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Synthesis methods of phosphorylated carbamide
containing acyclic and heterocyclic compounds

In the paper, for the first time, an attempt of systematization of knowledge in the field of reactions of ureas and
their heterocyclic derivatives with phosphorus containing reagents has been carried out. In the review due to
the significant differences in the substrates and reagents used, methods for producing phosphorylated nitrogen-
containing compounds according to their final structure are grouped in three directions of their formation —
the synthesis of acyclic, monocyclic and bicyclic ureas. Thus, the methods for the production of acyclic N-phos-
phorylated ureas by reactions of the corresponding N-phosphoisocyanates with aliphatic and aromatic amines
of various structures are considered, and rarely used alternative methods for the synthesis of such compounds
are considered. An analysis of the known methods for the synthesis of phosphorylated monocyclic carbamide-
containing compounds suggests that: five-membered phosphazacycles, most of them are represented by imid-
azolidine structures, while tetracyclic phosphazacycles are diazaphosphetidinones, and six-membered phos-
phazacycles are diazophosphorins and triazaphophorphoryphorphoridine. The synthesized and studied phos-
phorylated bicyclic bisurea are represented by diphosphadione, diphosphaspirooctanedione, and phosphory-
lated tetraazabicyclo octionic structures. It was concluded that, on the basis of the systematization of the results
of experimental studies on the methods of synthesis of phosphorylated ureas, it can be expected that their de-
velopment will allow finding ways to obtain new highly effective drugs and synthons of their production.

Keywords: urea, phosphorylation, heterocyclic compounds, N-phosphoisocyanates, imidazolidines, diazaphos-
phetidinones, diazophosphorins, triazaphosphorinandionones, diphosphadiones, diphosphaspiroctanediones,
phosphorylated tetraazibicyclooctandiones, glycoluryl.

Introduction

The chemistry of acyclic and cyclic ureas, primarily due to the availability and polyfunctionality of the
latter, has undergone rapid development in various spheres of human activity. Since F. Wohler discovered the
synthesis of urea 1 based on inorganic substances, urea has always been the object of close research attention
of both chemists and pharmacological specialists.
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More than one and a half-century history of urea chemistry was marked by the creation on their basis of
many dozens of valuable substances that have been used as effective drugs [1], herbicides [2], fertilizers [3]
and other biologically active compounds.

Despite the wide popularity of ureas as objects of the synthetic “simulator”, the chemistry of ureas is
constantly evolving, and the traditional ways of their use in organic synthesis are constantly being improved.

Synthesis and study of phosphorus-containing compounds based on urea is one of the progressive trends
in the development of urea chemistry. The combination of urea fragments and phosphoryl groups in a molecule
makes it possible to impart specific useful properties to the target substance, which is the subject of a wide
discussion of methods for producing phosphorylated ureas [4, 5].

Some of the acyclic organophosphorus nitrogen-containing compounds are being used as therapeutic
drugs, such as zoledronic acid (zoledronate), which has a selective effect on bone tissue and is.therefore used
in the treatment of osteoporosis [6]. One of the widely used non-selective systemic herbicides is glyphosate
(N-(phosphonomethyl)-glycine) [7]. Due to its unique properties, this drug is the first in the world production
of herbicides. In addition, glyphosate is used in the production of polymeric materials, especially non-com-
bustible and chemically resistant ion exchange resins, used in the analysis and production of highly pure sub-
stances, and other areas of technology.

Monocyclic nitrogen-containing heterocycles containing a urea moiety in the'cyclic skeleton are attrac-
tive because the latter is often a key multifunctional structural element of these compounds. The presence of
N- and O-nucleophilic reaction centers in the urea molecule promotes.their cyclization under the action of
various phosphorylating agents [8].

Generally the nature and direction of cyclization is influenced, first of all, by the nature of the substituent
at the amide nitrogen atom of urea and the conditions of the reactionstudied. The direction of the reactions of
phosphazacyclization of urea by ethers of chlorine derivatives of phosphoric acids often depends on the coor-
dination number of phosphorus.

The development and improvement of known methods for the synthesis and functionalization of mono-
cyclic nitrogen-containing heterocycles is greatly stimulated by their well-known participation in human ac-
tivity. For example, among cyclic compounds, based on'phosphorylated ureas, polymeric compounds [9] and
drugs with high pesticidal, anticholinesterase, antiviral, and antimicrobial activity [10] are found.

The chemistry of bicyclic bisureas occupies.a special place among nitrogen-containing heterocyclic com-
pounds, primarily due to the framework structure and the presence of multifunctional reaction centers. 2,6-di-
acetyl glycoluryl diphosphonic acid is known among the phosphorylated bicycles, which has been used as an
electrode modifier for quantitative determination of cholesterol by voltammetry [11].

Since there is currently no information in the available literature, summarizing synthesis and research
methods of chemical properties of phosphorylated urea-containing acyclic and heterocyclic compounds, we
have systematized knowledge in this area, which was the basis for writing an independent review article. The
review of literature data is Systematized according to the methods of synthesis of phosphorylated acyclic,
monocyclic and bicyclic carbamide containing compounds.

1 Synthesis methods of phosphorylated acyclic ureas

1.1 Isocyanate method for producing acyclic N-phosphorylated ureas

Among the relatively large number of methods for producing N-phosphorylated ureas, reactions based
on the interaction of the corresponding N-phosphoisocyanates with various amines are prevalent. Methods for
obtaining phosphorus-containing isocyanates and their chemical properties are discussed in the review [12],
where the reactions of the latter with various organic substrates, including amines, are also given. Thus, ac-
cording to the general scheme 1, the reaction of isocyanates 2 with primary and secondary amines 3 leads to
the formation of various 1,3-disubstituted ureas 4:

X
0 .0
N/ aN(
P—N—/C—X +  HNR?R? —_—> P——HN NRZR?
1 1
R 2 3 R 4
R' = Ar, Ph, Alk, RZ = R¥=H, Ar, Ph, Alk
X=0,8 R?=H, R® = Ar, Ph, Alk,
Scheme 1

116 BecTHuk KaparaHauHckoro yHusepcuTeTa



Synthesis methods of phosphorylated carbamide containing ...

This method is widely used, including for the synthesis of various ureidophosphoric acids [13-21].

It was shown [13] that fluorinated 5.1 phosphoisocyanates in reactions with primary and secondary
amines 6.1-6.4 turned out to be convenient reagents for the synthesis of fluorine derivatives of N-alkyl- and
N-aryl-substituted phosphorylated urea 7.1-7.4 (Scheme 2).

One of the variants of the synthesis of arylcarbamidophosphoric acids is [14] that isocyanate phosphoric
acid chloride 5.2 can easily react with various amines 6.4—6.21. However, the authors emphasize that aromatic
amines with electron-withdrawing substituents (such as p-chloro 6.10 and p-bromoaniline 6.11, o- and m-ni-
troaniline 6.5 and 6.6, etc.) react slower. Even greater difficulties are caused by interactions with secondary
arylamines (diphenylamine 6.21), but at the same time, the product yield of 8.1-8.18 are 62-99 % (Scheme 2).

The authors of [15], developing their work [16, 17] aimed at crystal structure, biological activitystudy
and some electronic aspects, synthesized the already known series of dichlorophosphoryl derivatives of N-sub-
stituted phenylureas 8.1-8.6 and supplemented it with similar interactions of dichlorophosphoisocyanate 5.2
with the corresponding aryl amines 6.22—6.26 with the formation of compounds 8.19-8.23 (Scheme 2). Based
on the compounds obtained 8.1-8.6, 8.19-8.23, the authors synthesized a number of biologically active diaza-
phosphorinanes 45.1-45.11 and diazaphospholanes 46.1-46.11 for further study (Scheme 12).

In order to search for new biologically active compounds, the authors of [18-20] using known methods
[14, 21] synthesized a similar series of dichlorophosphoryl derivatives of N-substituted phenylureas 8.7—8.10,
8.24-8.28 using the corresponding amines 6.10-6.13, 6.27—6.31 (Scheme 2) for further condensation of ureas
8.7-8.10, 8.24-8.28 with various substrates (Scheme 3).
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Scheme 2

Arylcarbamidophosphoric acid chlorides 8.1-8.28 [14] are crystalline compounds difficultly soluble in
benzene, ether, carbon tetrachloride, chloroform, slowly decompose in air, slowly react with water at room
temperature, but when heated, the hydrolysis passes quickly. Water is mainly attached through the P-N bond,
since it was found that the main products of hydrolysis are N-aryl urea 9, while the acid chlorides 8.1-8.18
(Scheme 2) give the corresponding esters 10 [14] under the action of alcoholates (Scheme 3).
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In a number of subsequent works, this method of synthesis of phosphorylated ureas was further developed
[22, 23]. Thus, it was shown [22] that the reaction of ureidophosphoric acid dichloride 1l-with alcohols in the
presence of hydrogen chloride proceeds in steps, which makes it possible to obtain dialkyl esters of ureido-
phosphoric acid 13.1-13.4 with different alkoxy substituents at phosphorus atoms, Under the action of meth-
anol on 11, ureidophosphoric acid methyl ester chloride 12 was obtained, which was separated from the reac-
tion mass and further treated with an excess of dry alcohols (ethanol, propanol, butanol, isopropanol) to obtain
N-(methoxy alkoxyphosphoryl) ureides 13.1-13.4. When the esters 13.1-13.4 are heated in the presence of
alcohol and an excess of HCI, dialkyl esters of urethanphosphonic acid 14.1-14.4 are formed (Scheme 4).

OR

NH, NH,
Oﬁ/ O:< :< O:{
+ CH,;OH + ROH
’ NH NH

o MOThaT o HO ROH o/
\P/ \P/\ \P/\ \P\
~
/ “ co/ H3CO/ H3CO/ oR
12 13.1-13.4 14.1-14.4

13,14
1: R = C;Hs 2: R = C3H; 3: R = C4H, 4: R = i-C3H,

Scheme 4

To study the biologically-active properties of organophosphorus compounds, N-alkylphosphoryl urea
15.1-15.6 was condensed with chloral (Scheme 5) [23].
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G OR LN p\
15.1-15.6 / Tor /
5.1-15. RG RG ﬁ (l;%
RO_ //
1520 16.1-16.6 17.1-17.6 A0 ; NP _Co _CH /COCH3
PN N N
SRZd H$0,30-35°C rgd N 0N ¢
2:R = C,H;
TRoon 20.1-20.6
4: R=C4Hy
5:R = i-C3H,
6: R =CsHy,
Scheme 5
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The hydroxyl group in the resulting products 16.1-16.6 is replaced by chlorine in reactions with chlorin-
ating agents such as PCls, SOCl. In turn, the resulting N-dialkylphosphoryl-N'-1,2,2 2-tetrachloroureas
17.1-17.6 react with amines, alcohols, salts, forming the corresponding substituted urea 18—-20 with yields of
43-95 % (Scheme 5).

For the substances 18-20 obtained, their antiviral activity was reported in [23].

Esters of ureidophosphoric acid 22.1-22.11 can be obtained according to a scheme similar to the reaction
of isocyanates (Scheme 2). For example, in the work [24], phosphoryl isocyanate ethyl ether 21 reacted with
aryl and hetarylamines 6.4, 6.8, 6.10, 6.13, 6.26, 6.30, 6.32—6.36 in the presence of catalytic amounts of 4-di-
methylaminopyridine (Scheme 6).

0
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EtO, t |
\|| (CH;),N-Py AN |
P—N=—C=—O0O + HNR?ZR} —— P——HN NRZR3
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10: R? = H, R*=4-C1-C¢H,4 3:R2=H, R*= 4-CI-C¢H,
13: R2 = H, R3: (1-C10H7 4: R2 = H, R3: (X-C10H7
26: R?=H, R*= 3-CH;-C¢H,4 5: R?=H, R’>= 3-CH3-C¢Hz
30: R2 = H, R3: C(,Hll-C 6: R2 = H, R3: C(,H]l-C
32: R?=H, R*= PhCH, 7: R%=H, R’>= PhCH,
33: R?=H, R*=2-CI-C¢H,4 8:R2= H, R’= 2-Cl-C¢H,
34: R?=H, R*=3-Cl-C¢H,4 9: R2=H, R*= 3-CI-C¢H,
Ve e
— N NN
34:R2=H,R>= =N 10:R?=H, R’= \=N
CH; CHjs
-<N~ -<N~
\ \
N / N /
36: R2=H, R’>= CH; 11: R2=H, R’= CH;
Scheme 6

In order to search for biologically active compounds based on esters of substituted phosphorylated ureas,
reactions [25] of diisopropoxyphosphoryl isocyanate 23 with some heterocyclic amines 6.37—6.40 in inert at-
mosphere with subsequent production of urea derivatives 24.1-24.4 were studied (Scheme 7). The authors also
noticed that the interaction of diisopropoxyphosphoryl isocyanate 23 with diisopropoxyphosphorylamide 25
gives rise to diphosphorylated symmetric urea 26.

o . |
i-PrO—P—NH, O Oi-Pr
(l)' pr 25 ” )l\ l
o o 1'-1>ro—1|>—1£1I N —ﬁ—Oi-Pr
i-PrO——P——NCO R! Or-Pr 8

—1 L #
| X7y )\
Oi-Pr ’ Y

/k\ /k . o O X7
23 HNT N7 g2 i-PrO_ // )]\ )\ |
6.37-6.4 /P\N N \N "
24 PO H H
1: X=Y=N, R'=R?=NH, 24.1-24.4

2: X=CH, Y=CH-CH; R'= CH; R?=OCH;
3: X=Y=CH, R'=CH; R>=H
4: X=CH, Y=CH-CH;, R'=R>=H

Scheme 7

Similarly, N-phosphorylated bromides 27-29 based on reactions of diisopropoxyphosphoryl isocyanate
23 and o, w-diamines were synthesized in order to study the extractive properties of Eu (III) [26] (Scheme 8).
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Studied podands 27-29 differ in the link between two phosphorylated urea fragments. Bonds with oxygen
atoms can form a crown ether cavity, which can compete with the complexing ends of the bidentate parts of
the extractant.

To obtain monosubstituted phosphorylureas, it is also possible to use both ammonia [27] and ammonium
halides 31.1, 31.2 (Scheme 9). [28] showed that bis(chloromethyl)phosphine isocyanate 29 reacts with chloride
31.1 or ammonium bromide 31.2 at room temperature in.chloroform and an equimolar amount of triethylamine,
which leads to the formation of N-[bis(chloromethyl)phosphinoyl] urea 32 with outputs 81 and 84 %, respec-
tively (Scheme 9):

0
Et;N/NH; ClHC| 31— 32 81%
~P—N NH, 31.2- 32 84%
CIH,C H 32
CIH,C||
_~P—N=C=0 + NH;Hal— ACN, EGN,
CIH,C 30 31.1,31.2 T =80 °C,
6h
31
1: Hal =Cl 0
2: Hal=B
L ¢ 31.1~ 33 69%
- 0,
2EN HN NH 31233 66%
—

\ 32 ~33 81%
o—b—/
33
CH,CI
Scheme 9

However, it was found that a double excess of triethylamine and boiling the reaction mass for 12 hours,
lead to the formation of phosphazocyclic urea 33 with 69 % yield when using ammonium chloride 31.1 and
66 % when using ammonium bromide 31.2 Heating urea 32 in anhydrous acetonitrile with an equimolar
amount of triethylamine during 6 hours at 80 °C also leads to the formation of 33 with a yield of
81 % (Scheme 9).

The works [5, 29] are devoted to the synthesis of di- and tri-ureides of phosphoric acid from the corre-
sponding di- and tri-isocyanate phosphates. So, in work [29], reactions of phenyl diisocyanate phosphate 34
with various amines 6.3, 6.4, 6.41-6.43 in the medium of dry benzene during boiling were investigated. At the
same time, the authors said that phenyl diisocyanate phosphate 34, with long-term temperature exposure, is
capable of homopolymerization — a light brown glassy homopolymer is formed — isocyanurate 35 with a
yield of 30 %, which is unstable in air (Scheme 10).
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Diisocyanate of benzenephosphonic acid 34 reacts with monoamines 6.3, 6.4, 6.41-5.43 to form ben-
zenephosphonyl bis(ureas) 36.1-36.5 (Scheme 10). Products 36:1-36.5 are insoluble in benzene, carbon tetra-
chloride, chloroform, chloro- and fluorocarbons and ether, but they dissolve easily in polar solvents (methanol,
nitromethane, acetone). Despite the fact that substances36.1-36.5 are resistant to water and ammonia, the
P—N bond is cleaved during acid hydrolysis to form phenylphosphoric acid 37 (Scheme 10).

In the reaction of phenyl diisocyanate phosphate 34 with diamines 38.1-38.4, polyureas 40.1-40.4 and
41.1-41.4 are formed in equal (1: 1) quantities, while the products of polymeric and cyclic structure are in the
same reaction mass (Scheme 10). Polyureas 40.1-40.4 and 41.1-41.4 in organic solvents are insoluble, par-
tially dissolve in dimethylformamide when heated. ‘Also, the substances are not wetted with water and are
resistant to diluted acids and alkalis.

Products 39.1, 39.2, obtained in the reaction with diamines 38.1, 38.2 in the ratio 1: 2 with prolonged
heating to the melting temperature, are capable of self-condensation (Scheme 10).

[5] reported on the synthesis of phosphorous triureide 42 by treating phosphorus triisocyanate (V) 42 with
an excess of liquid ammonia‘at —40 °C, and the yield of phosphorous triureide 43 was 95 % (Scheme 11).

0

ﬁ Ay

NH
N -3 H,N NH\’/ o 9%

OCN | NCO t=-40°C | NH

NCO P/

o7 Ny NH,
42 H
43
Scheme 11

Thus, the resulting aryl carbamidophosphoric acid chlorides 8.1-8.28 using the methods described above
[14-17, 21] were involved in various studies with the aim of obtaining a wide range of substances with bio-
logical activity.

The authors of [15], a series of dichlorophosphoryl derivatives of N-substituted phenylureas 8.1-8.6,
8.19-8.23, was converted to the corresponding diazaphosphorinanes 45.1-45.11 and diazaphospholanes 46.1—
46.11 under the action of 2,2-dimethyl-1,3-diaminopropane 44 and ethylenediamine 38.1, respectively
(Scheme 12).
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Scheme 12

The synthesized dichlorophosphoryl derivatives of N-substituted phenylureas 8.7-8.10, 8.24-8.28, the
authors of [18, 19], using similar methods [14, 21], were involved in condensation reactions with various
diamines 47-50 to produce a wide range of compounds 51-54 based on phosphorylated ureas with antimicro-
bial activity (Scheme 13).

(6]

SAGH 4080

Toluen-THF (1:1), Et;N, 40-45 C

o
NH

\P/O/[A
NN ®

51.1-51.11

OH H O R
N
c \Q\F
Z CCi

- 52.1-52.11
Toluen, Et;N, 40-45 °C
c1 O F
Ccl / /u\ I(‘:Iz
P N N
/N7 TR NH,
o H o
NH 53.1-53.11
8.7-8.10, 8.24-8.28 NH, _ @i |
= - \
Toluen, E;N, 40-45 °C )
| 01 .
2\ OH ol _N_ o
H3C N X \P/ \
50
51-54, 56 > / Cl) 54.1-54.11
I:R = -NH-CgHs

2:R = “NH-C¢H,-Cl-4

3:R = -NH-C¢H,-Br-4

4R = :NH-CgH,-CH,-4
5:R= -NH-CgH,-OCH;-4
6:R = -NH-C¢H;-(CH,),-2,4
7:R = “NH-CgH;~(OCH;),-3.4
8:R = -NH-CyoH;-1

9:R = -NH-CH,-C¢H,-Cl-2

Toluen, THF, 45-50 °C

; OH
HO 55 Cl

H
10: -8« )

) M\
I1: =N 0o
—/

Toluen, Et;N, 45-50 °C

Scheme 13

Q \// /C\Rl
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In continuation of these works, later [20], by a similar reaction of condensation a number of biologically
active dibenzodioxaphosphociline urea 56.1-56.11 (Scheme 13) were obtained from polychlorinated 2,2-dihy-
droxydiphenylmethane 55. Reactions given in Scheme 13 were carried out with weak heating in the presence of
triethylamine in toluene, or in a mixture of toluene—THF (1:1) with average yields (47-71 %) for 51-54, 56.
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1.2 Other methods for producing acyclic N-phosphorylated ureas

Along with isocyanates, N-dialkylphosphono-N-(2-chloroethyl)carbamic acid chloride 57 can be used as
a starting phosphorylating reagent 57. The authors of [30] obtained a series of urea derivatives 60—63 by re-
acting N-diethylphosphono-N-(2-chloroethyl)carbamic acid 57 with ammonia, aniline 6.4, morpholine 58, and
sodium azide 59 (Scheme 14):

0
CH50_ //
&, / N NH
CHsO ] * 60
C,H,Cl
6.4
0 | CeHsNH, CoHsO // )j\
CHO_ // 1 52,
AN C2H50
/ N Cl
C,Hs0 C2H4CI
C,H,CI
57 24 58

C,HO_
O(CH,CH,)NH %% // )k / \
> /
C,H0 If Ng Q0 4

C,H,CI
59 CHOL //
NaN; _ )]\ P
20 C2H50 |
= C2H4CI
p(Ph);
64 C,H50 P
(Ph);P=NH i) / J\
—_ =P(Ph
C2H5O N=P(Ph);
C2H4CI
Scheme 14

N-diethylphosphono-N-(2-chloroethyl)carbamic acid chloride 57 reacts with sodium azide 59 at 2-5 °C
[30]. The phosphoazide 63 obtained in this way, like acyl azides, reacts with triphenylphosphine to form N-di-
ethylphosphono-N-(2-chloroethyl)amidetriphenylphosphazo-carbonic acid 65, which is also obtained by re-
acting the acid chloride 57 with triphenylphosphoimine 64 (Scheme 14).

In the patent literature [31, 32] there are reports of the synthesis of phosphorus-substituted ureas 60—65
exhibiting nematocidal activity:

A convenient method of direct phosphorylation of ureal was proposed [5], based on the reaction of urea 1
with phosphorus oxychloride in polar solvents, which resulted in dichlorohydrophosphoric acid 67 and diureid
phosphoric acid 68 (Scheme'15).
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/ H
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6] 0 0 o} 0
N7 NH, I “ | _2roH [ I |
e — C \ /C C P C
HN/ ~N /| N HCI P \N/|\N/ N
Acy0/80,,15-20°C 2 i al i 2 HN H or H NH
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69,70
[:R =CHj,2: R =Et,3: R=i-Pr, 4R = Bu
Scheme 15
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It is concluded that the conditions of the process have a significant influence on the reaction. When using
acetic anhydride as a solvent, the yield of 67 and 68 acids was 30 and 56 %, respectively. Replacing the solvent
with liquid sulfur dioxide reduces the yield 67 significantly (30 %) (Scheme 15).

A similar method was used in [33] to obtain phosphorylated alkylureas, where the authors used a number
of solvents. However, the highest yield was achieved at a molar ratio of alkyl urea: phosphorus oxychloride
66 as 4:1 in liquid sulfur dioxide.

Compounds 67 and 68 obtained were used for further reactions with alcohols to produce the correspond-
ing esters. Reactions of ureidophosphoric acid dichloride 67 with monofunctional alcohols led to the prepara-
tion of dimethyl 70.1, diethyl 70.2, diisopropyl 70.3 and dibutyl esters of ureidophosphoric acid 70.4. It has
been shown that ureidophosphoric acid dichloride 68 produced the corresponding esters 69.1, 69.2 with meth-
anol and ethanol (Scheme 15).

It is also shown [5] that ureidophosphoric acid dichloride 67 reacts with liquid ammonia at —70 °C with
the release of white colored substance (Scheme 15). Dimethyl ester of ureidophosphoric acid 70.1, when'dis-
solved in liquid ammonia, gives the ammonium salt of methoxouridophosphoric acid 72 (Scheme 16).

o) (@]
o ” 2NH. H.CO. ﬁ ”
3
BCON O = | TS Sy NH (e
/ H 2 / H
H,CO 0
70.1 72
Scheme 16

Dimethyl ester of ureidophosphoric acid and phosphoroxytriureide are weak acids, prone to tautomerism,
neutralization of which causes an increase in the P-N bond order (Scheme 17) [5].

(0] (0]
|, . |
O—1|>—N NH, HO—P=—N NH,
70.1
Scheme 17

[34] reported that dichlorophosphorylurea 67 is almost quantitatively hydrolyzed to dichloroisocyanate
phosphate 4.2 and ammonium chloride 30.1 in boiling chloroform by passing HCI (Scheme 18). This reaction
takes place regardless of the nature of the substituents at the phosphorus atom (alkyl, aryl-amino) in the case
of both phosphates and thiophosphates.

Cl
Cl \ = O
o~ / )J\ HCl/ CHCI v
\ 3 ~
// NH,CI “ \N:C:O
67 30.1 42

Scheme 18

It is believed [34] that the rate of isocyanate formation is consistent with differences in the electron den-
sity on the phosphorus atom, and with increasing electron density, the reaction rate increases (Scheme 18).
Another way to synthesize N-phosphorylated urea is to use both the sodium salt of urea 73 and chlorine-
substituted urea 74 in reactions with phosphorylating agents.

N-Chlorourea 74 and tertiary alkylphosphites 75 (methyl 75.1, ethyl 75.2, isopropyl 75.3 and n-butyl 75.4
derivatives) give ureidophosphoric esters and the corresponding alkyl halide (Scheme 19). The reaction pro-
ceeds instantly at temperatures as low as —40 °C. Substances 77.1-77.4 are resistant to acid and alkaline hy-
drolysis [35].

The reaction products 77.1-77.4 were confirmed by counter syntheses of N-chlorourea 74 with sodium
salts of dialkyl phosphites 76.1-76.4, sodium salts of urea 73 with dialkyl chlorophosphates 75.1-75.4
(Scheme 19).
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In the method proposed, the reactions are carried out in an aprotic polar solvent, while the yields of the
substances 77.1-77.4 obtained are 42-50 % [35].

The use of triphenylphosphine as a phosphorylating component in the reaction with N-chlorourea 74,
which reacts in the same way as tertiary phosphites, leads to the formation of quasiphosphonium salt 78, hy-
drolysis of which in warm water leads to the formation of HCI, urea 65 and triphenylphosphine oxide 79 [35]
(Scheme 20).

0 0 Ph o o o
)k P(Ph) )J\ /+P< o HOut )J\ . \P _Ph
Cl—HN NH, H,N N Ph o HN N, o” \Ph
74 78 1 79
Scheme 20

Chlorodiphenylphosphine 81 is condensed with N-phenylurea 80 in the presence of an excess of triethyl-
amine and a catalytic amount of 4-(dimethylamino)pyridines to produce 1-(diphenylphosphinyl)-3-phenylurea
82 [36] (Scheme 21).

Also, phosphorylated ureas 86, 87 were obtained with low yields by the reaction of sodium salt of N-phe-
nylurea 83 and phosphorus diphenyloxochloride 84 or phosphorus diphenoxyoxochloride 85, respectively [36]
(Scheme 21).

81 o) Ph
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> h P 20%
Q Et;N N II:II/ ph
Ph /u\ NS‘ N(CH;), 82 2 Ph
N N 84 S
2
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80 = N N || ~Ph
o} 86 O
NaH Ph /U\
~
—_—
N NHNa 0 OPh
8 8 Ph P 20 %
CI(O)P(OPh ~ (3
(O)P(OPh), N N/||\0Ph
= H H
87
Scheme 21

1,3-Bis(diphenylphosphoryl)urea 89 was obtained [37] by treating 1,3-bis(diphenylphosphino)car-
bodiimide 88, previously synthesized by the reaction of diphenylchlorophosphine 81 and AgCN, with hydro-
gen peroxide. The water treatment of 1,3-bis(diphenylphosphono)carbodiimide 90, obtained by the reaction of
phosphorus diphenyloxochloride 84 with AgCN, leads to the same urea 89 (Scheme 22).
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The authors of [38, 39] synthesized phosphorylated N,N'-dialkylureas 89, 94, 95 using their N,N-trime-
thylsilylated derivatives 91.1, 91.2 as substrates. Thus, [38] reported N,N'-bis(chloro(methyl)phosphino)-N,N'-
dimethylurea 93.1 synthesis from N,N'-dimethyl-bis(trimethylsilyl)urea 91.1 and dichloromethylphosphane
92. Urea 93.1 is prone to hydrolysis with the cleavage of the chlorine atom with obtaining/N,N'-dimethyl-N,N'-
bis(methylhydrophosphoryl)urea 94 (Scheme 23).

n [39], it was shown that bisphosphorylated urea 93.2 is formed as a result of the reaction of diphe-
nylchlorophosphine 81 with 1,3-bis (trimethylsilyl) urea 91.2 at 70-80 °C. Its oxidation with hydrogen perox-
ide leads to the formation of urea 89, and the use of oxidizing agents (S, Se) leads to compounds of type 95
(Scheme 23).
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The authors of [40] synthesized a series of N-phosphorylureas 98.1-98.4 by the reaction of phosphoryla-
mides 97.1-97.4 with N-substituted trichloroacetamides 96.1-96.4 (Scheme 24).
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The method of obtaining ureidoxyalkyl-1,1-diphosphonic acids 100.1-100.3 is described in the patent
[41], which is based on the interactions formyl- 99.1, acetophenyl- 99.2, acylureas 99.3 with a mixture of
phosphorous acid and PCls (Scheme 25).
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Scheme 25

Studies [42] have shown that tetrafluoroborate-N-methyl-N,N'-di-tert-butylcarbodiimidium 101, in reac-
tion with methyridin-5-phosphate 102, is converted to phosphorylated urea 104 through the:O—N migration
of the phosphate link in the intermediate compound 103 (Scheme 26).
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Scheme 26

Urea's tendency to salification is interestingly used in the study of their reactions with phosphorus chlo-
rides. Thus, during the study of.the reaction of tetra-substituted ureas with various reagents, their transfor-
mations were studied, including under the action of phosphorus chlorides [43]. It was found that N,N,N',N'-
tetraalkylureas 105.1-105.3 form-adducts with POCI3 and PCls.

In the reaction of phosphorus pentachloride (PCls) with tetramethylurea 105.1, adduct 106 is mainly
formed, which turns into 107 only with increasing temperature with elimination of POCIs. After alkaline treat-
ment of 107, the reaction product is a black oil, which contains about 38 % guanidinium salt 108 (Scheme 27).
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3C—=N — — /
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CH; CH, CH, ;4
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bl 0
Scheme 27

It was shown that N,N,N',N'-tetraalkylureas 105.1-105.3 form adducts with POCl3, which are equilibrium
mixtures of imine salts 109 and 110 (Scheme 28).
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The equilibrium between urea 105.1 and POCIs in the adduct 109.1 is slow, while the equilibrium 109.1—
110.1 is established quickly. The reactivity of acidic amides and ureas with respect to POCIs.s in the following
order: N,N-dimethylformamide > N,N-dimethylacetamide > N,N,N',N'-tetramethylurea > N,N,N',N'-tetrabu-

tylurea [43].

The detection of adducts 109, 110 also indicates that 105.1 and HPF¢ leads to the formation of chlorofor-
mamidium hexafluorophosphate 111, which can be converted to fluoroformamidium hexafluorophosphate 112
under the action of potassium fluoride (Scheme 29).
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The interaction of POCI; with ureas 105.2, 105.3 in benzene (as shown earlier in scheme 28) gives equi-
librium salts 109.2, 109.3. When exposed to aniline 113.1-113.3 on these salts 109.2, 109.3 and with further
water-alkali treatment, you can get a mixture; consisting of urea 105.2, 105.3, guanidine 114.1-114.4 and
aniline 113.1-113.3. Anilines 113.1-113.3 of'the mixture can be washed out, but ureas 105.2, 105.3 and guan-
idines 114.1-114.4 are difficult to separate. However, pure guanidinium iodides 115.1-115.4 can be quantita-
tively isolated if methyl iodide is acted on (Scheme 30).
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Scheme 30

The authors, in their preliminary experiments, concluded that the yield of the guanidine salt 108 depends
on the reaction conditions, in particular, on the molar ratio of the adducts. The guanidinium salt 108 can be
obtained with a large yield by adding an excess of urea 105.1 to the iminium salts 109, 110. This may indicate
the presence of other two-cationic equilibrium salts 116 in the system (Scheme 31).

The proposed ways of converting tetrasubstituted ureas with phosphorus chlorides open wide possibilities
for the functionalization of the synthesized salts into new nitrogen-containing acyclic and heterocyclic com-
pounds.
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Summing up this section of the review, we note that the main method for producing acyclic N-phosphor-
ylated ureas is based on reactions that correspond to N-phosphoisocyanates with amines of various structures.
Alternative methods for the synthesis of acyclic phosphazamide are represented by individual reactions, and

these data are not systemic.

2 Synthesis methods of phosphorylated monocyclic ureas

2.1 Preparation and properties of five-membered phosphorylated carbamide-containing cycles
By condensation of 0-amino or o-hydroxy-substituted diphenylureas 117 with tris (dialkylamino) phos-

phine,
(Scheme 32) [44].
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the corresponding substituted 1,3,2 oxaza- and (diazabenzophospholenes 118 were obtained

A method was patented for producing 1,4,2-substituted diazaphospholidine-3,5-dione of 121.1-121.4 by
the reaction of the corresponding isocyanates 120 with 1-methyl-2,5-dihydro-1H-phospholates 119 [45]. In
particular, the work provides examples of the preparation of methyl- 121.1, butyl- 121.2, isopropyl- 121.3,
phenyl- 121.4 derivatives of diazaphospholidine-3,5-dione, and also their modification with the production of

sulfides 122 and salts 123.(Scheme 33).
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It was shown that 2-imidazolidinone 124 in a strongly alkaline medium in reactions with phosphorus
oxochloride esters 125.1-125.4 undergoes conversion to N-phosphorus substituted 2-imidazolidinones
126.1-126.4 with yields of 70—-78 % [46]. The authors also developed an alternative pathway to compounds
126.1-126.4 with higher yields (80-87 %) via intermediate product 127 of N,N-trimethylsilylation of 2-imid-
azolidinone (Scheme 34).
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Scheme 34

It was established that the direction of the 3-component reaction of imidazolidinone 124 with aldehydes
and trialkyl(aryl phosphites depends on the molar amount of the aldehyde. Thus, when using one equivalent
of aldehyde and trialkyl(aryl)phosphite, 128.1-128.4 are formed, and two equivalents of aldehyde and trial-
kyl(aryl)phosphite in the reaction with 124 two nitrogen atoms are replaced to form 130.1-130.4. The resulting
phosphoesters 128.1-128.4, 130.1-130.4 readily /ydrolyze to the corresponding acids 129.1, 131.1
(Scheme 35) [47].
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Relatively new method for the phosphorylation of organic compounds — metal complex catalysis — has
been developed. As shown by the authors [48], the introduction of copper (II) acetate and the corresponding
base can contribute to the occurrence of oxidative crosslinking of H-phosphonates 132 and cycloamides 133.1,
133.2 in the presence of air as the final oxidant (Scheme 36).
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The range of change in the amount of substrate was broad with respect to dialkyl-H-phosphonates, giving
the corresponding binding products P-N 134.1, 134.2 with moderate and high yields. Among the copper cat-
alysts studied by the authors, Cu(OAc), showed the highest activity and selectivity.

[49] studied the effect of phosphorus pentachloride on N-acetyl-N,N'-ethylene urea 133.2, which leads to
the formation of 2-(2-oxo0-1-imidazolidinyl)-2-chloro-ethenyltrichlorophosphonium hexachlorophosphate 135

(Scheme 37).
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Compound 135, when treated with sulfur dioxide, is converted to 2-(2-oxo-1-imidazolidinyl)-2-chloro-
ethenylphosphonic acid dichloride 136, upon-hydrolysis of which 2-oxo-2- (2-oxo-1-imidazolidinyl) ethyl
phosphonic acid 137 is formed (Scheme 37).

Multicomponent reactions:proved to be very effective in assembling diversified molecules and searching
for new ways to obtain heterocycles and organophosphorus compounds. It was reported about the reaction of
compounds with the presence of three-coordinated phosphorus (PhO);P and/or PhsP with dimethylacetylenedi-
carboxylate 138 in the presence of N,N'-dimethylurea 139 to obtain -amidophosphonates 141, phosphonates
142, and stable phosphorus ylides 140 (Scheme 38) [50].
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This reaction (Scheme 38) was carried out in the presence of triphenylphosphine in dry dichloroethane
CH,(l; as a solvent at room temperature. As a result of the reaction, hydantoin 141 and oxazolidine 142 were
obtained, containing stable phosphorus ylides with good yields. Usually, the solubility of phosphorus ylides in
ethyl acetate is less than in methylene chloride, therefore, the authors suggest using ethyl acetate to limit the
reaction and isolate the intermediate acyclic products 140. The stepwise mechanism shown in scheme 39 is
provided by a nucleophilic attack of the olefinic carbon atom of intermediate phosphoalkene by the urea anion
with the formation of ureidoylide 140, the fate of which, depending on the chemistry of the process, ends with
the formation of phosphorane cycles of hydantoin 141 or oxazalidinone type 142 [50].

CO,CH; 0
CH;N Jk ACH;
C ’ 0 m RZHNT N
1 O
(R)sP + || + )J\_ * C==CHCO,CH; - 5 CO,CH;3
CH,N” NCH R20,C
= Ph, OPh | CHN 439 3 3 Vet \ 2
H3C02C P(Rl)
CO,CH;4 140 \
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o
0
CH % CH
Ve 3
”3CN . N" ¢ OCH;
/ H;C— —
o H3CO CO,CH,3 ‘MeOH
Jj\ - T CO,CH;
1
H;CHN N PRY, PR');
COCH; T
H,CO,C o HON
N
PR!
4o s HCN/' N 3 N/CHV‘-
E OCH
H H 3
\ H;CO CO,CH, — 42
>~ 4 CO,CH; | -MeOH
= Ph, OPh 0 | PR, +
®7 CUON ]
Scheme 39

Hydantoins 143.1-143 .4, previously synthesized by the Bucherer reaction [51] in the condensation reaction
with formaldehyde, give regioisomers 144 and 145 in a ratio of 66 % : 33 %, respectively (Scheme 40) [10].

0
0 66% (CH,) N //
(0] HN — HO/ SoH
HN
KON+ (NH,),CO; O N 1. HCOH + CH;COOH 144.1-144.4©
_ T > . B
C,HsOH + NH,OH 2. PCl, o
()i 3. H,0
2 33% AN //
143 (CHy)n (CHy) N / SoH
;ﬁ :(1)' 1:96,0%. 143.1-143.4 144.1+145.1 : 45,0%. N HO
oy 2:882% 1442+145.2 - 48.0% o
a2 3:76,2% 144.3+145.3 1 42.0%
. 4:91.0% 144.4+145.4:458%.  o—p—0
OH 145.1-145.4
Scheme 40

2.2 Preparation and properties of tetracyclic phosphorylated urea derivatives
It has been established that the direction of urea phosphorylation reactions by ethers of chlorine deriva-
tives of phosphoric acids depends on the coordination number of phosphorus: in the case of using a three-
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coordinated phosphorus atom, phosphorylation takes place [52]. For example, when using monoalkoxyphos-
phoric acid dichlorides 147.1-147.4, successful phosphazacyclization was achieved through the intermediate
phosphorylation of diphenylurea 146, where the products are 1,3-diaza-2-phosphetidin-4-ones 148.1-148.4
(Scheme 41) [53].

0
147.1-147.4 !
ROPCI, 7N\ 1482 (70%)
Ph—N_  N—Ph :
/Ph > N,/ 148.1, 148.3, 148.4 (50-55%)
HN | 148.1-1484
30-35°C OR
N 92,1093 I / !
oiy . 3
N 146 Ropo )J\ (RO)PZ—N—"Ph
\ L »  (ROHPN NH —* |
Ph | | O—C=—=N—=pPh
Ph Ph 150
147-149 /NPh l
R=Me (1), Et 2), i-Pr (3), n-Bu (4 ,
e (1), Et(2), i-Pr (3), n-Bu (4) ORP CH/ ~«—— (OR)POH + PhN=C=NPh
NHPh
151
Scheme 41

Unlike dichlorides 147.1-147.4, dialkoxyphosphoric acid menochlorides 148.1-148.2 react with diphe-
nylurea 146 in the presence of the HCI acceptor with the initial formation of phosphorylated urea 150, which
is unstable and prone to rearrangement (accelerated upon heating) into phosphorylated amidine 151
(Scheme 41). However, when using derivatives of a tetracoordinated phosphorus atom, the reaction can pro-
ceed in a different direction through the process of dehydrating diphenylurea 146 [52, 53].

Reactions of phosphorus pentachloride with 1,3-disubstituted ureas 152.1-152.2 containing primary alkyl
substituents occur predominantly through thenitrogen atoms to form a four-membered cyclic structure 153.1
(Scheme 42) [54]. While ureas containing secondary alkyl groups form only minor amounts of compound
153.1, the predominant product is chloroformamidinium chloride 154 (Scheme 42) [54, 55].

i
) C
______ 77N\
con, [zHN—l—NHR%Cl + R‘-N\P/N—RZ 45-87%
R! cl 154 a7l
/ ﬁ 1 153.1, 1532
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7 /C\
>:o PCls|CHg, 20°C, 16 hHR' N N—=CCh  45-87%
> C]/lI’\C] CHCl,

AN
\R2 I ys3s
152.1-152.4 Q
77N\
> RN N—-R* 5 RIN=PCl;+R>NCO
c1/1|)\c1 -2HCI

152,153 Cl 1534

1: R = R?= AIK(C,-Cy)

2:R!,R? = Alk, Ar

3: R'=CH; R?= COCH,CI

4:R' = ArSO,, R? = Alk

Scheme 42

Similarly, N,N'-Dialkyl(alkylaryl)urea 152.2 with phosphorus pentachloride in equimolar amounts give
derivatives of trichloro-1,3,2-diazaphosphetidin-4-one 153.2 [56], although it was reported that when using an
excess of PCls, the carbonyl group was chlorinated [56].
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When N-methyl-N'-chloroacetylurea 152.3 interacts with phosphorus pentachloride, a substituted 1,2,3-
diazaosphetidin-4-one 153.3 is formed [57, 58] (Scheme 42).

The effect of the structure of substituents on the nitrogen atom in urea was manifested when an attempt
was made to phosphorylate 1-arylsulfonyl-3-alkyl urea 152.4. It was shown that the cyclic compound 153.4
obtained turned out to be extremely unstable (Scheme 42) [54].

[55] reported that if methyl isocyanate 155 acts on the obtained phosphocycle 153.1, then the cycle is
expanded to a 6-membered one, and the final product is isolated as a salt 156 (Scheme 43).

cr

0 CH, al cl

[ 155 a 9 ,N/ P< Q2
NV \ -

cQ
7 CH;-N=C=0 1
R'—N N R? 3" > |R P!
>pL \N< ?\N\ )\ /J\
|l c
Cl

153.1 0 1s¢  CHs

153. 1: R =R?= AIK(C,-C,)
Scheme 43

Based on previously developed convenient methods for producing diaza-2-phosphetidin-4-ones of type
153 (Scheme 42), namely, with methyl substituents (R = R '= Me) [57], aryl substituents (R, R' = Ar) [58],
[59] diaza-2-phosphetidin-4-ones 157.1-157.3 were synthesized in a similar. way (scheme 44) [60, 61]. The
dynamic behavior of the phosphorus atom was studied by low-temperature NMR spectroscopy.

| | |
X X
N N N
(0] C/ \P/—Y OIC/ \P// O=C/ \P—Y
\./ N/ Ny N/ R, R =Alk, Ar
NTY N N X=0,8
| | | Y =NR", OR", SR"
157.1 g 1572 R 157.3 R Z=Cl
Scheme 44

By transformation with the corresponding nucleophilic reagents of phosphazacycles 153, diazaphosphet-
idinones of type 157 (R, R' = C) with substituents (Y = N) C, [62], NEt, [63, 64], OC [65], and CCl; were
obtained [66].

On the basis of the already studied methods for obtaining diaza-2-phosphetidin-4-ones 157.1-157.3
(Scheme 44), [67] suggested ways of converting 158 to the corresponding 2-thioderivatives 159, 160 (Scheme
45), 162 (Scheme 46). The authorsreport that the thio-derivatives of diazaphosphetidinone 159 can be obtained
by direct oxidation of compound 158 (Scheme 45). A suitable method for the preparation of compounds 160.1—
160.5 is the reaction with. trimethylsilyl derivatives (AY), since the direct use of secondary amines leads to
ring opening. The amino groups NR» (R = Me, Et, (CH)s, OCH; and SCH3) of trimethylsilyl derivatives (AY)
in the reaction with. 159 replace the chlorine atom, which leads to the formation of thiophosphoric acid amides
160.1-160.5 (Scheme 45).

(I:H3 TH3 CH;,
/ N / (CH3Si),S N S AY N S
0= \ / \ N - CISi(CH;) O:C< >P< - OZC/ \P<
3 N -ACl N Y
158 CH, 159 CH, 160.1-160.5 (|;H3
A=H, Si(CH;);

Y = N(CH3), (1), N(Et), (2), N(CH,), (3), OCH; (4), SCH; (5)

Scheme 45
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However, for the synthesis of compounds 162.1, 162.2 with cyclic amine residues (NPh; and N(cycl),)
by reacting N,N'-dimethylureal39 with the corresponding dichlorophosphorusigamide, compounds 161.1,
161.2 were obtained first, and then the phosphorus atom was oxidized with sulfur (Scheme 46).

CH; CH; CH,
/NH N\ S N
CIL,PNR s
0o——C #» 0:C< /P—NR2 —8> OZC/ \P<
Et;N
TH 3 T \N/ NR,
CHj CHj (l:H3
139 161.1, 161.2 162.1,162.2
161, 162
1: R=Ph
2: R=Cyc
Scheme 46

In addition, the reaction properties of 158 with respect to iso- and isothiocyanates MeNCO, PhNCO, and
MeNCS were studied in [55, 68, 69]. Under the action of alkyl- or aryl-fluorophosphanes on symmetric trime-
thylsilyl urea derivatives 91.1, cyclization occurs with the splitting of the Si—N bond and fluorophosphadiaze-
tinones 163 are formed (Scheme 47) [70].

H;C CH;
N——Si(CH;), N F
0 + RPF, —— _O >P<—-R +  (CH3),SiF
N——Si(CH,), T F
HC 911 R = Alk, Ar CHj, 163
Scheme 47

1-Methylsilyl-3-alkyl(aryl)sulfonyl urea 165.1-165.6, obtained from trimethylsilyl derivatives of car-
bamide 164.1-164.6 in reaction with aryl dichlorophosphines, cyclized smoothly to chlorophosphetidinone
166.1-166.12, which can be converted into trifluoromethyloloxy derivatives 167.1, P-aryl substituted or are
subject to bicyclization to compound 169:1 [71] (Scheme 48):
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Scheme 48

Thus, in this work, it is shown that the resulting phosphazacycles 167—169 are the products of nucleophilic
substitution reactions of the chlorine atom in chlorophosphetidinone 166 (Scheme 48).

2.3 Preparation and properties of six-membered cycles of phosphorus derivatives of ureas
When urea 1 itself is condensed with phosphonoacetic acid esters 170.1—170.2 in the presence of sodium
alcoholate, cyclic phosphoric analogues of barbituric acid 171.1-171.2 are formed (Scheme 49) [72, 73].

0
0
A PR
(R'O)R H,N o NH
\CR3 R*ONa \
+ O —»
/ /l\ -t =—o0r!
"R H,N 1 0 CR? “
\ 2 0
OR?
170.1-170.2 01 171.1-171.2

I:R’*=H, R', R% R*=Alk
2: R?=C3Hs - cyel, R, R2, R*= Alk

Scheme 49

An increase in the length of the alkyl radical in phosphonic acid with an excess of sodium alkoxide can
lead to spiro derivatives of barbituric acid, as it was demonstrated [73] by the example of the preparation of
spirocyclopropane diazaphosphorinone 171.2 (Scheme 49).

It is curious that diazaphosphorinones 172.1-172.2 under the action of the H202: urea 1 complex with
good yields are oxidized to phosphodiazacycles 173.1-173.2 (Scheme 50) [74], which is convenient for the
conversion of aminophosphites172 into the corresponding phosphates 173.
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In a series of papers [8, 75-78], the processes of formation of various phosphase heterocycles based on
the interaction of N-substituted acylureas 174.1-174.4 with an excess of PCls were studied (Scheme 51).
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Scheme 51

It has been proved [75—77] that the cyclization of N-acetylurea 174.1 under the action of a fivefold excess
of PCls occurs with the participation of the acetyl group and the amino group to form trichlorophosphate het-
erocycle 175 (Scheme 51).

Chloroacetylurea 174.2 when heated with phosphorus pentachloride forms diazophosphorin 176, which
differs from compound 175 in that in this case one more proton is replaced by a chlorine atom [78]
(Scheme 51).

When N,N'-dimethylacetylureas 174.3—174.4 interact with phosphorus chloride in a 1:5 ratio, diazaphos-
phorionic salts 177, 179 are formed, which are in situ transformed into diazaphosphorins 178 and 180, respec-
tively [8] when treated with SO, (Scheme 51).

A method for the synthesis of 1,3,5-triaza-2-phosphorinanediones 182, 183.1-183.2 was developed [79].
containing the carbamide moiety in the cycle, by reacting PCly/ClLPOCH3 and 1,3,5-trimethylburet 181
(Scheme 52), the methoxy derivative 184 is obtained from the chlorine derivative 1,3,5-triaza-2-phos-
phorinanedione 182 [80].
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In the same work [79], the authors studied some of the chemical properties of 183.1-183.2, where, in
diagram 53, the following processes were demonstrated for 183.1-183.2: oxidative ammonolysis (compound
185.1, sulphidation (compound 186.2), oxycyclization (compounds 187.2 and 188.2).
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Scheme 53

In subsequent reports [80—82] the authors involved the synthesized 1,3,5-triaza-2-phosphorinanediones
182-184 in a wide range of chemical transformations 180, 186—201 (Schemes 54-57).

Scheme 54 reflects the reactions of 1,3,5-triaza-2-phosphorinanediones 182—184 [80]: oxidation (com-
pounds 186.1-186.6), hydrolysis (compound 189), oxidative chlorination (compound 181), which proceeds
through an intermediate salt formation 192 [55] (Scheme 55), silylation (compound 190) and esterification
(Compound 191) (Scheme 54).
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When exposed to SO, gas on a 6-membered cycle 192, the latter is able to take a more stable form 180,
capable in further interactions to easily exchange the chlorine atom for the OH and OCHjs-group under the
action of water or methanol to produceproducts 193, 194 (Scheme 55) [55].

CH,4 192
S0,
-S0Cl,

A\ o A\ A\

CH
i~ \ A o o O~ \ - HiC \ -

CH
CH3 193 180 CH3 o4

CH,

Scheme 55

Scheme 56 shows the process of exchanging the chlorine atom of the cyclic compound 182 for an amino
group with the production of the diamine derivative 1,3,5-triaza-2-phosphorinane-dione 195 [82].
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Scheme 57 shows various variants of modification of compound 195, carried out in [82] and leading to
the formation of the corresponding salts 196, 197, sulfide 198, and complex compounds 199-201.
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The demonstrated path of transformation of the phosphazacycle 195 using simple and accessible reagents
serves as an illustrative example of the possibility of synthesizing a variety of phosphazaheterocycles that have
a wide potential for their practical application.

Thus; an analysis of the available literature data on the methods of synthesis and properties of phosphor-
ylated monocyclic carbamide-containing compounds suggests that the five-membered cycles in the vast ma-
jority are represented by imidazolidine structures 124, 126, 128-131, 134-137, 141, 144, 145, containing
phosphorylated groups in the side chain, with the exception of individual imidazolidines containing a phos-
phorus atom in the cycle (diazabenzophospheneum 118 and diazaphospholidinedione 212.1.1-121.4).

The formation of tetracyclic phosphorylated ureas by corresponding reactions leads only to diazaphos-
phetidinones with the three-coordinated phosphorus atom 148, 161, and with the five-coordinated phosphorus
atom in the cycle as well 153, 158-160, 162, 163, 166—168.

The formation of six-membered phosphorylated urea-containing azacycles is mainly come down to di-
azophosphorins 175, 176, 178, 180 and triazaphosphorinanionones 182-201, although there are some cases of
synthesis of phosphoric analogues of barbituric acid 171.1-171.2.

A curious observation is the ability of transformation of four-membered diazaphosphetidinones into six-
membered triazaphosphorinanionones (Scheme 43).
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3 Synthesis methods of phosphorylated bicyclic bisureas

3.1 Bicyclic bisureas with diphosphate[3,3,0]-3,7-dione structure

An analysis of the literature data showed that 1,3-bis(trimethylsilyl)urea and its derivatives (91, 164) were
often used to construct heterocyclic compounds. The attractiveness of the latter is determined by the fact that
they turned out to be very convenient synthons for building a number of phosphorus-containing bicyclic bro-
mides 202-209, 212, 213 (Schemes 58—60).

Thus, bis(trimethylsilyl)urea 164.4 was used by the authors [83] in reactions with PCl3;, where the product
was cyclo[3,3,1]nonane-3,7-dione 202 (41 %). At the same time, carbodiimide 3-CF3C¢Hs—N=C=N—CHj3; was
released as a by-product in the reactions (Scheme 58).

In other studies, the authors of [84], by varying the conditions of the process of phosphorylation reaction
164.4 with PCls, found that in a similar reaction 164.4 with PCl; individual substance 202 was not formed, but
a series of bicyclic diuretic [3,3,0]-3,7-dione structures 202—-206 with nodal P—P bond (Scheme 58).

0 0 Q
R! /”\ CH H3C JI\ R! R )]\ i
SN \If Tf'/ \]|\I Iﬁ/ 3
| | —
N Nl o CNTT
N_ N
N—Si(CH,) . H3C/N\“/N\R1 H3C/N\H/N\R' H3C/ \"/ SRl
o e S o 202 0 203 o 204
- (CHy)5SiCl : ) Q
/N—Rl - CH;-N=C=N -R! "\ R RO A
N—P— —P—
. P—N N—P—N
164.4 0 < | > © | © < | 0
N=P—N N—P—N
e / \
C6H4 CF3 3 H3C (! CH3 H3C CH3
205 206
Scheme 58

In extension of their research, the authors [84] studied the reaction of 1,3-dimethyl-1,3-(trimethylsi-
lylyurea 91.1 with PCls, where it was also noted that in addition to the target product 207, compounds 208, 209
are obtained as well (Scheme 59).
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It was found [85] that the reaction of methylsilyl urea 91.1 with methylenediphosphodichloride 210.1 in
an inert atmosphere is completed by bicyclization to diphosphate[3.3.1]nonan-3,7-dione 213.1 and 213.2, re-
spectively, while the reaction of urea 91.2 with dichloromethylene di-phosphodichloride 210.2 proceeds with
the formation of dichloro-derivative diphosphate[3.3.1]nonan-3,7-dione 213.3 (Scheme 60).

It'is postulated that these reactions proceed through intermediate monocycles 211.1 and intermediates
212.1, which regroup to thermodynamically more stable products 213.1 [86] (Scheme 60).

Dichloro derivative diphosphate[3.3.1]nonan-3,7-dione 213.3 reacts nucleophilic substitution with triiso-
propylphosphine, which, as expected, led to C-phosphine substituted ylide 214, (Scheme 61). Bicyclic ylide
214 was detected by deciphering 3'P NMR spectra, but was not isolated due to low stability [86].

The properties of bicyclic bisureas 205, 207, and 209 were studied in [84, 86—88].
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Compounds 205, 207, and 209, when interacting with elemental sulfur, tend to form a P=S bond in bicy-
cles 215.1-215.2, 220 (Scheme 62, 63) [87]. It was also found that compound 209, in turn, readily reacts with

hexachlorobenzene to form a modified cycle 216, which is a colorless solid, melts at 204-206 °C, is sensitive
to hydrolysis and is easily soluble in CH,Cl; and toluene (Scheme 62) [88].
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In the course of further study of the properties of phosphazabicycle 209, complexes 217-219 with
Fe,(CO)9 and Cr(CO)s were isolated and studied. Complexes 217, 218 are obtained in a molar ratio of 1:1.
Complex 219 is obtained in the reaction with a ratio of 2:1 phosphorus derivative 209 (o) Cr(CO)s+C7Hs, re-
spectively.

During the oxidation of a phosphazabicycle 207 by potassium permanganate, the phosphorus in the P—P
node of the bicycle is oxidized to the pentavalent state with the formation of a P-O—P bridge in compound 221
(Scheme 63) [87]. Further study of the properties of the phosphazabicycle 207 showed that the treatment of
the latter with 207 molecular chlorine or SO,Cl, leads to the formation of a mixture of phosphetidinone 158
and a spirocycle 222 with a P—Cl bond (Scheme 63) [84].
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To identify specific interactions of the phosphazabicycle 207, the ability of complex 207 to complexation
with Cr(CO)s was shown in [84]. Thus, in the works [84, 86—88], bicyclic di-phosphate[3,3,0]-3,7-dione struc-
ture 202-209, 212-222 synthesized on the basis of bis(trimethylsilyl)urea 91, 164 were obtained and studied.

3.2 Bicyclic bisureas with difosfaspiro[3,4]octane-2,7-dione structure

[89] reported that the participation of 2 molecules of 1,3-bis(trimethylsilyl)urea 91.1, 91.2, 164.1, 164.7
in reactions with two molecules of dichloro(aryl)phosphanes 223.1-223.2 leads to bicyclization to tetraazadi-
fosfaspiro[3, 4]octane-2,7-dyons 224.1-224.3 with a fairly good yield (87 %) (Scheme 64).
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Further, when studying individual chemical properties of 224.1-224.3, it was established [83] that when
exposed to molecular chlorine or PCls, [3,4]-octane cycles 224.1-224.3 are converted into [3,3]-heptane cycles
225.1-225.3 (Scheme 64).
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In the process of studying the properties of spirobicyclic compounds, compound 224.2 was pyrolyzed,
which contributed to the narrowing of its cycle to diazaphospholidin-5-one-2-oxide 227, through the formation
of an intermediate monocycle 226. In this case, the corresponding carbodiimide is eliminated (Scheme 65) [87].
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Scheme 65

1-Methylsilyl-3-alkyl(aryl)sulfonyl urea 165.1, previously prepared from trimethylsilylcarbamide deriv-
ative 91.1 in reaction with aryl dichlorophosphines, is cyclized to form a bicycle 169.1 through the formation
of chlorophosphetidinone 166.1 (Scheme 66) [72].
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Phosphaspiro[3.3 Jheptane-2,6-dione 228 with P-F bond was synthesized and studied with a yield of 59 %
in [90] by the reaction of 91.1 with 2,2,2-trifluerodiazaphosphetidinone 163 (Scheme 67).
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Chlorophosphaspiro[3.3]heptane-2,6-dione 222 with a P-CI bond is obtained by the interaction of symmet-
ric dimethyl urea 139 with PCls through intermediate 2,2,2-trichlorodiazaphosphetidinone 158 (Scheme 68) [90].
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In chlorophosphaspiro[3.3]heptane-2,6-dione 222, the chlorine atom without any difficulties is subject to
functionalization by various reagents with preservation of the bicyclic structure 229.1-229.12, [90, 91]
(Schemes 68, 69). Similar substitution reactions were considered in [92, 93].
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The condensation processes of 4-chloro-1,3,5,7-tetramethyl-1,3,5,7-tetraaza-4-phosphaspiro[ 3.3 Jhep-
tane-2,6-dione 222 with trimethyl-(trimethylsilyl)ethane-1,2-diamine 230 and bis-2-chloroethylamine 232,
during which bicyclic bisureas with P-N‘bond 231-and 233 were obtained, respectively [92, 93].

The ability to complexation 222 was considered in [94], where it was found that the chlorine atom in an
inert medium is replaced by pentacarbonylmanganese 234 (Scheme 70).
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3.3 Phosphorylated tetraazabicyclo[3.3.0.Joctane-3, 7-diones

The analysis of the available literature data has shown that the range of information on phosphorylation
reactions of 2,4,6,8-tetraazabicyclo[3.3.0.]octane-3,7-dione (glycoluril) 235 has been expanding. Glycoluril
235 is product of bicyclization of urea and is its derivative, but, unlike urea, glycoluril 235 is multifunctional.
Glycoluril 235 has four donor groups (-NH) and two acceptor (C=0) groups. According to chemical proper-
ties, glycoluril is a typical N-nucleophile and is easily able to enter phosphorylation reactions.
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The authors [95] investigated the reaction of transamidation using glycoluril 235 and tetraethyl diamido-
tert-butyl phosphite 236, which led to the formation of glycoluryl substituted diethylamido-tert-butylphosphite
237 (Scheme 71). The reaction was carried out by heating the mass of glycoluril 235 and tetraethyldiamido-
tert-butylphosphite 236 in a 1:2 ratio in ethyl acetate. This ratio allows two t-butylphosphite 236 molecules to
be coordinated to two amino groups (positions 2, 6). At the same time, the valence of the phosphorus atom is
preserved, which causes considerable interest in this product for further research.
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In a series of Chinese patents [96—98] flame retardant substances N-phosphorylated derivatives of glyco-
luril 240 and methods for their preparation based on N-alkyl derivatives of glycoluril 238 (Scheme 71) were
developed. These compounds are excellent nitrogen-phosphorus synergistic flame retardants.

The high nucleophilicity of the phosphorus atom is ensured by the presence of a lone electron pair on the
phosphorus atom, as well as by the donor effect of alkyl groups, which facilitate the second stage of the Ar-
buzov’s reaction — dealkylation.

The‘authors.[99] obtained 2,6-di(1-diethylphosphonoacetyl)2,4,6,8-tetraazobicyclo[3.3.0]octane-3,7-di-
one 243 by phosphorylation of 2,6-di(1-bromoacetyl)-2,4,6,8-tetraazobicyclo[3.3.0]octane-3,7-dione 241 with
an equimolar amount of triethyl phosphite 242. Phosphonic acids have significant biological activity compared
to their esters, which causes some interest in such structures.

The authors [100] used glycoluryl tetrakis(methylene phosphoric acid) 244 as an effective catalyst for the
synthesis of pyrazole-5,10-dione derivatives. The main advantages of using this catalyst are high yields, quick
reaction and the possibility of multiple use of the catalyst. Substance 244 is synthesized by single-stage
N-transalkylation of glycoluril 235 with p-formaldehyde and phosphorous acid in boiling ethyl alcohol under
reflux (Scheme 72).
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Authors [99] carried out acid hydrolysis of diphosphonate 243 with tribromosilane in acetonitrile, leading
to the corresponding diphosphonic acid 245 (Scheme 73).
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Diphosphone complex of teraacetylglycoluril — 2;6-di-(4,8-diacetyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-
3,7-dione)2,6-di-(6,8-dione)-2,6-di-(chloro-ethenyltri-chlorophosphonium) 247 was obtained in [101]. It 247
is a white crystalline, unstable in air compound ebtained by the phosphorylation of 2,4,6,8-tetraacetyl-2,4,6,8-
tetraazabicyclo[3,3,0]octane-3,7-dione 246 with phosphorus pentachloride (Scheme 74).
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The reaction takes place when heated under argon in trichloromethane in the ratio of 1 mol 2,4,6,8-
tetraacetyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione 246 to 6 mol phosphorus pentachloride.

The reaction proceeds through the stage of addition of phosphorus pentachloride at the oxygen atom of
the acetyl group to form complex 247, which is further decomposed by benzaldehyde to produce 248
(Scheme 74).

The phosphorylation reaction of tetra-N-methylolglycoluryltetracthyldiamido-tert-butylphosphite 236
[95] was carried out in ethyl acetate with simultaneous distillation of diethylamine. As a result, the oily product
2,6-di- (N-diethylamidomethylolphosphato)-2,4,6,8-tetraazobicyclo[3.3.0.]octane-3,7-dione 25 was isolated
through the formation of intermediate product 252 (Scheme 75).
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When studying the reactivity of tetra-N-methylol glycoluril 249 in phosphorylation reactions, its interac-
tion with phosphorus trichloride was carried out [95] (Scheme 75). Phosphorylation was carried out under
fairly mild conditions in hexane when heated. The'isolated yellow crystalline substance of 2,6-di-(N-methyl
chlorophosphato)-4,8-chloromethyl-2,4,6,8-tetraazobicyelo[3.3.0.]octane-3,7-dione 253 was the product of
oxidation of phosphoric fragments in compound 252 to the pentavalent state (Scheme 75).

It is known [ 102] that among the compounds of trivalent phosphorus, phosphorous ester amides are fairly
easily exchanging the amide group under the action of alcohols, amines and phenols. This method is very
convenient for obtaining amidophosphites that are difficult to access in the direct synthesis.

Reaction 249 in absolute benzene with two equivalents of dimethoxychlorophosphate 254 and pyridine
as an acceptor of hydrogen chloride leads to the formation of a mixture of products 255 and 256 (Scheme 75).
The reaction proceeds with a strong heat release, requiring significant cooling. The structures of the synthe-
sized compounds 255 and-256 were proved using the data of IR, NMR spectra [95].

Summarizing the available literature data on the methods of synthesis and properties of phosphorylated
bicyclic bisureas, it should be noted that the latter are represented by diphosphadionic 202-209, 212-221,
diphosphaspiroectandionic 169, 222, 224, 225, 227-229, 231, 233,234 and phosphorylated tetraazabicyclooc-
tandione structures 237, 240, 243245, 247, 248, 250-253, 255, 256. Structural differences of the above phos-
phorylated compounds lie in the fact that diphosphadiones 202-209, 212-221 have a nodular bridge link that
canrcontain three and/or pentavalent phosphorus.

Diphospaspiroooctanediones 169, 222, 224, 225, 227-229, 231, 233, 234 contain a central (nodal) pen-
tavalent phosphorus atom that conjugates two cycles. Phosphorylated tetraazabicyclooctandiones 237, 240,
243-245, 247, 248, 250-253, 255, 256 are principally distinguished by the fact that they do not contain an
endocyclic phosphorus atom. A special case is represented by bicyclic bisureas of the glycoluril series, which
have phosphorylated substituents only in side chains, which makes them attractive for further transformations.

This work systemizes knowledge of reactions of ureas and their derivatives with phosphorus containing
reagents by compiling overview information. Since there is currently no information available in literature
summarizing the methods of synthesis and studies of phosphorus derivatives of carbamide containing com-
pounds, this work can serve as a tool for a better understanding of the tendency of the development of synthetic
works in the field of obtaining of in the field of phosphaze compounds.
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dDocdopiaHFaH KapOaMHIKYPaM/Ibl AaUMKJIII
JKOHE reTepPOUUKJIIIl KOCHLIBICTAPAbI CHHTE3/1ey dicTepi

Makasnazna ajFan peT MOUEBHHA JKOHE OHBIH T€TEPOLMKIL TYBIHABLUIAPBIHEIH (ochHOPKYpamMIbl peareHTTep-
MEH PeaKIMsACHIH 3ePTTEYAiH Ka3ipri KyiiH Kyleneyre TalmbIHbIC xKacanabl. KojamaHbuiaTeiH cyOcTparTap MeH
peareHTTepIiH alTapibIKTail albIpMalIbUIbIFbIHA OallIaHBICTBI, II0TyAa GOoChUPICHIeH a30TKypaMIbl KOChI-
JIBICTAp/IBI AJly 9IiCTEepl OHBIH KYPBUIBIMBIHA COliKec TY3UIyiHe Kapail yI OarbIT OOMBIHINA XKIKTEJIAl: aluKIIAi,
MOHOIIMKJIII YKOHE OUIMKII MOYSBHHAIAPBIH CHHTE31. MbIcaisl, sxxymbicTa N-pochonsonuanartapapy Ky-
PBUIBIMBI SPTYPIIi anudarThl ’KIHE apOMaTThH AMHHAEPMEH PeaKIsIchl HoTmxkeciHae N-docdopreHren mode-
BHUHAHBI CHHTE3/IEH aTyAbIH oJliCTepl KapacTHIPBUIFAaH, OCH KOCBUIBICTAPABI ATy IbIH OamaMa CHpeK KOJIIaHbI-
JaThH omicTepi kenripiareH. docdupieHreH MOHOIMKIAI KapOaMHUIKYpaMIbl KOCBUIBICTAPBIH CHHTE3CH
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aTyIbIH OCNrili oMiCTepiH TalAay HOTIKeCiHAe OecMmymieni (Gocdazaiukiaep IMUAA30IUANHII KYPBUTHIMBI
TYPIiHJE KENTIpUIreH, aa TeTPAUKIAl dochazanukiaep auazadocheTHIHHOHIAP KYPBUIBIMIbI, aIThIMYIIEi
¢docdazamukanep — auazopochopunep xoHe TprazadochopruHaHIHOHOHIAP TYPiHIE OONATHIHIBIFEI KOP-
cerireH. CHHTE3/eNITEH JKoHE 3epTTeliHreH (ochopranran Onnukiai 6ucModeBHHaIap AudochannoHIs,
udochacnrpooKTaHAHOH B! KoHe (hocdopiaHFaH TeTpaa3abUIMKIOOKTAHIMOH/IBI KYPhUIbIMIApIa Kepce-
tinren. @ocdopraHraH MOYEBUHA XUMUSI MEH TEXHOJIOTHSHBIH KOITEreH cajalapblHia KOJIaHyla KbI3bIFy-
LIBUIBIK TYFbI3abl. Docdopianran MOYEBHHATIAPABI CHHTE3/ICT ajly IbIH o/icTepi OOWBIHINA 3epPTTeY KYMbIC-
TapBIHBIH HOTIKENEPIH XKYieney HoTIKeCiHe 3epTTey i opi Kapail JaMBITY JKaHa THIMALIIT dKOFapbl TOpiTiK
3aTTapbl ATy IbIH SMIICTEPiH i37eCTipyre MyMKIHIIK Oeperi.

Kinm co30ep: moueBuHa, Gpocdopriany, reTepourKIiai KocsutbicTap, N-pocdorn3onuanarrap, UMHAA30IUINH-
nep, muaszadochernanHonaep, auaszopochopunaep, tpuazadochopuHaHIMOHOHAAD, AudochaauoHmap, Iu-
(ocdacmpookTaHIHOHAAP, hochopraHFaH TeTpaazabNIUKIOOKTaHAHOHAAD, TIIUKOIYPHIL.

A.A. Bakub6aes, K.b. XKymanos, C.}O. [Tanpmuna, C.W. 'opoun, C.B. Manbkos,
N.I". Ho#, b.K. Macanumosa, I'.K. Marausizoa, 2.A. baiibazaposa

MeTtoanbl cuaTe3a GochopuanpoBaHHBIX KAPOAMHICOAEPKANHX
AUMKJIMYECKUX U IreTePOLMKINYECKUX COeAUHEeHMMI

B crarbe BrepBbie IPEANPHHSITA MOMbITKA CUCTEMATU3aLMH COBPEMEHHOT'0 COCTOSIHIS 3HAHUI'B 00J1acTH HC-
CIICZIOBaHHUS PEaKIMil MOYEBHH H MX FETEPOLMKINYECKIX POM3BOAHBIX ¢ HOCGHopcogepKaliMu peareHTaMu.
BBHy CYLIECTBEHHBIX PA3JIMYMil HCIIOIB3yEMBIX CyOCTPAaTOB U PeareHTOB, B 0030pe METOMBI OJy4eHus doc-
(bOpUIMPOBAHHBIX a30TCO/CPIKAIIMX COCANHEHHUI COTJIACHO UX KOHEUHOH CTPYKTYPE CrpyIIIUPOBAHbI 110 TPEM
HANpaBJIeHUsIM UX 00pa30BaHMS — CHHTE3 alMKIMYECKUX, MOHOUMIIMYECKUX M OMLMKINYECKUX MOYEBHH.
Tak, B paboTe pacCMOTPEHBI METO/IbI HOJIY4SHUs alMKINYecKuX N-ochOpHINpOBAHHBIX MOYEBHH PEaAKIIU-
MU cooTBeTcTBYOUX N-hochonzonnaHaTos ¢ anupaTHieCKUMI B apOMATUHYECKUMU aMUHAMH Pa3JIM4HOTO
CTPOEHHS, a TAKXKe NPHBEJICHBI PEJIKO NPUMEHIEMbIE allbTepHAaTaTUBHBIE METOIbI CHHTE3a TAKOT'0 PO/ia COeH-
HeHHiH. AHaIN3 U3BECTHBIX METO/OB CHHTEe3a (HocHOPUIHPOBAHHBIX MOHOLMKIMYECKUX KapOaMuacoaepikKa-
LIMX COCAMHEHHH CBHICTEIBCTBYET O TOM, YTO MATHWICHHBIE (hOCha3aKIbl B GOJIBIINHCTBE IPEICTABICHEI
HMMHU/Ia30JIHIMHOBBIMH CTPYKTYpaMH, TOT/Ia Kak TeTpanukindeckre docdazanukipl — quazapocderuuHo-
HaMH, a MecTHIeHHbIe (Gochazanukisl — auazodochoprHamu u tpuazadochopunangnoHonamu. CHHTE3H-
pOBaHHbIC ¥ M3y4YeHHbIE (HOCHOPIITHPOBAHHBIC OUIMKINYCCKHE OMCMOYECBUHBI TIPEACTaBICHBI Auochaamo-
HOBBIMH, AUGOCHACTUPOOKTAHIMOHOBBIMU M (POCHOPHINPOBAHHBIME TETPaa3aOULUKIOOKTaHIHOHOBBIMU
crpykrypamu. CamocrositenbHbld HHTEpeC (hocHOPUIMPOBaHHBIE MOYEBHHBI IPEACTABIAIOT Ul PAa3BUTHSA
HEPCIEKTUB WX NPAKTUYECKOTro MPUMEHEHNS B pa3iIMYHbIX 00JIaCTAX XUMUH U TexHoIoruil. CrienaH BbIBOZ O
TOM, YTO Ha OCHOBAaHUH NPOBEICHHON CHCTEMAaTU3aLUU Pe3yJIbTaTOB SKCIEPUMEHTAIBHbBIX HCCIIEIOBAHUI 11O
MeToaaM cuHTe3a GochOopHINPOBAHHBIX MOYCBHH MOXKHO OXKHJIATh, YTO UX Pa3BUTUE MO3BOJIUT HANTH IyTH
TIOJTyYEHHUS HOBBIX BBICOKOA(()EKTUBHBIX JIEKAPCTBEHHBIX CPE/ICTB U CHHTOHOB UX MOJTyYCHHUS.

Knrouesvie crosa: moueBuHa, hocdoprnupoBanme, reTepolruKInIeckue coenunenus, N-pocdonzonmanarsl,
HMMHIA30JINIAHBL, qra3zadocheTnanHonbl, ua3zodochoprHsl, TpruasahochopuHAHIHOHOHEL, TudocharioHbl,
nudochacnrpookTaHAMOHBI, GOCHOPUITHPOBAHHBIC TETPAa3aOUIIMKIOOKTAHIUOHBI, TIINKOITYPHIL.
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