‘rkivoc A Platinum Open Access Journal Review

for Organic Chemistry

Arkivoc 2022, part iii, 0-0

to be inserted by editorial office

Free to Authors and Readers DOAIJ Seal

Green-inspired synthetic drives for organophosphorus compounds
under solvent-free conditions

Goutam Brahmachari* and Indrajit Karmakar
Laboratory of Natural Products & Organic Synthesis, Department of Chemistry, Visva-Bharati (a Central

University), Santiniketan-731 235, West Bengal, India
E-mail: goutam.brahmachari@visva-bharati.ac.in

Dedicated to Professor Gyorgy Keglevich on the occasion of his 65th birthday

Received mm-dd-yyyy Accepted mm-dd-yyyy Published on line mm-dd-yyyy

Dates to be inserted by editorial office
Abstract

Organophosphorus chemistry is an exciting field of research. Phosphorus-functionalized organic molecules
find practical and useful applications in such diverse areas as medicinal, pharmaceutical, agrochemical, and
materials chemistries, both on laboratory and industrial scales. Green-chemistry principles are motivating the
design and development of newer synthetic methodologies for such beneficial organophosphorus compounds
and their analogues. Solvent-free conditions are associated with several practical benefits, including
operational simplicity, cost-effectiveness, minimization of waste generation, and reduced pollution, all of
which are very much crucial for industrial process development. This review summarizes solvent-free synthetic
methodologies for functionalized organophosphorus compounds reported during the period 2016 through
2021.
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1. Introduction

Organophosphorus compounds are fascinating to researchers involved in diverse scientific fieldsPhosphorus-
functionalized organic compounds find numerous applications in industrial, agricultural, flame retardant,
material science, and medicinal chemistry, owing to their inherent biological and physical properties.’*! They
offer immense possibilities for structural, synthetic, and mechanistic studies.'>*> Therefore, synthetic chemists
are continuously searching for novel series of diversely functionalized organophosphorus molecules.'®22 As
part of their synthetic endeavors, designing and developing methodologies following green-chemistry
principles have become routine.?>?” Recently, various ‘greener’ pathways as alternatives to traditional
chemical syntheses and transformations have been invented in diverse fields of organic chemistry, including
organophosphorus chemistry, to attain greater sustainability through newer concepts.?®33 The practice of
‘green’ chemistry comprises many aspects. Among them, designing solvent-free techniques is noteworthy.
Implementing solvent-free (or solid-state) reactions by avoiding toxic organic solvents imparts several key
benefits to the development processes, including operational simplicity, cost-effectiveness, minimization of
waste generation, and reduced pollution all of which are very much crucial for industrial-process
development. 3443 This review aims to present a recent update on the green-inspired synthetic drives for
functionalized organophosphorus compounds under solvent-free conditions, reported during the period 2016
through 2021.

2. Solvent-free Synthesis of Organophosphorus Compounds
2.1. Synthesis of a-aminophosphonates

Owing to their multifaceted biological activity, a-aminophosphonates stand as evergreen targets for
biochemists.**>! Functionalized o-aminophosphonates are considered the mimic of natural amino acids and
have, therefore, invoked tremendous interest in medicinal and industrial chemistries.?*® These
organophosphorus compounds are known to exhibit a wide array of biological properties including
antimicrobial activity,*®®3 antimalarial activity,®® antitumor activity,®#6>6770 and enzymatic-inhibitory activity
against rennin,’! serine protease,®>’° dialkylglycine decarboxylase’?, leucine aminopeptidase,’®, among many
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others.”*8 Certain a-aminophosphonate derivatives showed efficacy in designing continuous drug-release
systems due to their ability to enhance the membrane permeability of a hydrophilic probe molecule.?! In
addition, a-functionalized phosphonic-acid esters serve as synthones for many organic compounds and dyes in
phosphonate chemistry, and also find use in laser technology, and as fluorescent materials for visualization of
biomolecules.8283 Solvent-free synthetic drivers for diverse a-aminophosphonates reported in the recent past
are overviewed herein.

Cellulose-SOsH has recently been reported as a useful solid-acid organocatalyst for many organic
transformations.®*88 Reddy and his group utilized this eco-friendly solid-acid catalyst for the synthesis of a
diverse series of a-aminophosphonates (4) from a one-pot, three-component reaction between aromatic
aldehydes (1), aromatic amines (2) and diethyl phosphonate (3) under solvent-free conditions at
roomtemperature (Scheme 1). 8 Operational simplicity, use of eco-friendly and reusable organocatalysts, and
good-to-excellent yields with short reaction times are major advantages of this protocol.

o)
o (@) EtO\II/OEt
)J\ lFI, Cellulose-SO3H (0.04 g) j\ ,
+ ArP—NH, + EtO” 1 TOEt > Ar
A" TH 2 H Neat, RT, 15-30 min art” N7
Aldehydes 1 Amines 2 Diethylphosphite 3 o-Aminophosphonates 4
(1.0 mmol) (1.0 mmol) (1.0 mmol) 23 examples (yield: 83-98%)

Ar! = substituted phenyls, heteroaryls
Ar? = substituted phenyls, benzy!

Representatives
EtO || OEt
~p- EtO\H,OEt
/@ EtO. .. OEt OCHs EtO\",OEt
O/k /©)\ H3CO O)\ Jij
H3;CO
0,
(4a, 98%) (4b, 93%) OCHj3; (4c, 88%) (4d, 90%)

Scheme 1. Cellulose-SOsH catalyzed synthesis of a-aminophosphonates at room temperature

The investigators proposed a plausible mechanism for this reaction as depicted in Scheme 2a. The solid-
acid catalyst cellulose-SOsH first activates aldehyde 1 through hydrogen bonding, thereby facilitating
nucleophilic attack by amine 2 to form an iminium-conjugate intermediate 5. The cellulose sulfate anion
subsequently abstracts a proton from the H-phosphonate 3, making the phosphorus centre more nucleophilic
for its attack of the electrophilic imine carbon atom, resulting in the desired product 4. The catalyst is
regenerated for the next cycle.
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Scheme 2a. Proposed mechanism of cellulose-SOsH catalyzed synthesis of a.-aminophosphonates 4

Based on their own research experience and available literature reports, however, the authors of this
article felt it more pertinent to suggest a modified mechanism involving tautomerization of the diethyl
phosphonate 3 to the tautomer 3’, which, in turn, attacks the iminium carbon atom through its nucleophilic

phosphorus centre, giving rise to the desired product 4 (Scheme 2b)
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Scheme 2b. The suggested mechanism of cellulose-SOsH catalyzed synthesis of a-aminophosphonates 4

The same group of investigators synthesized ten more a-aminophosphonate derivatives using 2-methoxy-

5-trifluoromethylaniline (2) under meglumine sulfate catalysis at room temperature (Scheme 3).%°
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CHO NH, o H4CO o
i : : H 1_ogt
. OCH;, B Meglumine sulfate (10 mol%) N.__PC
+ EtO” 1 “OEt >
R Ili Neat, RT, 30 min OFt
F3C

R
1 (1.0 mmol)  2-Methoxy-5-trifluoromethyl 3 (1.0 mmol) HO3S? 9803H CF3
aniline 2 (1.0 mmol) +H H H .

HO.S~ ‘ . 0SOH a-Aminophosphonates 4
R =H, 4-Cl, 4-Br, 4-OH, 4-OMe, 3-NO,, 4-NO,, 3 : 10 examples (yield: 89-97%)
3-OCHj3-4-OH, 3-OCH3-4-OH-5-Br, 4-NMe, HO;SO  OSOgH

Meglumine sulfate

Representatives
H3CO o) 3CO 0 H5CO o] H;CO o
N__P-OEt N__P-OEt N__P-OEt N PB-OEt
OEt OEt OEt OEt
CF CF FsC
8 3 OCH, CFs 8
NO, OH N ¢]]
(4e, 97%) (4, 91%) (49, 93%) (4h, 96%)

Scheme 3. Meglumine sulfate-catalyzed synthesis of a.-aminophosphonates at room temperature

They also evaluated in vitro antioxidant properties of the synthesized compounds by determining their
radical-scavenging activity in three different assays, including DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate),
NO (nitric oxide), and H;0; (hydrogen peroxide).. Compounds diethyl (((2-methoxy-5-
(trifluoromethyl)phenyl)amino)(4-nitrophenyl)methyl)phosphonate (4e) and diethyl ((4-hydroxy-3-
methoxyphenyl)((2-methoxy-5-(trifluoromethyl)phenyl)amino)methyl)phosphonate (4f) showed the highest
activity among the series with respective 1Cso values of 31.88, 37.0, and 38.63 mg/mlL, respectively, and 33.78,
33.78, and 35.21 mg/mL, respectively, which were found to be more potent than ascorbic acid (ICso values:
31.88, 37.0, and 38.63 mg/mL, respectively) used as the standard.*’

The application of lipase enzyme as a biocatalyst for implementing this Kabachnik-Fields reaction was
demonstrated by Aribi-Zouioueche and coworkers for the first time.®! Biocatalysis has now emerged as a
powerful tool in synthetic organic chemistry, and, among many enzymes, lipase has already found significant
applications in organic transformations.®?%* The investigators synthesized a-aminophosphonate derivatives in
good yields via a one-pot Kabachnik-Fields reaction between aldehydes 1, amines 2 and diethyl phosphonates
3 in the presence of immobilized Candida antarctica lipase (CAL-B) as a biocatalyst under solvent-free
conditions at room temperature (Scheme 4). The notable advantages of this method were the simple
operational process, easy purification avoiding column chromatography, reusability of the biocatalyst, mild
reaction conditions, good atom economy, and eco-friendliness.
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(0]
(0] E ||
j\ . , . I Lipase (CAL-B, 50 mg) tO. i -OFt
R“—NH, PR > R
R H EtO” |} OEt Neat, RT, 24 h r7ONT?
1 (1.0 mmol) 2 (1.0 mmol) 3 (1.2 mmol) H
a-Aminophosphonates 4
R' and R? = Substituted phenyl 16 examples (yield: 40-96%)
Representatives
EtO .. _OEt EtO\u/oEt EtO “ ~OEt \©E\t0\“/OEt
(41, 94%) (4], 60%) (4k, 45%) (41, 82%)

Scheme 4. Lipase-catalyzed synthesis of a-aminophosphonates at room temperature

In another report in 2020 by Boughaba et al., a total of eight new versions of a-aminophosphonate
derivatives were accessed out of the Kabachnik-Fields reaction between aromatic aldehydes 1, amino-acid
esters 6, and triethyl phosphite 7 under the solvent-free catalytic influence of HsP2W13062.14H,0, at room
temperature (Scheme 5). °* Mild reaction conditions, good yields within short reaction times, atom economy
and reusability of the inexpensive catalyst are the notable features of this protocol. The scope of the present
method, however, is limited.

COOEt
(I)Et
NH P. HgPoW4062"14H,0 (20 1%
Ar—CcHo + EtOOC  NHz o INop, HeP2WisOs214H, (20 mo 0)= 0, )\
1(1.0 mmol) 6 (1.0 mmol) 7 (1.2 mmol) Neat, RT, 35-43 min Eto" Okt
_ ) a-Aminophosphonates 4
Ar _(;)-girr]i}g;/ls%t-)z}:'t;ted phenyls, 2-naphthyl, 8 examples (yield: 64-86%)
Representatives
COOEt
COOEt COOEt COOEt COOEt
NH No2
EtO
EtO EtO EtO EtO
OCH,
(4m, 83%) (4n, 71%) (40, 75%) (4p, 84%) (40, 71%)

Scheme 5. HeP2W13062.14H,0 -catalyzed synthesis of a-aminophosphonates at room temperature

The application of sulfated zirconia (Fes0s@Zr02/S04?") impregnated on magnetic iron oxide nanoparticles
as a reusable heterogeneous acid catalyst, was demonstrated by Ghafuri and coworkers to successfully
implement Kabachnik-Fields reaction for synthesizing a series of substituted a-aminophosphonate derivatives
from a one-pot, three-component reaction between aldehydes/ketones, aromatic amines and dimethyl
phosphonate with heating at 80 °C under neat conditions (Scheme 6).°> Easy separation by the external
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magnetic field, and reusability of the nanocatalyst, short reaction times, and good to excellent yields are the
key advantages of this method.

o) Q e A
I 2
A A—NH, + Meo”ome o0 GA0E0 B9 Meo’/PXN\Ar
R 'R 2 b Neat, 80 °C, 10-120 min MeG
1 (1.0 mmol) 2 (1.0 mmol) 3 (1.2 mmol) a-Aminophosphonates 4

21 examples (yield: 70-96%)
R"=H, Me,

R2 = substituted phenyls, thiophenenyl,
1-naphthayl, c-hex
Ar = substituted phenyls

Representatives
' ||
MeO7 MeO7, MeO-/ P MeO-,
MeO Meo MeO Meo
4 S
(4r, 95%) (4s, 96%

(4, 80%) (4u, 75%)

Scheme 6. Nanomagnetic sulfated zirconia-catalyzed synthesis of a-aminophosphonates under heating

The investigators proposed a possible mechanism for this transformation, i.e., the acidic nanocatalyst
facilitates the formation of imine intermediate 8 and also the subsequent nucleophilic attack by the
tautomeric form of P-reagent (Scheme 7).

Cat.

Cat.

o H 8
I Nl
MeO’/PX SAr

R2 cat. = Catalyst (Feg0,@Zr0,/S04%")

Scheme 7. Proposed mechanism for sulfated zirconia nanocatalyst-catalyzed synthesis of a-

aminophosphonates

In a recent report, the synthesis of a new version of a-aminophosphonate derivatives with antioxidant and
a-glucosidase enzyme-inhibition activity was accomplished by Suresh Reddy and his group using nano copper
oxide-gold (nano CuO-Au) as an effective metal catalyst upon heating a mixture of aldehydes, ortho-
aminophenol and dimethyl phosphonate under solvent-free conditions (Scheme 8). %
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9 0 OH
CHO NH, I mH
P Nano CuO-Au (10 mol%) H.co—P~_N
R + +  HgCO™ 1 OCH, 3
OH Neat, 60 °C, 2-3 h H3;CO
1 (2.0 mmol) 2 (2.0 mmol) 3 (2.5 mmol) R

R = H, 4-OCHs3, 3,4-di-OCH3, 4-OC,Hs,
4-OC4Hg, 4-OH-3-OCHy, 4-Cl,
3-Br-4-OH-5-OCHs3, 5-Br-2-F, 4-NO,

a-Aminophosphonates 4
10 examples (yield: 87-96%)

Representatives

(0] (0]

T ' II nouw M Q 4 OH
HyCO~ HyCO—P HyCO— N H3CO//P N
H5CO H;CO H3CO H;CO

OMe H3;CO Br
OMe NO, OH
(4V, 92%) 4W 90(% (4X, 95%) (4y‘ 96(%)

Scheme 8. Nano CuO-Au-catalyzed synthesis of a-aminophosphonates under heating

The same group also reported another version of similar compounds with anticancer potential under
almost identical conditions exploring nano antimony oxide (Sb,03) as the nanocatalyst (Scheme 9).%’

?
0 96 CH 0 R O Ty ot
R'—CHO + YN ® l Nano Sb,03 (5 mol%)  R%0 P)\N N H
H 2~—P~ >
N + R20 OR? - / ‘
1 (2.0 mmol) H,N Z Y Neat, 40-50 °C, 30-60 min 07|, } ¢
F 3 (2.5 mmol Ami
R'" = substituted phenyls  4-(4-Amino-3-fluorophenoxy)- ( ) 12& Amln(?phos.;)?:j).n:;e;;/
R2 = Et, Me N-methylpicolinamide examples (yield: 85-95%)
(2; 2.0 mmol)
Representatives
¢l 0C,Hs .
(6] o (\:\)
1] T O C /CH
N
RZO\ ‘ _N H RZO\ ‘ _N H /\P N ~
_P”°N P N o7l !
g : o7 ! or2 H F
OR2 H F ORZ H F (4b'
(42, 95%) (4a', 87%) 90%)

Scheme 9. Nano Sb,03-catalyzed synthesis of a-aminophosphonates under heating

Chaturbhuj and his group accomplished an efficient protocol for a three-component Kabachnik-Fields
reaction of aldehydes, amines, and diethyl phosphonate in the presence of sulfated polyborate as an
organocatalyst to have a series of a-aminophosphonate derivatives under solvent-free conditions (Scheme
10).°® The notable advantages of the present method are high yields, short reaction times, inexpensiveness, an
eco-friendly and reusable catalyst, and solvent-free reaction conditions.
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R2
0 (I)I Solvent-free HN
Sulfated polyborate (5 wt%
1)J\H +  RENH; + o~ Fogt poy (6 wi) R1)\ (OEt
R H heating at 90 °C, 5-10 min (I)I OEt
1 (2.0 mmol) 2 (2.0 mmol) 3 (2.2 mmol) a-Aminophosphonates 4
R' = substituted phenyls, 2-thionyl, 5-methyl-2-furyl, 9 21 examples (yield: 90-98%)
4-pyridyl, c-hex HO-8-0 5-0.._0
R? = substituted phenyls, benzy! SP = o . B
OH o
n
. Sulfated polyborate
Representatives

CH,

e )@ @
»-OFt
11 OEt
(0] || OEt || OEt || OEt

(4c', 98%) ,
(4d', 97%) (4e', 93%) (4F', 95%)

Scheme 10. Sulfated polyborate-catalyzed synthesis of a.-aminophosphonates under heating

Scheme 11 offers a possible mechanistic path for the transformation that involves a nucleophilic attack of
an amine on sulfated polyborate-activated aldehydes, followed by a further nucleophilic attack of the P-
reagent on the sulfated polyborate-activated imine intermediate 8, leading to the formation of the desired

product.

I
4 o)
HO-3-0 B-O~ -0 I

P
OH o EtO” \OEt

n tautomerization)
Sulfated Polyborate
SP R? EtO\P/‘/ 4
N \
{ e

prs

N=
SJ\H SR 3

R Rz sp 8

1
Nucleophilic HzN/
attack 2 R,

SP R;

Scheme 11. A suggested mechanism for the sulfated polyborate-catalyzed synthesis of a.-aminophosphonates

Recently, Aghahosseini et al. developed, for the first time, a selective radical reaction, promoted via the
auto-oxidation of quinoline-4-carbaldehyde as an effective organocatalyst in the synthesis of a-
aminophosphonates from a dialkyl phosphite and two molecules of the same N-benzylamine upon heating the
reaction mixture in the presence of air (Scheme 12). *° Interestingly, this is a new version of the Kabachink-
Fields reaction that avoids the use of carbonyl compound(s) as one component of this three-component
reaction. Instead, the heteroaromatic aldehyde generates a stable acyl radical out of its aerobic auto-
oxidation.
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RO / \I/N\/Ar

Ar

Q 0
|':', Solvant free, 50 °C,24 h I H
RO~ ™0OR
H
3 (1.5 equiv,; auto—
0.75 mmol) OX|dat|on

&O
Quinoline-4-carbaldehyde
(1 equiv,; 0.5 mmol)

@5

a-Aminophosphonates 4
11 examples (yield: 30-98%)

Quinoline-4-

carboxylic acid

| 3Co
3 P
o) o7
r ) cl r OCH,
(4h', 87%) (41", 95%) (4§', 30%)

Scheme 12. Quinoline-4-carbaldehyde-promoted synthesis of a-aminophosphonates under heating in the

presence of air

The investigators assumed that the in-situ generated pyridine-based heteroaromatic aldehydic species
provides a hydrogen-bonding framework, which plays a crucial role in defining the reaction pathway (Scheme

13).
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Scheme 13. Proposed mechanism for quinoline-4-carbaldehyde-promoted synthesis of a.-aminophosphonates
under heating in the presence of air

Ultrasonic irradiation has recently emerged as a functional ‘green’ tool in implementing a plethora of
chemical transformations.%%1%4 This technique is associated with several benefits, including safety, energy
savings, waste prevention, improvement in the mass transfer, product selectivity and enhancement in reaction
rates. Suresh Reddy and coworkers demonstrated an ultrasound-assisted synthetic protocol for substituted a-
aminophosphonate derivatives containing a biologically potent trifluoromethyl group (—CF3), using
tungstosulfonic acid as an efficient and reusable heterogeneous solid-acid catalyst under solvent-free
conditions (Scheme 14).1%> All of the synthesized compounds were evaluated for their antioxidant and

antimicrobial potential.

NHz o] Solvent-free FsC H 5 -OEt
/H\ Tungstosulfonic acid (5 mol%) \( “OEt
Ar—CHO + + EtO” ), OEt Ar
F.C CF H Ultrasonic irradiation at ambient
8 8 temperature for 10-30 min CF,4
1 (1.0 mmol) 3556:)“|:étréfly1ogo$§1t2%|) 3 (1.2 mmol) a-Aminophosphonates 4
' 10 examples (yield: 89-97%)
Ar = substituted phenyls
Representatives
o} 0 (e} o}
H H H
FsC N B/OEt F\C H I —OEt FsC N E,/OE‘( FaC N F‘:‘,\/OEt
Qe O o o
OH
CFs3 CF CF FsC
F : : NO, Br
(4k', 94%) @r 97%?Me (4m’, 95%) (4n', 89%)

Scheme 14. Tungstosulfonic acid-catalyzed synthesis of a-aminophosphonates under ultrasonication

The application of zinc oxide nanoflowers (ZnO NFs) as an alternative, reusable heterogeneous metal
catalyst under the influence of ultrasound irradiation was also explored by Rasal et al. for a similar type of
reaction (Scheme 15). 1% Operational simplicity, a broad scope of potential substrates, reusability of the
heterogeneous nanocatalyst, and good yields within a short reaction time are the notable advantages of this

protocol.

Solvent-free

o ?‘ Zinc oxide nanoflowers 0.2 OFt
)k 5 P (ZnO NFs) (10 mol%) P
A7 H +  Ar’-NH, + EtO \ OEt AR /t\
Ultrasound irradiation at ambient >N Ar’
1 (1.0 mol) 2 (1.0 mol) 3 (1.0 mol) temperature for 10-20 min H

Ar' = phenyl, substituted phenyl, thiophenenyl, ferrocenyl
Ar? = phenyl, substituted phenyl

a-Aminophosphonates 4

30 examples (yield: 84-99%)

Representatives
EtO\ /OEt
: EtO. u _OEt Eto H Ot 300\[ jEto‘/OEt ©\ )\D
)\© )\Q\OCHS /D
(40', 98%) (4p', 98%) (49", 96%) (4r', 84%)

Scheme 15. ZnO NFs-catalyzed synthesis of a-aminophosphonates under ultrasonication
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A plausible mechanism for this ultrasound-assisted ZnO NFs-catalyzed transformation is depicted in Scheme
16.

H
e
(|)| (tautomerization) |)
P = P
EtO~ A TSOEt EtO” :< ~OEt
3 (nucleophilic
o Arl attack)
NFs N=
/ Ar?
zno, 8
) Al N
N=
5 Ar?

(condensation)

(0]
(0]
Ar'—NH, + ArZJ\H \ EtO\II:I)/OEt
1 2
ZnO )\
4

NFs
H

. X ZnO
Zinc oxide nanoflowers = 'NFs

Scheme 16. A plausible mechanism for the ZnO NFs-catalyzed synthesis of a-aminophosphonates under
ultrasonication

A catalyst-free, ultrasound-assisted protocol for the synthesis of a series of antioxidant a-
aminophosphonate derivatives by Pudovik reaction was developed by Rao and coworkers (Scheme 17).1%7
Operational simplicity, avoidance of catalysts and solvent, good yields within short reaction times, and eco-
friendliness are also the major benefits of this protocol.

?
EtO” ) “OEt E10__oE
CHO H ~p-OFt
3 (0.01 |
EtOH RNZ (0.015 mol) R
+ R—NH, ————— -N
2 US. 40 °C. 1h Ultrasonication at ambient H
’ ’ X temperature for 15-40 min X
10 i(mol) 2 (0.1 mol) Iming intermediate Catalyst- and solvent-free o-Aminophosphonates 4
' ’ 10 examples (yield: 85-95%)
X=F, Cl
N e
R = ‘ [ >_ )i (\N (\
7 7
H3C~ \)
Representatives
Eto “ ~OEt EtO\H/OEt EtO. u _OEt Eto\”/OE‘
(4s', 93%) (4t', 89%) (4u’, 85%) (4v', 86%)

Scheme 17. Catalyst- and solvent-free synthesis of a-aminophosphonates under ultrasonication

Suresh Reddy and coworkers extended this protocol to synthesize another version of such molecules and
evaluated their antimicrobial properties (Scheme 18). 108
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o} (|)| Catalyst- and Solvent free
)J\ + + P L
R H MeO |1| OMe Ultrasonication at ambient
temperature for 10-20 min
1 (2.0 mmol) Br 3 (2.0 mmol)

2-(1-Amino-2-(2,5-dibromophenyl)
ethyl)5-bromophenol 2 (2.0 mmol) a-Aminophosphonates 4

R = substituted phenyls, 1,3-benzodioxolyl 12 examples (yield: 80-92%)

Representatives

(4w’, 90%) (4x', 90%) (4y', 90%) (42", 90%) (4a", 88%)
Scheme 18. Catalyst- and solvent-free synthesis of a-aminophosphonates under ultrasonication

A possible mechanism for this transformation is shown in Scheme 19.

(tautomerism) l:l
MeO™ I ~OMe
H
3

(Imine intermediate 8)

Scheme 19. A suggested mechanism for the ultrasound-assisted synthesis of a-aminophosphonates

2.2. Synthesis of organophosphorus compounds through P-H functionalization

Accessing organophosphorus compounds through P-H bond functionalization has received much attention
from synthetic organic chemists.!®® As part of such endeavors, Mondal and Saha developed an elegant
catalyst- and solvent-free, room-temperature-based protocol for the syntheses of a series of diverse
thiophosphates/thiophosphinates/selenophosphates 15 from the reaction between H-phosphonates and N-
chalcogenoimides 14 via P-H bond functionalization (Scheme 20).1%° Good-to-excellent yields, a clean reaction
profile, and eco-friendliness are notable advantages of this protocol.
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o
0 0
2y _ Catalyst-and solvent-free 1
R‘]/r;’\R'] + R“X—-N . : > R\P—XRZ
rt, air, 40-90 min R1/
o}
3 (1.0 mmol) N-chalcogenoimides 14 Substituted thiophosphates/thiophosphinates
(1.0 mmol) /selenophosphates 15
R'= OEt. O'Pr. Ph 15 examples (yield: 83-91%)
R? = substituted phenyls, alkyl, benzyl
X =8, Se
Representatives
ﬁ ﬁ ¢} ICI) i (I)I Ph.
EtO Ph EtO- 'Pro ~
- - P—SePh . - P—SCH,(CH,)¢CH
fio- " SPh [ ZP—SPh e~ S8 ipro-F ~SePh Ph~ 2(CH2)sCHs
(15a, 86%) (15b, 91%) (15¢, 85%) (15d, 87%) (15e, 88%)

Scheme 20. Catalyst- and solvent-free syntheses of substituted thiophosphates/thiophosphinates/
selenophosphates at room temperature

In another report, Reddy and his group disclosed a microwave-assisted protocol for synthesizing
aminomethylene bisphosphonates 17 in good-to-excellent yields from a three-component reaction of an
amine, diethyl phosphonate, and triethyl orthoformate (16), in the presence of a catalytic amount of nano ZnO
as a heterogeneous catalyst under solvent-free conditions (Scheme 21).2!! The synthesized compounds were
evaluated and showed promising in vitro anticancer activity against a series of human cancer cell lines,
including breast (MCF-7), prostate (DU-145), osteosarcoma (MG-63), fibrosarcoma (HT-1080), multiple
myeloma (RPMI-8226) cancer cell lines using sulforhodamine-B (SRB) assay method, and adriamycin as
reference drug.'!

(0]
NH» EtO-p

9
o) B -OEt
l

-P \
EtO. _OEt Nano-ZnO (7.5 mol%) EtO Y OEt

@ + EtO |l| OEt ?)/Et Microwave irradiation at

100 °C for 5 min

2(1.
(1:0mmol) 3 (2.2 mmol) 16 (1.0 mmol) Aminomethylene bisphosphonates 17
10 examples (yield: 90-93%)
Representatives
O O
0] @) 1} 1} ) ) EtO I 1} OEt
EtO- -OEt I I -p _
EtO-p_  p-OEt -P N EtO-p_ p-OEt EO” <OEt
EtO” Y OEt EtO™ " OBt EtO" Y Ot
NH - NH NH NYNH
b | B N
» _N N _
N OyN
CH, Ph
(17a, 93%) (17b, 91%) (17c, 90%) (17d, 91%)

Scheme 21. Nano ZnO-catalyzed syntheses of pyridinyl and pyrimidinyl bisphosphonates under microwave
irradiation

The investigators outlined the possible mechanistic pathway for this transformation as depicted in Scheme
22.
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EtO~p_ p-OEt 16 2 )
EtO OEt  Nano N OEt
NH Zno <0Et
17 W— EtOH 18
£ — EtOH
0, _O.
P~ ~~<Nano
I-Tj\ Zn0O Nano
OEtH / ZnoO
3 ’
Ny OEt !
—OEt N_/ OEt
P
&
20 EtO 19H

P o)
OEt \ ;/ _P<
w/ ot EtO7 OBt

S
H 3

19’

Brahmachari, G. et al.

Scheme 22. Proposed mechanism for the microwave-assisted and nano ZnO-catalyzed synthesis of pyridinyl

and pyrimidinyl bisphosphonates

Wang and coworkers, for the first time, accomplished the direct phosphonylation of benzothiazoles 21 and

thiazole derivatives 21’ with phosphine oxides/phosphinate ester/phosphonate diesters,

promoted by

manganese(lll) acetate under ball milling to access a diverse series of Cy-phosphonylated

benzothiazole/thiazole derivatives 22/22’ in good yields (Scheme 23).112

R1©[Z/>—H @[ >_P R3

o

21 (0.3 mmol) S o Mn(OAc)s-2H,0 (3 equiv) or
21' (0.3 mmol) 3 (0.6 mmol) C,-Phosphonylated

Ball-milling, 1.5 h, under air

RZE )—H + 3-Poos
N R*> 1R
H

R3

benzothiazole/thiazole derivatives 22/22'
R'=H, 4-CH,, 5-Cl, 6-Br, 6-Cl, 6-F, 6-CN, 6-CHj, 6-OCH,, 6-CO,Et 23 examples (yield: 22-97%)

R2=H, 4,5-di-CHj, 4-CO,Et-5-CH,
RS = phenyl, substituted phenyl, 2-napthyl, c-hexyl, n-butyl, alkoxyl

Representatives

H3C H3C H3C ||
\CE >—P ~Ph I >—P Ph >—P OC,Hs I )R
Ph EtO,C OCsz Q Q

(22a, 79%) (22'a, 97%) (22b, 22%) (22'b, 71%) Q
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Scheme 23. Manganese acetate-catalyzed synthesis of C,-phosphonylated benzothiazole/thiazole derivatives

under ball milling

The investigators proposed that the phosphoryl radical 23 is initially generated from organophosphorus
compounds 3 under the oxidative influence of manganese(lll) acetate, which, in the next step, attacks the
thiazole ring at the C,-position of 21/21’ to give the radical intermediate 24. The intermediate 24 undergoes
subsequent aromatization of the thiazole ring via oxidation by the Mn(lll) species to furnish the desired
product 22/22' (Scheme 24).112

RN

RI-- ]:/>—H

Q Mn(lll) 9. \51/21' ¢S R? Mn(Ill)
2/P\ 2 —_— RZ/P\Rz R1_:J_ /]:. P\:O 4+> 1"" ]: />_P O
ROy RT —AcOH 23 attacks the thiazole SN RZ—H
3 ring at the Cy-position 24/24’ 22/22'

Scheme 24. Proposed mechanism for manganese acetate-catalyzed synthesis of C,-phosphonylated
benzothiazole/thiazole derivatives under ball milling

Recently, Webster and coworkers also accomplished room temperature-based hydrophosphination of
activated alkenes 25 with phenyl/diphenylphosphine 26/47 using two individual iron(lll) porphyrin complexes
(Cat.1 and Cat. 2) as the biocompatible catalysts under solvent-free conditions (Scheme 25). 113

Solvent-free Ph — -
|
RN +  Phoo Ph cat. 1(0.5 mol%) P Ph
H RT, 24 h 28 ‘
25 (1.04 mmol) 26 (0.57 mmol) 13 examples Ph N, O
(yield: 35-98%) o [ Fe—o0
Ph N O
Solvent-free |
H. _H
RN + P Cat.2 or 1 {R/\/}P\Ph
(1.25 or 5 mol%) Ph 2
Ph _— 29 _l2
0,
25228 mmol) 47 (0.57 mmol) R Or40°C.24h 6 examples Cat. 1 Cat. 2
(vield: 63-96%) (Iron(lll) porphyrin complex) (Iron(lll) salen-p-oxo complex)

R = CgHg, 3-CH3-CgHy, 4-CH3-CgHy, 4-OCH3-CgHy,
4-Cl-CgHy, 3-Br-CgHy, 4-Br-CgHj, 4-CF3-CgHy,
4-CgHg-CgHy, Py, CO,CH3, CO,"Bu

Q”QO N LOTO [GrFo

0,
(28a, 96%) (28b, 99%) (29a, 96%) (29b, 92%)

Representatives

Scheme 25. Room temperature-based  hydrophosphination of activated alkenes  with
phenyl/diphenylphosphine using iron(lll) porphyrin complexes as the biocompatible catalysts

2.3. Synthesis of miscellaneous organophosphorus compounds
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a-Hydroxyphosphonates, particularly the bis-a-hydroxyphosphonate version, are useful organophosphorus
compounds with multifaceted pharmaceutical activities, flame-retardant properties and synthetic
applications.'*4119 Recently, Mou et al. accomplished a metal-free green method to prepare bis-a-
hydroxyphosphonates 31 via an atom-economical Pudovik reaction between aromatic/heteroaromatic
dialdehydes 30 and dialkyl phosphonates using triethylamine as catalyst (Scheme 26).12° The reaction
proceeded smoothly under mild conditions with high activity, atom economy, and operational simplicity.

o o o Solvent-free OH OH

o)
Il EtzN (5 mol%) N\ Y
H ° H * Ro"TOR -~ N
H RT, 5-600 min RO™ or RO OR

Bis-a-hydroxy phosphonates 31

30 (1.0 mmol) 3 (2.1 mmol) 13 examples (yield: 52-98%)
Br
X
Jos s EaN

N7 o

R = Me, Et

Representatives

Br

HO OH OH
“R p/ O:p /O o:P Pj
MeO OMe  Med OMe  Eid OEt £ig OEt  MeG OMe Med “ome £t bet EtO OE

(31a, 98%) (31b, 87%) (31c, 94%) (31d, 69%)

Scheme 26. Triethylamine-catalyzed synthesis of bis-a-hydroxy phosphonates at room temperature

Tertiary phosphine oxides find useful applications as ligands in extractive metallurgy,'?1?2 preparation of
metal-complex catalysts'?3-126 and organic synthones,*?”128 in medicinal chemistry, and many other uses.!2%:130
Therefore, designing functionalized tertiary-phosphine oxides is a valid exercise.'3%132 Very recently, Trofimov
and his group reported on developing a catalyst- and solvent-free synthesis of tertiary a-hydroxyphosphine
oxides by hydrophosphorylation of ketones with secondary phosphine oxides (Scheme 27). 133 Mild reaction
conditions, excellent yields, high atom economy, operational simplicity and eco-friendliness are the key
advantages of this protocol.
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o Q 9
J\ ||:! Catalyst and solvent-free L', R
1 2 + N > 37
RER R ga M 20-62°C, 0.25-24 h R Ko
32 (1 | HO
(1.05 mmol) 3 (1.0 mmol) Tertiary o-hydroxyphosphine oxides 33

13 examples (yield: 96-98%)
R' = CH,CO,Et, c-CgH1q, 4-CICgH,4, 4-NO,CgH,, Ph
R' - R2=(CH,)4, (CH,)s; R? = CH3, CH,CI, 2-Py
R3 = Ph, Ph(CHy,),, 4-CICgH4(CH,),

Representatives
h e Ph ﬁ CI> (|)| O ﬁ '\I/Ie
Ph—lF!—clz—Ph " >p—Cc—pPh Ph—P—C Ph—T—COCI
bn | ph | ph | S
OH OH OH OH
(33a, 97%) (33b, 98%) (33c, 96%) (33d, 96%)

Scheme 27. Catalyst- and solvent-free synthesis of tertiary a-hydroxyphosphine oxides

The investigators assumed the addition reaction proceeds through a four-membered transition state 34
involving a concerted electron pair (or single-electron transfer) without preliminary formation of ions or

radicals (Scheme 28).

3 0]
i 3 Lo -
Catalyst- and solvent-free
R1J\R2 tRTH 4 . rR2 N, | ——— RO,
R3 (under the reaction conditions) 1>'\\/‘3, R°ho R
32 3 R' O
33

(four-membered
transition state 34)
Scheme 28. Proposed synthetic pathway for tertiary a-hydroxyphosphine oxides

Silva and his group recently developed a solvent-free synthesis of a-hydroxyphosphonates 35 containing a
1,2,3-triazole moiety in moderate-to-excellent yields through the Abramov reaction between 2-(1H-1,2,3-
triazol-1-yl)benzaldehydes 34 and dialkyl phosphonates 3, using sodium carbonate as catalyst and heating at

70 °C (Scheme 29).134
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Solvent-free
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O
Rao\g/OR3

(0] >
H p
NN * R30”| “OR?
’ H heating at 70 °C for 3.0 h

Na,CO3 (10 mol %)
J\<N
R? R

34 (0.3 mmol) 3 (0.9 mmol)

R" = CHg, CgHs, 4-CH3CgHy, 3-CF3CgHy, CHsSeCH,, CgHsSCH,, (CH)sC
R2 = H, CH3CH,0CO, CH4CO, CgHsNHCO, 4-CIPANHCO, 4-OCHzPhNHCO
R3 = CHg, CH3CH,, CHy(CHy)s

Representatives

)
\/O\g/ov \/O\llzl,/O\/

Nz N= N‘N
N N N N _
= \71\/3 >/KH/
oo
(35b, 83%)

(35a, 93%) (35c¢, 58°/

S
NN

N
RZJ\<

R1
a-Hydroxyphosphonates 35
18 examples (yield: 50-93%)

@
>/§r

(35d, 84%

Q,

Scheme 29. Sodium carbonate-catalyzed solvent-free synthesis of a-hydroxyphosphonates containing

functionalized 1,2,3-triazoles with heating

Thiophosphates are valuable organophosphosulfur compounds finding wide applications as therapeutic
agents in medicinal chemistry3>138 and as pesticides in agrochemistry.’3*-14! In a recent report, Wu and his
group demonstrated a green and simple protocol for synthesizing a series of thiophosphates 38 through
coupling reactions between disulfides 36 and dialkyl trimethylsilyl phosphites 37, under neat reaction
conditions at ambient temperature and pressure (Scheme 30).}4? Easy operation, moderate-to-excellent
yields, short reaction times, scalable syntheses, and good functional-group tolerability are the notable benefits

of this protocol.

~S_/
] R20 Catalyst- and solvent-free RS <
Ris St + “P-OR? — ; R?0 OR?
TMS—d stirring at RT, 2-5 min
Thiophosphates 38
36 (0.5 mmol) 37 (0.5 mmol) 28 examples (yield: 45-95%)

R' = CgH5, 4-CH3-CgHy, 2-OCH3-CgHy, 3-OCH3-CgHy, 4-OCH3-CgHy,

4-tBU-CeH4, 4-F-C6H4, 4-C|-CGH4, 2-Br-C6H4, 4-Br-CsH4, 4-CN-C6H4,

4-OH-CgHy, 4-NHy-CgH,,4-COCH3-CgH,, Py, 2-thiophenyl, 4-COOCH;-CgHy,
4-OCH,Ph-CgHy, 4-Br-CgH,, 4-NHCOCF3-CgH,, 4-NHSO,CH3-CgHy, 4-Br-CgH,

R2 = Me, Et, Pr

Representatives

oA,

'PrO O'

(38a, 85%) (38b, 93%)

MeOOC/®/ ®/
EtO “oEt

(38c, 94%)

// / \ S P//O
Etd OEt Eto’ “oEt

(38d, 51%)

Scheme 30. Catalyst- and solvent-free synthesis of thiophosphates at room temperature
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Phosphonamides are a group of useful organophosphorus compounds.'#3146 Bouchareb et al. synthesized
a series of phosphonamide derivatives 40 from a catalyst- and solvent-free reaction between primary amines
and phenylphosphonic dichloride 39 under ultrasound irradiation (Scheme 31).14’ Good yields, short reaction
times, avoidance of catalyst and solvent, and easy scale-up are the benefits of this present method.
0

O
CI—IIDI—CI Catalyst- and solvent-free Alkyl/Aryl \N_B_N,\AryllAlkyl
Alkyl/Aryl—NH,  + Ultrasonic irradiation H H
RT, 5-15 min
2 (2.0 mmol) 39 (1.0 mmol) Phosphonamides 40

18 examples (yield: 89-98%)

Representatives

H_s_# QPQ @N_ﬁ_N@ HOC% .
QY

(40a, 98%) 40b, 94%
° ( ) (40c, 95%) (40d, 93%)

Scheme 31. Ultrasound-promoted synthesis of phosphonamide derivatives under catalyst and solvent-free
conditions

3. Conclusions

Organophosphorus chemistry is an exciting field of research since phosphorus-functionalized organic
molecules find practical and useful applications in such diverse areas as medicinal, pharmaceutical,
agrochemical, and materials chemistries, both on laboratory and industrial scales. Synthetic organic chemists
are also deeply involved in designing green-inspired protocols for the generation of organophosphorus
compounds of both known and unknown skeletons, and their analogues, that may offer different physical and
biological properties. These advantages are very important for industrial-process developments since solvent-
free conditions are associated with several practical benefits, including operational simplicity, cost
effectiveness, minimization of waste generation, and reduced pollution. This review has attempted to provide
a comprehensive update on the green-inspired synthetic drivers for functionalized
organophosphorus compounds under solvent-free conditions reported from 2016 to 2021. Many significant
developments, particularly those involving green-chemistry approaches, have been documented in some
detail.. We sincerely believe this overview would be helpful to researchers and scientists interested in this field
of work.

4. Acknowledgements

The authors are thankful to the Department of Chemistry, Siksha-Bhavana (Institute of Science), Visva-Bharati
University, Santiniketan, India, for extending infrastructural facilities.

Page 20 ©AUTHOR(S)



Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

5. References

10.

11.

12.

13.

14.

L.; Cao, X.; Yan, C. Xi, Coord. Chem. Rev. 2020, 416, 213330.
https://doi.org/10.1016/j.ccr.2020.213330

Keglevich, G. Chem. Rec. 2019, 19, 65-76.
https://doi.org/10.1002/tcr.201800006

Ghosh, S. K.; Cummins, C. C.; Gladysz, J. A. Org. Chem. Front. 2018, 5, 3421-3429.
https://doi.org/10.1039/C8Q000943K

Huang, T.-Z.; Chen, T.; Saga, Y.; Han, L.-B. Tetrahedron 2017, 73, 7085-7093.
https://doi.org/10.1016/j.tet.2017.10.070

Cao, Y.; Nagle, J. K.; Wolf, M. O.; Patrick, B. O. J. Am. Chem. Soc. 2015, 137, 4888-4891.
https://doi.org/10.1021/jacs.5b02078

Montchamp, J.-L. Acc. Chem. Res. 2014, 47, 77-87.
https://doi.org/10.1021/ar400071v

Jablonkai, E.; Keglevich, G. Curr. Org. Synth. 2014, 11, 429-453.
http://doi.org/10.2174/15701794113109990066

Chen, X.; Kopecky, D. J.; Mihalic, J.; Jeffries, S.; Min, X.; Heath, J.; Deignan, J.; Lai, S.; Fu, Z.; Guimaraes,
C.; Shen, S.; Li, S.; Johnstone, S.; Thibault, S.; Xu, H.; Cardozo, M.; Shen, W.; Walker, N.; Kayser, F.; Wang,
Z.J. Med. Chem. 2012, 55, 3837-3851.

https://doi.org/10.1021/jm300037x

S.0.Jeon and J.Y. Lee, J. Mater. Chem., 2012, 22, 7239-7244.,
https://doi.org/10.1039/C2JM30742A

Demkowicz, S.; Rachon, J.; Dasko, M.; Kozak, W. RSC Adv. 2016, 6, 7101-7112.
https://doi.org/10.1039/C5RA25446A

Cho, Y.J.; Lee, ). Y. Chem.- Eur. J. 2011, 17, 11415-11418.
https://doi.org/10.1002/chem.201101095

Bakhtiary, A.; Heravi, M. R. P.; Hassanpour, A.; Amini, |.; Vessally, E. RSC Adv. 2021, 11, 470-483.
https://doi.org/10.1039/DORA08074H

Kolodiazhnyi, O. I. Russ. Chem. Rev. 2020, 89, 537-572.
https://doi.org/10.1070/RCR4910

Bornemann, D.; Pitts, C. R.; Wettstein, L.; Briining, F.; Kling, S.; Guan, L.; Trapp, N.; Gritzmacher, H.;
Togni, A. Angew. Chem. Int. Ed. 2020, 59, 22790-22795.

https://doi.org/10.1002/anie.202010943

Page 21 ©AUTHOR(S)


https://doi.org/10.1016/j.ccr.2020.213330
https://doi.org/10.1002/tcr.201800006
https://doi.org/10.1039/C8QO00943K
https://doi.org/10.1016/j.tet.2017.10.070
https://doi.org/10.1021/jacs.5b02078
https://doi.org/10.1021/ar400071v
http://doi.org/10.2174/15701794113109990066
https://doi.org/10.1021/jm300037x
https://doi.org/10.1039/C2JM30742A
https://doi.org/10.1039/C5RA25446A
https://doi.org/10.1002/chem.201101095
https://doi.org/10.1039/D0RA08074H
https://doi.org/10.1070/RCR4910
https://doi.org/10.1002/anie.202010943

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Moiseev, D. V.; James, B. R. Phosphorus Sulfur Silicon Relat. Elem. 2020, 195, 687-712.
https://doi.org/10.1080/10426507.2020.1764957

Allen, D. W.; Higham, L. J.; Tebby, J. C.; Loakes, D. Eds. Organophosphorus Chemistry (Specialist
Periodical Reports), Royal Society of Chemistry: Cambridge, England, 2011-2022; Vols. 40-51.

Rodriguez, J. B.; Gallo-Rodriguez, C. ChemMedChem 2019, 14, 190-216.
https://doi.org/10.1002/cmdc.201800693

Montchamp, J.-L. Pure Appl. Chem. 2019, 91, 113-120.
https://doi.org/10.1515/pac-2018-0922

Mehellou, Y.; Rattan, H. S.; Balzarini, J. J. Med. Chem. 2018, 61, 2211-2226.
https://doi.org/10.1021/acs.jmedchem.7b00734

Qin, L.; Ren, L.; Wan, S.; Liu, G.; Luo, X; Liu, Z; Li, F.; Yu, Y.; Liu, J.; Wei, Y. J. Med. Chem. 2017, 60, 3606-
3617.

https://doi.org/10.1021/acs.jmedchem.7b00254

Rodriguez, J. B.; Falcone, B. N.; Szajnman, S. H. Expert Opin. Ther. Pat. 2016, 26, 993-1015.
https://doi.org/10.1080/13543776.2016.1209487

Paulsen, C. E.; Armache, J. P.; Gao, Y.; Cheng, Y.; Julius, D. Nature 2015, 520, 511-517.
https://doi.org/10.1038/naturel4367

Brahmachari, G., Ed. Green Synthetic Approaches for Biologically Relevant Heterocycles, 2nd ed., Vol. 1
and 2, Elsevier, Amsterdam, The Netherlands, 2021 (ISBNs: 978-0-12-820586-0; 978-0-12-820792-5).

https://www.sciencedirect.com/book/9780128205860/green-synthetic-approaches-for-biologically-
relevant-heterocycles

https://www.sciencedirect.com/book/9780128207925/green-synthetic-approaches-for-biologically-
relevant-heterocycles

Brahmachari, G. Microwave-assisted Hirao and Kabachnik-Fields Phosphorus—Carbon Bond Forming
Reactions: A Recent Update, In. Advances in Microwave Chemistry, eds. B. K. Banik, D. Bandyopadhyay,
CRC Press, USA, 2019, pp. 293-325 (ISBN: 978-0-8153-7519-7).

https://doi.org/10.1201/9781351240499

Brahmachari, G. P-Chemistry at Ambient Conditions: A Recent Update, In. New Developments in
Organophosphorus Chemistry, ed. G. Keglevich, De Gruyter, Germany, 2018, pp. 214-231.

https://doi.org/10.1515/9783110535839-011

G. Brahmachari, Catalyst-free Organic Synthesis. 1st ed., Royal Society of Chemistry, Cambridge,
England, 2018.

https://pubs.rsc.org/en/content/ebook/978-1-78262-412-7

G. Brahmachari, Room Temperature Organic Synthesis, 1st ed., Elsevier, Amsterdam, The Netherlands,
2015.

Page 22 ©AUTHOR(S)


https://doi.org/10.1080/10426507.2020.1764957
https://doi.org/10.1002/cmdc.201800693
https://doi.org/10.1515/pac-2018-0922
https://doi.org/10.1021/acs.jmedchem.7b00734
https://doi.org/10.1021/acs.jmedchem.7b00254
https://doi.org/10.1080/13543776.2016.1209487
https://doi.org/10.1038/nature14367
https://www.sciencedirect.com/book/9780128205860/green-synthetic-approaches-for-biologically-relevant-heterocycles
https://www.sciencedirect.com/book/9780128205860/green-synthetic-approaches-for-biologically-relevant-heterocycles
https://www.sciencedirect.com/book/9780128207925/green-synthetic-approaches-for-biologically-relevant-heterocycles
https://www.sciencedirect.com/book/9780128207925/green-synthetic-approaches-for-biologically-relevant-heterocycles
https://doi.org/10.1201/9781351240499
https://doi.org/10.1515/9783110535839-011
https://pubs.rsc.org/en/content/ebook/978-1-78262-412-7

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

https://www.sciencedirect.com/book/9780128010259/room-temperature-organic-synthesis

Brahmachari, G. Green synthetic approaches in organophosphorus chemistry: recent developments with
energy-efficient protocols, In. Organophosphorus Chemistry (Specialist Periodical Reports), Vol. 51, Royal
Society of Chemistry, Cambridge, England, 2022, pp. 398-414.

https://doi.org/10.1039/9781839166198-00398

Brahmachari, G. Green synthetic approaches in organophosphorus chemistry: recent developments, In.
Organophosphorus Chemistry (Specialist Periodical Reports), Vol. 50, Royal Society of Chemistry:
Cambridge, England, 2021, pp 469-483.

https://doi.org/10.1039/9781839163814-00467

Brahmachari, G. Adv. Synth. Catal. 2020, 362, 5411-5421.
https://doi.org/10.1002/adsc.202001054

Brahmachari, G.; Laskar, S. Phosphorus Sulfur Silicon Relat. Elem. 2014, 189, 873-888.
https://doi.org/10.1080/10426507.2014.903484

Shen, R.; Wang, X.; Zhang, S.; Dong, C.; Zhu, D.; Han, L.-B. Adv. Synth. Catal. 2020, 362, 942-948.
https://doi.org/10.1002/adsc.201901421

Huangfu, X.; Wang, Y.; Lu, G.; Cao, Y.; Tang, G.; Zhao, Y. Green Chem. 2020, 22, 5303-5309.
https://doi.org/10.1039/C9GC04452C

Karmakar, |.; Brahmachari, G. Green Chem. 2022, 24, 2825-2838.
https://doi.org/10.1039/d2gc00146b

Brahmachari, G.; Karmakar, |.; Karmakar, P. Green Chem. 2021, 23, 4762-4770.
https://doi.org/10.1039/d1gc01341f

Jones, A. C.; Nicholson, W. |.; Smallman, H. R.; Browne, D. L. Org. Lett. 2020, 22, 7433-7438.
https://doi.org/10.1021/acs.orglett.0c02418

Qin, J.; Zuo, H.; Ni, Y.; Yu, Q.; Zhong, F. ACS Sustainable Chem. Eng. 2020, 8, 12342-12347.
https://doi.org/10.1021/acssuschemeng.0c03942

Brahmachari, G.; Das, S. RSC Adv. 2014, 4, 7380-7388.
https://doi.org/10.1039/C3RA44568B

Wang, G.-W. Chem. Soc. Rev. 2013, 42, 7668-7700.
https://doi.org/10.1039/C3CS35526H

Ribas-Arino, J.; Marx, D. Chem. Rev. 2012, 112, 5412-5487.
https://doi.org/10.1021/cr200399q

Stolle, A.; Szuppa, T.; Leonhardt, S. E. S.; Ondruschka, B. Chem. Soc. Rev. 2011, 40, 2317-2329.
https://doi.org/10.1039/COCS00195C

Page 23 ©AUTHOR(S)


https://www.sciencedirect.com/book/9780128010259/room-temperature-organic-synthesis
https://doi.org/10.1039/9781839166198-00398
https://doi.org/10.1039/9781839163814-00467
https://doi.org/10.1002/adsc.202001054
https://doi.org/10.1080/10426507.2014.903484
https://doi.org/10.1002/adsc.201901421
https://doi.org/10.1039/C9GC04452C
https://doi.org/10.1039/d2gc00146b
https://doi.org/10.1039/d1gc01341f
https://doi.org/10.1021/acs.orglett.0c02418
https://doi.org/10.1021/acssuschemeng.0c03942
https://doi.org/10.1039/C3RA44568B
https://doi.org/10.1039/C3CS35526H
https://doi.org/10.1021/cr200399q
https://doi.org/10.1039/C0CS00195C

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Beyer, M. K.; ClausenSchaumann, H. Chem. Rev. 2005, 105, 2921-2948.
https://doi.org/10.1021/cr030697h

Tanaka. K.; Toda, F. Chem. Rev. 2000, 100, 1025-1074.
https://doi.org/10.1021/cr940089p

Brahmachari, G.; Begam, S.; Karmakar, |.; Gupta, V. K. Phosphorus Sulfur Silicon Relat. Elem. 2021, 196,
769-779.

https://doi.org/10.1080/10426507.2021.1920593

Kaur, G.; Shamim, M.; Bhardwaj, V.; Gupta, V. K.; Banerjee, B. Synth. Commun. 2020, 50, 1545-1560.
https://doi.org/10.1080/00397911.2020.1745844

Zeng, Z.-G.; Liu, Niu; Fei, L.; lJiang, X.-Y.; Xu, H.-H. Mol. Divers. 2019, 23, 393-401.
https://doi.org/10.1007/s11030-018-9877-5

Lan, X.; Xie, D.; Yin, L.; Wang, Z.; Chen, J.; Zhang, A.; Song, B.; Hu, D. Bioorg. Med. Chem. Lett. 2017, 27,
4270-4273.

https://doi.org/10.1016/j.bmcl.2017.08.048

Subramanyam, C.; Basha, Sk. T.; Madhava, G.; Rasool, Sk. N.; Adam, Sk.; Murthy S. D. S.; Naga Raju, C.
Phosphorus Sulfur Silicon Rel. Elem. 2017, 192, 267-270.

https://doi.org/10.1080/00397911.2020.1745844

Che, J.-Y.; Xu, X.-Y.; Tang, Z.-L.; Gug, Y.-C.; Shia, D.-Q. Bioorg. Med. Chem. Lett. 2016, 26, 1310-1313.
https://doi.org/10.1016/j.bmcl.2016.01.010

Milen, M.; Abranyi-Balogh, P.; Kangyal, R.; Dancso, A.; Frigyes, D.; Keglevich, G. Heteroat. Chem. 2014,
25, 245-255,

https://doi.org/10.1002/hc.21170

Milen, M.; Abranyi-Balogh, P.; Dancso, A.; Frigyes, D.; Pongo, L.; Keglevich, G. Tetrahedron Lett. 2013, 54,
5430-5433.

https://doi.org/10.1016/].tetlet.2013.07.145

Wuggenig, F.; Schweifer, A.; Mereiter, K.; Hammerschmidt, F. Eur. J. Org. Chem. 2011, 2011, 1870-1879.
https://doi.org/10.1002/ejoc.201001501

Razaei, Z.; Friouzabadi, H.; Iranpoor, N.; Ghadri, A.; Jafari, M.; Jafari, A.; Zare, H. Eur. J. Med. Chem. 2009,
44, 4266-4275.

https://doi.org/10.1016/j.ejmech.2009.07.009

Amira, A.; Aouf, Z.; K'tir, H.; Chemam, Y.; Ghodbane, R.; Zerrouki, R.; Aouf, N.-E. ChemistrySelect 2021, 6,
6137-6149.

https://doi.org/10.1002/slct.202101360

Liu, W.; Royers, C. J.; Fisher, A. J.; Toney, M. Biochemistry, 2002, 41, 12320-12328.

Page 24 ©AUTHOR(S)


https://doi.org/10.1021/cr030697h
https://doi.org/10.1021/cr940089p
https://doi.org/10.1080/10426507.2021.1920593
https://doi.org/10.1080/00397911.2020.1745844
https://doi.org/10.1007/s11030-018-9877-5
https://doi.org/10.1016/j.bmcl.2017.08.048
https://doi.org/10.1080/00397911.2020.1745844
https://doi.org/10.1016/j.bmcl.2016.01.010
https://doi.org/10.1002/hc.21170
https://doi.org/10.1016/j.tetlet.2013.07.145
https://doi.org/10.1002/ejoc.201001501
https://doi.org/10.1016/j.ejmech.2009.07.009
https://doi.org/10.1002/slct.202101360

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

https://doi.org/10.1021/bi026318g

Kafarski, P.; Lejczak, B. Phosphorus Sulfur Silicon Rel. Elem. 1991, 63, 193-215.
https://doi.org/10.1080/10426509108029443

Ouimette, D. G.; Coffey, M. D. Phytopathology 1989, 79, 761-767.
https://doi.org/10.1094/Phyto-79-761

Hellal, A.; Chafaa, S.; Chafai, N.; Touafri, L. J. Mol. Struct. 2017, 1134, 217-225.
https://doi.org/10.1016/j.molstruc.2016.12.079

Gokha, A. A.; Ghanim, |. M. S.; Abdel Megeed, A. E. S.; Shaban, E.; El-Tantawy, E. S. I. Int. J. Pharm. Sci.
2016, 7, 181-189.

http://dx.doi.org/10.13040/1JPSR.0975-8232.7(1).181-89

Sonar, S. S.; Sadaphal, S. A.; Labade, V. B.; Shingate, B. B.; Shingare, M. S. Phosphorus Sulfur Silicon Relat.
Elem. 2009, 185, 65-73.

https://doi.org/10.1080/10426500802713259

Sienczyk, M.; Oleksyszyn, J. Curr. Med. Chem. 2009, 16, 1673-1687.
https://doi.org/10.2174/092986709788186246

Xu, Y.; Yan, K.; Song, B.; Xu, G.; Yang, S.; Xue, W.; Hu, D.; Lu, P.; Ouyang, G.; Jin, L.; Chen, Z. Molecules
2006, 11, 666-676.

https://doi.org/10.3390/11090666

Peyman, A Stahl, W.; Wagner, K.; Ruppert, D.; Budt, K. H.
Bioorg. Med. Chem. Lett. 1994, 4, 2601-2604.

https://doi.org/10.1016/S0960-894X(01)80292-4

Mirzaei, M.; Eshghi, H.; Rahimizadeh, M.; Bakavoli, M.; Matin, M. M.; Hosseinymehr, M.; Rudbari, H. A,;
Bruno, G. J Chin Chem Soc. 2015, 62, 1087-1096.

https://doi.org/10.1002/jccs.201500250

Fang, Y.-L.; Wu, Z.-L.; Xiao, M.-W.; Tang, Y.-T.; Li, K.-M.; Ye, J.; Xiang, J.-N.; Hu, A.-X. Int. J. Mol. Sci. 2016,
17, 653-668.

https://doi.org/10.3390/ijms17050653

Rawls, R. L. Chem. Eng. News Archive 1998, 76, 29-32.
https://doi.org/10.1021/cen-v076n010.p029

Bahrami, F.; Panahi, F.; Daneshgar, F.; Yousefi, R.; Shahsavani, M. B.; Khalafi-Nezhad, A. RSC Adv. 2016, 6,
5915-5924.

https://doi.org/10.1039/C5RA21419)

El-Boraey, H. A. L.; EI-Gokha, A. A. A.; ElSayed, I. E. T.; Azzam, M. A. Med. Chem. Res. 2015, 24, 2142-
2153,

Page 25 ©AUTHOR(S)


https://doi.org/10.1021/bi026318g
https://doi.org/10.1080/10426509108029443
https://doi.org/10.1094/Phyto-79-761
https://doi.org/10.1016/j.molstruc.2016.12.079
http://dx.doi.org/10.13040/IJPSR.0975-8232.7(1).181-89
https://doi.org/10.1080/10426500802713259
https://doi.org/10.2174/092986709788186246
https://doi.org/10.3390/11090666
https://doi.org/10.1016/S0960-894X(01)80292-4
https://doi.org/10.1002/jccs.201500250
https://doi.org/10.3390/ijms17050653
https://doi.org/10.1021/cen-v076n010.p029
https://doi.org/10.1039/C5RA21419J

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

https://doi.org/10.1007/s00044-014-1282-8

Koteswara Rao, V.; Subba Reddy, S.; Sathish Krishna, B.; Reddy, C. S.; Reddy, N. P.; Reddy, T. C. M.; Naga
Raju, C.; Ghosh, S. K. Lett. Drug Des. Discov. 2011, 8, 59-64.

https://doi.org/10.2174/157018011793663921

Kafarski, P.; Lejczak, B. Curr. Med. Chem. Anti-Cancer Agents 2001, 1, 301-312.
https://doi.org/10.2174/1568011013354543

Allen, M. C.; Fuhrer, W.; Tuck, B.; Wade, R.; Wood, J. M. J. Med. Chem. 1989, 32, 1652-1661.
https://doi.org/10.1021/jm00127a041

Mucha, A.; Kafarski, P.; Berlicki, L. J. Med. Chem. 2011, 54, 5955-5980.
https://doi.org/10.1021/jm200587f

Grembecka, J.; Mucha, A.; Cierpicki, T.; Kafarski, P. J. Med. Chem. 2003, 46, 2641-2655.
https://doi.org/10.1021/jm030795v

Jiang, Z.; Zhao, J.; Gao, B.; Chen, S.; Qu, W.; Mei, X.; Rui, C.; Ning, J.; She, D. Phosphorus Sulfur Silicon
Relat. Elem. 2013, 188, 1026-1037.

https://doi.org/10.1080/10426507.2012.729236

Liu, J.-Z.; Song, B.-A.; Bhadury, P. S.; Hu, D.-Y.; Yang, S. Phosphorus Sulfur Silicon Relat. Elem. 2012, 187,
61-70.

https://doi.org/10.1080/10426507.2011.575422

Reddy, M. V. N.; Balakrishna, A.; Kumar, M. A,; Reddy, G. C. S.; Sankar, A. U. R.; Reddy, C. S.; Krishna, T.
M. Chem. Pharm. Bull. 2009, 57, 1391-1395.

https://doi.org/10.1248/cpb.57.1391

Ghotas, E.; Sylvie, G. B.; Malcolm, J. K.; Elisabeth, D.; Jeanine, L.; Michael, S. K.; Keith, H.; Amy, H.; Albion,
D. W.; Ashis, K. S.; Gerhard, H.; Barry, A. M.; William, F. W. Bioorg. Med. Chem. Lett. 2009, 19, 369-372.

https://doi.org/10.1016/j.bmcl.2008.11.072

Kaboudin, B.; Moradi, K. Tetrahedron Lett. 2005, 46, 2989-2991.
https://doi.org/10.1002/chin.200534234

Meyer, J. H.; Barlett, P.A. J. Am. Chem. Soc. 1998, 120, 4600-4609.
https://doi.org/10.1021/ja973713z

Atherton, F. R.; Hassal, C. H.; Lambert, R. W. J. Med. Chem. 1986, 29, 29-40.
https://doi.org/10.1021/jm00151a005

Danila, D. C.; Wang, X. Y.; Hubble, H.; Antipin, I. S.; Pinkhassik, E. Bioorg. Med. Chem. Lett. 2008, 18,
2320-2323.

https://doi.org/10.1016/j.bmcl.2008.02.081

Naydenova, E. D.; Todorov, P.; Troev, K. Amino Acids 2010, 38, 23-30.
Page 26 ©AUTHOR(S)


https://doi.org/10.1007/s00044-014-1282-8
https://doi.org/10.2174/157018011793663921
https://doi.org/10.2174/1568011013354543
https://doi.org/10.1021/jm00127a041
https://doi.org/10.1021/jm200587f
https://doi.org/10.1021/jm030795v
https://doi.org/10.1080/10426507.2012.729236
https://doi.org/10.1080/10426507.2011.575422
https://doi.org/10.1248/cpb.57.1391
https://doi.org/10.1016/j.bmcl.2008.11.072
https://doi.org/10.1002/chin.200534234
https://doi.org/10.1021/ja973713z
https://doi.org/10.1021/jm00151a005
https://doi.org/10.1016/j.bmcl.2008.02.081

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

https://doi.org/10.1007/s00726-009-0254-7

Orsini, F.; Sello G.; Sisti, M. Curr. Med. Chem. 2010, 17, 264-289.
https://doi.org/10.2174/092986710790149729

De Nino, A,; Tallarida, M. A.; Algieri, V.; Olivito, F.; Costanzo, P.; De Filpo, G.; Maiuolo, L. Appl. Sci. 2020,
10, 8155-8169.

https://doi.org/10.3390/app10228155

Daneshfara, Z.; Rostami, A. RSC Adv. 2015, 5, 104695-104707.
https://doi.org/10.1039/C5RA19773B

Liimatainen, H.; Visanko, M.; Sirvid, J.; Hormi, O.; Niinimaki, J. Cellulose 2013, 20, 741-749.
https://doi.org/10.1007/s10570-013-9865-y

Rajalaxmi, D.; Jiang, N.; Leslie, G.; Ragauskas, A. J. Carbohydr. Res. 2010, 345, 284-290.
https://doi.org/10.1016/j.carres.2009.09.037

Shaabani, A., Rahmati, A., Badri, Z. Catal. Commun. 2008, 9, 13-16.
https://doi.org/10.1016/j.catcom.2007.05.021

Kumar, K. S.; Krishna, B. S.; Reddy, C. B.; Reddy, M. V. N.; Reddy, C. S. Arab. J. Chem. 2017, 10, S368-
S375.

https://doi.org/10.1016/j.arabjc.2012.09.009

Tellamekala, S.; Gundluru, M.; Sarva, S.; Reddy Nadiveedhia, M.; Sudileti, M.; Allagadda, R.; Rao
Chippada, A.; Reddy Cirandur, S. Synth. Commun. 2019, 49, 563-575.

https://doi.org/10.1080/00397911.2018.1563795

Guezane-Lakoud, S.; Toffano, M.; Aribi-Zouioueche, L. Heteroat Chem. 2017, 28, e21408.
https://doi.org/10.1002/hc.21408

Kumar, A.; Dhar, K.; Singh-Kanwar, S.; Arora, P. K. Biol. Proced. Online 2016, 18, 2.

Brahmachari, G. Lipase-catalyzed Organic Transformations: A recent update, In: Biotechnology of
Microbial Enzymes, G. Brahmachari, A. Demain, J. L. Adrio, Editors, Academic Press: London, 2016.

http://dx.doi.org/10.1016/B978-0-12-803725-6.00013-3

Boughaba, S.; Aouf , Z.; Bechiri, O.; Mathe-Allainmat, M.; Lebreton, J.; Aouf, N.-E. Phosphorus Sulfur
Silicon Relat Elem. 2021, 196, 28-35.

https://doi.org/10.1080/10426507.2020.1799370

Ghafuri, H.; Rashidizadeh, A.; Zand, H. R. E. RSC Adv. 2016, 6, 16046-16054.
https://doi.org/10.1039/C5RA13173A

Sreelakshmi, P.; Santhisudha, S.; Reddy, G. R.; Subbarao, Y.; Peddanna, K.; Apparao, C.; Reddy, C. S.
Synth. Commun. 2018, 48, 1148-1163.

https://doi.org/10.1080/00397911.2018.1437183
Page 27 ©AUTHOR(S)



https://doi.org/10.1007/s00726-009-0254-7
https://doi.org/10.2174/092986710790149729
https://doi.org/10.3390/app10228155
https://doi.org/10.1039/C5RA19773B
https://doi.org/10.1007/s10570-013-9865-y
https://doi.org/10.1016/j.carres.2009.09.037
https://doi.org/10.1016/j.catcom.2007.05.021
https://doi.org/10.1016/j.arabjc.2012.09.009
https://doi.org/10.1080/00397911.2018.1563795
https://doi.org/10.1002/hc.21408
http://dx.doi.org/10.1016/B978-0-12-803725-6.00013-3
https://doi.org/10.1080/10426507.2020.1799370
https://doi.org/10.1039/C5RA13173A
https://doi.org/10.1080/00397911.2018.1437183

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Poola, S.; Reddy Nadiveedhi, M.; Sarva, S.; Gundluru, M.; Nagaripati, S.; Shaik, M. S.; Kotha, P.;
Chamarthi, N.; Reddy Cirandur, S. Med. Chem. Res. 2019, 28, 528-544.

https://doi.org/10.1007/s00044-019-02302-y

Khatri, C. K.; Satalkar, V. B.; Chaturbhuj, G. U. Tetrahedron Lett. 2017, 58, 694-698.
http://dx.doi.org/10.1016/].tetlet.2017.01.022

Aghahosseini, H.; Ramazani, A.; Taran, J.; Slepokura, K.; Lis, T. Asian J. Org. Chem. 2019, 8, 1519-1527.
http://dx.doi.org/10.1002/ajoc.201900241

Brahmachari, G.; Mandal, M.; Karmakar, I.; Nurjamal, K.; Mandal, B. ACS Sustainable Chem. Eng. 2019, 7,
6369-6380.

https://doi.org/10.1021/acssuschemeng.9b00133

Brahmachari, G.; Karmakar, I.; Nurjamal, K. ACS Sustainable Chem. Eng. 2018, 6, 11018-11028.
https://doi.org/10.1021/acssuschemeng.8b02448

Brahmachari, G.; Nurjamal, K. Tetrahedron Lett. 2019, 60, 1904-1908.
https://doi.org/10.1016/j.tetlet.2019.06.028

Chatel, G. Sonochemistry: New Opportunities for Green Chemistry; World Scientific Publishing Co.:
Singapore, 2015.

Schiel, M. A.; Chopa, A. B.; Silbestri, G. F.; Alvarez, M. B.; Lista, A. G.; Domini, C. E. Use of ultrasound in
the synthesis of heterocycles of medicinal interest (Chapter 21). In Green Synthetic Approaches for
Biologically Relevant Heterocycles; Brahmachari, G., Ed.; Elsevier: The Netherlands, 2014; pp 571-601.

Sudileti, M.; Gundluru, M.; Sarva, S.; Tellamekala, S.; Hari, B.; Meriga, B.; Reddy Cirandur, S. Monatsh.
Chem. 2019, 150, 1101-1109.

https://doi.org/10.1007/s00706-019-2385-1

Rasal, S.; Jain, S.; Shimpi, N. G. Synth. Commun. 2018, 48, 2420-2434.
https://doi.org/10.1080/00397911.2018.1492724

Basha, M. H.; Subramanyam, C.; Rao, K. P. Main Group Met. Chem. 2020, 43, 147-153.
https://doi.org/10.1515/mgmc-2020-0018

Poola, S.; Nagaripati, S.; Tellamekala, S.; Chintha, V.; Kotha, P.; Rao Yagani, J.; Golla, N.; Reddy Cirandur,
S. Synth. commun. 2020, 50, 2655-2672.

https://doi.org/10.1080/00397911.2020.1753079

Khrizanforova, V. V.; Kholin, K. V.; Khrizanforov, M. N.; Kadirov, M. K.; Budnikova Y. H. New J Chem. 2018,
42,930-935.

https://doi.org/10.1039/C7NJ03717A

Mondal, M.; Saha, A. Tetrahedron Lett. 2019, 60, 150965.
https://doi.org/10.1016/j.tetlet.2019.150965

Page 28 ©AUTHOR(S)


https://doi.org/10.1007/s00044-019-02302-y
http://dx.doi.org/10.1016/j.tetlet.2017.01.022
http://dx.doi.org/10.1002/ajoc.201900241
https://doi.org/10.1021/acssuschemeng.9b00133
https://doi.org/10.1021/acssuschemeng.8b02448
https://doi.org/10.1016/j.tetlet.2019.06.028
https://doi.org/10.1007/s00706-019-2385-1
https://doi.org/10.1080/00397911.2018.1492724
https://doi.org/10.1515/mgmc-2020-0018
https://doi.org/10.1080/00397911.2020.1753079
https://doi.org/10.1039/C7NJ03717A
https://doi.org/10.1016/j.tetlet.2019.150965

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

Mohan, G.; Santhisudha, S.; Reddy, N. M.; Sreekanth, T. Murali, S.; Reddy, C. S. Monatsh. Chem. 2017,
148, 1843-1851.

https://doi.org/10.1007/s00706-017-2000-2

Li, L.; Wang, J.-).; Wang, G.-W. J. Org. Chem. 2016, 81, 5433-5439.
https://doi.org/10.1021/acs.joc.6b00786

Gallagher, K. J.; Espinal-Viguri, M.; Mahon, M. F.; Webster, R. L. Adv. Synth. Catal. 2016, 358, 2460-2468.
https://doi.org/10.1002/adsc.201501179

Radai, Z.; Keglevich, G. Molecules 2018, 23, 1493.
https://doi.org/10.1080/ 10426507.2018.1544132

Radai, Z. Phosphorus Sulfur Silicon Relat. Elem. 2019, 194, 425-437.
https://doi.org/10.3390/molecules23061493

Khatib, W.; Youssef, B.; Bunel, C.; Mortaigne, B. Polym. Int. 2003, 52, 146-152.
https://doi.org/10. 1002/pi.1009

Wendels, S.; Chavez, T.; Bonnet, M.; Salmeia, K. A.; Gaan, S. Materials 2017, 10, 784.
https://doi.org/10.3390/Ma10070784

Mikroyannidis, J. A. J. Polym. Sci. A Polym. Chem. 1988, 26, 885-900.
https://doi.org/10.1002/pola.1988.080260317

Pudovik, A. N.; Arbuzov, B. A. Dokl. Akad. Nauk S.5.5.R. 1950, 73, 327-329.
Mou, Z.; Wang, Y.; Man, X. Phosphorus Sulfur Silicon Relat Elem. 2021, 196, 195-199.
https://doi.org/10.1080/10426507.2020.1825435

Atanassova, M.; Kaloyanova, S.; Deligeorgiev, T. Acta Chim. Slov. 2010, 57, 821-827.
http://acta-arhiv.chem-soc.si/57/57-4-821.pdf

Petrova, M. A.; Kurteva, V. B.; Lubenov, L. A. Ind. Eng. Chem. Res. 2011, 50, 12170-12176.
https://doi.org/10.1021/ie201207n

Shaikh, T. M.; Weng, C.-M.; Hong, F.-E. Coord. Chem. Rev. 2012, 256, 771-803.
https://doi.org/10.1016/j.ccr.2011.11.007

Sun, W.; Yu, J.; Deng, R.; Rong, Y.; Fujimoto, B.; Wu, C.; Zhang, H.; Chiu, D. T. Angew. Chem. Int. Ed. 2013,
52,11294-11297.

https://doi.org/10.1002/anie.201304822

Tay, W.S.; Yang, X.-Y.; Li, Y.; Pullarkat, S. A.; Leung, P.-H. RSC Adv. 2016, 6, 75951-75959.
https://doi.org/10.1039/C6RA16721G

Bannister, R. D.; Levason, W.; Light, M. E.; Reid, G. Polyhedron 2018, 154, 259-262.
https://doi.org/10.1016/j.poly.2018.07.057

Page 29 ©AUTHOR(S)


https://doi.org/10.1007/s00706-017-2000-2
https://doi.org/10.1021/acs.joc.6b00786
https://doi.org/10.1002/adsc.201501179
https://doi.org/10.3390/molecules23061493
https://doi.org/10.%201002/pi.1009
https://doi.org/10.3390/Ma10070784
https://doi.org/10.1002/pola.1988.080260317
https://doi.org/10.1080/10426507.2020.1825435
http://acta-arhiv.chem-soc.si/57/57-4-821.pdf
https://doi.org/10.1021/ie201207n
https://doi.org/10.1016/j.ccr.2011.11.007
https://doi.org/10.1002/anie.201304822
https://doi.org/10.1039/C6RA16721G
https://doi.org/10.1016/j.poly.2018.07.057

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Cristau, H. J.; Brahic, C.; Pirat, J. L. Tetrahedron 2001, 57, 9149-9156.
https://doi.org/10.1016/50040-4020(01)00929-2

Alexandre, F.-R.; Amador, A.; Bot, S.; Caillet, C.; Convard, T.; Jakubik, J.; Musiu, C.; Poddesu, B.; Vargiu, L.;
Liuzzi, M.; Roland, A.; Seifer, M.; Standring, D.; Storer, R.; Dousson, C. B. J. Med. Chem. 2011, 54, 392-
395.

https://doi.org/10.1021/im101142k

Liu, H.; Owen, J. S.; Alivisatos, A. P. J. Am. Chem. Soc. 2007, 129, 305-312.
https://doi.org/10.1021/ja0656696

Moiseev, D. V.; James, B. R.; Hu, T. Q. Phosphorus, Sulfur Silicon Relat. Elem. 2012, 187, 433-447.
https://doi.org/10.1080/10426507.2011.632388

Ivanova, N. I.; Volkov, P. A.; Khrapova, K. O.; Larina, L. I.; Bagryanskaya, |. Yu.; Gusarova, N. K.; Trofimov,
B. A. Russ. J. Org. Chem. 2016, 52, 772-776.

https://doi.org/10.1134/5S1070428016060026

Jia, K.; Li, J.; Chen, Y. Chem. Eur. J. 2018, 24, 3174-3177.
https://doi.org/10.1002/chem.201800202

Gusarova, N. K.; lvanova, N. I.; Khrapova, K. O.; Volkov, P. A.; Telezhkin, A. A.; Larina, L. |.; Afonin, A. V.;
Pavlov, D. V.; Trofimov, B. A. Synthesis 2020, 52, 2224-2232.

https://doi.org/10.1055/s-0040-1707945

Lima, Y. R.; Da Costa, G. P.; Xavier, M. C. D. F.; De Moraes, M. C.; Barcellos, T.; Alves, D.; Silva, M. S.
ChemistrySelect 2020, 5, 12487-12493.

https://doi.org/10.1002/slct.202003761

Li, N.-S.; Frederiksen, J. K.; Piccirilli, J. A. Acc. Chem. Res. 2011, 44, 1257-1269.
https://doi.org/10.1021/ar200131t

Xie, R.; Zhao, Q.; Zhang, T.; Fang, J.; Mei, X.; Ning, J.; Tang, Y. Bioorg. Med. Chem. 2013, 21, 278-282.
https://doi.org/10.1016/j.bmc.2012.10.030

Kaboudin, B.; Emadi, S.; Hadizadeh, A. Bioorg. Chem. 2009, 37, 101-105.
https://doi.org/10.1016/j.bioorg.2009.05.002

Lauer, A. M.; Mahmud, F.; Wu, J. J. Am. Chem. Soc. 2011, 133,9119-9123.
https://doi.org/10.1021/ja202954b

N. N. Melnikov, Chemistry of Pesticides, Springer: New York, 1971.
https://link.springer.com/content/pdf/bfm%3A978-1-4684-6251-7%2F1.pdf

C. Fest, K.-J. Schmidt, The Chemistry of Organophosphorus Pesticides, Springer, New York, 1982.
https://link.springer.com/content/pdf/bfm%3A978-3-642-68441-8%2F1.pdf

Page 30 ©AUTHOR(S)


https://doi.org/10.1016/S0040-4020(01)00929-2
https://doi.org/10.1021/jm101142k
https://doi.org/10.1021/ja0656696
https://doi.org/10.1080/10426507.2011.632388
https://doi.org/10.1134/S1070428016060026
https://doi.org/10.1002/chem.201800202
https://doi.org/10.1055/s-0040-1707945
https://doi.org/10.1002/slct.202003761
https://doi.org/10.1021/ar200131t
https://doi.org/10.1016/j.bmc.2012.10.030
https://doi.org/10.1016/j.bioorg.2009.05.002
https://doi.org/10.1021/ja202954b
https://link.springer.com/content/pdf/bfm%3A978-1-4684-6251-7%2F1.pdf
https://link.springer.com/content/pdf/bfm%3A978-3-642-68441-8%2F1.pdf

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

141. Fraietta, J. A.; Mueller, Y. M.; Do, D. H.; Holmes, V. M.; Howett, M. K.; Lewis, M. G.; Boesteanu, A. C.;
Alkan, S. S.; Katsikis, P. D. Antimicrob. Agents Chemother. 2010, 54, 4064-4073.

https://doi.org/10.1128/AAC.00367-10

142. Zhan, Z.; Yang, Z.; Ma, D.; Zhang, H.; Shi, Y.; Wang, Q.; Deng, Y.; Hai, L.; Wu, Y. ChemSusChem 2018, 11,
1426-1431.

http://dx.doi.org/10.1002/cssc.201800236

143. Dousson, C. B. Antivir. Chem. Chemother. 2018, 26, 1-8.
https://doi.org/10.1177/ 2040206618756430

144. Sgrensen, M. D.; Blaehr, L. K. A.; Christensen, M. K.; Hgyer, T.; Latini, S.; Hjarnaa, P.-J. V.; Bjorkling, F.
Bioorg. Med. Chem. 2003, 11, 5461-5484.

https://doi.org/10.1016/j.bmc.2003.09.015

145. Sawa, M.; Kiyoi, T.; Kurokawa, K.; Kumihara, H.; Yamamoto, M.; Miyasaka, T.; Ito, Y.; Hirayama, R.; Inoue,
T.; Kirii, Y.; et al. J. Med. Chem. 2002, 45, 919-929.

https://doi.org/10.1021/jm0103211

146. Sawa, M.; Kurokawa, K.; Inoue, Y.; Kondo, H.; Yoshino, K. Bioorg. Med. Chem. Lett. 2003, 13, 2021-2024.
https://doi.org/10.1016/s0960-894x(03)00292-0

147. Bouchareb, F.; Berredjem, M.; Bouzina, A.; Guerfi, M. Phosphorus Sulfur Silicon Relat. Elem. 2021, 196,
422-430.

https://doi.org/10.1080/10426507.2020.1854254

Authors’ Biographies

Goutam Brahmachari, after receiving his Ph.D.in 1997 at Visva-Bharati University (India)
joined his alma mater the very next year and has held the position of a full professor of
organic chemistry since 2011. The research interests of his group include organic
synthesis, green chemistry and medicinal chemistry of natural and natural product-
inspired synthetic molecules. With more than 23 years of experience in teaching and
research, he has produced over 200 scientific publications, including original research
papers, review articles, books, and invited book chapters in organic synthesis, green
chemistry, and natural products. He has already authored/edited 26 books and 50 book

chapters from internationally reputed leading scientific publication houses. He is the
Founder Series Editor of the Elsevier Book Series ‘Natural Product Drug Discovery’. Prof.
Brahmachari is a Fellow of the Royal Society of Chemistry, and a recipient of CRSI
(Chemical Research Society of India) Bronze Medal-2021 (contributions to research in
chemistry), INSA (Indian National Science Academy) Teachers Award-2019, Dr. Kalam
Best Teaching Faculty Award-2017, and Academic Brilliance Award-2015 (Excellence in

Page 31 ©AUTHOR(S)


https://doi.org/10.1128%2FAAC.00367-10
http://dx.doi.org/10.1002/cssc.201800236
https://doi.org/10.1016/j.bmc.2003.09.015
https://doi.org/10.1021/jm0103211
https://doi.org/10.1016/s0960-894x(03)00292-0
https://doi.org/10.1080/10426507.2020.1854254

Arkivoc 2022, jii, 0-0 Brahmachari, G. et al.

Research). Prof. Brahmachari was featured in the World Ranking of the Top 2%
Scientists (Organic Chemistry Category) in 2020 and 2021 and the AD Scientific Index
2022 World Ranking of Scientists -2022.

Indrajit Karmakar was born in West Bengal, India. He received his B.Sc. (Hons.) in
Chemistry and M.Sc. (Organic Chemistry) in 2013 and 2015, respectively, from Visva-
Bharati University (India). Currently, he is working as a UGC-Senior Research Fellow in
Prof. Brahmachari’s group. His research interest focuses on exploring the applications of
green tools in designing and developing newer synthetic methodologies for bio-relevant
natural products-like organic scaffolds.

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 32 ©AUTHOR(S)


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

