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Abstract: Heterocycles functionalized with pentavalent phosphorus are of great importance since they
include a great variety of biologically active compounds and pharmaceuticals, advanced materials,
and valuable reactive intermediates for organic synthesis. Significant progress in synthesis of P(O)R2-
substituted six-membered heterocycles has been made in the past decade. This review covers the
synthetic strategies towards aromatic monocyclic six-membered N-heterocycles, such as pyridines,
pyridazines, pyrimidines, and pyrazines bearing phosphonates and phosphine oxides, which were
reported from 2012 to 2022.
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1. Introduction

Pentavalent phosphorus-substituted heterocycles are organophosphorus compounds
of great importance. In materials chemistry, they are used in design of dyes and poly-
mers with outstanding characteristics [1]. They are of interest as Lewis acids and ligands
in metal-catalyzed organic reactions [2–5]. Moreover, phosphorus(V)-substituted hete-
rocycles exhibit a wide range of biological activities. In particular, pyridines were used
to design anticancer [6–8], antidiabetic [9], and lusitropic agents [10], antioxidants [11],
human glucokinase activators [12], NMDA receptor antagonists [13], and metalloprotein
ligands [14]. Phosphorus-modified pyridazines are promising candidates as antimicro-
bial agents [15] and foliar herbicides [16]. Phosphorus-containing pyrimidines are used
as inhibitors of dihydroorotate dehydrogenase and hepatitis C virus polymerase [17–19].
Pyrazines are of interest as modulators of the human glucagon-like peptide-1 receptor [20]
and cyclin-dependent kinases [21].

A variety of methodologies for synthesis of pentavalent phosphorus-substituted hete-
rocycles and their derivatives have been reported in past years. Meanwhile, development
of novel methodologies is in continuous demand. Of particular interest are methods that
provide a broad substrate scope and provide products with high atom economy, molecular
complexity, and great efficiency under mild conditions. Among them, several eco-friendly
approaches have been developed by us [22,23]. In general, the known methods for syn-
thesis of phosphorus(V)-substituted aromatic heterocycle are classified into two synthetic
strategies: (1) construction of a heterocyclic core using phosphorus-containing reagents
and (2) functionalization of a pre-synthesized heterocyclic core with phosphorus reagents.

Several excellent reviews dealing with synthesis of phosphorus-containing hetero-
cyclic compounds were published in the literature in recent years. A number of reviews
highlighted phosphorylation as the most common approach [24,25] and specifically radi-
cal phosphorylation [26] and metal-catalyzed/promoted C–H bond phosphorylation [27].
Another array of reviews considered use of a specific kind of transformations, includ-
ing photoredox-catalyzed reactions [28], electrocatalytic [29], and radical [30] C–P bond
formation, multicomponent reactions [31], and functionalization of phosphorus-centered
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radicals [32]. Some reviews are focused on the type of P-functional groups [33] or type of
heterocycles [34], e.g., phosphorylindoles [35,36], pyrazoles [37,38], or pyrrolidines [39].
However, systematic reviews of the published data on different methods for synthesis of
most monocyclic phosphorus(V)-substituted six-membered N-heterocycles are lacking.

The main focus of this review is monocyclic six-membered aromatic P(O)R2-substituted
N-heterocycles, including pyridines, pyridazines, pyrimidines, and pyrazines. The review
is an attempt to systematically consider and classify methods for synthesis of corresponding
heterocyclic phosphonates and phosphine oxides. Phosphonic acids are excluded from
consideration since most of them are available by saponification of phosphonates [40–45].
Synthesis of six-membered N-heterocyclic phosphinamides, phosphonamide, and phos-
phonamidate has also not been described in recent years. The review is organized in a
classical way and includes classification according to type of N-heterocycles using the fol-
lowing criteria: (a) the number of nitrogen atoms in heterocycles, (b) the nature of synthetic
precursors, and (c) the type of chemical transformations involving these heterocycles.

The review addresses the scientific advances made over the past decade, in the period
from 2012 up to the end of 2022. However, some earlier pioneering studies are cited where
necessary. In many cases, the reaction mechanisms are briefly discussed in order to more
completely describe the synthetic approaches to phosphorus-substituted N-heterocycles.
In order to avoid overloading of the text with names of semantically similar processes, the
term “phosphorylation” in this review deals with introduction of any P(O)R2 substituent,
not only a phosphoryl moiety, into the heterocyclic core. To enhance the readability of the
schemes, the following color coding of the reagents is used: the source of the nitrogen atom
is shown in blue, the source of the phosphorus atom in red, and the extra components in
green. In the case of intramolecular cyclizations of reagents containing both nitrogen and
phosphorus, the nitrogen atom is marked in blue and the phosphorus moiety in red.

2. Pyridines

Phosphorus(V)-substituted pyridine was first synthesized by Plazek’s research group [46]
in 1936 by a reaction of 2-dimethylaminopyridine with phosphorus trichloride under
oxidative conditions. Later, related compounds were obtained by reactions of meta-
lated pyridines with phosphorus-halogen compounds [47–49], of pyridinediazonium
tetrafluoroborate with phosphorus trichloride [50], of N-alkoxypyridines with sodium
diethyl phosphite and phosphines [51–55], and of N-pyridylpyridines with phosphonic
acid [56], by the Michaelis–Arbuzov reaction [57,58], Pd(II)-catalyzed phosphorylation
of halopyridines [45,59,60], cyclization of phosphorus-containing 3-azatrienes [61], and
the Diels–Alder reaction involving 3-phosphoryl-1-azadienes [62]. This section of the re-
view considers recent examples of synthesis of POR2-substituted pyridines, including the
intramolecular cyclizations of Michael adducts, insertion of carbenoids, formal [2+2+2]-
cycloaddition, and phosphorylation reactions (Figure 1).

2.1. Cyclizations Based on the Michael Reaction

In recent years, synthesis of pyridines via the Michael reaction using phosphoryl-
substituted Michael acceptors and donors has gained significant attention. Allais et al. [63–65]
described three-component condensation of 1,3-dicarbonyl compounds 3 with P(O)Et2-
bearing vinyl ketones 2 and ammonium acetate (1) in the presence of oxygen, leading to
pyridine-2-phosphonates 4 (Scheme 1). The authors suggested that the reaction occurs
through successive addition of compound 3 to Michael acceptors 2, providing ketone 5
followed by enamination of the latter with ammonia (1′) to form intermediate 6, which
undergoes intramolecular cyclization into dihydropyridine 7. Complete oxidation of
intermediate 7 to pyridine 4 was achieved using oxygen in the presence of activated carbon.
The reaction was general with respect to β-oxo esters and β-oxoamides, providing products
in 49–80% yields.
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Scheme 1. Synthesis of pyridine-2-phosphonates.

Hanashalshahaby and Unaleroglue [66] showed that pyridine-3-phosphonates 10 can
be obtained by three-component oxidative coupling of diethyl (2-oxobutyl)phosphonate (8)
with Mannich bases 9 and ammonium acetate (1) in the presence of catalyst K-10 (Scheme 2).
The product yields are reasonable both for aryl- and alkyl-substituted Mannich bases. The
authors hypothesized that β-keto phosphonate 8 reacts with ammonia 1′ generated in
situ from ammonium acetate (1) to form enamine 11, which is accompanied by thermal
decomposition of Mannich base 9, giving α,β-unsaturated carbonyl compound 9′. These
two intermediates are subjected to the Michael addition to form ketoamine 12, which
undergoes intramolecular cyclization to dihydropyridine 13, followed by oxidation of the
latter with atmospheric oxygen to provide final product 10.
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Further, Abdou et al. [67] found that diethyl (2-amino-2-thioxoethyl)phosphonate acts
as an efficient Michael donor in the addition reaction with β-(dimethylamino)vinyl ketone,
thus leading to 2-thioxopyridin-3-ylphosphonate. Liao et al. [68] described one example of
the aza-Michael reaction between diethyl (3-phenyl-3-oxopropyn-1-yl)phosphonate with
methyl 3-aminocrotonate, providing phosphonate-ester-containing pyridine moiety under
mild conditions.

2.2. Carbenoid-Mediated Reactions

Recently, several studies by Park and co-workers demonstrated the prospects of using
metal carbenoids in synthesis of phosphoryl-substituted pyridines. They described [69]
Rh(II)-catalyzed intramolecular cyclization of δ-diazo oximes to pyridines and showed that
this is a facile method for synthesis of pyridine-2-phosphonate 15 (Scheme 3). Rh2(CF3CONH)4
was used as the catalyst of choice. The authors proposed a mechanism that involves reaction
of the diazo group of oxime 14 with Rh(II), providing rhodium carbenoid 16, followed by
insertion of the latter into the N–O bond to form dihydropyridinone 17, which undergoes
aromatization to final pyridine 15 via elimination of methanol.
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In another work by Park and co-workers [70], synthesis of pyridine-2-phosphonate
20 was accomplished using phosphorylated vinyl carbenoid 21 generated in situ from dia-
zophosphonate 19 and dirhodium(II) catalyst Rh2(esp)2 (Scheme 4). Addition of compound
21 to 2H-azirine 18 affords intermediate 22. The latter undergoes three-membered ring
opening accompanied by elimination of the Rh(II) catalyst to provide 3-azahexatriene 23,
followed by cyclization to yield pyridine 20.
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2.3. Formal [2+2+2]-Cycloaddition

An approach towards phosphoryl-substituted pyridines, which is probably one of the
most versatile, is based on the formal [2+2+2]-cycloaddition. Tanaka’s research group [71,72]
described synthesis of annulated pyridine-2-phosphonates 26 based on rhodium(I)/biaryl-
bisphosphine-complex-catalyzed cycloaddition of 1,6- and 1,7-diynes 24 with diethyl phos-
phorocyanidate (25) (Scheme 5). The reaction has a broad scope with respect to diynes
since quaternary carbon-, methylene-, nitrogen-, and oxygen-linked internal 1,6-diynes
and terminal biaryl-linked 1,7-diynes can be involved in the heterocyclization. Steric and
electronic variations in diynes had minimal impact on the efficacy of the reaction, but, in
some cases, using unsymmetrically substituted diynes, the reactions afforded mixtures of
regioisomers. The authors proposed rhodium cyclopentadiene 27 or rhodium azacyclopen-
tadiene 28 as two possible key intermediates in the reaction (Scheme 5). Ring expansion
of both cyclopentadienes can provide seven-membered intermediate 29, and reductive
elimination of Rh(I)+ from the latter accomplishes formation of the final product 26. Based
on the outcome of the enantioselective version of the reaction, the authors were inclined to
believe that the main reaction pathway involves intermediate 28.
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2.4. Phosphorylation of Pyridines

Phosphorylation is definitely the most general route to phosphorus-substituted pyridines.
Due to a wide range of available phosphorylating agents and the possibility of perform-
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ing the reaction in a nucleophilic, electrophilic, or radical manner, phosphorylation has
attracted great attention. Such methods as the Arbuzov reaction, Hirao coupling, palladium-
catalyzed cross-coupling of diethyl phosphonate with halogen-substituted heterocycles,
and C(sp2)H-phosphorylation of heterocycles with diethyl phosphonates promoted by one-
electron oxidants were extensively developed in past decades. Their specific applications
in recent years are discussed in more detail later in the text.

2.4.1. Radical Phosphorylation of Pyridines

P-centered radicals can easily be generated through hydrogen atom transfer or single-
electron transfer using peroxides, metal salts, and photocatalysts. Thus, radical phosphory-
lation has become an efficient strategy for synthesis of structurally diverse phosphorus(V)-
substituted pyridines. Due to environmental friendliness and potential industrial applica-
tion, photocatalytic radical phosphorylation of the pyridine ring received extra attention. In
2018, Yuan et al. [73] reported synthesis of 2- and 3-phosphine oxide-substituted pyridines
31 and 33 (Scheme 6, lines a,b) from 2- and 3-halopyridines 30 and 32 by photocatalytic
functionalization with secondary phosphine oxides in the presence of tBuOK. The reac-
tion occurred under mild conditions using irradiation with a blue-light-emitting diode.
The scope of this transformation is somewhat limited to pyridines with electron-donating
substituents and their analogs with an extended π-system. The plausible reaction mech-
anism involves formation of a complex of halopyridine with potassium tert-butoxide 34,
absorption of a light quantum, transition to an excited state 35, and electron transfer from
tert-butoxide to a pyridine ring to form the tert-butoxy radical and halopyridine radical
anion 37. Elimination of halide from radical anion 36 affords aryl radical 37. Simultane-
ously, the tert-butoxy radical causes the proton abstraction from secondary phosphine to
form a phosphorus-containing radical. Recombination of the latter radical with an aryl
radical affords the final product. Recently, the approach proposed by Yuan et al. was
expanded [74,75], including electron-primed photoredox [76] and visible light-induced
nickel-catalyzed photoredox [77] conditions for radical generation.
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In 2019, the photocatalytic radical reaction of pyridylazo sulfones 38 with triphenyl
phosphite giving pyridine-3-phosphonates 39 was described by Qiu et al. [78] (Scheme 7).
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The reaction occurred in the presence of water. A variety of substituted pyridines can be
efficiently employed in this reaction. The proposed mechanism for this transformation
involves excitation of arylazo sulfone 38 under visible light to provide radical 40, its decom-
position into sulfonyl and aryl radicals, along with extrusion of a nitrogen molecule. Then,
aryl radical 41 reacts with triphenyl phosphate to form phosphorus-centered radical 42,
followed by its oxidation with the sulfonyl radical and elimination of phenol to provide the
final product 39.
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Independently, in 2019, Kim et al. [79] described site-selective synthesis of pyridines 44
bearing phosphine oxide moieties at C-4 using radical coupling of N-ethoxypyridinium salts
43 with secondary phosphine oxides under photocatalytic conditions (Scheme 8). Further,
3-Diphenylphosphoryl-6-methoxy-1-methyl-2(1H)-quinolinone under blue-light-emitting
diode illumination was used as a photocatalyst and potassium persulfate as an oxidant.
Examination of the reaction scope revealed that a variety of electron-withdrawing and
electron-donating substituted pyridines, as well various aryl-substituted phosphine oxides,
were tolerated. The plausible mechanism of this reaction involves single-electron transfer
from the photocatalyst to N-ethoxypyridinium 43, giving radical 45, which undergoes
decomposition accompanied by elimination of pyridine. The remaining ethoxy radical
abstracts a proton from phosphine, followed by addition of the resulting phosphinyl
radical 46 to N-ethoxypyridinium 43. The subsequent deprotonation of intermediate 47
and elimination of the new ethoxy radical from intermediate 48 afford target product 44.
The origin of reaction chemoselectivity was revealed by DFT calculations, showing that
phosphinoyl radicals are too large for providing an electrostatic attraction between the its
oxo functionality and the pyridine nitrogen crucial for ortho functionalization.

Apart from the approaches based on photocatalytic radical phosphorylation, sev-
eral examples using metal salts for P-radical generation were described. Huang and
co-workers [80] developed a CH-phosphorylation method for synthesis of pyridinyl-2-
phosphonates 50 based on Ag(I)-catalyzed reaction of pyridines 49 with dialkyl phos-
phonates using potassium persulfate as an oxidant (Scheme 9). An interesting feature of
this reaction is that it involves subsequent treatment of the reaction mixture with sodium
thiosulfate, which makes it possible to significantly increase the product yield due to a
reduction of pyridine N-oxide formed as a by-product. In the authors’ opinion, this trans-
formation proceeds through a radical pathway and begins with oxidation of Ag(I) to Ag(II)
with persulfate, followed by oxidation of dialkyl phosphite with Ag(II) to form radical
cation 5. Addition of the latter at 2 position of the pyridine ring provides intermediate 52.
Subsequent abstraction of two protons accompanied by oxidation of radical 52 affords the
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final product. Recently, Kittikool et al. [81] expanded the scope of this phosphorylation
approach to 2-pyridones using Mn(OAc)2 as the catalyst.
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Noteworthy also is a one-pot three-step protocol for synthesis of diphenyl(pyridin-
2-yl)phosphine oxide based on the KOH-promoted oxidative radical phosphorylation of
2-bromopyridine with diphenylphosphine developed by Chen et al. [82].

2.4.2. Nucleophilic Phosphorylation of Pyridines

Studies by Trofimov’s research group [83–85] have contributed to recent progress in
nucleophilic phosphorylation of pyridines at the 4 position. They accomplished synthesis
of 4-phosphine oxide-substituted pyridines 55 by coupling of pyridines 53 with secondary
phosphine oxides using diphenyl ethynyl ketone (54) as the oxidant (Scheme 10). A
variety of substituted aryl and alkyl phosphine oxides can efficiently be employed in
this reaction. The proposed mechanism for this transformation involves aza-Michael
reaction of pyridine 53 with acetylene 54, providing intermediate 56, and deprotonation
of phosphine, resulting in formation of the anion. Subsequent addition of a phosphine
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anion at the 4 position of the activated pyridine ring affords dihydropyridine 57. The
latter undergoes isomerization to intermediate 58, followed by elimination of alkene 59
to form the final product. In this approach, 3-phenyl-2-propynenitrile can also be applied
as an oxidant [84], The reaction can be stopped at the of step of 1,4-dihydropyridines 57
using terminal acylacetylenes [85]. It is interesting that 1,4-dihydropyridines are shown
to be produced through 2-4 migration of the POR2 group in 1,2-dihydro adducts during
vinylation/phosphorylation of pyridines [85]. DFT calculations supported the hypotheses
that 1,4-dihydropyridines are the thermodynamic products while their 1,2-regioisomers
are the kinetic ones [85].

Molecules 2023, 28, x FOR PEER REVIEW 9 of 31 
 

 

 
Scheme 9. Oxidative coupling of pyridines with dialkyl phosphites in the presence of Ag(I). 

Noteworthy also is a one-pot three-step protocol for synthesis of diphe-
nyl(pyridin-2-yl)phosphine oxide based on the KOH-promoted oxidative radical phos-
phorylation of 2-bromopyridine with diphenylphosphine developed by Chen et al. [82]  

2.4.2. Nucleophilic Phosphorylation of Pyridines 
Studies by Trofimov’s research group [83–85] have contributed to recent progress in 

nucleophilic phosphorylation of pyridines at the 4 position. They accomplished synthesis 
of 4-phosphine oxide-substituted pyridines 55 by coupling of pyridines 53 with second-
ary phosphine oxides using diphenyl ethynyl ketone (54) as the oxidant (Scheme 10). A 
variety of substituted aryl and alkyl phosphine oxides can efficiently be employed in this 
reaction. The proposed mechanism for this transformation involves aza-Michael reaction 
of pyridine 53 with acetylene 54, providing intermediate 56, and deprotonation of 
phosphine, resulting in formation of the anion. Subsequent addition of a phosphine an-
ion at the 4 position of the activated pyridine ring affords dihydropyridine 57. The latter 
undergoes isomerization to intermediate 58, followed by elimination of alkene 59 to form 
the final product. In this approach, 3-phenyl-2-propynenitrile can also be applied as an 
oxidant [84], The reaction can be stopped at the of step of 1,4-dihydropyridines 57 using 
terminal acylacetylenes [85]. It is interesting that 1,4-dihydropyridines are shown to be 
produced through 2-4 migration of the POR2 group in 1,2-dihydro adducts during vi-
nylation/phosphorylation of pyridines [85]. DFT calculations supported the hypotheses 
that 1,4-dihydropyridines are the thermodynamic products while their 1,2-regioisomers 
are the kinetic ones [85]. 

N
+ H P

R2
R2

MeCN
70-75 оС, 20-70 h

yields 42–68%

8 examples
R1 = H, Me
R2 = Ph, PhCHCH2,

4-ClC6H4CH2CH2,
Ph(Me)CHCH2

OR1
Ph

Ph

O

N

P
R2

R2O
R1

N

Ph

Ph
O

H

R2P
R2

O N

Ph

Ph
O

H

R2
P

R2

O

N

Ph

Ph
O

H

R2
P

R2

O

Ph Ph

O

H
R1R1 R1

53 55

56 57 58

59

54

54 -H+

 
Scheme 10. Coupling of pyridines with secondary phosphine oxides in the presence of acetylenes. Scheme 10. Coupling of pyridines with secondary phosphine oxides in the presence of acetylenes.

Direct nucleophilic phosphorylation at the 2 position of the pyridine ring was de-
scribed in 2012 by Oka et al. [86] A series of 2-phosphinate-substituted pyridines 61 were
prepared from N-methoxypyridinium tosylates 60 by reaction with secondary phosphi-
nates (Scheme 11). Presumably, the reaction proceeds via the SNAr mechanism. Further,
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) in acetonitrile at low temperature was found
to be the optimal base for chemoselective transformation. The procedure was general
for thiophosphinate, providing 2-pyridyl thiophosphinate. The 2-pyridyl phosphinate
derivatives produced by this method are P-chiral, and the reaction can be accomplished
with high diastereoselectivity using chiral phosphines.
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In 2014, Wang et al. [87] showed that synthesis of pyridine-2-phosphonates can be
accomplished directly from pyridine N-oxides and dimethyl phosphate over long-term
heating in toluene. Independently, Lee et al. [88] developed an approach to synthesize
diethyl pyridine-2-phosphonates 63 by reaction of pyridine N-oxides 62 with triethyl
phosphite in the presence of ethyl chloroformate (Scheme 12). This reaction presumably
starts with activation of pyridine N-oxide 62 by chloroformate, followed by addition
of triethyl phosphate to the resulting pyridinium salt 64 to form intermediate 65. The
nucleophilic attack of the chloride anion at the ethyl moiety followed by elimination of
ethyl carbonate from 1,2-dihydropyridine 66 affords the final product. This approach
is general for preparation of quinolin-2-ylphosphonates. An apparent limitation of this
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approach is formation of phosphorylated isomeric mixtures in the case of 3-bromopyridine
N-oxide.
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Scheme 12. Reaction of pyridine N-oxides with triethyl phosphite.

Recently, Tsantrizos and co-workers [89] proposed a route to P-chiral 2-phosphine
oxide-substituted pyridines (Scheme 13). Using the reaction of (R)-N-(1-(5-chloro-2-
hydroxyphenyl)ethyl)-4-methylbenzenesulfonamide (67) with Grignard to generate chiral
phosphorylating agent 68, they accomplished enantioselective synthesis of products 70
from 2-fluoropyridines 69.
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2.4.3. Transition-Metal-Catalyzed Phosphorylation of Pyridines

Transition metals are widely used to increase efficiency of conventional non-catalyzed
phosphorylation of heterocycles [27]. In the past decade, significant progress in the field
of phosphorylation of pyridines was made due to application of palladium and nickel
catalysis, which enabled expansion of the range of substrates active in phosphorylation re-
actions to involve halogen-, hydroxyl-, boronic acid-, triflate-, nonaflate-, ester-substituted,
trimethylammonium pyridines, etc. It was also shown that transition-metal-catalyzed phos-
phorylation with phoshine oxides, phosphates, and phosphites could be efficiently used for
construction of functionalized pyridines, including chiral structures. Meanwhile, transition-
metal-catalyzed C–H phosphorylation of pyridines still remains an unsolved challenge.

Halopyridines (Hal = Cl, Br, and I) are efficient precursors for synthesis of 2,3,4-
POR2-substituted pyridines under palladium catalysis conditions. In 2017, Han et al. [90]
reported stereoselective palladium-catalyzed cross-coupling of 2-bromopyridine with chiral
tert-butyl-containing phosphine oxides (Scheme 14). Use of Pd2(dba)3 with the dppp
ligand enabled synthesis of tertiary pyridine-containing phosphine oxides 71 with excellent
selectivity. In 2016, Dziuganowska et al. [13] used the same catalytic system to prepare a
series of phosphonopyridinecarboxylic acid esters from appropriate bromides.
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Mykhailiuk and co-workers [91] expanded the scope of this reaction using the Pd2(dba)3
/Xantphos catalytic system in the reaction of bromo(iodo)pyridines with dimethylphos-
phine oxide (Scheme 15). The scope of this reaction was found to be quite general and
enables facile preparation of 2-, 3-, and 4-dimethylphosphine-oxide-substituted pyridines
72 in up to good yields. A variety of electron-withdrawing and electron-donating aryl-
substituted pyridines successfully participated in the reaction.
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Borisova and co-workers [92] accomplished synthesis of bis(phosphoryl)pyridines and
2,2′-bipyridines using palladium acetate/dppf-catalyzed cross-coupling of chloropyridines
with secondary phosphine oxides. Ligand-free microwave-assisted Pd(OAc)2-catalyzed
phosphorylation of bromopyridines with diphenylphosphine oxide or diethyl phosphite
was described by Henyecz et al. [93]. Catalyst Pd(OAc)2 in the presence of sodium iodide
as the promoter was also shown to be an effective catalyst for ligand-free coupling of
diphenylphosphine oxide with pyridinium nonaflate [94]. An example of Pd(PPh3)4-
catalyzed coupling of 2-bromo-6-pyrrolylpyridine with diethyl phosphite was recently
reported by Ti et al. [95].

The palladium-catalyzed Hirao coupling of bromopyridines with triethyl phosphite
enables preparation of pyridinephosphonates. Adam et al. [96] used the palladium-
catalyzed cross-coupling of 3-bromopyridines 73 with triethyl phosphite to synthesize
2-aminopyridine-3-phosphonates 74 (Scheme 16). It is worth noting that the reaction was
performed in the absence of the solvent during short-term heating to 160–180 ◦C.
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constructed a C–P bond by means of cross-coupling of pyridine boronic acids 75 with
dialkyl phosphonates under PdCl2 catalysis conditions (Scheme 17). The reaction requires
the presence of Ag2O as the oxidant. The method can be used to prepare structurally
diverse pyridine-3- and pyridine-4-phosphonates 76.
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Scheme 17. Cross-coupling of pyridine carboxylic acids with dialkyl phosphites.

Recently, Ding and co-workers [98] described the general palladium-catalyzed one-
pot procedure for synthesis of phosphonates, phosphinates, and phosphine oxides from
phenols mediated by sulfuryl fluoride. The reaction was efficient for functionalization of
2- and 3-hydroxypyridines 77 with diethyl phosphonate (Scheme 18). According to the
proposed mechanism, the fluorosulfates generated in situ are key intermediates in synthesis
of pyridines 78.
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Scheme 18. Replacement of the OH group of hydroxypyridines mediated by sulfuryl fluoride.

Before these works, in 2012, direct replacement of an OH group of hydroxypyridines
by a diphenylphosphoryl moiety was achieved by Zhao et al. [99] under Ni(II) catalysis. A
C–O bond was activated using bromotripyrrolidinophosphonium hexafluorophosphate.
The activated complex of hydroxypyridine 77 with this salt reacts with diphenylphosphine
oxide in the presence of dichloro[1,3-bis(diphenylphosphino)propane]nickel salts as the
catalyst to produce pyridines 79 (Scheme 19).
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Later, the substrate scope of Ni-catalyzed phosphorylation of pyridines with phos-
phine oxides was expanded to pyridine carboxylic acid phenyl esters [100] and trimethy-
lammonium triflate of pyridine [101]. Cross-coupling of pyridine tosylates [102] and
aryltrimethylammonium tetrafluoroborate [103] with phosphites was also implemented.

A relatively general method was proposed by Yamaguchi’s research group [100]. They
performed cross-coupling of pyridine carboxylic acid phenyl esters 80 with secondary
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phosphine oxides accompanied by decarbonylation (Scheme 20). The reaction is catalyzed
by nickel acetate and requires high temperatures (150–170 ◦C). This approach is applicable
to synthesis of 2- and 3-phosphine-oxide-substituted pyridines 81, the position of the
POR2 substituent in the product being defined by the position of the carbonyl group in
the starting compound. The authors suggested that this transformation initially proceeds
through oxidative insertion of Ni(0) into the C–O bond, providing intermediate 82, and
exchange of the phenoxide ligand by phosphine provides 83. Subsequent decarbonylation
of intermediate 83 and reductive elimination from intermediate 84 afford the final product.
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Scheme 20. Cross-coupling of aryl carboxylic acid esters with phosphine oxides.

Of interest as well is Ni(II)-catalyzed reaction of tosylates 85 with H-phosphonate
diesters proposed by Chun-Jing Li [102] as an approach to 2- and 3-phosphorylpyridines
86; NiCl2(cod)2 was an optimal catalyst for this transformation (Scheme 21).
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Scheme 21. Ni(II)-catalyzed replacement of the tosyl group in pyridines.

3. Pyridazines

Phosphorus(V)-substituted pyridazines are poorly described heterocycles. Therefore,
all known methods for synthesis of these compounds, including isomerization of (dia-
zomethyl)cyclopropenes and bis-azirine, intramolecular cyclization of γ,δ-unsaturated α-
diazo-β-ketone and hydrazone, as well as phosphorylation of the pyridazine ring (Figure 2),
are considered below.

3.1. Isomerization Reactions

Regitz and co-workers [104–107] reported the only method for synthesis of POR2-
containing pyridazines, the general character of which was demonstrated in relation to a
representative series of compounds. The authors showed that (diazomethyl)cyclopropenes
89, derived from cyclopropenylium salts 87 and phosphorus-containing diazomethanes 88,
undergo intramolecular isomerization to 3-P(O)R2-substituted pyridazines 90 (Scheme 22).
When using secondary amino-substituted cyclopropenylium salts as substrates, the reaction
can be performed in a one-pot fashion [107]. The method tolerates substrates containing
phosphine oxide moieties and can be used to synthesize POR2-containg 4,5-diamino-
substituted pyridazines in 16–68% yields. The authors suggested 3,4-diazabenzvalene I,
product of the intramolecular 1,3-dipolar cycloaddition, or bicyclic zwitterions II, formed
via intramolecular 1,5-dipolar cyclization, as two key intermediates in the isomerization
reaction (Scheme 22). The results of the reactions with sterically hindered cyclopropenes
inclined the authors to believe that the main reaction pathway involves intermediate II.
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A single example of thermal rearrangement of phosphorus-substituted bis-azirine 91
into 4,5-bis(phosphine oxide)pyridazine 92 was reported by Banert et al. [108] (Scheme 23).
Formation of pyridazine may be explained by multistep diradical pathways, supported by
DFT calculations. However, this is one of several reaction pathways, and the yield of the
target product was as low as 3%.
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3.2. Intramolecular Cyclizations

Doutheau and co-workers [109] described one example of cyclization of γ,δ-unsaturated
α-diazo-β-keto phosphonate 95 to pyridazine-2-phosphonate 94 (Scheme 24). This com-
pound is generated in situ via diazo transfer from γ,δ-unsaturated β-keto phosphonate
93 in the presence of tosyl azide and immediately undergoes intramolecular electrophilic
cyclization involving a diazo moiety and double bond to form intermediate 96, followed
by rearrangement of the latter into final product.
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Touil and Zantour [110] synthesized pyridazine-3-phosphonate 99 by reaction of phos-
phorylated 1,4-dicarbonyl compound 98 with hydrazine hydrate (97) under oxidative
conditions (Scheme 25). The reaction presumably proceeds through intermediate hydra-
zones 100, which undergo spontaneous intramolecular cyclization to 4,5-dihydropyridazine
101. Oxidative aromatization of the latter with oxygen affords a product in high yield.

Molecules 2023, 28, x FOR PEER REVIEW 16 of 31 
 

 

β-keto phosphonate 93 in the presence of tosyl azide and immediately undergoes intra-
molecular electrophilic cyclization involving a diazo moiety and double bond to form 
intermediate 96, followed by rearrangement of the latter into final product. 

 
Scheme 24. Cyclization of γ,δ-unsaturated α-diazo-β-keto phosphonate. 

Touil and Zantour [110] synthesized pyridazine-3-phosphonate 99 by reaction of 
phosphorylated 1,4-dicarbonyl compound 98 with hydrazine hydrate (97) under oxida-
tive conditions (Scheme 25). The reaction presumably proceeds through intermediate 
hydrazones 100, which undergo spontaneous intramolecular cyclization to 
4,5-dihydropyridazine 101. Oxidative aromatization of the latter with oxygen affords a 
product in high yield. 

 
Scheme 25. Synthesis of dimethyl 3,6-diphenylpyridazine-3-phosphonate. 

3.3. Phosphorylation of Pyridazines 
There are only two known examples of phosphorylation of pyridazines. Thus, the 

Michaelis–Arbuzov reaction of 3,6-dichloropyridazine (102) with methoxydiphe-
nylphosphine was proposed as an approach to synthesis of 3,6-bis(diphenylphosphine 
oxide)pyridazine (103) in the patent by Mrowca [111] (Scheme 26, line a). An example of 
synthesis of 2-diphenyl(pyridazin-3-yl)phosphine oxide 105 from N-ethoxypyridazinium 
104 and diphenylphosphine oxide via photocatalysis was presented by Kim et al. [79] 
(Scheme 26, line b). This process follows a radical mechanism, which is considered in 
more detail in Section 2.4.1 (Scheme 8). Therefore, the known phosphorylation reactions 

Scheme 25. Synthesis of dimethyl 3,6-diphenylpyridazine-3-phosphonate.

3.3. Phosphorylation of Pyridazines

There are only two known examples of phosphorylation of pyridazines. Thus, the
Michaelis–Arbuzov reaction of 3,6-dichloropyridazine (102) with methoxydiphenylphosphine
was proposed as an approach to synthesis of 3,6-bis(diphenylphosphine oxide)pyridazine
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(103) in the patent by Mrowca [111] (Scheme 26, line a). An example of synthesis of 2-
diphenyl(pyridazin-3-yl)phosphine oxide 105 from N-ethoxypyridazinium 104 and
diphenylphosphine oxide via photocatalysis was presented by Kim et al. [79] (Scheme 26,
line b). This process follows a radical mechanism, which is considered in more detail in
Section 2.4.1 (Scheme 8). Therefore, the known phosphorylation reactions of pyridazines
are limited to functionalization of the 3 and 6 positions of the heterocyclic core.
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4. Pyrimidines

Phosphorus(V)-substituted pyrimidines were first synthesized by Kosolapoff and
Roy [112] in 1961 by reaction of chloropyrimidines with NaP(O)(OEt)2. This method was
also applied in many other studies [111,113]. Further, related compounds were prepared by
reaction of bis-electrophiles with amidines [114–118], reaction of β-keto vinylphosphonates
with amidines [119], reaction of metalated pyrimidines with P-Cl compounds [120], and
palladium-catalyzed phosphorylation [45]. This section deals with recent examples of syn-
thesis of phosphorus-containing pyrimidines, including the reactions of α,β-unsaturated
β-phosphoryl carbonyl compounds with guanidine and phosphorylation of the pyrimidine
core (Figure 3).
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4.1. Cyclizations Using Guanidine and Amidines

In early works, synthesis of pyrimidines was accomplished by heterocyclization of
guanidine and amidines with phosphorus-containing bis-electrophiles, such as 3-(methylthio)
acrylonitriles [114,118], 3-(dimethylamino)propenones [115,116], and acrylonitrile acetal [117].
Recently, Zhu et al. [121] reported one example of the reaction of phosphine oxide-substituted
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ketene dithioacetal 107 with guanidine (106) providing 5-phosphorus(V)-containing pyrimi-
dine 108 (Scheme 27, line a). Liao et al. [68] described synthesis of pyrimidinyl-4-phosphonate
111 by a reaction between diethyl (3-phenyl-3-oxopropyn-1-yl)phosphonate 110 and benza-
midine (109) (Scheme 27, line b).
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In addition, it may be noted that, recently, three-component acidic condensation
of β-keto phosphonates with aldehydes and urea (Biginelli reaction) was shown to be
efficient for synthesis of 1,4-dihydro-2-oxopyrimidine-5-phosphonates [122–124]. In this
regard, it can be assumed that, in the future, a similar approach using amidines can also be
implemented to obtain pentavalent phosphorus-substituted pyrimidines.

4.2. Phosphorylation of Pyrimidines

Due to the significant limitations of synthetic approaches to structurally diverse
phosphorus-substituted pyrimidines from phosphorus-containing precursors, phospho-
rylation of pyrimidines has gained great attention in recent years. Pioneering studies of
nucleophilic and electrophilic phosphorylation of pyrimidines [111–113,120] were com-
pleted by the Michaelis–Arbuzov reaction, radical, and transition-metal-complex-catalyzed
phosphorylation, which are discussed below.

4.2.1. Michaelis–Arbuzov Reaction in Synthesis of Phosphorus-Substituted Pyrimidines

The Michaelis–Arbuzov reaction can probably be considered the most general method
for synthesis of phosphorylpyrimidines known at the moment. Examples of use of the
Michaelis–Arbuzov reaction in synthesis of pyrimidinylphosphonates (Scheme 28) were
described in several studies [125–129]. Pyrimidines 113, 115, 117, and 119 containing the
phosphonate moiety at the 2, 4, 5, or 6 position were obtained by reaction of pyrimidinyl
halides 112, 114, 116, and 118, respectively, with phosphites. Several procedures requiring
either microwave activation (line a) or the presence of a catalyst, such as acidic ion-exchange
resin (line b) or LaCl3 (line c), were developed and shown to be tolerant to electron-
donating and electron-withdrawing substituents on the pyrimidine ring. The chemose-
lective Michaelis–Arbuzov reaction was accomplished by Varalakshmi et al. [129], who
prepared 2,6-dichloropyrimidine-2-phosphonates by coupling of 2,4,6-trichloropyrimidine
using silica-gel-supported BF3 as the catalyst (line d).
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Scheme 28. Michaelis–Arbuzov reaction in synthesis of pyrimidine phosphonates: (a) Jansa et al.,
2012 [125]; (b) Kunda et al., 2011 [126]; Mohan Naidu et al., 2011 [127]; (c) Golla et al., 2014 [128];
(d) Varalakshmi et al., 2015 [129].

A photochemical version of the Arbuzov reaction was shown to be efficient for synthe-
sis of pyrimidine-5-phosphonates 121 from 5-bromopyrimidines 120 and trialkyl phosphites
(Scheme 29) [130,131]. This radical process can be accomplished either directly under mild
UV activation or using the Ru(bpy)3 pyrene dyad irradiated with blue light (455 nm). The
plausible mechanism of this transformation involves formation of pyrimidinyl radical 122
either by action of an excited pyrene molecule or directly upon absorption of a light quan-
tum. This radical attacks trialkyl phosphite, and the resulting radical 123 is decomposed to
form the product accompanied by release of the alkyl radical.

4.2.2. Radical Phosphorylation of Pyrimidines

Radical functionalization of pyrimidines with phosphine oxides and phosphonates
is poorly known. Only the photocatalytic radical reaction of 2-chloropyrimidines 124
with secondary phosphine oxides giving products 125 (Scheme 30) was recently described
by Yuan et al. [73] The mechanism of this transformation is similar to that for chloropy-
ridines and is considered in Section 2.4.1 (Scheme 6). As a distant example of the radical
phosphorylation of pyrimidines, let us mention the work by Zhang et al. [132], who ac-
complished phosphorylation of pyrimidin-4-ones with dimethyl phosphite in the presence
of Mn(OAc)3.
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Bai et al. [137] reported one example of electrochemical phosphorylation of 
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4.2.3. Transition-Metal-Catalyzed Phosphorylation of Pyrimidines

Since the first work on palladium-catalyzed phosphorylation of pyrimidines published
in 2008 by Belabassi et al. [45], transition-metal-catalyzed cross-coupling of halopyrimidines
with secondary phosphine oxides and phosphonates proved to be an efficient route to
phosphorylpyrimidines. Mykhailiuk and co-workers [91] published a procedure for Pd(II)-
catalyzed coupling of halo(Br/I)pyrimidines 126 with dimethylphosphine oxide, showing
remarkable generality (Scheme 31). Synthesis of 2-, 4-, and 6-phosphine-oxide-substituted
pyrimidines 127 bearing electron-donating and electron-withdrawing substituents on the
heterocyclic moiety was accomplished using Pd2(dba)3 in the presence of the Xantphos ligand.

Molecules 2023, 28, x FOR PEER REVIEW 20 of 31 
 

 

who accomplished phosphorylation of pyrimidin-4-ones with dimethyl phosphite in the 
presence of Mn(OAc)3. 

 
Scheme 30. Photocatalytic phosphorylation of 2-chloropyrimidines. 

4.2.3. Transition-Metal-Catalyzed Phosphorylation of Pyrimidines 
Since the first work on palladium-catalyzed phosphorylation of pyrimidines pub-

lished in 2008 by Belabassi et al. [45], transition-metal-catalyzed cross-coupling of ha-
lopyrimidines with secondary phosphine oxides and phosphonates proved to be an effi-
cient route to phosphorylpyrimidines. Mykhailiuk and co-workers [91] published a pro-
cedure for Pd(II)-catalyzed coupling of halo(Br/I)pyrimidines 126 with dime-
thylphosphine oxide, showing remarkable generality (Scheme 31). Synthesis of 2-, 4-, and 
6-phosphine-oxide-substituted pyrimidines 127 bearing electron-donating and elec-
tron-withdrawing substituents on the heterocyclic moiety was accomplished using 
Pd2(dba)3 in the presence of the Xantphos ligand. 

 
Scheme 31. Pd2(dba)3-catalyzed cross-coupling of halopyrimidines with dimethylphosphine oxide. 

Individual examples of metal-complex-catalyzed coupling of 2-chloropyrimidines 
128 with phosphine oxides were published in studies by Montchamp, Yang, Montel, Za-
kirova, and their co-workers (Scheme 32) [133–136]. Catalysis was accomplished using 
Pd(II), Pd(0), or Ni(II) salts, providing 2-phosphorylated pyrimidines 129 in good yield.  

Conditions

N

N

P
R3

O

R2
N

N
P R3+

Conditions 1: Pd(OAc)2 (2 mol. %), xantphos (2 mol. %), DIPEA (1.3 equiv.),
toluene/ethylene glycol 9:1, 110 оС,
R1 = H, R2 = 4-C8H17, R3 = OEt, 52%

Conditions 2: Pd2dba3 (5 mol. %), dppf (10 mol. %), Et3N (1.5 equiv.), toluene, 80 оС,
R1 = H, R2 = OEt, R3 = (CH2)3P(O)(OEt)2, 68%

Conditions 3: Pd(OAc)2 (1 mol. %), dppf (2 mol. %), K2CO3 (1.5 equiv.), DMF, 120 оС,
R1 = H, R2 = R3 = Ph, 68%

Conditions 4: NiCl2(DME) (5 mol. %), tBuONa (1.5 equiv.), DMF, 90 оС,
R1 = H, R2 = R3 = Ph, 79%

O

R2
H

Cl

R1

R1

R1

R1

128 129

 
Scheme 32. Transition-metal-catalyzed cross-coupling of 2-chloropyrimidines with phosphine ox-
ides. 

Bai et al. [137] reported one example of electrochemical phosphorylation of 
5-bromopyrimidine (120′) with diethyl phosphonate in the presence of NiBr2 (Scheme 

Scheme 31. Pd2(dba)3-catalyzed cross-coupling of halopyrimidines with dimethylphosphine oxide.

Individual examples of metal-complex-catalyzed coupling of 2-chloropyrimidines 128
with phosphine oxides were published in studies by Montchamp, Yang, Montel, Zakirova,
and their co-workers (Scheme 32) [133–136]. Catalysis was accomplished using Pd(II),
Pd(0), or Ni(II) salts, providing 2-phosphorylated pyrimidines 129 in good yield.
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Bai et al. [137] reported one example of electrochemical phosphorylation of 5-bromopyrimidine
(120′) with diethyl phosphonate in the presence of NiBr2 (Scheme 33), giving diethylpyrimidine-
5-phosphonate 130. The authors suggested that the reaction proceeds via a radical mecha-
nism accompanied by anodic generation of a phosphorus-centered radical.
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5. Pyrazines

Phosphorus(V)-containing pyrazines are poorly studied six-membered N-heterocycles.
Synthesis of phosphorylpyrazines was described or mentioned in just over a dozen publi-
cations, and, what is more important, most of them are fragmentary in scope. The group of
Palacios in the 2000s [138–140]. made the most significant contribution to the development
of original synthetic approaches to POR2-substituted pyrazines. The authors proposed
self-dimerization of nitrile ylides and 4-dimethylamino-3-phosphoryl-2-azadienes and
the formal [4+2]-cycloaddition of 1,2-diaza-1,3-butadienes with 1,2-diamines, which are
considered below along with works on phosphorylation of the pyrazine ring (Figure 4).
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5.1. Dimerization Reactions

Palacios et al. [138] described synthesis of phosphorus-substituted pyrazines via dimer-
ization of nitrile ylides 133 (Scheme 34), which can be generated in situ from POR2-bearing
2H-azirines 131 (pathway A) or tosylated 2-hydroxyiminophosphonates 132 (pathway B).
According to the proposed mechanism, intermediate 133 undergoes self-dimerization to
dihydropyrazine 134 followed by either oxidation of the latter compound or elimination of
secondary phosphine oxide. An interesting feature of this transformation is that it allows
targeted synthesis of either mono- or bisphosphorus(V)-substituted pyrazines 135 and
136. Thus, synthesis via pathway A at 80 ◦C affords products 136, whereas heating to
110 ◦C yields products 135. The outcome of the reaction via pathway B is determined by
substituents on the phosphorus(V) moiety. Thus, presence of a phenyl group results in
formation of the monophosphorylated product, whereas the bisphosphorylated product is
generated in the presence of the ethoxy group.
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In another study, the same group [139] demonstrated that bis-2,5-phosphorylpyrazine
138 can be obtained via dimerization of aminoaldehyde 139 derived from 4-dimethylamino-
3-phosphoryl-2-azadiene 137 via acid hydrolysis of both enamine and imine groups
(Scheme 35). The reaction was proposed to occur through formation of dihydropyrazine
140, the oxidation of which in the reaction medium provides the final pyrazine.
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5.2. Formal [4+2]-Cycloaddition

In the subsequent study, Palacios and co-workers [140] used the reaction of phosphorus-
containing 1,2-diaza-1,3-butadienes 142 with 1,2-diamines 141 as access to polysubstituted
POR2-modified pyrazines 143 (Scheme 36). This formal [4+2]-cycloaddition is a general
method for synthesis of alkyl- and arylpyrazines bearing phosphine oxides and phos-
phonates substituents. The plausible mechanism of this reaction involves the following
steps: the Michael addition of diamine 141 to diazadiene system 142, giving adduct 144,
intramolecular attack of the second amino group on the C=N double bond of hydrazone,
and elimination of ethyl hydrazinecarboxylate from the resulting piperazine 145 followed
by oxidation of 1,2,3,4-tetrahydropyrazine 146 to pyrazine.
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5.3. Phosphorylation of Pyrazines

Synthesis of 2-phosphorus(V)-substituted pyrazine based on phosphorylation was
first described by Seggio et al. [141] in 2007. They reported an efficient two-step procedure
for preparation of (diphenylphosphino)pyrazine oxide based on deprotonation of pyrazine
with a mixture of ZnCl2‚ TMEDA, and LiTMP followed by treatment of the resulting lithium
complex of di(pyrazin-2-yl)zinc with chlorodiphenylphosphine. Most of the later studies
are scattered and describe single examples of phosphorylation of the pyridazine core via
the Michaelis–Arbuzov reaction, radical, and transition-metal-catalyzed phosphorylation
reactions, which are discussed below.
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5.3.1. Michaelis–Arbuzov Reaction in the Synthesis of Phosphorus-Substituted Pyrazines

Despite more than a century of history, the Michaelis–Arbuzov reaction was relatively
recently applied for phosphorylation of pyridazines. Thus, Golla et al. [128] synthesized
2-phosphorylpyrazine 148 from 2-chloropyrazine (147) and dimethyl phenylphosphonite
using LaCl3•7H2O as the catalyst under neat conditions (Scheme 37, line a). Goddard
and co-workers [131] reported an example of using the photo-Arbuzov reaction to prepare
dimethyl pyrazine-2-phosphonate 150 from 2-bromopyrazine (149) and trimethyl phosphite
under mild UVA irradiation (Scheme 37, line b).
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5.3.2. Radical Phosphorylation of Pyrazines

Recently, Yuan et al. [73] described three examples of photocatalytic radical phospho-
rylation of 2-chloropyrazines 151 with secondary phosphine oxides, giving 2-substituted
pyrazines 152 (Scheme 38, line a). The reaction occurred in the presence of tBuOK under
mild conditions using irradiation with a blue-light-emitting diode. The mechanism of trans-
formation is similar to that discussed for pyridines in Chapter 2.4.1 (Scheme 6). Further,
Berger and Montchamp [142] reported synthesis of single 2-phosphorylated pyrazine 154
by reaction of pyridazine (153) with phosphonite in the presence of MnO2 and Mn(OAc)3
(Scheme 38, line b). The authors suggested that the reaction proceeds through formation of
a phosphorus-centered radical that adds to pyrazine.
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5.3.3. Transition-Metal-Catalyzed Phosphorylation of Pyrazines

It was shown that 2-chloropyrimidines 155 have good synthetic potential as pre-
cursors for synthesis of 2-phosphorus-substituted pyrazines 156 under conditions of
metal-catalyzed phosphorylation (Scheme 39). The Pd(II)-catalyzed phosphorylation
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of chloropyrazine was described in studies by Belabassi, Deal, Nikishin, and their co-
workers [40,45,133,143] (conditions 1–3). The generality of the approach with respect to
phosphine oxides and phosphonates was demonstrated using Pd(dppf)Cl3 as the cata-
lyst (condition 3). Note that Zhao et al. [144] performed this transformation in the pres-
ence of NiCl2(dppp) complexes as the catalyst (condition 4). Further, Yamaguchi and
co-workers [100] described one example of nickel(II)-acetate-catalyzed phosphorylation of
phenyl pyrazine-2-carboxylate with diphenylphosphine oxide accompanied by decarbonylation.
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6. Conclusions

In conclusion, in the past decade, significant progress was made in synthesis of
phosphorus-substituted six-membered aromatic heterocycles. Numerous interesting syn-
thetic approaches were developed based on construction of a heterocyclic core using
phosphoryl-containing reagents, mainly formal cycloaddition and intra(inter)molecular cy-
clization/isomerization, using the Michael reaction, carbenoid intermediates, and classical
nucleophilic–electrophilic interactions. Their apparent advantages are structurally diverse
products and high tolerance to functional groups. Further, phosphorylation represents
the most general route to phosphorus-substituted pyridines, pyridazines, pyrimidines,
and pyrazines. Halogen-substituent in six-membered N-heterocycles has proven to be a
universal leaving group providing phosphorylation, and some functional groups (OH, OTs,
B(OH)2, CO2Ph, N=NSO2Me, etc.) were also efficient in this process. However, the neces-
sity of finding conditions for each particular type of heterocycles, severe reaction conditions
(high temperature, presence of strong bases and acids), and high cost of reagent/catalysts
significantly limit practical application of this approach.

Evidently, development of synthetic methods based on phosphorylation of heterocy-
cles and heterocyclization involving phosphorus-substituted reagents is of fundamental
research interest. In point of fact, pyridines have received a great deal of attention among
monocyclic six-membered N-heterocycles in the past decade, resulting in development of
a number of approaches with good substrate scope and efficiency. Most of the methods
proposed for pyridazines, pyrimidines, and pyrazines are fragmented and sporadic, while
phosphorus-substituted triazines and tetrazines are not described. In this regard, further
development of this research area is associated with the following issues: design of new
versatile multifunctional reagents for various chemical transformations (detailed investigation
of such new reagents would provide the basis for a new area in synthesis of nitrogen-
containing heterocyclic compounds with different combinations of heteroatoms and also
for preparation of new complex heterocyclic systems and assemblies); transition-metal-
catalyzed C–H phosphorylation of six-memebered N-heterocycles (transition-metal-catalyzed
CH phosphorylation is a straightforward and attractive approach to construct C–P bonds;
however, it is difficult to execute this approach in practice because of the strong propensity
of phosphorus reagents to induce catalyst poisoning through coordination); development of
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methods for synthesis of phosphorus-substituted six-memebered N-heterocycles with more than two
nitrogen atoms in the ringe (no representatives of such compounds have been described to
date). Since there are a few examples of synthesis of certain phosphorus(V)-substituted
six-membered heterocycles while synthetic approaches to phosphorylated derivatives of a
wide range of particular N-heterocycles are still absent, further research in this field is a
long-term challenge.

Author Contributions: Conceptualization, writing, editing, and submitting, Y.V.; Conceptualization,
I.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Russian Science Foundation (project No.
22-13-00161).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We also acknowledge Mikhail Kozlov for technical assistance in preparing
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

Abbreviations

N-methyl-D-aspartate (NMDA); dibenzylideneacetone (dba); 1,8-diazabicyclo [5.4.0]undec-7-ene
(DBU); density functional theory (DFT); 1,1′-bis(diphenylphosphino)ferrocene (dppf); 1,3-bis
(diphenylphosphino)propane (dppp); 4,4’-dipyridyl (dpy); lithium tetramethylpiperidide (LiTMP);
tetramethylethylenediamine (TMEDA); ultraviolet radiation (UVA); 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (Xantphos).

References
1. Duffy, M.P.; Delaunay, W.; Bouit, P.-A.; Hissler, M. π-Conjugated phospholes and their incorporation into devices: Components

with a great deal of potential. Chem. Soc. Rev. 2016, 45, 5296–5310. [CrossRef] [PubMed]
2. Tang, W.; Zhang, X. New chiral phosphorus ligands for enantioselective hydrogenation. Chem. Rev. 2003, 103, 3029–3070.

[CrossRef] [PubMed]
3. Surry, D.S.; Buchwald, S.L. Biaryl phosphane ligands in palladium-catalyzed amination. Angew. Chem. Int. Ed. 2008, 47, 6338–6361.

[CrossRef] [PubMed]
4. Bayne, J.; Stephan, D. Phosphorus Lewis acids: Emerging reactivity and applications in catalysis. Chem. Soc. Rev. 2016, 45,

765–774. [CrossRef] [PubMed]
5. Nixon, T.D.; Gamble, A.J.; Thatcher, R.J.; Whitwood, A.C.; Lynam, J.M. Synthesis and coordination chemistry of pyrimidine-

substituted phosphine ligands. Inorg. Chim. Acta 2012, 380, 252–260. [CrossRef]
6. Cross, J.M.; Gallagher, N.; Gill, J.H.; Jain, M.; McNeillis, A.W.; Rockley, K.L.; Tscherny, F.H.; Wirszycz, N.J.; Yufit, D.S.; Walton,

J.W. Pyridylphosphinate metal complexes: Synthesis, structural characterisation and biological activity. Dalton Trans. 2016, 45,
12807–12813. [CrossRef]

7. Artem’ev, A.V.; Eremina, J.A.; Lider, E.V.; Antonova, O.V.; Vorontsova, E.V.; Bagryanskaya, I.Y. Luminescent Ag (I) scorpionates
based on tris(2-pyridyl)phosphine oxide: Synthesis and cytotoxic activity evaluation. Polyhedron 2017, 138, 218–224. [CrossRef]

8. Shudo, N.; Mizoguchi, T.; Kiyosue, T.; Arita, M.; Yoshimura, A.; Seto, K.; Sakoda, R.; Akiyama, S.-I. Two pyridine analogues with
more effective ability to reverse multidrug resistance and with lower calcium channel blocking activity than their dihydropyridine
counterparts. Cancer Res. 1990, 50, 3055–3061.

9. Pfefferkorn, J.A.; Guzman-Perez, A.; Litchfield, J.; Aiello, R.; Treadway, J.L.; Pettersen, J.; Minich, M.L.; Filipski, K.J.; Jones, C.S.;
Tu, M. Discovery of (S)-6-(3-cyclopentyl-2-(4-(trifluoromethyl)-1H-imidazol-1-yl)propanamido) nicotinic acid as a hepatoselective
glucokinase activator clinical candidate for treating type 2 diabetes mellitus. J. Med. Chem. 2012, 55, 1318–1333. [CrossRef]
[PubMed]

10. Murray, K.J.; Porter, R.A.; Warrington, B.H.; Lahouratate, P. Phenol and Pyridinol Derivatives as Lusitropic Agents. Patent
WO1993019754A1, 23 March 1993.

http://doi.org/10.1039/C6CS00257A
http://www.ncbi.nlm.nih.gov/pubmed/27220681
http://doi.org/10.1021/cr020049i
http://www.ncbi.nlm.nih.gov/pubmed/12914491
http://doi.org/10.1002/anie.200800497
http://www.ncbi.nlm.nih.gov/pubmed/18663711
http://doi.org/10.1039/C5CS00516G
http://www.ncbi.nlm.nih.gov/pubmed/26255595
http://doi.org/10.1016/j.ica.2011.10.058
http://doi.org/10.1039/C6DT01264G
http://doi.org/10.1016/j.poly.2017.09.041
http://doi.org/10.1021/jm2014887
http://www.ncbi.nlm.nih.gov/pubmed/22196621


Molecules 2023, 28, 2472 26 of 31

11. Ali, T.E.; Assiri, M.A.; El-Shaaer, H.M.; Abed-Kariem, S.M.; Abdel-Monem, W.R.; El-Edfawy, S.M.; Hassanin, N.M.; Shati, A.A.;
Alfaifi, M.Y.; Elbehairi, S.E.I. Synthesis and biological activities of some new phosphorus compounds containing pyranopyrazole
moiety. Heterocycles 2021, 102, 1119–1137. [CrossRef]

12. de Assis, T.M.; Gajo, G.C.; de Assis, L.C.; Garcia, L.S.; Silva, D.R.; Ramalho, T.C.; da Cunha, E.F.F. QSAR models guided by
molecular dynamics applied to human glucokinase activators. Chem. Biol. Drug Des. 2016, 87, 455–466. [CrossRef]

13. Dziuganowska, Z.A.; Slepokura, K.; Volle, J.-N.; Virieux, D.; Pirat, J.-L.; Kafarski, P. Structural analogues of Selfotel. J. Org. Chem.
2016, 81, 4947–4954. [CrossRef] [PubMed]

14. Khandelwal, A.; Lukacova, V.; Comez, D.; Kroll, D.M.; Raha, S.; Balaz, S. A combination of docking, QM/MM methods, and MD
simulation for binding affinity estimation of metalloprotein ligands. J. Med. Chem. 2005, 48, 5437–5447. [CrossRef]

15. Venkata Ramana, K.; Venkata Subbaiah, K.; Lokanatha, V.; Naga Raju, C. Synthesis and antimicrobial activity evaluation of new
dialkyl heteroarylphosphonates. Der. Pharm. Chem. 2011, 3, 181–188.

16. Gardner, G.; Steffens, J.J.; Grayson, B.T.; Kleier, D.A. 2-Methylcinnolinium herbicides: Effect of 2-methylcinnolinium-4-(O-
methylphosphonate) on photosynthetic electron transport. J. Agric. Food Chem. 1992, 40, 318–321. [CrossRef]

17. DeFrees, S.A.; Sawick, D.P.; Cunningham, B.; Heinstein, P.F.; Morré, D.J.; Cassady, J.M. Structure-activity relationships of
pyrimidines as dihydroorotate dehydrogenase inhibitors. Biochem. Pharmacol. 1988, 37, 3807–3816. [CrossRef] [PubMed]

18. Stansfield, I.; Avolio, S.; Colarusso, S.; Gennari, N.; Narjes, F.; Pacini, B.; Ponzi, S.; Harper, S. Active site inhibitors of HCV NS5B
polymerase. The development and pharmacophore of 2-thienyl-5, 6-dihydroxypyrimidine-4-carboxylic acid. Bioorganic Med.
Chem. Lett. 2004, 14, 5085–5088. [CrossRef] [PubMed]

19. Zhang, H.-w.; Zhou, L.; Coats, S.J.; McBrayer, T.R.; Tharnish, P.M.; Bondada, L.; Detorio, M.; Amichai, S.A.; Johns, M.D.; Whitaker,
T. Synthesis of purine modified 2′-C-methyl nucleosides as potential anti-HCV agents. Bioorganic Med. Chem. Lett. 2011, 21,
6788–6792. [CrossRef] [PubMed]

20. Teng, M.; Johnson, M.D.; Thomas, C.; Kiel, D.; Lakis, J.N.; Kercher, T.; Aytes, S.; Kostrowicki, J.; Bhumralkar, D.; Truesdale, L.
Small molecule ago-allosteric modulators of the human glucagon-like peptide-1 (hGLP-1) receptor. Bioorganic Med. Chem. Lett.
2007, 17, 5472–5478. [CrossRef]

21. Kumar, A.V.; Mohan, K. Insights into binding of potential antitumor quinoxaline analogues against cyclin dependent kinase 2
using docking studies. J. Chem. Biol. Phys. Sci. 2012, 2, 2419.

22. Kozlov, M.; Komkov, A.; Losev, T.; Tyurin, A.; Dmitrenok, A.; Zavarzin, I.; Volkova, Y. Flexible synthesis of phosphoryl-substituted
imidazolines, tetrahydropyrimidines, and thioamides by sulfur-mediated processes. J. Org. Chem. 2019, 84, 11533–11541.
[CrossRef] [PubMed]

23. Kozlov, M.; Kozlov, A.; Komkov, A.; Lyssenko, K.; Zavarzin, I.; Volkova, Y. Synthesis of phosphoryl thioamides via three-
component reaction of phosphinic chlorides with amines and sulfur. Adv. Synth. Catal. 2019, 361, 2904–2915. [CrossRef]

24. Van der Jeught, S.; Stevens, C.V. Direct phosphonylation of aromatic azaheterocycles. Chem. Rev. 2009, 109, 2672–2702. [CrossRef]
[PubMed]

25. Chen, L.; Liu, X.Y.; Zou, Y.X. Recent advances in the construction of phosphorus-substituted heterocycles, 2009–2019. Adv. Synth.
Catal. 2020, 362, 1724–1818. [CrossRef]

26. Liu, J.; Xiao, H.-Z.; Fu, Q.; Yu, D.-G. Advances in radical phosphorylation from 2016 to 2021. Chem. Synth. 2021, 1, 9. [CrossRef]
27. Budnikova, Y.H.; Sinyashin, O.G.D. Phosphorylation of C–H bonds of aromatic compounds using metals and metal complexes.

Russ. Chem. Rev. 2015, 84, 917–951. [CrossRef]
28. Luo, K.; Yang, W.C.; Wu, L. Photoredox catalysis in organophosphorus chemistry. Asian J. Org. Chem. 2017, 6, 350–367. [CrossRef]
29. Budnikova, Y.H.; Gryaznova, T.V.; Grinenko, V.V.; Dudkina, Y.B.; Khrizanforov, M.N. Eco-efficient electrocatalytic C–P bond

formation. Pure Appl. Chem. 2017, 89, 311–330. [CrossRef]
30. Pan, X.-Q.; Zou, J.-P.; Yi, W.-B.; Zhang, W. Recent advances in sulfur-and phosphorous-centered radical reactions for the formation

of S–C and P–C bonds. Tetrahedron 2015, 40, 7481–7529. [CrossRef]
31. Haji, M. Multicomponent reactions: A simple and efficient route to heterocyclic phosphonates. Beilstein J. Org. Chem. 2016, 12,

1269–1301. [CrossRef]
32. Gao, Y.; Tang, G.; Zhao, Y. Recent progress toward organophosphorus compounds based on phosphorus-centered radical

difunctionalizations. Phosphorus Sulfur Silicon Relat. Elem. 2017, 192, 589–596. [CrossRef]
33. Demmer, C.S.; Krogsgaard-Larsen, N.; Bunch, L. Review on modern advances of chemical methods for the introduction of a

phosphonic acid group. Chem. Rev. 2011, 111, 7981–8006. [CrossRef] [PubMed]
34. Volkova, Y.; Kozlov, M.; Zavarzin, I. Synthetic Routes to P(O)-Substituted Five-Membered Aromatic Heterocycles (2010–2021).

Targets Heterocycl. Syst. Chem. Prop. 2022, 26, 18–45.
35. Egorova, A.V.; Svintsitskaya, N.I.; Dogadina, A.V. Synthesis of phosphorylated indoles. Russ. J. Gen. Chem. 2018, 88, 2276–2289.

[CrossRef]
36. Chen, L.; Zou, Y.X. Recent progress in the synthesis of phosphorus-containing indole derivatives. Org. Biomol. Chem. 2018, 16,

7544–7556. [CrossRef]
37. Baiju, T.; Namboothiri, I.N. Synthesis of functionalized pyrazoles via 1,3-dipolar cycloaddition of α-diazo-β-ketophosphonates,

sufones and esters with electron-deficient alkenes. Chem. Rec. 2017, 17, 939–955. [CrossRef]
38. Goulioukina, N.S.; Makukhin, N.N.; Beletskaya, I.P. Synthetic routes to 3(5)-phosphonylated pyrazoles. Russ. Chem. Rev. 2016, 85,

667–683. [CrossRef]

http://doi.org/10.3987/COM-21-14448
http://doi.org/10.1111/cbdd.12683
http://doi.org/10.1021/acs.joc.6b00220
http://www.ncbi.nlm.nih.gov/pubmed/27187758
http://doi.org/10.1021/jm049050v
http://doi.org/10.1021/jf00014a030
http://doi.org/10.1016/0006-2952(88)90060-3
http://www.ncbi.nlm.nih.gov/pubmed/2847745
http://doi.org/10.1016/j.bmcl.2004.07.075
http://www.ncbi.nlm.nih.gov/pubmed/15380204
http://doi.org/10.1016/j.bmcl.2011.09.034
http://www.ncbi.nlm.nih.gov/pubmed/21983447
http://doi.org/10.1016/j.bmcl.2007.06.086
http://doi.org/10.1021/acs.joc.9b01384
http://www.ncbi.nlm.nih.gov/pubmed/31393714
http://doi.org/10.1002/adsc.201900067
http://doi.org/10.1021/cr800315j
http://www.ncbi.nlm.nih.gov/pubmed/19449857
http://doi.org/10.1002/adsc.201901540
http://doi.org/10.20517/cs.2021.07
http://doi.org/10.1070/RCR4525
http://doi.org/10.1002/ajoc.201600512
http://doi.org/10.1515/pac-2016-1001
http://doi.org/10.1016/j.tet.2015.04.117
http://doi.org/10.3762/bjoc.12.121
http://doi.org/10.1080/10426507.2017.1295965
http://doi.org/10.1021/cr2002646
http://www.ncbi.nlm.nih.gov/pubmed/22010799
http://doi.org/10.1134/S1070363218110063
http://doi.org/10.1039/C8OB02100G
http://doi.org/10.1002/tcr.201600141
http://doi.org/10.1070/RCR4579


Molecules 2023, 28, 2472 27 of 31

39. Gazizov, A.S.; Smolobochkin, A.V.; Turmanov, R.A.; Pudovik, M.A.; Burilov, A.R.; Sinyashin, O.G. Synthesis of phosphaproline
derivatives: A short overview. Synthesis 2019, 51, 3397–3409. [CrossRef]

40. Nikishkin, N.I.; Huskens, J.; Assenmacher, J.; Wilden, A.; Modolo, G.; Verboom, W. Palladium-catalyzed cross-coupling of various
phosphorus pronucleophiles with chloropyrazines: Synthesis of novel Am(III)-selective extractants. Org. Biomol. Chem. 2012, 10,
5443–5451. [CrossRef] [PubMed]

41. Deng, L.; Diao, J.; Chen, P.; Pujari, V.; Yao, Y.; Cheng, G.; Crick, D.C.; Prasad, B.V.; Song, Y. Inhibition of 1-deoxy-D-xylulose-
5-phosphate reductoisomerase by lipophilic phosphonates: SAR, QSAR, and crystallographic studies. J. Med. Chem. 2011, 54,
4721–4734. [CrossRef] [PubMed]
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