derivatives, including compounds 139, 143, and 147.
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H O
NH NH N
A\ N\ N\
HO O O HO 0 O HO ¢ NH;
CONH, CONH, CONH;
139 143 147

3.4. PARP-1 inhibitors

It has been reported that?? the design, synthesis, and biological evaluation of a series of benzofuran[3,2-d]
pyrimidine-4(3H)-one derivatives incorporating thiosemicarbazone moieties led to the identification of novel
PARP-1 inhibitors. The benzofuran[3,2-d]pyrimidine-4(3H)-one core was employed as a privileged scaffold, into
which thiosemicarbazone or related functionalities were introduced to generate a series of target compounds.
Among these, compounds 19b and 19c exhibited superior inhibitory activity and selectivity toward PARP-1
compared with olaparib. Notably, compound 19c showed an ICso value of 0.026 uM against PARP-1 and
demonstrated a PARP-2/PARP-1 selectivity of 85.19-fold relative to olaparib. Furthermore, compound 19c
displayed pronounced cytotoxicity against the evaluated cancer cell lines, with the greatest sensitivity observed
in SK-OV-3 cells (ICso = 4.98 uM), surpassing that of olaparib. Mechanistic studies indicated that 19c inhibits DNA
single-strand break repair, enhances DNA double-strand damage through PARP-1 inhibition, and induces cancer
cell apoptosis via the mitochondrial apoptotic pathway.

3.5. Dual analgesics

Compounds 42a-g were found to exhibit promising dual analgesic*? and antitumor activities within a single
molecular framework, highlighting their potential for further development as effective chemotherapeutic
agents for the management of cancer-associated pain.

R1
| 1= 2_
N a,R'=Ph,  R2= CH,CH,CH,CHj
N 2
={ D/SR b, R'=Ph,  R?= C(CHj;),CO,Et
\ NN ¢,R'=Ph,  R2= CH,CH,CO,Et

o y d,R'=Ph,  R2= CH,CO,Et
e, R'= Ph, R2= -CH,C=CH
42a-g f, R'= 4-F-Ph, R%= CH,(CH,),CH,

g, R'= 4-F-Ph, R?= CH,CO,Et
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Conclusions

In conclusion, benzofuro[3,2-d]pyrimidine derivatives constitute an important heterocyclic scaffold that bridges
synthetic and medicinal chemistry, owing to their structural versatility and broad biological relevance.
Significant progress has been made in the development of efficient synthetic strategies, ranging from classical
multistep approaches to modern methodologies such as intramolecular cyclization, oxidative aromatization,
Michael addition—elimination cascades, and transition-metal-catalyzed reactions, enabling access to diverse
substitution patterns. Biologically, these compounds have demonstrated a wide spectrum of activities, including
anticancer, antimicrobial, antifungal, analgesic, and kinase-inhibitory effects, with several derivatives showing
promising interactions with clinically relevant molecular targets. Despite these advances, further studies
focusing on sustainable synthesis, detailed mechanistic insights, and comprehensive in vivo and
pharmacokinetic evaluations are essential. Overall, benzofuro([3,2-d]pyrimidines remain a promising platform
for the development of novel therapeutic agents and warrant continued investigation.

References

1. Alizadeh, M.; Jalal, M.; Hamed, K.; Saber, A.; Kheirouri, S.; Pourteymour Fard Tabrizi, F.; Kamari, N. J.
Inflammation Res. 2020, 451.
https://doi.org/10.2147/jir.s262132

2. Yilmaz, B.; Aydin, Y.; Orta-Yilmaz, B. Toxicol. Mech. Methods 2023, 33, 796.
https://doi.org/10.1080/15376516.2023.2240884

3. Lu, D.; Zhou, Y.; Li, Q.; Luo, J.; Jiang, Q.; He, B.; Tang, Q. Anti-Cancer Agents Med. Chem. 2020, 20, 1475.
https://doi.org/10.2174/1871520620666200424130204

4. Manna,S. K.; Giri, S.; Mondal, S.; Sana, R. N.; Samal, A. K.; Mandal, A. ChemistrySelect 2023, 8, e202203150.
https://doi.org/10.1002/slct.202203150

5.  Zazharskyi, V.; Bigdan, O.; Parchenko, V.; Parchenko, M.; Fotina, T.; Davydenko, P.; Kulishenko, O.;
Zazharskaya, N.; Borovik, |. Archive 2021,12, 11.
https://doi.org/10.51847/rbjb3waubb

6. Apaydin, C. B.; Tansuyu, M.; Cesur, Z.; Naesens, L.; Goktas, F. Bioorg. Chem. 2021, 112, 104958.
https://doi.org/10.1016/j.bioorg.2021.104958

7. Dwarakanath, D.; Gaonkar, S. L. Asian J. Org. Chem. 2022, 11, e202200282.
https://doi.org/10.1002/ajoc.202200282

8. Abbas, A. A.; Dawood, K. M. Expert Opin. Drug Discovery 2022, 17, 1357.
https://doi.org/10.1080/17460441.2023.2157400

9. Osipov, D.; Artyomenko, A.; Korzhenko, K.; Rashchepkina, D.; Demidov, O.; Osyanin, V. Russ. J. Org. Chem.
2023, 59, 422.
https://doi.org/10.1134/s1070428023030107

10. Osipov, D. V.; Korzhenko, K. S.; Rashchepkina, D. A.; Artemenko, A. A.; Demidov, O. P.; Shiryaev, V. A;
Osyanin, V. A. Org. Biomol. Chem. 2021, 19, 10156.
https://doi.org/10.1039/d10b01377g

11. Gogi¢, A. D.; Vesovi¢, M. Z.; Nikoli¢, M. V.; Bukoniji¢, A. M.; Tomovic, D. L.; Nedeljkovic, N. In 2nd
International Conference on Chemo and Biolnformatics, 2023; University of Kragujevac, Institute for
Information Technologies.

Page 25 of 30 ©AUTHOR(S)


https://doi.org/10.2147/jir.s262132 
https://doi.org/10.1080/15376516.2023.2240884 
https://doi.org/10.2174/1871520620666200424130204
https://doi.org/10.1002/slct.202203150 
https://doi.org/10.51847/rbjb3waubb 
https://doi.org/10.1016/j.bioorg.2021.104958 
https://doi.org/10.1002/ajoc.202200282 
https://doi.org/10.1080/17460441.2023.2157400 
https://doi.org/10.1134/s1070428023030107 
https://doi.org/10.1039/d1ob01377g 

Arkivoc 2026 (1) 202512505 Farghaly, A.-R. et al..

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

https://doi.org/10.46793/iccbi23.479g

Deddouche-Grass, S.; Andouche, C.; Barenz, F.; Halter, C.; Hohwald, A.; Lebrun, L.; Membré, N.; Morales,
R.; Muzet, N.; Poirot, M., ACS Med. Chem. Lett. 2021, 12, 1137.
https://doi.org/10.1021/acsmedchemlett.1c00235

Antczak, C.; Shum, D.; Bassit, B.; Frattini, M. G.; Li, Y.; de Stanchina, E.; Scheinberg, D. A.; Djaballah, H.
Bioorg. Med. Chem. Lett. 2011, 21, 4528.

https://doi.org/10.1016/j.bmcl.2011.05.129

Chiang, C.-Y.; West, N. P. PeerJ 2024, 12, e18404.

https://doi.org/10.7717/peerj.18404

Moustafa, G. O. Egypt. J. Chem. 2021, 64, 2075.

https://doi.org/10.21608/ejchem.2021.65297.3398

Farhat, J.; Alzyoud, L.; Alwahsh, M.; Al-Omari, B. Cancers 2022, 14, 2196.
https://doi.org/10.3390/cancers14092196

Basawaraj, R.; Shashikanth, G.; Hugar, M.; Sangapure, S. Indian J. Heterocycl. Chem. 2009, 18, 329.

Tang, X.; Zheng, A.; Wu, F.; Liao, C.; Hu, Y.; Luo, C. Synth. Commun. 2022, 52, 994.
https://doi.org/10.1080/00397911.2022.2060117

Veerapur, B. S.; Kumar, M.; Basavaraja, K. Indian J. Pharm. Sci. 2024, 86 (1).
https://doi.org/10.36468/pharmaceutical-sciences.1272

Tran, T. V. A,; Ha, T. H.; Pham, Q. T.; Ngo, T. S.; Do Mai, H.; Nguyen, V. T.; Tran, V. T.; Nguyen, T. H.; Dao,
V. H. Med. Pharm. Sci. 2023, 39 (1).

https://doi.org/10.25073/2588-1132/vnumps.4493

Wang, C. C.; Wang, Q. L; Li, Y. H.; Ren, M. R.; Hou, X. H.; Ma, Z. W.; Liu, X. H.; Chen, Y. J. Chem.- Eur. J.
2024, 30, €202402886.

https://doi.org/10.1002/chem.202402886

Wang, Y.; Li, K.; Xu, W.; Gou, S. Bioorg. Chem. 2023, 139, 106759.
https://doi.org/10.1016/j.bioorg.2023.106759.

Alsharif, A.; Allahyani, M.; Aljuaid, A.; Alsaiari, A. A.; Aimehmadi, M. M.; Asif, M. Curr. Org. Chem. 2023, 27,
1779.

https://doi.org/10.2174/0113852728266665231101112129

Loidreau, Y.; Marchand, P.; Dubouilh-Benard, C.; Nourrisson, M.-R.; Duflos, M.; Loaéc, N.; Meijer, L.;
Besson, T. Eur. J. Med. Chem. 2013, 59, 283.

https://doi.org/10.1016/j.ejmech.2012.11.030.

Veena, K.; Ramaiah, M.; Shashikaladevi, K.; Avinash, T.; Vaidya, V. Eur. J. Chem. 2011, 8, 354.
https://doi.org/10.1155/2011/784932

Rajashekhar, H.; Ramesh, D.; Chandrashekhar, C.; Mahadevan, K.; Vaidya, V. Indian J. Heterocycl. Chem.
20009, 18, 205.

http://CCC:000265515400001

Alamri, A. A.; Mukhrish, Y.; Amri, N.; Farghaly, A.-R. Arkivoc 2024, 202412187.
https://doi.org/10.24820/ark.5550190.p012.187

Alamri, A. A.; Sayed, H. M.; Ismail, K. S.; El-Aassar, M. R.; Ibrahim, D. A.; Alamier, W. M.; Amri, N.J.; Farghaly,
A.-R. Polym. Bull. 2025, 82, 777.

https://doi.org/10.1007/s00289-024-05552-y

Elgogary, S. R.; Amri, N.; El-Telbani, E. M.; Farghaly, A.-R. Arkivoc 2024, 202412177.
https://doi.org/10.24820/ark.5550190.p012.177

Page 26 of 30 ©AUTHOR(S)



https://doi.org/10.46793/iccbi23.479g
https://doi.org/10.1021/acsmedchemlett.1c00235 
https://doi.org/10.1016/j.bmcl.2011.05.129 
https://doi.org/10.7717/peerj.18404 
https://doi.org/10.21608/ejchem.2021.65297.3398 
https://doi.org/10.3390/cancers14092196
https://doi.org/10.1080/00397911.2022.2060117 
https://doi.org/10.36468/pharmaceutical-sciences.1272 
https://doi.org/10.25073/2588-1132/vnumps.4493 
https://doi.org/10.1002/chem.202402886 
https://doi.org/10.1016/j.bioorg.2023.106759
https://doi.org/10.2174/0113852728266665231101112129 
https://doi.org/10.1016/j.ejmech.2012.11.030
https://doi.org/10.1155/2011/784932 
http://CCC:000265515400001
https://doi.org/10.24820/ark.5550190.p012.187
https://doi.org/10.1007/s00289-024-05552-y
https://doi.org/10.24820/ark.5550190.p012.177

Arkivoc 2026 (1) 202512505 Farghaly, A.-R. et al..

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,
46.

47.

48.

49,

50.

51.

52.

Farghaly, A.-R.; Ahmed, S. A.; Ismail, K. S.; Ibrahim, D.; Amri, N.; Elgogary, S. Results Chem. 2024, 7, 101474.
https://doi.org/10.1016/j.rechem.2024.101474

Farghaly, A.-R. A. Arkivoc 2023, 202211949.

https://doi.org/10.24820/ark.5550190.p011.949

Farghaly, A.-R. A. Arkivoc 2023, 202312084.

https://doi.org/10.24820/ark.5550190.p012.084

II'chenko, O. V.; Zaremba, O. V.; Kovalenko, S. M.; Sherakov, A. A.; Chernykh, V. P. Synth. Commun. 2007,
37, 2559-2568.

https://doi.org/10.1080/00397910701462831

Sleebs, B. E.; Levit, A.; Street, |. P.; Falk, H.; Hammonds, T.; Wong, A. C.; Charles, M. D.; Olson, M. F.; Baell,
J. B. MedChemComm 2011, 2, 977.

https://doi.org/10.1039/C1MD00137)

Bodke, Y.; Sangapure, S. J. Indian Chem. Soc., 2003, 80, 187.
https://doi.org/10.1002/chin.200345136

Wu, W.-n.; Fei, Q.; Zhang, Y.-Il.; Ma, M.; Yang, G.-p. O. Asian J. Chem. 2013, 25, 6679.
https://doi.org/10.14233/ajchem.2013.14420

Okuda, K.; Tsuchie, K.; Hirota, T. J. Heterocycl. Chem. 2012, 49, 755-762.
https://doi.org/10.1002/jhet.850

Sangapure, S.; Agasimundin, Y. Indian J. Chem., Sect. B:Org. Chem. Incl. Med. Chem. 1976, 14, 688.
https://doi.org/10.1002/chin.197710257

Sasaki, K.; Zhang, Y.-X.; Yamamoto, H.; Kashino, S.; Hirota, T. J. Chem. Res. 1999, 23, 92.
https://doi.org/10.1177/174751989902300213

Wang, H.-M.; Wang, T.-S.; He, S.-J.; Chen, Z.-Y.; Hu, Y.-G. J. Chem. Res. 2019, 43, 201.
https://doi.org/ 10.1177/1747519819858734.

Hu, Y. G.; Liu, M. G.; Ding, M. W. Helv. Chim. Acta 2008, 91, 862.
https://doi.org/10.1002/hlca.200890090

Li, Q.; Chen, Y.-M.; Hu, Y.-G.; Luo, X.; Ko, J. K. S.; Cheung, C. W. Res. Chem. Intermed. 2016, 42, 939.
https://doi.org/ 10.1007/s11164-015-2064-8.

Hu, Y.-G.; Wang, W.-Q.; Ding, M.-W. Phosphorus, Sulfur Silicon Relat. Elem. 2010, 185, 857.
https://doi.org/ 10.1080/10426500903008922.

Hu, Y.; Liu, M.; Ding, M. Chin. J. Chem. 2010, 28, 309.

https://doi.org/10.1002/cjoc.201090072

Hu, Y.-G.; Du, S.-M.; Li, Q.; Ding, M.-W. Chin. J. Struct. Chem. 2011, 30, 75.

Hu, Y.-G.; Li, G.-H.; Ding, M.-W. Arkivoc 2008, 13, 151.
https://doi.org/10.3998/ark.5550190.0009.d18

Hu, Y.-G.; Wang, Y.; Du, S.-M.; Chen, X.-B.; Ding, M.-W. Bioorg. Med. Chem. Lett. 2010, 20, 6188.
https://doi.org/10.1016/j.bmcl.2010.08.122.

Basawaraj, R.; Shashikanth, G.; Hugar, M.; Sangapure, S. Indian. J. Heterocycl. Chem. 2009, 18, 329.
Basawaraj, R.; Naubade, K.; Sangapure, S. Indian. J. Heterocycl. Chem. 2008, 17, 217.

Alyabiev, S. B.; Kravchenko, D. V.; lvachtchenko, A. V. Mendeleev Commun. 2008, 18, 217.
https://doi.org/10.1016/j.mencom.2008.07.018

Fuwa, H.; Kobayashi, T.; Tokitoh, T.; Torii, Y.; Natsugari, H. Tetrahedron 2005, 61, 4297.
https://doi.org/10.1016/j.tet.2005.02.038

Sangapure, S.; Agasimundin, Y. Indian J. Chem., Sect. B: Org. Chem. Incl. Med. Chem., 1977, 15, 485.

Page 27 of 30 ©AUTHOR(S)



https://doi.org/10.24820/ark.5550190.p011.949 
https://doi.org/10.24820/ark.5550190.p012.084
https://doi.org/10.1039/C1MD00137J
https://doi.org/10.1016/j.bmcl.2010.08.122

Arkivoc 2026 (1) 202512505 Farghaly, A.-R. et al..

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

https://doi.org/10.1002/chin.197744260

Yokota, K.; Hagimori, M.; Mizuyama, N.; Nishimura, Y.; Fujito, H.; Shigemitsu, Y.; Tominaga, Y. Beilstein J.
Org. Chem. 2012, 8, 266.

https://doi.org/10.3762/bjoc.8.28.

Dao, V. H.; Ourliac-Garnier, I.; Bazin, M.-A.; Jacquot, C.; Baratte, B.; Ruchaud, S.; Bach, S.; Grovel, O.; Le
Pape, P.; Marchand, P. Bioorg. Med. Chem. Lett. 2018, 28, 2250.
https://doi.org/10.1016/j.bmcl.2018.05.044

Bazin, M.-A.; Bodero, L.; Tomasoni, C.; Rousseau, B.; Roussakis, C.; Marchand, P. Eur. J. Med. Chem. 2013,
69, 823.

https://doi.org/10.1016/j.eijmech.2013.09.013.

Kawamoto, H.; Nakatsubo, F.; Murakami, K. Synth. Commun. 1996, 26, 531.
https://doi.org/10.1080/00397919608003645.

Liu, G.-B.; Xu, J.-L.; Geng, M.; Xu, R.; Hui, R.-R.; Zhao, J.-W.; Xu, Q.; Xu, H.-X.; Li, J.-X. Bioorg. Med. Chem.
Lett. 2010, 18, 2864.

https://doi.org/10.1016/j.bmc.2010.03.020.

Tadross, P. M.; Gilmore, C. D.; Bugga, P.; Virgil, S. C.; Stoltz, B. M. Org. Lett. 2010, 12, 1224.
https://doi.org/10.1021/011000796

Sato, S.; Tetsuhashi, M.; Sekine, K.; Miyachi, H.; Naito, M.; Hashimoto, Y.; Aoyama, H. Bioorg. Med. Chem.
Lett. 2008, 16, 4685.

https://doi.org/10.1016/j.bmc.2008.02.024

Hung, D.V.; Vu, T. K. J. Chem. 2021, 2021, 7526347.

https://doi.org/10.1155/2021/7526347

Bretéché, A.; Marchand, P.; Nourrisson, M.-R.; Hautefaye, P.; De Nanteuil, G.; Duflos, M. Tetrahedron 2011,
67,4767.

https://doi.org/10.1016/j.tet.2011.05.035

Pereira, A. R.; Strangman, W. K.; Marion, F.; Feldberg, L.; Roll, D.; Mallon, R.; Hollander, I.; Andersen, R. J.
Med. Chem. 2010, 53, 8523.

https://doi.org/10.1021/jm100531u

Bollier, M.; Klupsch, F.; Six, P.; Dubuquoy, L.; Azaroual, N.; Millet, R.; Leleu-Chavain, N. J. Org. Chem. 2018,
83 (1), 422.

https://doi.org/10.1021/acs.joc.7b02269

Grant, S. W.; Gallagher, T. F.; Bobko, M. A.; Duquenne, C.; Axten, J. M. Tetrahedron lett. 2011, 52, 3376.
https://doi.org/10.1016/j.tetlet.2011.04.086

Varma, R. S.; Naicker, K. P. Org. Lett. 1999, 1, 189.

https://doi.org/10.1021/01990522n

McClure, K. J.; Huang, L.; Arienti, K. L.; Axe, F. U.; Brunmark, A.; Blevitt, J.; Breitenbucher, J. G. Bioorg. Med.
Chem. Lett. 2006, 16, 1924.

https://doi.org/10.1016/j.bmcl.2005.12.096

Jepsen, T. H.; Larsen, M.; Jgrgensen, M.; Nielsen, M. B. Synth. 2013, 45, 1115.
https://doi.org/10.1055/s-0032-1318484

Shcherbakov, S. V.; Aksenov, N. A.; Shcherbakova, V. Y.; Magometov, A. Y.; lvanova, A. Y.; Ovcharov, S. N;
Aksenov, A. V. Russ. Chem. Bull. 2023, 72, 966.

https://doi.org/ 10.1007/s11172-023-3861-7.

Chao, B.; Lin, S.; Ma, Q.; Lu, D.; Hu, Y. Org. Lett. 2012, 14, 2398.

Page 28 of 30 ©AUTHOR(S)



https://doi.org/10.1016/j.ejmech.2013.09.013
https://doi.org/10.1016/j.bmc.2010.03.020
https://doi.org/10.1016/j.bmcl.2005.12.096

Arkivoc 2026 (1) 202512505 Farghaly, A.-R. et al..

https://doi.org/10.1021/01300822a

70. Cramp, S.; Dyke, H. J.; Higgs, C.; Clark, D. E.; Gill, M.; Savy, P.; Jennings, N.; Price, S.; Lockey, P. M.; Norman,
D.; Porres, S.; Wilson, F.; Jones, A.; Ramsden, N.; Mangano, R.; Leggate, D.; Andersson, M.; Hale, R. Bioorg.
Med. Chem. 2010, 20, 2516.
https://doi.org/10.1016/j.bmcl.2010.02.097.

71. Storz, T.; Heid, R.; Zeldis, J.; Hoagland, S. M.; Rapisardi, V.; Hollywood, S.; Morton, G. Org. Process Res. Dev.
2011, 15, 918.
https://doi.org/ 10.1021/0p1002352.

72. Liu, J.; Fitzgerald, A. E.; Mani, N. S. J. Org. Chem. 2008, 73, 2951.
https://doi.org/10.1021/j08000595.

73. Savall, B. M.; Gomez, L.; Chavez, F.; Curtis, M.; Meduna, S. P.; Kearney, A.; Dunford, P.; Cowden, J,;
Thurmond, R. L.; Grice, C.; Edwards, J. P. Bioorg. Med. Chem. Lett. 2011, 21, 6577.
https://doi.org/10.1016/j.bmcl.2011.08.014.

74. Matasi, J. J.; Caldwell, J. P.; Hao, J.; Neustadt, B.; Arik, L.; Foster, C. J.; Lachowicz, J.; Tulshian, D. B. Bioorg.
Med. Chem. Lett. 2005, 15, 1333.
https://doi.org/10.1016/j.bmcl.2005.01.019.

75. Shakil, S.; Abuzenadah, A. M.; Attar, S. M.; Fathaldin, O.; Al-Raddadi, R.; Sulaiman, M. I. Trop. J. Pharm.
Res. 2020, 19, 1255.
https://doi.org/10.4314/tjpr.v19i6.21

Authors’ Biographies

Abdel-Rahman Farghaly is professor of Organic Chemistry; he has got his Ph. D through Chanel Scholarship
between University of Assiut and University of Vienna (Austria) under the supervision of Prof. Norbert Haider.
His Ph.D. thesis has been performed in the Department of Drug and Natural Product Synthesis, Faculty of Life
Sciences, University of Vienna, Vienna- Austria in the period from 1999-2001. He has many years of experience
as senior researcher and postdoctoral fellow in Austria, France and South Korea. He is interest in the field of
Medicinal Chemistry, especially in the synthesis of new compounds focusing on a particular heterocyclic ring
system which appears of considerable pharmaceutical interest and total synthesis of natural Product. He
successfully published many publications in the same field of medicinal chemistry. Currently he is a full professor
of organic chemistry (medicinal chemistry) at Jazan University/ Saudi Arabia and Assiut University.

Page 29 of 30 ©AUTHOR(S)


https://doi.org/10.1021/ol300822a
https://doi.org/10.1016/j.bmcl.2011.08.014

Arkivoc 2026 (1) 202512505 Farghaly, A.-R. et al..

Nasser Amri is Assistant professor of organic chemistry at Jazan University. He received his B.S. degree in
chemistry in 2012 at Jazan University. Subsequently, he started his work at the same university. Later he moved
to the USA and obtained his M.S. degree in 2016 at Emporia State University. In 2017, he started his PhD work
under the supervision of Prof. T. Wirth at Cardiff University in flow electrochemistry and obtained his degree in
2022. His main research interest concern flow chemistry including electrochemistry performed in micro
reactors.

Prof. Dr. Saleh A. Ahmed: He received his Ph.D in photochemistry (photochromism) under the supervision of
Prof. Heinz Diirr in Saarland University, Saarbriicken, Germany. He has many years of experience as postdoctoral
fellow, senior researcher and visiting professor in France, Japan, Germany, Italy and USA. Currently a full
professor of organic chemistry (photochemistry) at Umm Al-Qura University/ Saudi Arabia and Assiut University/
Egypt. He successfully published many publications in high ranked journals and more than 10 US- patents. His
current research interests include synthesis and photophysical properties of novel organic compounds,
developments of synthetic methodologies for the synthesis of novel organic compounds with unique theoretical
and biological applications.

This paper is an open access article distributed under the terms of the Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/)

Page 30 of 30 ©AUTHOR(S)


http://creativecommons.org/licenses/by/4.0/

