PHOSPHORYLATED 1,3-DIAZOLES (REVIEW)
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The principal methods for obtaining and converting phosphorylated 1,3-diazoles, including 32P-labeled
compounds and compounds that contain spin labels, and their use in organic synthesis, molecular
biology, bioorganic chemistry, medicine, and agriculture are examined.

In the last decades phosphorylated azoles have attracted the attention of organic chemists and biochemists in connection
with the outstanding advances in the synthesis of physiologically active substances, the study of nucleic acids, and the
biosynthesis of proteins and with the development of research on bioenergetics, the structure of complex phospholipids,
phosphoproteins, etc. [1-10]. Numerous derivatives of phosphorylated imidazoles, benzimidazoles, and imidazolines and
systems condensed with them have already found application as pesticides [8-13], plant-growth regulators [9-24}, and
medicinal preparations [25-28].

The present review correlates the principal methods for obtaining phosphorylated 1,3-diazoles that are used as synthones,
phosphorylating and protecting reagents, and physiologically active substances and encompasses studies published from 1953
to 1987.

N-Phosphorylated 1,3-Diazoles

The most widely used method for obtaining N-phosphorylated azoles is the direct phosphorylation of the corresponding
heterocycles with the halides, esters, amides, amido esters, isocyanates, and thiocyanates of phosphorus-containing acids.
Carbodiimidazoles and trimethylsilyl and metal derivatives of 1,3-diazoles are widely used to stimulate the introduction of the
phosphoryl group.

The formation of N-phosphorylated imidazoles was noted for the first time in the 1950s during a study of model reactions
involving the inactivation of chymotrypsin with diisopropyl fluorophosphate [29]. It was later found that N-phosphorylated
imidazoles could be synthesized [29, 30].
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Mono-, di-, and tri(1-benzimidazolido)phosphites, -phosphates, and -thiophosphates are formed smoothly in the reaction
of benzimidazole with the chlorides of phosphorus-containing acids in the presence of triethylamine under mild conditions [9,

14, 31-33].
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Only disubstituted benzimidazolidophosphites, -phosphates, and -thiophosphates [32-34] were obtained in the
phosphorylation of 5(6)-substituted benzimidazoles with phosphorus trichloride.
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32p.Labeled compounds were obtained to study the distribution, transport, metabolism, and mechanism of the action of
physiologically active phosphorylated benzimidazoles [9-26, 35-37] by irradiation of saturated solutions of phosphorus and

the corresponding benzimidazole in CCl, with fast neutrons [38-40]
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The corresponding 1-benzimidazolido-*2P-phosphites were isolated and identified under similar conditions in the case of
thorough isolation of the target from oxygen [39, 40].
Spin-stable imidazolidophosphates were obtained as spin probes [41-43]:
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It has been proposed that 1-methylimidazolido(thio)phosphates, obtained via the following scheme, be used for the
selective phosphorylation of amino acids {44] and oligonucleotide synthesis [45-47]:
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N-Trimethylsilyl [48, 49] and metal derivatives of umdazole [50-52] are readily phosphorylated by chlorides of
phosphorus acids:

N“ mp(o)n Pmm’
I I

Y=SiMe,, Na, Ag

The carbodiimidazole method of phosphorylation, which consists in the reaction of carbodiimidazole with chlorides and
esters of phosphorus-containing acids, has become widely used for the synthesis of nucleotides [53-61], including 32P-labeled
nucleotides [62-64]. 2',3'-Substituted derivatives of adenosine mono-, di-, and tri-5'-phosphates were obtained by the action of
carbodiimidazole on the nucleoside 5'-phosphate [65]:
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Diverse phosphorus-containing derivatives of imidazole could be obtained by using carbonyldiimidazole [66]:
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The possibility of obtaining imidazolidophosphates via the Atherton-Todd reaction has been demonstrated [67]:
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The specific catalytic function of azoles in processes involving the phosphorylation of alcohols with hot 32P atoms

which is due to the intermediate formation of azolido-3?P-phosphates, was observed in realizing the Atherton—-Todd reaction

under conditions of nuclear-chemical synthesis with stabilization of the 32P recoil atoms in a CCl,—alkanol-azole system [68-
701:
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It was found that 1,2-dimethylethylenedioxyphosphorylimidazole could be obtained via the scheme [71-73]
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Benzimidazole and naphth-2,3-imidazole are phosphorylated smoothly by p-nitrophenyl diphenyl phosphate [74]
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Redox phosphorylation has been proposed for obtaining phosphorylated imidazoles. Thus, the corresponding

imidazolidophosphates were obtained by the reaction of a monoalkyl phosphate, imidazole, triphenylphosphine, and di(2-
pyridyl) disulfide [75]:
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The cyclophosphorylation of 2-methylmercaptobenzimidazole was recently accomplished in order to obtain an effective
phosphorylating and protective reagent for oligonucleotide synthesis [76]:
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The possibility of the phosphorylation of the imidazole fragment of histidine with imidazolidophosphates has been
previously demonstrated [77-79]:
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It was found that the transphosphorylation of serine [80] and tryptophan [81] could be accomplished by means of
imidazolidophosphates.

The possibility of the selective phosphorylation of the imidazole residue of histidine by the reaction of the enzyme with
adenosine 5-trimetaphosphate (ATMP) and uridine triphosphate (PPP*U) labeled in the a-position of the triphosphate residue
[82] was demonstrated during a search for effective reagents for the affine modification of enzymes [4):
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In the chemical modeling of photophosphorylation [5] it was established that the oxidation of
diimidazolylferrihemochrome with oxygen in the presence of AMP or ADP and an inorganic phosphate leads to ADP and
ATP with the intermediate formation of a phosphoimidazole [83].

Upon heating imidazolidophosphates undergo a number of transformations, at the foundation of which lie processes
involving intermolecular alkylation [84]:
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Imidazolidophosphites are distinguished by high reactivities with respect to different types of nucleophiles {53-61]; this
expands the possibilities of their production and application [41-43]:
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A study of the principles of nucleophilic substitution at the tetracoordinated phosphorus atom made it possible to develop
original and accessible methods for obtaining unsymmetrical N-phosphorylated azoles from the corresponding phosphorylated
nitrogen heterocycles via transesterification and transamidation with alcohols, phenols, amines, amino alcohols, and
aminophenols {9, 33].

Tri(1-benzimidazolido)phosphate smoothly phosphorylates aniline, ethanolamine, and p-aminophenol [85]:
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Exclusively the phenylamino group undergoes substitution in the reaction of (1-benzimidazolido)phosphate dianilide with

nucleophilic reagents [86]:
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In the case of O-phenyl(1-benzimidazolido)phosphates the reactions proceed via two pathways, depending on the nature of
the nucleophile [87]:
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In the case of 1-benzimidazolidophosphates, reactions involving nucleophilic substitution at the phosphorus atom are
described by a general scheme of bimolecular nucleophilic substitution of the Sy2(P) type, and their reactivities are described

by the Hammett equation [88, 89].
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In bioorganic chemistry the imidazole method is widely used to create a phosphodiester bond in the phospholipid series
[2, 90} and an internucleotide phosphotriester bond [90, 911, as well as for the abiogenic synthesis of a peptide bond [3]. For
example, tri(1-imidazolido)thiophosphate is used for the synthesis of polynucleotide thiophosphates of thymidine [92, 93],
while tri(1-imidazolido)phosphite is used for the synthesis of an oligonucleotide phosphite of uridine [94, 95].

The phosphorylation of uridine with tri(1-imidazolido)phosphite [85] proceeds selectively at the 2',3'-hydroxy groups
with the formation of 2',3'-cyclophosphoimidazole, which then undergoes oligomerization.

N-Phosphonalkylated 1,3-Diazoles

New variants of reactions involving Kabachkin-Fields phosphonmethylation [96] with the participation of
formylbenzimidazole, aminals, and nitroso compounds and phosphonethylation [9] using bis(2-chloroethyl) vinylphosphonate
as the phosphorylating reagent have been developed for obtaining N-phosphonalkylated azoles; it was established that the
introduction of electron-donor substituents into various positions of the heteroring facilitates phosphonmethylation and
phosphonethylation processes, whereas the introduction of electron-acceptor substituents hinders them [9, 97].

N-Phosphonmethylated imidazoles and benzimidazoles were obtained for the first time via the Kabachkin-Fields reaction
[98, 99] by the reaction of azoles with paraformaldehyde or formalin with alkyl phosphites or phosphorous acid in the
presence of HCI [97-103]:
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The nature of the aldehyde component also affects the course of the phosphonmethylation reaction. Thus, the
phosphonmethylation of benzimidazole with diethyl phosphite and benzaldehyde under similar conditions proceeds in
quantitative yield [97, 102]. One should particularly note the expediency of using aminals in obtaining N-
phosphonmethylated azoles [104]:
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The rate-determining step in this process is the reaction of the dialkyl phosphites with the aminals {104]. Mono- and
diphosphonmethylated derivatives were obtained by the phosphonmethylation of benzimidazolin-2-one or benzimidazoline-2-
thione using aminals. A phosphonmethylated 2-mercaptobenzimidazole is formed in the case of 1,3-benzimidazoline-2-thione
at a reagent ratio of 1:1:1,

The phosphonmethylation of imidazolin-2-one and imidazoline-2-thione with trialkyl or (better) triary!l phosphites in the
presence of aldehydes has been reported [105].
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Aromatic nitroso compounds [106, 107] also undergo the Kabachnik-Fields reaction [97, 99] with the participation of
imidazole and benzimidazole; products of replacement of the dimethylamino group by a diethylphosphonato group are also
formed from p-nitroso-N,N-dimethylaniline [107]:
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N-(Dibutylphosphinoxidothiocarbonyl)benzimidazole-2-thione was recently obtained by the reaction of o-phenylene
diisocyanate with dibutylphosphonous acid [108]):
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A phosphonethylated imidazole was obtained under the conditions of radical addition of dimethyl phosphite to N-
vinylimidazole [109]:
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Phosphonethylated imidazoles and benzimidazoles are formed in the reaction of 1,3-diazoles with bis(2-chloroethyl)
vinylphosphonate (vinifos) [9, 103, 110-112]: ‘
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In the absence of a catalyst (KOH, MeONa, AlCl,) a mixture of mono- and disubstituted products is formed as a result of
nucleophilic attack on imidazole at the g-carbon atom of the 2-chloroethoxy group of vinifos [103]. Sodium benzimidazolate
undergoes this reaction involving nucleophilic substitution at the 2-chloroethoxy group [111]. Since nucleophilic addition to
the double bond of vinifos can be stimulated by both activation of the nucleophile and by an increase in the electrophilicity of
the double bond, reactions of imidazole and benzimidazole with bis(2-chloroethyl) vinylphosphonate were accomplished under
conditions of basic and acidic catalysis [111, 112]. Substituted benzimidazoles that contain electron-acceptor substituents in
the 5 or 6 positions do not undergo phosphonethylation under acid-catalysis conditions [112]. The introduction of electron-
donor substituents into the 2 position of the benzimidazole ring facilitates phosphonethylation, whereas the introduction of
electron-acceptor substituents hinders it [89, 111, 112]. The conditions found for nucleophilic addition and nucleophilic
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substitution made it possible to realize the successive participation of three molecules of imidazole or benzimidazole in these
reactions [103, 112, 113}:

? j + CH,=CHPO(OCH,CH,Cl), ——wm ; N—CH CH, p(o)_[]c“ 2CH; hL | :)]
N
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Phosphonethylated azoles that retain a vinyl grouping in their compositions are readily brominated or hydrobrominated
(in the presence of traces of tert-butyl hydroperoxide). The bromo derivatives obtained can be used in the synthesis of
phosphorylated azoles with different types of fusion of the heterorings {103].

The corresponding labeled phosphonethylated 1,3-diazoles [116, 117] were synthesized by the reaction of imidazole,
benzimidazole, or 2-benzylbenzimidazole with bis(2-chloroethyl) vinyl-32P-phosphonate [114, 115].

Methods for obtaining physiologically active oligomeric phosphorylated benzimidazoles with prolonged action via the
homopolycondensation of bis(2-chloroethyl) 2-(1-benzimidazolyl)ethylphosphonate or the heteropolycondensation of bis[2-(1-
benzimidazolyl)ethyl] vinylphosphonate with ethylene glycol, ethanolamine, and diethanolamine have been developed on the
basis of phosphonethylated benzimidazoles {112, 118, 119].

Phosphonalkylated benzimidazoles were obtained from allylbenzimidazole by both the addition of diethyl phosphite to it
in the presence of tert-butyl hydroperoxide and by the successive bromination of N-allylbenzimidazole, introduction of the
resulting bromo derivative into the Arbuzov rearrangement, and hydrogenation [119, 120]:
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A bis(phosphonpropylated) benzimidazole was obtained by the reaction of N-(cyanoethyl)benzimidazole with phosphorus

tribromide [120]:
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2-Phosphorylated 1,3-Diazoles

2-Phosphorylated 1,3-diazoles are readily obtained by phosphorylation of lithium and trimethylsilyl derivatives of azoles
with chlorides of phosphorus-containing acids or by cyclophosphorylation of o-phenylenediamine via the Phillips-Ladenburg
method [96] using phosphorus-containing acetals, imido esters, chloroacetylenes, dichloromethylenamides, and 1-(oximino)-2-
alkanones.

The specific synthesis of arazole phosphacyanines was accomplished as a result of the synthesis and study of the
structures [121, 122] and reactivities of 2-phosphorylated azoles [121], and various physiologically active substances such as
nucleotide analogs of 8,5'-cycloadenosine 5'-monophosphate [123] or (5-diazoniabenzimidazol-2-ylalkyl P2-(5'-
adenosyl)diphosphate — an effective inhibitor of hydrogenase [6] ~ were also created.

2-Phosphorylated imidazoles [124, 125] and benzimidazoles [126] were obtained through lithium or trimethylsilyl
derivatives:
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The phosphorylation of derivatives of 1,3-dimethylbenzimidazoline with the sodium salt of dicyanophosphine in the
presence of [18]-crown-6 has been proposed [122]:
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2-Phosphorylated and 2-phosphonalkylated benzimidazoles were obtained [127, 128] by the reaction of phosphorylated
acetals with o-phenylenediamine. Removal of the acetal grouping from the phosphoryl grouping facilitates cleavage of the
C-0O-C bond and increases the yields of the desired products.
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2-Phosphonmethylated benzimidazoles are readily formed in the reaction of o-phenylenediamine with
chloroethynylphosphonates [129]:
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Diverse organophosphorus derivatives of 2-alkylbenzimidazole were obtained by the reaction of
dialkylphosphoncarboxylic acid imido ester hydrochlorides with o-phenylenediamine [130-132]:
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2-Formylbenzimidazole was used as the aldehyde component in the phosphonmethylation reaction to obtain 2-
phosphorylated benzimidazoles [133].
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2-Phosphonmethylated benzimidazoles containing a nitroxyl grouping were obtained by the reaction of o-
phenylenediamine with 1-oximino-1-dialkoxyphosphorylglyoxal [134]:

NH, NH
+ OHC— ﬁPO(OR)z —— Q /)\
NH,

NOH - °N ﬁPO(OR)Z
NOH

2-Phosphonmethylated purines were obtained via the scheme [135]
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It is interesting to note that 2-amino diazoles are phosphorylated at the exocyclic nitrogen atom {10, 136]:
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Mono- and Bicyclic 1,3-Diazoles That Are Phosphorylated
in Other Positions

It has been proposed that azoles that are phosphorylated in the 4(5) positions be obtained via schemes that stipulate the
use of the corresponding phosphorus-containing o-phenylenediamine derivatives in the Phillips-Ladenburg reaction [96], as
well as by phosphorylation of bromobenzimidazoles with dialky] phosphites or by the reaction of aminophosphonacetamides,
acylvinylphosphonates, and acylaminovinylphosphonium salts with ortho esters, amines, amidines, and a-amino
heterocycles.

The first example of obtaining a 5(6)-phosphorylated benzimidazole was described in [137).
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The possibility of the phosphorylation of bromobenzimidazoles with diethyl phosphite in the presence of catalytic
amounts of tetrakis(triphenylphosphine)palladium was recently demonstrated [138]:

B N HPO(OE) (BL0),0 N
O, == 0L
N T Me N Me

1-Alkyl-4-phosphonylimidazol-5-ones were obtained in the reaction of aminophosphonacetamides with ethyl
orthoformate [139]:
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The synthesis of 8-bis(dimethylamino)phosphonyl-2,3a-diphenyl-1,3a-dihydrocycloheptaldjimidazole was presented in
[140}:
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C (4y-Phosphonium derivatives of 1m1dazolc were obtained on the basis of 2-chloro-1-
acylaminovinyltriphenylphosphonium chlorides [141]:
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Methods for obtaining 4(5)-phosphorylated imidazoles and condensed (with imidazole) heteroaromatic systems by the
reaction of B-acylvinylphosphonium salts with guanidine [142], aminopyridine, aminopyrimidine [143, 144], adenine [145],
and other bases [144, 145] have been developed.
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2-Aminopyridine and 2-aminopyrimidine undergo the same reaction [146].
A convenient method for the synthesis of phosphorylated imidazo[1,2-a]pyridines and imidazo[2,1-b]thiazoles has been
proposed [147]:

N
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Yet another method for the C)-phosphorylation of imidazole by means of a phosphorus-containing ylid was
demonstrated in [148]:



-
2 2 Ph, P NEt, Ph. P= _NEt,
S| 1T Ph,P=CH, - I —
TN —2 2 1 ——— SN .
P Ny N - HN ‘{%NH

2 NEt, NEt,

Bis(phosphonmethylated) derivatives of 5(6)-aminobenzimidazole were obtained via the scheme [97, 149, 150]

NEH rlz’ N/CHZPO(OR)_.
- 2
CI"H,N* /j €1~ ——=  (RO),0PCH, —N~©:_—)
=
N N

R=Alk, R!=H; R=H, R'=CH,POsH,

When dialkyl phosphites and paraformaldehyde are used, 1- and 5(6)-bis(phosphonmethylation) occurs, whereas bis- and
tris(phosphonmethylation) products are formed in the case of phosphorous acid and formalin in the presence of HCI [97].

Phosphorylated Imidazolines and Imidazolidines

The principal methods for the synthesis of phosphorus-containing imidazolines and imidazolidines and their derivatives
are, first of all, phosphorylation of cyclocreatine or imidazolidines with chlorides of phosphorus-containing acids, alkyl
phosphites, and diazophosphonates; second, cyclophosphorylation of phosphocreatine and its structural analogs —
carboxyalkyl-N-phosphorylguanidine and carbethoxymethylimidourea; third, condensation of B-hydroxyalkylamino acids with
cyanoamidophosphates, phosphorus-containing imido esters with ethylenediamine, 2-hydroxyphosphonylethanols with urea,
and phosphoryl-2-oximinoacetates with isocyanates.

The catalytic action of 1-carboxymethyl-2-iminoimidazolidine (cyclocreatine) — a substrate of creatinekinase, which plays
a role in the accumulation and transfer of energy in transphosphorylation with the formation of phosphocreatine — was
observed in a study of biclogical phosphorylation [151, 152]. In this connection, various derivatives of phosphocyclocreatine
that have high physiological activity were synthesized [152-154]:

PO,H,
H |
NN AN
Wt Pl
\X;:NHZ . S r ===NH
k / LioH Lo/
1 1
!
CH,C00~ CH,COOH
H
N\
i SM D NaOH
PRO—P—N=CT =+ NH, “NH e ( »==N--PO(OPh),
| “SMe | AgNO, 4
OPh CH,COONa “»1
CH,COO0H
Cyclophosphocreatinone was obtained via the scheme [155]
NH, NH,
R
(no)zor\N *N,ue (xso)zop\N _'_,)\\,N/ue
: N

—
o 0

It should be noted that creatine is readily phosphorylated by refluxing in excess phosphorus oxychloride with the
formation of dichlorophosphorylcreatinone [156):

on 0
becn, T POO o M —_j//
LC—CH,. |
[ole = 1! .
NS Cl,——P—N% N
] - }
Me Me
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Products of diphosphorylation of 2-iminoimidazolidine were isolated in the reaction of equimolar amounts of 2-
aminoimidazoline hydriodide with thiophosphonic acid chlorides. The reaction of 3 moles of the chloride with 1 mole of 2-
aminoimidazoline hydriodide leads to the formation of a mixture of di- and monophosphorylation products [157]:

RP

RP(X)N
X =05

R P(X)‘N

HN
3 RP(X)Cl  + )\ )\
: H,N'T TN7

"~ H n

Under similar conditions, 2-aminoimidazoline forms only a monophosphorylimidazoline [157].
Another method for the synthesis of phosphorylated imidazolidines consists in the cyclization of N-a-carboxyalkyl-N'-
phosphorylguanidine derivatives [158-160]:

Me -0
NH OR' N z
I ,& e i )\ j
RO—P--N N7 o RO—P—N N
] H | H
OR OR

The reaction of a dichloromethyleneamidophosphate with glycine ethyl ester gives the corresponding substituted
guanidine, which upon fractionation splits out a molecule of alcohol and is converted to a phosphoryliminoimidazolidine
derivative [161]:

HN-——-
(Et0),PON=CCl, ———  (Et0),PON=C(NICIL,COOEL), --——mm /L
(Et0),PON”" N7 o
CH,COOEt

1-(2-Hydroxyethyl)-2-phosphoryliminoimidazolidin-4-ones are also formed in the condensation of N-8-hydroxyalkylamino
acid ester tosylates with salts of phosphorylated cyanoamides with subsequent hydrolysis [162]:

)
0 &
NHCH,CH, OF 0 o N
Ph—CHCH.COOCH;Ph  + (PhCH,0), —F—N—C=N  ———= )\
HO,SC,H Me—p Na (H0),0P-N7 N
CH,CH,OH

The direct phosphorylation of 2-methylimidazoline has also been described [163]:

Me Me
|
|
/g (RO)P(S) A
HN N N N
(RO),PSCI  + |

A method for the direct phosphorylation of 3,5-dimethylimidazolidine-2.4-dione with chlorides of phosphorus-containing
acids with a spin-stable label has been proposed [43]:

Q

] Me Il LOR’

e u OR’ 3¢ M M

u—‘—NH c1—p7 Me N OPh - _\<
/L OPh /l N—O

N - /

~ =~ —_————-

0™ °NT o 0 ii ~o —_

Me Me

Phosphorylated 3-(3,5-dihalophenyl)imidazolidine-2,4-diones have been patented as pesticides [164].
The possibility of obtaining 2-imidazolidinylphosphonates from ethylenetetramines and dialkyl phosphites has been
demonstrated [165]:

o A e
i
N N\ 0 /N
/ il
H ; + 2z (RO)PHO ——= 2z RO—P— ]
, J |
v "
Ar Ar Ar
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A C-phosphorylated imidazolidine was obtained from a-diazophenylphosphonate and 1,3-diphenylimidazolidinium
chloride [166]:

P Y
N
N, ~ Ph
-4 N ot c—p7
Ph,P{O)CH~N=N  + +p Ci i {i~PR
N N N, O
. | 2
Ilh Ph

Various C-phosphonalkylated imidazolines have been described [167]:

4+ _  NH,CH,CH,NH N
ROPO(R)(CH,) C(ORt)=NK,C1" ——2-2 2 % /tk
ROOP(R)(CH,) §

n = 52

4-Hydroxy-5-phosphonyl-2-imidazolidinones were obtained by the reaction of 2-hydroxy-2-phosphonylethanal with urea
[168]:

{RO),0P OH

(RO),0PCH(OH)CHO + (NH_),CO ———= - -

Cy-Phosphorylated imidazolidine-2,4-diones were synthesized via the scheme [169]

o
) ) ) i T
(EL0), OPCH{R}CHL, nCH(} e i
(NED2C0: (o), 0pcHRNCL,),” N

The synthesis of 5H-5-phosphorylated hydantoins based on hydroxyiminophosphonacetic acid esters has been described
[170]:

o (Et0),0P 0
coopt  M/HEH0 i ofCOCEt  EtONs ] i
Et0),0PC(=NOH)COOEt -~ e E{0 —P~— - N
(Et0),0PC( ) o L S—- N N
OEt
o

In conclusion, it should be noted that direct phosphorylation and cyclophosphorylation of azoles are the simplest and
most accessible methods. In addition to this, new variants of the classical Arbuzov, Atherton-Todd, Phillips-Ladenburg,
Mannich, Kabachnik-Fields, and other reactions are widely used for the synthesis of various phosphorylated azoles.
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