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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 fields Phosphorus-
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.'622 As
part of their synthetic endeavors, designing and developing methodologies following green-chemistry
principles have become routine.?3?’ 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. 3*%3 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 a-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,®#%>%7-70 and enzymatic-inhibitory activity
against rennin,’! serine protease,®>’° dialkylglycine decarboxylase’?, leucine aminopeptidase,’3, among many
others.”*80 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
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phosphonate chemistry, and also find use in laser technology, and as fluorescent materials for visualization of
biomolecules.®%23 Solvent-free synthetic drivers for diverse a-aminophosphonates reported in the recent past
are overviewed herein.

Cellulose-SO3H has recently been reported as a useful solid-acid organocatalyst for many organic
transformations.®4% 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). # 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 (6] EtO_ll_OEt
)J\ ||3| Cellulose-SO3H (0.04 g) j\ )
+ AP—NH, + Et0” I OEt > Ar
A" H 2 H Neat, RT, 15-30 min ar'” N7
Aldehydes 1 Amines 2 Diethylphosphite 3 a-Aminophosphonates 4
(1.0 mmol) (1.0 mmol) (1.0 mmol) 23 examples (yield: 83-98%)
Ar! = substituted phenyls, heteroaryls
Ar? = substituted phenyls, benzyl
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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 B-aminophosphonates 4.
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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)

(o
\C_))S O—Cellulose
]
[
9\ +  HoN- Ar E
]
1 EtO okt 9
(e} (nucleophilic (o)
)I\/\ attack)  — H,0 !
1 H ,»Ozﬁ\
Ar 1 %, O
O
H Q
b—S—O—CeIIquse
EtO Et
3.

1l
0
* Ar
EtO_ ]
p-OFt »/‘\_/ 5
)\ A

4

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). *°
H;CO H (‘;/OEt
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OCH3 P Meglumine sulfate (10 mol%) N
0" | “OEt > OEt
H Neat, RT, 30 min
R
3 (1.0 mmol) :033? SO CF,

jw‘ ® g d 0SO4H a-Aminophosphonates 4

B 10 examples (yield: 89-97%)
HO3SO
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aniline 2 (1.0 mmol)
HO3S

R = H, 4-Cl, 4-Br, 4-OH, 4-OMe, 3-NO,, 4-NO,
3-OCHj;-4-OH, 3-OCHj;-4-OH-5-Br, 4-NMe,

0SOzH

Representatives
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(4e, 97%) (4F, 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)
oxide), and H,O0, (hydrogen peroxide).. Compounds diethyl (((2-methoxy-5-
(4e) and diethyl ((4-hydroxy-3-
©AUTHOR(S)

NO (nitric
(trifluoromethyl)phenyl)amino)(4-nitrophenyl)methyl)phosphonate
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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/mL, 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.

0]
0 EtO_II
j\ . ) . I Lipase (CAL-B, 50 mg) ~p-OFt
R“—NH, A > R
R™ 'H BtO™ ) OFt Neat, RT, 24 h RN
1 (1.0 mmol) 2 (1.0 mmol) 3 (1.2 mmol) H
o-Aminophosphonates 4
R' and R? = Substituted phenyl 16 examples (yield: 40-96%)
Representatives
Eto ,, _OEt EtO\n,OEt EtO H _OEt \©E\to\u/o|5t
(4i, 94%) 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 HgP2W15062.14H,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.
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Scheme 5. HeP;W15062.14H,0 -catalyzed synthesis of a-aminophosphonates at room temperature.

The application of sulfated zirconia (Fe304@Zr0,/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
magnetic field, and reusability of the nanocatalyst, short reaction times, and good to excellent yields are the

key advantages of this method.
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0 I Fe,0, @Zr0,/S0,2 (80 TN
1)L 2 + Ar—NH + MeO/P\OMe 0, @2T02B0F 0 T9) MO~ N\Ar
R "R 2 b Neat, 80 °C, 10-120 min MeO i 'r2
a-Aminophosphonates 4
1(1.0 mmol) 2 (1.0 mmol) 3 (1.2 mmol) 21 exampl’e)s (inId: 70-96%)
R'=H, Me,

R? = substituted phenyls, thiophenenyl,
1-naphthayl, c-hex
Ar = substituted phenyls

Representatives
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MeO7 MeO~P MeO-P MeO>
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4 s
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Scheme 6. Nanomagnetic sulfated zirconia-catalyzed synthesis of a-aminophosphonates under heating.

Page 138 ©AUTHOR(S)



Arkivoc 2022, iii, 133-161 Brahmachari, G. et al.

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. - H,0

\\O /_\ Cat.

Cat.

0 H 8
MeO-, P SAr
X at. = Catalyst (Fe;0,@Zr0,/S0,%")

MeO R1 Cat.
4

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). %

CHO 0 Q@ 4 OH
NH _P__ Nano CuO-Au (10 mol%) . cg—P<_N
R + HsCO™ |, ~OCH, ¥/
Neat, 60 °C, 2-3 h H;CO
1 (2.0 mmol) 2 (2.0 mmol) 3 (2.5 mmol) R
R =H, 4-OCHj, 3,4-di-OCH3, 4-OC3Hs, a-Aminophosphonates 4
4-0C,4Hg, 4-OH-3-OCH,, 4-Cl, 10 examples (yield: 87-96%)
3-Br-4-OH-5-OCHg, 5-Br-2-F, 4-NO,
Representatives
(0] (0]
||:|> H OH Il:l, “ OH (|)| H OH
H3CO™, H300/ HsCO~ cho//P N
H;CO 3CO H3CO H,CO
OMe H,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.
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The same group also reported another version of similar compounds with anticancer potential under
almost identical conditions exploring nano antimony oxide (Sb203) as the nanocatalyst (Scheme 9).%’
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H 2~—P~
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Scheme 9. Nano Sb,0s-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.

R2
0 (I)I Solvent-free HN
Sulfated polyborate (5 wt%)

1J\H + R*NH, + Eto/e\OEt R1)\ :OEt
R H heating at 90 °C, 5-10 min 5 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, 0 21 examples (yield: 90-98%)

4-pyridyl, c-hex HO—§—O 0. o
R2 = substituted phenyls, benzy! SP = o B B”
OH o

n
Sulfated polyborate

Pe
@m = o e @ﬁ..

(4¢’, 98%)

Representatives
CHj3

(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-
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reagent on the sulfated polyborate-activated imine intermediate 8, leading to the formation of the desired
product.

Q
HO-S-0 0
SP g 8" %p0 p
- OH & EtO” | \OEt
>~ n automerization)
Sulfated Polyborate \
B0 O H
7/SP R2 f\
o \
// 1 L]
, 8R 3
Nucleophlllc
attack R,
/
HN
- )\P/OEt
T D OEt

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.
0 ﬁ H
Solvant free, 50 °C,24h
Ar” NH, + O/P\OR N Ar
A l Y
N-benzylamines 2 (1.5 equiv.; H o auto- Ar
(2 equiv.; 1.5 mmol) 0 75 mmol) OX|dat|on a-Aminophosphonates 4
Ar = substituted phenyls 11 examples (yield: 30-98%)
R= CH3, CHacHz, C6H5
Quinoline-4-carbaldehyde Qu|no||ne 4-

Representatives (1 equiv,; 0.5 mmol) carboxylic acid

o} ]

I H\/@ I Hv@\ 0 HC';© o HsCO

P N P I H
/\O/l /\O/I CF3 g /P N b N

(0) N A
e} o [ (Ol
r r 0 cl rO OCH;
CF3
4g', 919 ' .
(4g', 91%) (4h', 87%) (4", 95%) A’ 30%)

Scheme 12. Quinoline-4-carbaldehyde-promoted synthesis of a-aminophosphonates under heating in the
presence of air.
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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%%-194 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 (—CFs3), using
tungstosulfonic acid as an efficient and reusable heterogeneous solid-acid catalyst under solvent-free
conditions (Scheme 14).19 All of the synthesized compounds were evaluated for their antioxidant and

antimicrobial potential.
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‘F‘; Tungstosulfonic acid (5 mol%)
Ar—CHO + + EtO” OEt
F.C CF Ultrasonic irradiation at ambient
3 3 !
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Representatives
”—OE N9 OEt i OEt
FsC N P’
F
CFs NO,
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o
N L oEt

FsC N
Y okt
Ar

CF,

a-Aminophosphonates 4
10 examples (yield: 89-97%)

HoQ OEt
F4C N_ _PZ
OEt
OH
F4C
Br
(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 ﬂ Zinc oxide nanoflowers

_P ZnO NFs) (10 mol%
Ar1)LH *OAPNH,  +  EO7 ) VOE ( ) )
Ultrasound irradiation at ambient
1 (1.0 mol) 2 (1.0 mol) 3 (1.0 mol) temperature for 10-20 min

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

Representatives
EtO H  OEt EtO\H/OEt H3CO EtO\H/OEt
)\© [ j\ /‘\@\OCH3 /‘t@
(40", 98%) (4p', 98%) (49", 96%)

O
EtO. 1 _OEt
H

Ar2
~ H )\AIA

a-Aminophosphonates 4

30 examples (yield: 84-99%)

EtO_1i /OEt

e

(ar', 84%)

Scheme 15. ZnO NFs-catalyzed synthesis of a-aminophosphonates under ultrasonication.

A plausible mechanism for this ultrasound-assisted ZnO NFs-catalyzed transformation is depicted

Scheme 16.
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0 o/H
I (tautomerization) 14)
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/ Ar
zno, 8
) Arl NFs
N:\
(condensation) 5 Ar?
Ar’ NH2 )J\ \ EtO\(IF?)/OEt
ZnO )\
NFs H
4

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.

9
P< (]

CHO
EtOH R\N =
+ R—NH, ——— >
US, 40 °C, 1h X
X Imine intermediate
1(0.1 mol) 2 (0.1 mol)
X=F, Cl

R
108 v=]

Representatives

EtO\ 1l OEt

@\)\Q

(4s', 93%)

(4t', 89%)

o}
H3C\N)jj\ r
)\N | jJ_H 'S(\\) » HaC”
H

3 (0.015 mol)
Ultrasonication at ambient H
temperature for 15-40 min X

Catalyst- and solvent-free a-Aminophosphonates 4

10 examples (yield: 85-95%)

.
9

EtO II _OEt

EtO\ Il /OEt
(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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(0] (|)| Catalyst- and Solvent free
)]\ + + P >
R™ 'H MeO H 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%) (42", 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\:\
MeO/'_\'\OMe
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).11° Good-to-excellent yields, a clean reaction
profile, and eco-friendliness are notable advantages of this protocol.
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(o]
M 0
2y _ Catalyst-and solvent-free 1
R1/?\R1 + R X N - - - R\P—XR2
rt, air, 40-90 min R1/
(¢}
3 (1.0 mmol) N-chalcogenoimides 14 Substituted thiophosphates/thiophosphinates
(1.0 mmol) Iselenophosphates 15
R'= OEt OPr. Ph 15 examples (yield: 83-91%)
R? = substituted phenyls, alkyl, benzyl
X =S8, Se
Representatives
i i ol PO I
EtO_ Ph< EtO 'Pro ~
_ — P—SePh . — P—SCH,(CH,)¢CH
Eo-" SPh o ~P—SPh L ipro-F —SePh Ph 2(CH2)6CH3
(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).*'! 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.1!!

0O O
EtO-p_  p-OEt
- 0 EtO” “OEt

EtO.__OEt Nano-ZnO (7.5 mol%)

P~ + NH
@ +  Et07 ~OEt lét Microwave irradiation at

100 °C for 5 min

NH, o
[l

2(1.
(1.0 mmol) 3 (2.2 mmol) 16 (1.0 mmol) Aminomethylene bisphosphonates 17
10 examples (yield: 90-93%)
Representatives
0 0 (6] (0]
O O I Il o 0 EtO-p L _OEt
EtO~ -OEt I I ~p p-
EtO~p_  B_OEt SP_P< EtO-p___pOEt - >
EtO/PYP\OEt Et0” Y “OEt et~ okt Etg \@ OEt
NH NH X
N NH | X 2 |
| _ N | _N N
N O5N
CHj Ph
(17a, 93%) (17b, 91%) (17¢c, 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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\EQ Lo ™
EtO_ _OEt T + _EtOH
Nantf OFEt S
ano
o o OEt ~ %" ¢ Zn0
EtO~-p_ p-OEt 16

N) OEt

EtO” Nano
NH ZnO

@ <0Et
17 — EtOH 18

EO — EtOH
t
/ﬂ/ip// ~~/Nano
H™ ) ZnO Nano
3 OEtH / ZnO
N%OEt /
—OEt N_/ OEt
=)
O
20 EtO H

19
EtO, /O ~~~~ Nano
\ H/;Fi = Zn0O (|)|
ﬂ/ og; EtOTTTTOE
Lo
H 3

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 C,-phosphonylated
benzothiazole/thiazole derivatives 22/22' in good yields (Scheme 23).1%2

Tous e

or
21 (0.3 mmol) S 0 Mn(OAc);-2H,0 (3 equiv)

0
1 I
R2~E 2—H + R3’||D\R3 — —> RZE />—P\—R3
N H N R3

Ball-milling, 1.5 h, under air

21' (0.3 mmol) 3 (0.6 mmol) C,-Phosphonylated
benzothiazole/thiazole derivatives 22/22"
R' = H, 4-CHjs, 5-Cl, 6-Br, 6-Cl, 6-F, 6-CN, 6-CHj, 6-OCH3, 6-CO,Et 23 examples (yield: 22-97%)

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

Representatives
e s o HoC s 0 HC_s O
\C[ > h-en I />_p i @[ )—R-0C,Hs IN/>—P O
N Ph EtO,C N OCsHs HsC
(22a, 79%) (22'a, 97%) (22b, 22%) (22'b, 71%) Q

Scheme 23. Manganese acetate-catalyzed synthesis of C,-phosphonylated benzothiazole/thiazole derivatives
under ball milling.
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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

R1 ]: )—H

o) 0 o~
Mn(lll I8 it n(ll .
LT S e T
R R® —AcOH 23 attacks the thiazole - N
3 ring at the C,-position 24/24’ 22/22'

Scheme 24. Proposed mechanism for manganese acetate-catalyzed synthesis of Ci-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 [ ]
|
R + F>h\P/Ph w R P\ph Ph
0 RT, 24h 28 \
25 (1.04 mmol) 26 (0.57 mmol) 13 examples Ph NP
(vield: 35-98%) [ Fe—1°
0 N o
Solvent-free " |
R/\ " H\P/H Cat. 2 or1 [R/\%P\Ph
bh  _(125or5mol%) Ph ’ 2
o 29 B -
25 (2.28 mmol) 47 (0.57 mmol) RTord0%C, 24h 6 examples Cat. 1 cat.2
(vield: 63-96%) (Iron(l11) porphyrin complex)  (Iron(lll) salen-u-oxo complex)

R = CgHs, 3-CH3-CgHy, 4-CH3-CgHy, 4-OCH3-CgHy,
4-Cl-CgHy, 3-Br-CgHy, 4-Br-CgHy, 4-CF5-CqHa,
4-CgH5-CgHy, Py, CO,CHj3, CO,"Bu

¢
Negas N Sepje

(28a, 96%) (28b, 99%)

Representatives

OO

(29a, 96%) (29b, 92%)

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

a-Hydroxyphosphonates, particularly the bis-a-hydroxyphosphonate version, are useful organophosphorus
compounds with multifaceted pharmaceutical activities, flame-retardant properties and synthetic
applications.'?*119 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

Page 148 ©AUTHOR(S)



Arkivoc 2022, iii, 133-161 Brahmachari, G. et al.

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 o OH OH
W . I EtsN (5 mol%) \\PP//O
H H '\ 7 \ \
0 RO™, OR RT, 5-600 min RO™ or RG OR

Bis-a-hydroxy phosphonates 31

30 (1.0 mmol) 3 (2.1 mmol) 13 examples (yield: 52-98%)
Br
X
N (0)
R = Me, Et

Representatives

A
) HO OH HOY@(OH o M PO Ho /O\ OH
\\P P//o ~0 O:P Pﬁo O:P P§O

O s\ \ / / 7\ /
MeO OMe MeO OMe EtO OEt Etd OEt MeO OMe MeO OMe EtO OEt EtO OEt

(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?? preparation of
metal-complex catalysts'?3126 and organic synthones,*?”'28 in medicinal chemistry, and many other uses.!2%130
Therefore, designing functionalized tertiary-phosphine oxides is a valid exercise.'3!32 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.

o) Q Q
g ||:l Catalyst and solvent-free ||:l "
1 2 + PR 377
RER R LaH 20-62°C, 0.25-24 h R g5 |B<Rz
32 (1.05 mmol) 3 (1.0 mmol) Tertiary a-hydroxyphosphine oxides 33

13 examples (yield: 96-98%)
R" = CH,CO,Et, c-CgH1q, 4-CICgH,4, 4-NO,CgHy4, Ph
R" - R2=(CH,)4, (CH,)s; R? = CH3, CH,CI, 2-Py
R3 = Ph, Ph(CHy),, 4-CICgH4(CH>),

Representatives
i N Y SR N S &
Ph—lPl—é—Ph " >p——C—pPh Ph—P—C Ph—T—COCI
on | P | on | ph |
OH OH OH OH
(33a, 97%) (33b, 98%) (33c, 96%) (33d, 96%)

Scheme 27. Catalyst- and solvent-free synthesis of tertiary a-hydroxyphosphine oxides.
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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
i (lF)l Catalyst- and solvent-fi R0
R R? + R3/ '\H atalyst- and solvent-free R2 :pj\/ R3/ Y
3 ; " & R3
R (under the reaction conditions) >\\"‘§'
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

(0]
o R30\||D|/OR3

H 0 Solvent-free
_P Na,CO3 (10 mol %
N’N~ + R30 ]\OR3 2C03 ( o) _ OH
J\‘<N H heating at 70 °C for 3.0 h N’N‘
— N
R2 1 JQ<
R R2
R']
a-Hydroxyphosphonates 35
R' = CHj3, CgHs, 4-CH3CgH,, 3-CF3CgH,, CgHsSeCH,, CeH5SCH, (CH3)3C 18 examples (yield: 50-93%)
R2 = H, CH3CH,0CO, CH3CO, CgH5NHCO, 4-CIPhNHCO, 4-OCH3;PhNHCO
R3 = CH3, CH3CH,, CH3(CH,),

34 (0.3 mmol) 3 (0.9 mmol)

Representatives

(:ﬁ\OH
N\N N\N N‘N N=N
% Y Wy
(35a, 93%) (35d, 84%) Cl

(35b, 83%) (35¢, 58%)

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 chemistry!3>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).}*2 Easy operation, moderate-to-excellent
yields, short reaction times, scalable syntheses, and good functional-group tolerability are the notable benefits
of this protocol.
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0}
2 Catalyst- and solvent-free R’ \P/
1 R“0_ N
R\S/S\R1 + P-OR?2 R20/ OR?2
TMS—d stirring at RT, 2-5 min

Thiophosphates 38
36 (0.5 mmol) 37 (0.5 mmol) 28 examples (yield: 45-95%)

R" = CgHs, 4-CH;-CgHj, 2-OCH3-CgHy, 3-OCH3-CgH,, 4-OCH3-CgHy,
4-'Bu-CgHy, 4-F-CgH,, 4-Cl-CgHy, 2-Br-CgHy, 4-Br-CgHy, 4-CN-CgHy,
4-OH-CgHy, 4-NHy-CgH,,4-COCH3-CgH,, Py, 2-thiophenyl, 4-COOCH;-CgHy,
4-OCH,Ph-CgHy, 4-Br-CgHy, 4-NHCOCF3-CgHj, 4-NHSO,CHy-CgHy, 4-Br-CgH,

R? = Me, Et, 'Pr
Representatives
MeQO
0] O (e]
S/ S/ S/ N S /o
Pro OPr Etd  OEt Et0 OEt = Etd OEt
(38a, 85%) (38b, 93%) (38¢c, 94%) (38d, 51%)

Scheme 30. Catalyst- and solvent-free synthesis of thiophosphates at room temperature.

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—IIZI’—CI Catalyst- and solvent-free AlkyVAryls L Aryl/Alkyl
AlkylAryl—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
HO OH
o / Q 0 Q @_\ o /_@
N-P—-N N-P-N N—B_N o
H H H H H H N=P=N,
g el
(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
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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.
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