
1. Introduction

Currently, cyclic ureas have found practical applications as

drugs for the treatment of various medical conditions. For

example, such derivatives can be used in the treatment of

human immunodeficiency virus (HIV) 1 ± 8 and hepatitis C;9

they have antifungal,10 antitumour,11 ± 14 antioxidative,15

anticonvulsant,16 anti-inflammatory,17 antimicrobial,18

nootropic,19 and antidepressant 20, 21 activities, also they

are antagonists of neurokinin-1 (NK1) 22 and fibrinogen

receptors 23 (Fig. 1). Data on the ability of these compounds

to inhibit 5-alpha-reductase,24 to block calcium chan-

nels,25, 26 and to show anticoagulant properties are avail-

able.27 Icilin (see Fig. 1) and its analogues stimulate cold

receptors in the skin and mucous membranes.28 It is

important to note that some of the derivatives of cyclic

ureas are rather widely used as pharmaceuticals, among

them are antibiotic Avibaktam,29 psychotropic agent Mebi-

kar,30 and anti-nauseant Domperidon.31 ± 34 High biological

activity of these systems is attributable to the fact that in a

series of natural compounds there are sites containing a

cyclic urea fragment. Examples may be found in biotin Ð a

water-soluble B vitamin,35 ± 39 agelastatin alkaloids,40, 41

displaying various biological activities,42 ± 46 spiroleucetta-

dine alkaloid,47749 etc.

It is noteworthy that in addition to biological activity,

cyclic ureas also possess a variety of other practical useful

properties: N,N 0-dimethylpropylene ureas find application

as polar aprotic organic solvents,50 ± 52 and selected bicyclic

ureas are used to create polymeric electrolyte membranes.53

These data on the high practical significance of cyclic

ureas determine the importance and relevance of the further
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development of methods for their synthesis based on the

targeted modification of endocyclic and exocyclic func-

tional substituents, and the search for new synthetic routes

to such derivatives possessing potential biological activity.

It should be noted that the synthesis of acyclic ureas was

the topic of many reviews,54 ± 58 whereas no systematic

analysis of synthetic approaches towards their cyclic ana-

logues has been performed over the recent decades.

There are only two reviews 59, 60 in the literature in which

the synthesis of cyclic ureas was mentioned. In the article by

Petersen,59 dated 1973, the methods for cyclization of a

linear urea moiety were selectively provided. Importantly,

at present there are virtually no review publications devoted

to the methods for the synthesis of cyclic ureas utilizing

carbon oxides and carbonates as sources of the carbonyl

group, which attract special attention in terms of green

chemistry. Sartori and Maggi 60 considered in detail the

main approaches towards the synthesis of ureas published

before 2001, however, the authors did not assign a separate

section to cyclic ureas. In the present review, the data on the

synthesis of cyclic ureas over the last 10 years are summar-

ized, and the advantages and drawbacks of various

approaches are discussed.

The methods for the synthesis of cyclic ureas can be

divided into seven groups differing from each other in the

source of a carbonyl group (Fig. 2). This division can be

explained by the fact that the methodology of formation of

cyclic ureas is based, inter alia, on the approach that uses

organic or inorganic compounds containing a carbonyl

group [isocyanates, phosgene and its analogues, carbon

oxide (II or IV)] as building blocks. Within this approach,

the methods for the synthesis of cyclic ureas, can be based

on reactions with isocyanates (path a), reactions of di-

amines with phosgene and its safe analogues (path b), or

carbon oxides (path c). The last-mentioned approach

appears to be promising for the synthesis of heterocycles

containing an urea moiety. Another method includes an

intramolecular or intermolecular cyclization of the urea

moiety (path d ). One more approach (path e) is based on

the Biginelli reaction which proceeds in a three-component

system of urea7carbonyl compounds71,3-diketone and

gives derivatives of 3,4-dihydropyrimidin-2(1H)-ones,

which show showing a broad range of biological activ-

ities.61 ± 63 The Biginelli reaction was a subject of several

reviews 64 ± 66 covering the period before 2016. Taking this

into account, the present review will consider only publica-

tions published after 2016. The synthesis of heterocycles via

amidation of carbamates (path f ), as well as examples of

urea synthesis from the cyclic precursors (path g) are

addressed in separate Sections. It should be noted that this

review does not include the studies on cucurbit[n]urils 67 ± 74

and glycolurils,19, 75 since they were discussed in the corre-

sponding generalizing publications. Moreover, we provide

limited data on the production of uretdiones (1,2-azetidin-

2,4-diones) 76 ± 81 and imidazol-2-ones,82, 83 the chemistry of

which has been discussed in sufficient detail in other review

publications.

Thus, the analysis of the state-of-the-art data on the

synthesis of cyclic ureas provided in this review makes it

possible to assess the prospects for their further develop-

ment, to point out the most important approaches and

environmentally friendly methods. Such an analysis opens

up new scientific horizons and prospects for this area, shows

`points of growth' not only for organic chemists, but also

for specialists in medicinal, supramolecular, ecological, and

polymer chemistry, and also allows for applying the pre-

sented relevant information to form new modern

approaches to the targeted design of various scaffolds with

a cyclic urea moiety.

2. Synthesis of cyclic ureas from compounds
bearing a carbonyl group

2.1. Reactions involving isocyanates
A key method for the synthesis of cyclic ureas relies on

using isocyanates as base compounds. Thus, diisocyanates

1a ± d in aqueous acetone can undergo an intramolecular

cyclization to give macrocyclic ureas 2a ± d in low yields

(Scheme 1). The authors 84 found that in this process one of

isocyanate groups is hydrolyzed to an amine moiety, which

reacts with the second isocyanate group affording a cyclic

urea 2.

When N-alkylaziridine-2-carboxylates 3 are treated with

isocyanates, a three-membered ring expansion is observed,

thereby paving the way to the synthesis of imidazolidin-

2-one derivatives 4a ± h (Scheme 2) with high regio- and

stereoselectivity.85
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An expansion of an aziridine ring to imidazolidine one

in the reaction of fullerene C60 derivatives 5 with a broad

series of isocyanates (Scheme 3) bearing both alkyl and aryl

substituents, in the presence of phosphonium salts, has been

reported.86 At present, ureas annulated with fullerene C60

have not found any practical application. However, func-

tionalized fullerenes, including compounds 6a ± i, are of

interest due to their unique physicochemical properties,

which possibly lead to the future use of such systems in

various fields of science and technology.87, 88

The cycloaddition reaction between 2-vinylazetidines

7a ± e and tosyl isocyanate proceeds as a [6+2] process in

dichloromethane at room temperature. Products 8a ± e and

9a ± e were isolated as mixtures of compounds, in which

cyclic ureas predominated (Scheme 4).89

Available 1-mesyl-1,2,3-triazoles 10 readily undergo

rhodium-catalyzed reactions with isocyanates, thereby pro-

viding imidazolones 11a ±m in high yields (Scheme 5). The

authors 90 assume that under these conditions, the reactive

carbenes are generated, reacting with isocyanate to give the

target compounds 11.

When phenyl isocyanate reacts with acyclic diamines

12a ± f in the presence of lanthanum bis(trimethylsilyl)-

amide, cyclocarbonylation of diamines to the corresponding

cyclic ureas 13a ± f is observed (Scheme 6).91

The reaction of phenyl isocyanate with cyclohexadie-

nones 14a ± o, bearing a secondary amino group, is cata-

lyzed by 1,8-diaza[5.4.0]bicycloundec-7-ene (DBU). Under

mild conditions, it furnishes tetrahydro-1H-benzo[d ]imida-

zole-2,6-diones 15a ± o in good yield and with high diaster-

eoselectivity (Scheme 7).92

Pereshivko et al.93, 94 reported an effective method to

obtain imidazolidon-2-ones having a multiple bond in the

5-position of the heterocycle (Scheme 8). The reaction of

tosyl isocyanate with alkynes 16a ± l, bearing an amino

group, implies the formation of intermediate acyclic ureas,

which cyclize to give imidazolidine-2-ones 17a ± l in the
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presence of silver(I) trifluoromethanesulfonate (triflate,

OTf) (Table 1).

An original approach to obtain fused cyclic ureas has

been proposed.95, 96 This procedure involves the removal of

tert-butoxycarbonyl (Boc) protecting group in bicycle 18

with trifluoroacetic acid (TFA) followed by the treatment

with phenyl isocyanate, which reacts with the generated

amine moiety (Scheme 9). An intramolecular aza-Michael

reaction in the intermediate acyclic urea affords

octahydroimidazoindol-2-one 19 in a high yield.

2.2. Reactions of diamines with phosgene and its analogues
Phosgene is widely used in organic chemistry as an agent

providing a sufficiently easy introduction of a carbonyl

group.97, 98 Cyclization of hydrazide 20 to imidazolidinone

21 in the presence of phosgene could be taken as an

example.99 This reaction proceeds at a high rate, and the

product is formed in high yield (Scheme 10).

However, the use of high-toxic gaseous phosgene has its

drawbacks, at first the need to comply with safety measures.

Moreover, the chemical processes involving phosgene pro-

duce hydrochloric acid as a by-product. In the last decades,

there has been a tendency to replace phosgene with its safe

analogues such as alkyl carbonates, 1,10-carbonyldiimid-

azole, oxalyl chloride, diphosgene, and triphosgene, which

are liquids or solids, thus greatly simplifying manipulations

of these substances.

Thus, a mixture of cyclic ureas 22a,b is formed on

treating ethylenediamine with dimethyl carbonate in ionic

liquid 23, serving additionally as a catalyst (Scheme 11).100

In this case, unsubstituted product 22a is the major one.

This method complies with the principles of green chem-

istry, since it provides a high rate of production of the

product in a rather high yield under solvent-free conditions.

(S)-4-Methyl-N-phenylpentane-1,3-diamine (24) cyclizes

under the action of phosgene in the presence of potassium

carbonate to give (S)-4-isopropyl-1-phenyltetra-

hydropyrimidin-2(1H)-one (25) in a high yield

(Scheme 12).101

Yamashita et al.102 described two methods to obtain

tetrahydropyrimidin-2-one derivatives (Scheme 13). The

first method (conditions a) is based on Boc-deprotection

of compound 26a followed by treatment with triphosgene to

afford cyclic urea 27a. The second method (conditions b)

involves the reduction of a nitrile group of compound 26b to

an amino group, which enters the cyclization with phosgene

and furnishes tetrahydropyrimidin-2-one 27b.
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O'Leary and co-workers 103 synthesized 4,6-disubsti-

tuted tetrahydropyrimidinone 29 by the reaction of diamine

28 with triphosgene in dichloromethane (Scheme 14).

Reduction of pyrazole 30 gives an acyclic diamine 31,

which reacts with triphosgene to provide cyclic urea 32. It

should be noted that this reaction occurs with high diaster-

eoselectivity (Scheme 15).104

Cyclization of 2-(aminomethyl)aniline (33) with triphos-

gene in THF at room temperature gave 3,4-dihydroquina-

zolin-2(1H)-one (34) in almost quantitative yield

(Scheme 16).105

Grubbs and co-workers 106 reported a two-step synthetic

route towards cyclic urea, comprising the initial reaction of

diimine 35 with Norman reagent in THF. The subsequent

addition of diphosgene solution in dichloromethane to the

reaction mixture in the presence of triethylamine gives

product 36 in moderate yield (Scheme 17).

The reaction between acyclic diamines 37a ± i and

1,10-carbonyldiimidazole (CDI) in THF for 16 h produces

cyclic ureas 38a ± i (Scheme 18), which show good antihy-

perglycemic activity.107 It is difficult to estimate the effec-

tiveness of the suggested method since the original work

does not indicate the yields of the products.

When studying the reaction of diamine 39 with carbon-

yldiimidazole in dichloromethane in the presence of pyri-

dine, Taniguchi et al.108 isolated a macrocyclic compound

40 containing 1,10-binaphthalene moiety in modest yield

(Scheme 19).

A study 109 should be mentioned concerning the reaction

of trianglamines 41a,b with 1,10-carbonyldiimidazole to

afford heteromacrocycles 42a,b (Scheme 20). A distinctive

feature of the obtained compounds is their ability to form
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stable chiral metallogels with AgI, CuI, and CuII salts in

N,N-dimethylformamide.

In a series of works 110 ± 112, a multi-step enantioselective

synthesis of agelastatine B (43) is described (Scheme 21).

Bromination of the pyrrole ring in the starting compound

44 is initially carried out, and the subsequent treatment with

oxalyl chloride is followed by cyclization of the urea moiety

to give imidazol-2-one 45. Then, several steps resulting in

bromination of intermediate 46 provide the target

alkaloid 43.

The methods to obtain cyclic ureas as set down in this

Section, based on the reactions of various amines with

isocyanates, phosgene, and its analogues, are the most

simple to perform. Such reactions usually proceed under

mild conditions, at high rates, and give good product yields.

Despite the toxicity of some reagents, this synthetic

approach is often used to obtain complex biologically active

compounds, particularly, alkaloids.

2.3. Reactions involving carbon oxides
In recent decades, reactions using carbon monoxide (car-

bonylation 113, 114) and carbon dioxide (carboxyla-

tion 115 ± 117) have become important. This is due to the

high availability of carbon oxides and the development of

novel catalysts providing good yields of the target products

in these processes.

Thus, oxidative carbonylation of ethylenediamine in the

presence of copper(II) chloride was described, which

afforded imidazolidin-2-one (22a) (Scheme 22).118

Oxidative carbonylation of chiral diamines 47a ± d to

give derivatives of 1,3-diazepan-2-one 48a ± d has been

described.119, 120 The process is catalyzed by tungsten hexa-

carbonyl, and molecular iodine is used as an oxidant

(Scheme 23).

2-(Aminomethyl)aniline (33) reacts with 11C-labelled

CO in the presence of palladium catalyst to give 3,4-dihy-

droquinazolin-2(1H)-one (34) (Scheme 24). The proposed

method allows obtaining isotopically labelled cyclic

ureas.121

To synthesize cyclic ureas 22a,b, 49a ± d, 50a,b, a cata-

lytic reaction of diamines with gaseous CO2 may be useful

(Scheme 25, Table 2). As a catalyst, cerium dioxide acts in

this case; the target products are formed in high

yields.122, 123

O

O

H2N

H2N
40 (17%)39

N

N

O

O
O

H

H

N
NH72

CDI, PyH,
CH2Cl2,
0 8C, 12 h

Scheme 19

(a) CDI, CH2Cl2, rt, 24 h;

a

41a,b

N

N

Ar

Ar

N

N

N

N

Ar

O

O

O

42a,b (227100%)

NH

NH

Ar

Ar

N

N

HN

HN

Ar

H

H

N
NH76

Ar = (a), (b)

Scheme 20

(a) NBS, MeOH, rt; (b) (COCl)2, DMSO, Et3N, 7 8C? rt (37%);

(c) NH3, MeOH, 4 8C (90%); (d ) 1) (COCl)2, DMSO, 7 8C;
2) DIPEA, 7 8C? rt (85%); (e) 0.1 NHCl (aq.), rt, (29%);

( f ) NBS, MeOH, rt (90%); NBS is N-bromosuccinimide

a, b

44 45

N O

O
Br

N
NH

Me

O

N

O

Br

NH2

OH
N

NH

O

MeHO NH

O

ON

O

HN Me

c d, e

N
O

NH

O

N
Me

Br

NH

HO H

H

H

Br
N

O

NH

O

N
Me

Br

NH

HO H

H

H f

4346

Scheme 21

NH
HN

O

H2N
NH2

CuCl2, CO+O2,

H2O, 100 8C, 4 h

22a (90%)

Scheme 22

W(CO)6, I2, PyH,

CO, CH2Cl2, H2O

48a ±d (38 ± 83%)

R1 = Me: R2 = H (a), R27R2 = CMe2 (b);

R1 = Bn: R2 = H (c), R27R2 = CMe2 (d)

47a ±d

HN NH

R1
R1

O O R2R2

NH2 NH2

R1 R1

O O R2R2

O
Scheme 23

Xantphos is 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene

NH

N

NH2

NH2

Pd(Xantphos)Cl2, 11CO,

THF, 120 8C, 10 min

34 (20%)

11

33

H

C

O

Scheme 24
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At the same time, some known methods to obtain cyclic

ureas do not require the use of metal complex catalysis. In

2010, the reaction of acyclic diamines with CO2 was

reported,124 making it possible to obtain the cyclic urea

derivatives 22a, 49c, and 50a in high yields in the absence of

catalysts and organic solvents (Scheme 26).

MunÄ oz and co-workers 125 synthesized such ureas 49 ± 51

via the reaction of amines with CO2 in the presence of

diphenylphosphoryl azide (DPPA) in acetonitrile

(Scheme 27, Table 3). It is noteworthy, that DPPA is a

highly toxic and potentially explosive substance.

Azides 52a ± c were found 126 to react with CO2 in the

presence of dimethylphenylphosphine to provide isocya-

nates 53a ± c, which readily undergo an intramolecular

cyclization to generate ureas 49i, 50d,e under mild condi-

tions (Scheme 28).

The reaction of bis-silylated naphthyldiamine 54 with

CO2 in the presence of pyridine affords 1H-perimidin-

2(3H)-one (55) in the quantitative yield (Scheme 29).127

The synthesis of carbamides with CO and CO2 taken as

carbonylation agents has recently attracted the attention of

researchers primarily due to the availability of renewable

reactants. The drawback of this method is the need for high

temperatures and pressures. However, it should be noted

that the proposed procedure has good prospects for obtain-

ing novel cyclic ureas including those isotopically labelled.

3. Cyclization of acyclic ureas

One of the most common methods for the synthesis of ureas

is based on cyclization of compounds containing an acyclic

urea moiety, and this method can be implemented both in

intra- and intermolecular versions. The intramolecular cyc-

lization is typical of ureas representing either unsaturated

systems or compounds capable of forming multiple bonds in

the course of the reaction. Since the nucleophilicity of the

nitrogen atom in ureas is not high,128, 129 harsh reaction

conditions or the use of base catalysis are necessary for the

intramolecular reaction to occur, which significantly

improves the reactivity of the nitrogen atoms. As bases,

both inorganic (sodium hydride, potassium and caesium

carbonates), and organic {triethylamine, DBU, DIPEA,

1,4-diazabicyclo[2.2.2]octane (DABCO), sodium formate,

caesium acetate, potassium tert-butoxide} compounds are

utilized. In the case of intermolecular cyclization, the rear-

rangement of structural fragments occurs either directly in

the precursor or during the formation of a cyclic system.

The advantage of the second approach is the possibility to

obtain a wider range of cyclic ureas.

N
N

O
R1

R2

R3

CeO2, CO2,

PriOH, 160 8C, 1 h

22a,b, 49a7d, 50a,b

n
n

R1

N
N

R3

R2

H

H

Scheme 25

Table 2. Synthesis of cyclic ureas from diamines and CO2 catalysed by
CeO2 (see Scheme 25).122, 123

Compound n R1 R2 R3 Yield (%)

22a 1 H H H 96

22b 1 Me H H 96

49a 1 Pri H H 96

49b 1 Et H H 96

49c 1 H Me H 96

49d 1 Me H Me 98

50a 2 H H H 90

50b 2 Me H H 88

H2N
NH2

R

n

n= 1: R = H (22a), Me (49c);

n= 2, R = H (50a)

22a, 49c, 50a

(67797%)

CO2 (10 MPa),
180 8C, 24 j

NH
HN

O

R n

Scheme 26

N N

O

R1 R2

R3

n

CO2, DPPA,

MeCN, 0 8C, 12 h

49c,e7h, 50c, 51a

R1
N N

R2

R3

H H

n

Scheme 27

Table 3. Synthesis of cyclic ureas from diamines and CO2 in the
presence of diphenylphosphoryl azide (see Scheme 27).125

Compound n R1 R2 R3 Yield (%)

49c 0 H H Me 86

49e 0 Bn Bn H 85

49f 0 Cy Cy H 93

49g 0 H 1,3-Diphenyl- H 86

prop-2-yl

49h 0 Pri 1,3-Diphenyl- H 91

prop-2-yl

50c 1 Bn Bn Me 94

51a 2 Bn Bn H 73

HN N
R1

R2

O

N HN
R1

R2

C

O

N3 HN
R1

R2

n

+CO2

52a7c

53a7c
49i, 50d,e

(68799%)

n
n

n= 1: R1 = Bn, R2 = H (52a, 53a, 50d); R1 = 2-ThCH2,

R2 = H (52b, 53b, 50e); n = 0, R1 = H, R2 = Ph (52c, 53c, 49i)

PPhMe2,

MeCN

25 8C,
5 min

Scheme 28

CO2, PyH,

120 ± 130 8C, 0.5 h

72(TMS)2O

NH

NH

O

55 (99%)

NH

NH

TMS

TMS
54

Scheme 29
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3.1. Intramolecular reactions
Alkenes 56a ±m bearing a carbamide moiety undergo an

intramolecular cyclization on treatment with aryldiazonium

salts. Using this method, various imidazolidin-2-ones

57a ±m were obtained under mild conditions and in high

yields (Scheme 30).130

Diastereoselective synthesis of tetrahydropyrimidin-

2-one derivatives via palladium-catalyzed intramolecular

cyclization of alkene 58 containing an urea functionality,

is reported.131 ± 133 A notable feature of this reaction is the

predominant formation of a particular diastereomer

depending on the solvent nature: in some cases, the diaster-

eomer ratio (dr) exceeds 20 : 1. In THF, the authors man-

aged to isolate syn-isomer (4S,6R)-59 in almost quantitative

yield, while in dichloromethane, anti-isomer (4R,6R) - 59 is

predominantly formed (Scheme 31).

Wang et al.134 developed a stereoselective method for

cyclization of ureas 60a ± k catalyzed by palladium complex

with a chiral ligand, 1,3,2-dioxaphosphepane (L1). As a

result, compounds 61a ± k with high value of enantiometic

excess (ee) were obtained (Scheme 32).

An intramolecular cyclization of alkenes 62a ± f, com-

prising an acyclic urea moiety, under catalysis with palla-

dium(II) trifluoroacetate in toluene affords nitrogen-

containing heterocycles 63a ± f in moderate to high yiels

(Scheme 33).135

Xu et al.136 reported an intramolecular cyclization of

N-phenoxy ureas 64a ± e containing a multiple bond via the

aza-Heck reaction which is also catalyzed by a palladium

compound (Scheme 34, Table 4). The reaction furnishes

diversely substituted imidazolidinones 65a ± e.

Refluxind alkynes 66a ± k in aqueous isopropanol for 4

hours in the presence of dichlorobis(triphenylphosphino)-

palladium(II), afforded 1,3-benzodiazepin-2-one derivatives

R= Ph (a), 4-MeOC6H4 (b), 4-ClC6H4 (c), 4-BrC6H4 (d), 4-FC6H4 (e),

4-F3COC6H4 (f), 4-AcNHC6H4 (g), 4-MeSC6H4 (h), 4-NCC6H4 (i),

3-MeC6H4 (j), Bn (k), Bun (l), cyclo-C3H5 (m)

N

O

NH

R

OMe

Me

Me

56a ±m
57a ±m (56 ± 87%)

NN

O

R
MeO

N

N

Me

Me

CF3

4-F3CC6H4N2BF4,

NaPO2(OBun)2,

DMSO, rt, 30min

Scheme 30

N

O

N
TsCbz

Ph
H H

N

O

N
TsCbz

Ph OCO2Me

Cbz is benzyloxycarbonyl

58
(4S,6R)-59 (95%)

7HOCO2Me H

Pd(PPh3)4,
CH2Cl2, rt,
10 min

7HOCO2Me

N

O

N
TsCbz

Ph
H H

(4R,6R)-59 (99%)

Pd(PPh3)4,

THF, rt,
10 min

Scheme 31

R

N O

N
Ts

Bn

61a7k (44798%,

ee> 91%)

R

N O

HN
Ts

Bn
60a7k

[Pd(dba)2], L1,

MTBE, 15 8C, 48 h

O

O

Ar

Ar

R = 4-Me (a), 4-OMe (b), 4-Pri (c), 4-CF3 (d), 4-F (e), 4-Cl (f),

4-Br (g), 5-Me (h), 5-CF3 (i), 5-OCF3 (j), 6-F (k);

L1 =

dba is dibenzylideneacetone,

MTBE is methyl tert-butyl ether

NP

Me
(Ar= 3,5-(F3C)2C6H3)

Scheme 32

(a) Pd(O2CCF3)2, Phl(O2CBut)2, AgF, 2-MeO-BQ, (CF3)2CHOH,

PhMe, rt, 24 h; n= 1: R1 = Et, R2=H (a), R1 = Et, R2 = Me (b),

R1 = Me, R2 = H (c), R1 = Bn, R2 = H (d), R1 = Ph, R2 = H (e);

n=2, R1 = Et, R2 = H (f); 2-MeO-BQ is 2-methoxy-1,4-benzoquinone

N

N
O

Bn

R1

R2
F

R2

N N

O

R1

Bn

n

63a ± f (50 ± 80%)62a ± f

H
a

n

Scheme 33

O

NN
O

Ph
R1

R2

R3
R4

(a) [(PhCH=CHCH2O)PdCl]2, P(OCH2CF3)3, PhMgBr, Et3N,

MeCN, 50 8C

64a ± e

H

N

NO

R1

R3

H

65a ±e (47 ± 97%)

a

R2

R4

Scheme 34

Table 4. Synthesis of cyclic ureas via the cyclization of N-phenoxy
ureas (see Scheme 34).136

Com- R1 R2 R3 R4 Yield Note
pounds (%)
64, 65

a Bn H Me H 92

b Bn Me H H 62

c H H H Me 74

d 3,4-Cl2C6H3CH2 H H OBn 47 trans : cis=1 : 1

e MeOCH2CH(Ph) H Me H 97 dr=50 : 50
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67a ± k (Scheme 35, Table 5) 137 displaying a broad range of

biological activities.138 ± 141

Copper(II)-catalyzed intramolecular cyclization of

N-allylureas 68 in the presence of aniline derivatives allows

for the synthesis of various imidazolidin-2-ones 69a ± o

(Scheme 36).142

An intramolecular cyclization of N-carbamoyl tosyl-

amide 70 in the presence of DBU in acetonitrile at room

temperature affords imidazol-2-one 71 in high yield

(Scheme 37).143

There are published data on the electrocatalytic cycliza-

tion of urea 72 in the tetraethylammonium hexafluorophos-

phate (Et4NPF6) ± dimethylacetamide (DMA) ± acetic acid

buffer system, providing imidazolidin-2-one 73 as a mixture

of diastereomers (Scheme 38).144

The authors 145 suggested a convenient method for the

synthesis of substituted imidazolidin-2-ones via oxidative

amidation of N,N 0-diarylureas 74a ± x. This method pro-

O

N

N

R1

R2

R3
H

O

N N
R1

Br
R2

R3

HCO2Na, Pd(PPh3)2Cl2,

PriOH, H2O, 110 8C, 4 h

H

H

66a ± k 67a ± k

Scheme 35

Table 5. Synthesis of cyclic ureas via the cyclization of alkynes bearing
a carbamide moiety (see Scheme 35).137

Compounds 66, 67 R1 R2 R3 Yield (%)

a Bn Prn Ph 61

b Bn Bui 4-FC6H4 50

c Bn Bui 4-F3CC6H4 64

d Bun Prn Ph 62

e Bun Bui 4-NCC6H4 62

f 4-MeOC6H4 Prn Ph 51

g 4-MeOC6H4 Bui Ph 42

h 4-MeOC6H4 Ph Ph 39

i 4-MeOC6H4 Bun Ph 50

j 4-MeOC6H4 Prn 3-Th 45

k 4-MeOC6H4 Prn Prn 46

O

N

NH

R1

Bn

68

R1 = Ph: R2=Ph (a), 4-ClC6H4 (b), 4-FC6H4 (c), 4-MeC6H4 (d),

4-F3CC6H4 (e), 4-PriC6H4 (f), 2-ClC6H4 (g), 3-O2NC6H4 (h),

3-MeOC6H4 (i), Ts (j), Bz (k); R1 = Ts: R2 =Ph (l), 4-ClC6H4 (m);

R1 = 1-Naph, R2 = Ph (n); R1 = Bz, R2 = Ph (o);

eh is 2-ethyl hexanoate, Naph is 1-naphthyl

Cu(eh)2, Cs2CO3,

PhCF3, 120 8C, 24 h

O

N
N

R1

N
R2

Bn

69a ±o (60 ± 97%)

H
+R2 NH2

Scheme 36

H2N CN

CNHN

NHO

Ts

DBU, MeCN,

rt, 24 h

70 71 (91%)

CN

NH
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Ts

N
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H

H

Scheme 37

7H2

N Pri

Me

Ph

Me

Me

DMA7AcOH (40 : 1),
Et4NPF4, 1108C, 10mA

72

N

N

Ph
Me

Me

O Pri

MeO

73 (66%, dr= 7.3 : 1)

NHO

OMe

Scheme 38

R3

R1

O

NN
R2

HFIP is 1,1,1,3,3,3-hexafluoropropan-2-ol

74a ± x 75a ± x (33 ± 88%)

H

NN

O

R2

R1

R3

PhI(OAc)2, Cs2CO3,

HFIP, rt, 12724 h

Scheme 39

Table 6. Synthesis of cyclic ureas via the cyclization of diarylcarba-
mides (see Scheme 39).145

Compounds 74, 75 R1 R2 R3 Yield (%)

a H Me H 71

b H Et H 68

c H Pri H 64

d H Bun H 59

e H Cy H 61

f H All H 33

g H Bn H 46

h H Me 2-Me 42

i H Me 3-Me 56

j H Me 4-Me 67

k H Me 4-F 48

l H Me 4-Cl 87

m H Me 3-Cl 82

n H Me 2-Cl 55

o H Me 4-Br 66

p H Me 4-CF3 52

q H Me 3-CO2Me 35

r 3-Me Me H 63

s 4-Me Me H 79

t 4-F Me H 59

u 4-Cl Me H 63

v 4-Br Me H 74

w 4-CO2Me Me H 40

x H Ph H 88
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vides an access to compounds 75a ± x under mild conditions

from available reactants in moderate and high yields

(Scheme 39, Table 6). Diarylureas 74a ± x with electron-

donating groups R1 and R3 were found to provide higher

product yields compared to compounds substituted with

electron-withdrawing groups in benzene rings. The presence

of long-chain aliphatic substituents R2 decreases the yield of

the target product. In the authors' opinion, this is due to the

steric hindrance in the substrate.

Acyclic ureas 76a ± d bearing strong electron-

withdrawing substituents in the presence of triethylamine

readily cyclize to give iminopyrimidinones 77a ± d, which

were isolated in almost quantitative yields (Scheme 40).146

Cyclic ureas 78a ± l substituted with a ferrocenyl moiety

can be obtained by an intramolecular cyclization of hydroxy

ureas 79a ± l in acetic acid (Scheme 41).147 The proposed

method is characterized is simple and does not require the

use of costly catalysts.

The cascade reaction of 3,3-diethoxypropyl urea deriv-

atives 80 in trifluoroacetic acid in the presence of resorcinol

derivatives 81 makes it possible to obtain various 4-aryl-

substituted tetrahydropyrimidin-2(1H)-ones 82a ± g

(Scheme 42).148, 149

The acid-catalyzed reaction of phosphonate 83 with

resorcinol derivatives gives an inseparable mixture of regioi-

someric 5-arylimizadolin-2-ones 84a ± c and 4-arylimid-

azolin-2-ones 85a ± c (Scheme 43).1507152 Nevertheless, the

diastereomer ratio was shown to depend significantly on the

nature of the resorcinol derivative in use.

An original cascade reaction of 1-(2,2-dimethoxyethyl)-

1,3,3-trimethylurea (86), which occurs under catalysis with

trifluoromethanesulfonic acid in the presence of 2-methyl-

resorcinol (81a), became the first example of the synthesis of

the hitherto unknown cyclic urea 87 containing an endo-

cyclic quaternary nitrogen atom (Scheme 44).153

Mention should be made of studies 154 ± 156 that describe

the heterocycle expansion in indoline-1-carboxamides

88a ± d through their cyclization in the presence of lithium

diisopropylamide (LDA) and N,N 0-dimethylpropylidene

urea (DMPU) to generate benzodiazocin-2-one derivatives

89a ± d (Scheme 45).
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N
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77a ±d (95 ± 99%)

R1 = Ph, R2 = Me: R3 = Ph (a), 4-ClC6H4 (b);

R1 =2-Th, R2 =Bn: R3 =Ph (c), 4-ClC6H4 (d)
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89a7d (59790%)88a ±d
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To summarize, intramolecular cyclization is typical for

ureas which are either unsaturated systems or compounds

capable of forming multiple bonds in the course of the

reaction. An important feature of transformations

described in this Section is the formation of ureas with

different ring sizes containing exocyclic functional groups.

These reactions are distinguished by the ease of implemen-

tation and available reactants. The yields of the obtained

cyclic ureas are close to quantitative, and in some cases,

such cyclizations proceed stereoselectively. Mention should

also be made of a novel promising trend in the synthesis of

cyclic ureas that is based on original cascade reactions of

linear analogues bearing an acetyl moiety, involving resor-

cinol and its derivatives. This original procedure provides

an access to various cyclic ureas containing phenol or

polyphenol groups.

3.2. Intermolecular reactions
Another common approach to obtain cyclic ureas is an

intermolecular cyclization involving open-chain ureas and

their derivatives. For condensation with urea, in most cases,

it is necessary that the second reactant is at least bifunc-

tional. For this purpose, diamines, a- and b-diketones,
ninhydrines, etc., can be used.

Carbamide nitrogen atoms are known to have low

reactivity, therefore, both in intramolecular and in inter-

molecular cyclizations bases are usually used as catalysts.

Thus, an example of transamidation of a carboxamide with

propane-1,2-diamine (Scheme 46) has been reported 157 pro-

viding tetrahydropyrimidin-2(1H)-one (50a) in almost

quantitative yield.

Shafikova et al.158 carried out transamination of a

carboxamide with diamine 90 in refluxing ethanol for 10 h

to obtain product 91 (Scheme 47).

The synthesys of 4,5-dihydroxyimidazolidin-2-ones

92a ± I has been reported.1597162 This method is based on

the condensation of carbamides with 1,2-dicarbonyl com-

pounds in refluxing isopropanol in the presence of potas-

sium carbonate acting as a base catalyst (Scheme 48).

Derivatives 92 were isolated as a mixture of diastereomers.

1,1,1,4,4,4-Hexafluorobutane-2,3-dione reacts with sub-

stituted carbamides similarly, to give diastereomeric mix-

tures of imidazolidin-2-ones 93a ± c (Scheme 49).163 It is

noteworthy that this reaction proceeds on cooling in the

absence of any catalysts. This is probably due to the

influence of strong electron-withdrawing substituents in

perfluorodiacetyl, which increase the electrophilicity of

carbonyl carbon atoms, thereby allowing the process to be

carried out under mild conditions.

Lillo and SaaÂ 164 reported the diastereo- and enantiose-

lective synthesis of 4-hydroxytetrahydropyrimidin-2-ones

based on the reaction between substituted ureas 94a ± d

and acetoacetic ester (Scheme 50). The authors suggested

that the nucleophilic substitution of the tosyl group with the

CH-anion of acetoacetic ester results in the formation of

intermediate acyclic adducts 95a ± d, which are in equili-

brium with cyclic urea derivatives 96a ± d. The addition of

1,1,3,3-tetramethylguanidine (TMG) inhibits the retro-

NH2

NH2

O

NH2

NH2

+

50a (97%)

72 NH3 N

NH

O
H
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80 8C, 24 h

Scheme 46

NH2

NH2
O
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EtOH,
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+
N
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O
H
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+
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R2 = But (f), Ph (g), Cy (h); R1 = Et, R2 = Ph, R3=H (i)

92a7i (10770%)

K2CO3, PriOH,

65 8C, 4 h
O R3

R3O

Scheme 48
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Compound 93 R cis : trans

a H * 90 : 10

b Me * 13 : 87

c Et * 57 : 43
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OH
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93± 97 R dr ee (97),

%

a Ph 88 : 12 93

b 4-FC6H4 92 : 8 94

c 3-FC6H4 89 : 11 88

d 3-MeOC6H4 91 : 9 86
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Mannich reactions and shifts the equilibrium towards the

formation of cyclic products 97a ± d.

1,3-Diketones enter the similar reaction with tosylureas

98 (Scheme 51). This leads to the corresponding dicarbonyl

derivatives 99a ± c containing a substituted urea moiety in

the 2-position, which were isolated in the individual

state.1657170 Acidification of compounds 99a ± c with p-tol-

uenesulfonic acid at room temperature generates

4-hydroxytetrahydropyrimidin-2-ones 100a ± c, which

undergo dehydration on heating to give 1,2,3,4-tetrahydro-

pyrimidin-2-ones 101a ± c as a mixture of diastereomers.

b,g-Unsaturated keto acids 102a ± e react with 1,3-dime-

thylurea in the presence of L-(+)-tartaric acid to afford

functionalized imidazolidin-2-ones 103a ± e with good dia-

stereoselectivity (anti: syn=*2 : 1) (Scheme 52).171 A fea-

ture of this reaction is that it is solvent-free.

The possibility to obtain the derivatives of tetrahydroin-

deno[1,2-d ]imidazole via the reaction of substituted ureas

with ninhydrin (104) has been reported (Scheme 53). 172 ± 176

The yield of the target product depends on the reaction

conditions. Thus, compound 105a is formed quantitatively

when carrying out this reaction in refluxing aqueous THF

(conditions a),172 while compound 105b is obtained in

refluxing acetic acid (conditions b).173 Products 105c ± n

were synthesized in refluxing benzene (conditions c).174 ± 176

Unfortunately, the authors provided no yields of individual

compounds, which made it difficult to assess the effect of

substituents in the starting acyclic ureas on the yields of the

products 105.

Condensation of semicarbazones 106a ± k with ninhy-

drin 104 in boiling dioxane occurs within 2 h

(Scheme 54).1777179 The authors suggest that acyclic inter-

mediates 107a ± k are formed initially and are then con-

verted to heterocyclic ureas 108a ± k, some of which exhibit

antimicrobial and antifungal activities.179

The reaction of tosylurea with N-tosylaziridinofullerene

5, following the double nucleophilic substitution mecha-

nism, results in the formation of fulleroimidazolidinones

109a ± e smoothly and in good yields (Scheme 55).180 It was

shown that the reactivity of alkyl-substituted ureas is higher

than that of their aryl-substituted analogues.
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The diamidation of fullerene C60 (110) with substituted

ureas, catalyzed with copper(II) acetate, affords fulleroimi-

dazolidinones 111a ± i in one step (Scheme 56).181 The

major issue of the present method are the low yields of the

target products.

Using an intermolecular cyclization of indole derivatives

112 with alkynes, catalyzed with rhodium(III) complex

[Cp*RhCl2]2 (Cp*is pentamethylcyclopentadienyl), fused

cyclic ureas 113a ± i were obtained (Scheme 57, Table 7).182

The cascade reaction between 1-phenoxy ureas 114 and

2-iodoanilines 115 furnishes substituted 1,3-dihydro-2H-

benzo[d ]imidazol-2-ones 116a ± j (Scheme 58).183 This proc-

ess is catalyzed with 1,4-diazabicyclo[2.2.2]octane or cop-

per(I) iodide.

The synthesis using 1,3-diallyl-1-phenylurea (117) as a

reactant to obtain fused (118) and cage (119) urea deriva-

tives via the Diels7Alder reaction was described. 184 Both

2-bromofuran and 9-bromoanthracene react with com-

pound 117 (Scheme 59). The authors optimized the reaction

conditions, choosing a palladium-Xantphos complex as a

catalyst, potassium tert-butoxide as a base, thus providing

the high diastereoselectivity (dr=>20 : 1) of the process.

An unusual condensation in a urea ± aldehyde ± p-ami-

nobenzoic acid ternary system has been reported. The

reaction proceeds in refluxing ethanol and provides suffi-

ciently easy access to 2-oxo-1,2,3,4-tetrahydroquinazoline-

6-carboxylic acid derivatives 120a,b (Scheme 60).185, 186

The above-mentioned results on the intermolecular

cyclization of acyclic ureas suggest the possibility of their

use in designing complex molecular systems. As a part of

this approach, the condensation of commercially available

ninhydrin with ureas should be noted, as opening up

extensive prospects for the one-step synthesis of various

polycyclic compounds.

4. Synthesis of cyclic ureas via the Biginelli
reaction

The Biginelli reaction,187 a three-component reaction invol-

ving urea, acetoacetic ester, and aldehyde, was discovered

more than a century ago. However, the interest in it is only

increasing with time, since its target products Ð dihydro-

pyrimidinones (cyclic ureas) Ð have found widespread

application in the pharmaceutical industry. Several

4-hydrotetrahydropyrimidin-2-one derivatives 121a ±m

R1 = R2 = Ph (a), Bn (b), Bun (c), 4-ClC6H4 (d),

4-MeC6H4 (e), 4-MeOC6H4 (f); R1 = Ph:

R2 = Bun (g), 2-MeOC6H4 (h); R1 = Bun,

R2 = 4-MeO2CC6H4 (i); Phen is phenanthroline
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Scheme 56
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O

R1

R2

O
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Table 7. Synthesis of annulated cyclic ureas via the cyclization of
indole derivatives with alkynes (see Scheme 57).182

Compounds 113 R1 R2 R3 R4 Yield (%)

a H H Prn Prn 93

b H H Et Et 70

c H H CH2OH CH2OH 92

d H H Me Ph 62

e H H H But 70

f H H H Bun 70

g Et H Prn Prn 97

h OMe H Prn Prn 90

i H Me CH2OH CH2OH 71
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(Scheme 61) were proposed to be obtained by condensation

of aromatic aldehydes, 1,3-dicarbonyl compounds, and urea

in the presence of p-toluenesulfonic acid (conditions a) 188, 189

or Preyssler heteropolyacid (H14NaP5W29MoO110) as a

catalyst (conditions b). In the latter case, the reaction pro-

ceeds smoothly under solvent-free conditions and provides

compounds 121h ±m in high yields.190, 191

Using nanocomposite based on polyethylene glycol and

sulfonated montmorillonite (PEG-SANM) as a catalyst

makes it possible to obtain 3,4-dihydropyrimidin-2(1H)-

one derivatives 122a ± l in almost quantitative yields without

the use of organic solvents (conditions a in Scheme 62).192

Replacing the nanocomposite with a Lewis acid Ð zinc

chloride Ð increases the reaction time up to 24 h and

decreases the yields of the target products 122m ± o (con-

ditions b).193

A three-component reaction between 3,4-dihydronaph-

thalen-1(2H)-one derivatives 123, urea, and aromatic alde-

hydes catalyzed with FeCl3 . 6H2O ±TMSBr system

(Scheme 63) has been described. 194 This reaction proceeds

readily under mild conditions to afford cyclic ureas 124a ± i

in high yields.

Varying even one component in the Biginelli reaction

allows designing rather complex structures. Thus, conden-

sation of ketone 125, aldehydes, and urea in the presence of

sodium alkoxide produces steroids 126a ± f containing a

cyclic urea moiety (Scheme 64). The process is carried out

under ultrasonic (method a) 195 or microwave (MW,

method b) 196 irradiation. In the latter case, it is possible to

shorten the reaction time down to 10 min, but at the same

time the yields of the products 126g ± l decrease.

The synthesis of a spirocyclic compond 127 showing

antimicrobial activity is described,197 based on the reaction

of a cyclic 1,2-diketone 128, urea, and indane-1,3-dione 129

in the presence of NiCo2O4@Ni(BDC) nanocatalyst, where

BDC is terephthalic acid (Scheme 65).

Phenalene-1,3-dione (130) reacts with urea and benzal-

dehyde derivative under catalysis with CuCl2 to afford

heterocycles 131a ± h, which contain an urea moiety

(Scheme 66).198

The reaction of cyclopentanone with urea and aromatic

aldehydes enables the synthesis of bicyclic compounds

132a ±m (Scheme 67).199

Analysis of the current studies on the Biginelli reaction

demonstrates new possibilities of this unique three-compo-

nent transformation in obtaining complex cyclic and poly-

(a) TsOH, MeCN, D, 3 h (79 ± 90%);

(b) H14NaP5W29MoO110/SiO2, solvent-free, 80 8C, 1.5 h

(91797%); R1 = 2-Th: R2 = Ph (a), 4-FC6H4 (b), 4-MeOC6H4 (c),

4-BrC6H4 (d), 4-MeC6H4 (e), 3,4-(MeO)2C6H3 (f),

3,4,5-(MeO)3C6H2 (g); R1 =OEt: R2 = Ph (h), 4-MeOC6H4 (i),

4-BrC6H4 (j), 4-ClC6H4 (k), 4-O2NC6H4 (l), 2-Fu (m); Fu is furyl
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cyclic compounds. Due to the simplicity of this approach

and high yields of the target cyclic ureas, various modifica-

tions of such reaction will remain synthetically attractive for

a long time to come.

5. Amidation of carbamates

There are a number of publications in the literature devoted

to a less common synthetic approach to cyclic ureas from

acyclic precursors, namely, amidation of carbamates. For

example, heating methyl(2-aminoethyl)carbamate (133) in

an autoclave at 160 8C for 15 h gives imidazolidin-2-one

22a (Scheme 68).200 With a prolonged reaction time, the

yield of the product 22a decreases due to the formation of

1-methylimidazolidin-2-one as a by-product (22b).200

Cyclization of compounds 134a ± e in refluxing ethanol

in the presence of potassium hydroxide for 10 min with the

follow-up treatment with hydrochloric acid furnished sub-

stituted 1H-imidazol-2(3H)-ones 135a ± e (Scheme 69).201

A convenient method of chemical processing of poly-

carbonates derived from bisphenol A using a catalyst

composed of zinc oxide and tetra-n-butylammonium chlor-

ide nanoparticles (NPs) has been proposed. Therein, poly-

carbonate 136 undergoes amidation to give cyclic urea 49c

or 50a and bisphenol A (137) (Scheme 70). An exhaustive

depolymerization can be carried out at 100 8C within 7 h,

the catalyst is regenerated and reused several times without

loss of activity.202

Cyclization of carbamates 138a ± h in the presence of

BunLi in THF furnishes 4-ferrocenyltetrahydropyrimidin-

2-ones 139a ± h in good yields (Scheme 71).203

An intramolecular cyclization of a Boc-protected amine

140 to tetrahydropyrimidin-2-one 141, where the source of

the carbonyl group is the tert-butoxycarbonyl protecting

group, is reported. 204 The retro-Michael reaction leads to

the elimination of the methylpropanoate moiety as an ester

142 (Scheme 72).
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The reaction of 1,3-oxazinane 143 with 1-amino-

3-butyne in the presence of N-ethylmorpholine in DMF at

room temperature followed by treatment with trifluoro-

acetic acid affords an urea 144 (Scheme 73).205 ± 207

Amidation of bis-carbamates 145a,b using lithium

bis(trimethylsilyl)amide in THF for 1 h provided 1,3-ben-

zodiazepinone derivaties 146a,b (Scheme 74).208

Shirakawa et al.209 utilized LiAlH4 to reduce the cyano

group in 1,2,3,4-tetrahydroisoquinoline 147 to the amine

one, which amidated the carbamate moiety affording com-

pound 148 (Scheme 75).

Despite the fact that amidation of carbamates is not

widely used for the synthesis of cyclic ureas, within this

approach, an original method for the chemical processing of

polycarbonates has been proposed, which makes it possible

to obtain cyclic ureas and regenerate bisphenol A virtually

quantitatively. In the future, this method can be used in the

recycling of polycarbonate products, which makes it possi-

ble to address some environmental challenges.

6. Synthesis of ureas from cyclic precursors

The examples of the synthesis of heterocycles containing

urea moieties presented in this Section are based on the

reduction or oxidation of cyclic precursors. Among the

general drawbacks of such an approach, there is the need

for the preliminary preparation of the starting heterocyclic

compound, which often complicates the synthetic protocol

and diminishes the product yields. It should be noted that

most transformations require the use of metal-containing

catalysts.

Azarifar et al.210 developed an easy and effective method

of oxidation of imidazolidin-2-ol (149), which is carried out

at room temperature using trans-3,5-dihydroperoxy-3,5-di-

methyl-1,2-dioxolane (DHPDMDO) as a catalyst. Under

these conditions, the target imidazolidin-2-one (22a) is

formed in high yield (Scheme 76).

Iridium-catalyzed hydrogenation of 4,6-disubstituted

2-hydroxypyrimidines 150 produces chiral cyclic ureas

151a ± g with excellent diastereo- and enantioselectivities

O

N

Boc

NHO

O

F

F

F

F

F

(a) N-ethylmorpholine, DMF, rt, 1 h; (b) TFA, CH2Cl2, rt, 12 h

143

NH2

+
a, b

144 (70%)

N

N O

OH

H

Scheme 73

145a,b 146a,b (44 ± 52%)

N
O

N

O

OR

H

NH

O OR

N O

OR

H

O

RO H

LiN(TMS)2,

THF, D, 1 h

7

R=Me (a), Bui (b)

Scheme 74

148 (90%, 93% ee)

N

N

O

Ph H

N
CO2Ph

CNPh

147

7PhOH

LiAlH4,

THF, 0 8C, 4 h

Scheme 75

DHPDMDO,
MeCN, rt, 35 min

149

HN NH

OH

22a (80%)

HN NH

O

Scheme 76

(a) [Ir(COD)Cl]2, (S,S)-f-binaphane, TCCA, H2 (800 psi),

EtOH±PriOH (1 : 2), 40 8C, 24 h; (b) Pd(OCOCF3)2,

(R,S)-PPF-PBut2, PhCO2H, H2, TFE, 80 8C, 24 h;

TCCA is 1,3,5-trichloroisocyanuric acid,

TFE is tetrafluoroethylene, COD is cycloocta-1,5-diene,

Ph

Ph

P

Me

P

But

But

Fe

P

P

Fe(S,S)-f-binaphane =

(R,S)-PPF-PBut2 =

,

HN NH

O

R1 R2

N N

OH

R1 R2

151a ±n (86 ± 96%)150

a or b

Scheme 77

Table 8. Synthesis of cyclic ureas via hydrogenation of 2-hydroxypyr-
imidines (see Scheme 77).211, 212

Compounds 150, 151 R1 R2 Yield (%) ee (%)

a Me 3,4-(MeO)2C6H3 89 90

b Me 3,4-Cl2C6H3 90 91

c Me 4-ClC6H4 94 93

d Me 4-FC6H4 91 96

e Me 4-F3CC6H4 86 83

f Et Ph 90 96

g Pri Ph 89 83

h H Ph 90 95

i H 4-MeC6H4 93 90

j H 3-MeC6H4 93 96

k H 3,4-Me2C6H3 82 90

l H 4-F3CC6H4 96 87

m H 4-FC6H4 95 93

n H 3-MeOC6H4 95 96

A.V.Smolobochkin, A.S.Gazizov, A.R.Burilov, M.A.Pudovik, O.G.Sinyashin

410 Russ. Chem. Rev., 2021, 90 (3) 395 ± 417



(conditions a in Scheme 77, Table 8).211 In the follow-up

study,212 a palladium salt was used as a catalyst, providing

(4R,6S)-4,6-disubstituted tetrahydropyrimidin-2(1H)-ones

151h ± n (conditions b) in good yields and high stereoselec-

tivity.

Chloropyrimidine 152 is hydrolyzed in concentrated

hydrochloric acid to give 4-phenyl-1,2-dihydropyrimidin-

2-one (153), the catalytic hydrogenation of which affords

4-phenyltetrahydropyrimidin-2(1H)-one (151h) in a moder-

ate yield (Scheme 78).213

A rather unusual synthetic approach towards cyclic

ureas is the oxidation of imidazolium salts (Scheme 79).

Thus, the salts 154a,b and 155a ± d react with sodium

hypochlorite to give the derivatives of 1,3-dihydro-2H-

benzo[d]imidazol-2-one 156a,b and 1,3-dihydro-2H-imida-

zol-2-one 157a ± d.214

The synthesis of imidazol-2-ones 158a ± f via the treat-

ment of 1H-imidazole 3-oxides 159a ± f with an acetic

anhydride solution in dichloromethane is described

(Scheme 80). 215 ± 219

Addition of hexafluoroacetone hydrate (HFAH) to a

solution of N-oxides 160a ± d in dichloromethane generates

complexes 161a ± d, which are converted into substituted

1,3-dihydro-2H-imidazol-2-ones 162a ± d upon heating

(Scheme 81).220, 221

As noted above, the methods for the synthesis of cyclic

ureas provided in this Section have not yet been widely used

in the synthetic practice because of the experimental chal-

lenges in the synthesis of the starting compounds and

expensive catalysts. However, such synthetic approaches

demonstrate a diversity of methods for obtaining cyclic

ureas, which can be used in the future.

7. Other examples of the synthesis of cyclic ureas

Below are selected examples of the preparation of hetero-

cycles bearing a carbamide moiety that were not included in

the previous Sections. At the same time, various molecules

act as sources of the carbonyl group, e.g., aldehydes,

isocyanates, carbamates, methanol, N-methyl-1H-imida-

zole-1-carboxamide, 1,2-di-tert-butyldiaziridin-3-one.

There are mono- and bimolecular reactions, ring-expansion

reactions, and transformations catalyzed with metals and

their salts, Brùnsted and Lewis acids, among these proc-

esses.

Based on the Pd-catalyzed reaction of hexa-1,5-diene

and 1,2-di-tert-butyldiaziridin-3-one (163), imidazolidin-

2-one 164 was synthesized in one step (Scheme 82). 222 ± 225

It is noteworthy that the process occurs under mild con-

ditions and with good enantioselectivity.

The reaction of methanol with diamines to afford ureas

22a, 50a, and 51b, with the use of a commercially available

Milstein catalyst, [carbonylchlorohydrido[6-(di-tert-butyl-

phosphinomethyl)-2-(N,N-diethylaminomethyl)pyridino]ru-

thenium(II) (165), is original (Scheme 83).226 ± 228 In this

case, hydrogen is formed as a by-product.

Sawant et al.229, 230 suggested an approach towards

3,4-dihydroquinazolin-2(1H)-ones. As starting compounds,

aldehydes 166 were used, which underwent cyclization in

the presence of ammonium acetate in acetic acid to generate

HN NH

Ph

O

N NH

Ph

O

N N

Ph

Cl
HCl, H2O,
D , 1 h

153 (55%) 151h (38%)

1) NH4HCO2,

MeOH, THF, 60 8C
2) Pd/C, D, 2 h

152

Scheme 78

N

N

R

Bn

O

I7

N

N

R

Bn
NaOCl,
THF, rt

156a,b (85 ± 88%)

R = Me (a), Bn (b)

154a,b

+

I7 N

R1

N

R2

O

R3

R4

N

N

R1

R2

R3

R4

R1 = Me: R2 = Me, R3 = R4 = Ph (a); R2 = Bn, R3 = R4 = Ph (b);

R2 = Bn, R3 = R4 = H (c); R1 = Bn, R2= Me, R3 = Ph, R4 = H (d)

155a7d 157a7d (36788%)

+
NaOCl,
THF, rt

Scheme 79

N

N

O7

R1

R2

R3

Ac2O, CH2Cl2,

rt, 12 h

R2 = R3 = Me: R1 = C(O)NHMe (a), C(O)NHPh (b);

R1 = R2 = Ph: R3 = (CH2)2OAc (c), (CH2)4OAc (d),

(CH2)2NHAc (e), (CH2)3NHAc (f)

159a ± f

+

158a ± f (48 ± 73%)

N

N

R3
R2

R1

O

H

Scheme 80

CF3

CF3

HO

OH

N

N

R1
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Ph

R2N
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R1

O7

Ph

R2

162a7d (49772%)

a b

160a7d 161a7d

+

N

N

R1

Ph

R2

O

H

(a) HFAH, CH2Cl2, 0 8C, 30 min; (b)melting, 10 min;

R1 = R2 = Me (a); R1 = Cy, R2 = Ph (b); R1 = All, R2 = Me (c);

R1 = OAc, R2 = Ph (d)

.

Scheme 81

O

+

(S,S)-164

(65%, >99% ee)

163

NN

O

But But

N
But

N
But

L3 =
O

O

P

Me Me

MeMe

N

Pd07L3,

dioxane ëMeOH (10 : 1), rt
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supposedly iminium cations 167. The latter, in turn, reacted

with (aza)indoles 168 yielding the target compounds

169a ± k (Scheme 84, Table 9).

Condensation of ketones with paraformaldehyde in a

low-melting L-(+)-tartaric acid ±N,N-dimethylurea (DMU)

mixture gave rise to compounds 170a ± f (Scheme 85).231

The distinctive feature of this reaction is the exceptional

formation of the syn-stereomer, which is more stable

according to quantum chemical calculations.

The method for the synthesis of agelastatin A (171), a

potent antitumour alkaloid, was reported (Scheme 86). 232

Azide 172 was subjected to catalytic hydrogenation and

then reacted with N-methyl-1H-imidazole-1-carboxamide to

give urea 173. Cyclization of the urea moiety followed by

bromination gives the target polycyclic alkaloid 171.

The reaction of amines 174a ± c and 2-(isocyanato-

methyl)-1,3-dioxolane with subsequent treatment with

hydrochloric acid provides imidazoisoquinoline derivatives

175a ± c (Scheme 87).233

The proposed method to obtain the substituted tetrahy-

dropyrimidin-2-one 176 234 comprises the initial reaction of

aromatic amine 177 with an isocyanate followed by the

NH
HN

O

H2N
NH2

22a, 50a, 51b

(40759%)

n

n= 1 (22a), 2 (50a), 3 (51b)

+ MeOH

Milstein catalyst (165),
PhMe, 140 8C, 5 h

7H2

n

Scheme 83

Table 9. Synthesis of cyclic ureas from aldehydes and (aza)indoles (see Scheme 84).229, 230

Compounds 169 R1 R2 R3 R4 R5 R6 X Yield (%)

a H OMe H H H H CH 92

b H Br H H H H CH 91

c H F H H H H CH 88

d Bn H H H H H CH 86

e H H H H H Me CH 93

f H H H H H Br CH 91

g H H H H H Ph CH 91

h H H H H CO2Me H CH 83

i H H H Me H OMe CH 76

j H H Me H H H CH 84

k H H H Ph H H N 90

N

OMe

R1

O

O

R2

(a) NH4OAc, AcOH, MW,

130 8C, 10 min;

(b) AcOH, 130 8C, MW, 20730 min

a

166

7MeOH,
7H2O

N

NH

R1

O

R2

167

+

XN

R3

R4

R5

R6

X

NR3

R4

R5

R6

NHN
R1

O

R2

169a ±k (76 ± 93%)

(168)

b

Scheme 84

O Me
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O
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Scheme 85
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(a) 1) H2, Pd/C, MeOH, rt;

2) N-methyl-1H-imidazole-1-

carboxamide;

(b) 1) CsF, H2O, THF, rt;

2) NBS, MeOH, 0 8C
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a

171 (51%)

N

NH

O

OTBS

NH

O
NHMe

173

b

Scheme 86

N

R1

R2

N

O

R1

R2
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(a) 1) 2-(isocyanatomethyl)-1,3-dioxolane, THF, rt, 21 h;

2) HCl, MeOH, 55 8C, 5 days ; R1 = R2 = OMe (a), OH (b);

R1 = OMe, R2 = H (c)
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(37760%) H

Scheme 87
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cyclization of the generated urea in the presence of tri-

fluoroacetic acid (Scheme 88).

Amines 178a ± f were found to react with diethyl azo-

dicarboxylate (DEAD) to afford hydrazides 179a ± f, which

cyclize into 1,3-dihydro-2H-imidazol-2-ones 180a ± f at

room temperature in the presence of sodium hydroxide

(Scheme 89).235

8. Conclusion

Analysis of the literature data given in this review, related to

the methods of synthesis of cyclic ureas, allows us to assess

the prospects for the further development of this area. A

serious shortcoming of the isocyanate method is the labori-

ous synthesis of the starting substituted isocyanates, asso-

ciated with the use of toxic phosgene. Handling this chem-

ical requires special precautions and special laboratory

conditions, which greatly complicates the process. In terms

of the green chemistry concept, most promising are proce-

dures based on the use of safe, highly reactive synthetic

analogues of phosgene, namely, carbonates and 1,10-car-
bonyldiimidazole.

It is necessary to note the appearance in the last years of

a large number of publications on the synthesis of cyclic

ureas with the use of available carbon oxides. Nevertheless,

a serious obstacle to the widespread application of such

reactions in laboratory practice is the use of high pressure.

A promising method providing an approach to substi-

tuted cyclic ureas is an acid-catalyzed cyclization of car-

bonyl compounds and acetals containing urea moieties in

the presence of an external nucleophile, generally, of an

aromatic nature. An important advantage of such cascade

reactions is the possibility to vary the nature of starting

compounds over a wide range, thereby paving the way to

the direct synthesis of functionalized cyclic ureas.

An interest in a three-component reaction between

ureas, various dicarbonyl compounds, and aldehydes (the

Biginelli reaction) does not fade for years. This approach

provides the one-step synthesis of various tetrahydropyr-

imidinones showing a broad spectrum of biological activ-

ities. Distinctive features of this unique reaction are the high

yields of the target product, ease of implementation, and the

possibility to carry out the reaction without a solvent, which

allows classifying such transformations as relating to green

chemistry.

A high potential of the hydrogenation reaction of

4,6-disubstituted 2-hydroxypyrimidines should also be men-

tioned, as providing an access to cyclic ureas in good yields

and high stereoselectivity. However, the use of cyclic pre-

cursors which are to be obtained in advance, as well as

costly metal-containing catalysts, complicates the imple-

mentation of this synthetic approach.

A number of methods for the synthesis of various cyclic

ureas that have been described recently and were covered in

this review are targeted and aimed at developing novel

pharmaceutical drugs. A prominent example is the synthesis

of agelastatin A, which is a potent antitumour polycyclic

alkaloid.

To summarize, the development of novel synthetic

approaches towards cyclic and polycyclic ureas based on

the cascade and multi-component reactions, involving elec-

trochemical activation and effective metal-containing cata-

lysts including nanocatalysts, and on replacing toxic

reactants with low-toxic ones, seems to be a promising

trend in modern organic chemistry.

9. List of acronyms

The following acronyms were used in the review:

Boc Ð tert-butoxycarbonyl,

Cbz Ð benzyloxycarbonyl,

CDI Ð 1,10-carbonyldiimidazole,

Cp Ð cyclopentadienyl,

Cp* Ð pentamethylcyclopentadienyl,

Cy Ð cyclohexyl,

Cyp Ð cyclopentyl,

DABCO Ð 1,4-diazabicyclo[2.2.2]octane,

dba Ð dibenzylidene acetone,

DBU Ð 1,8-diazabicyclo[5.4.0]undec-7-ene,

de Ð diastereomeric excess,

DEAD Ð diethyl azodicarboxylate,

DIPEA Ð diisopropylethylamine,

DMA Ð dimethylacetamide,

DMPU Ð N,N 0-dimethylpropylideneurea,

DMU Ð N,N-dimethylurea,

DPPA Ð diphenylphosphoryl azide,

dr Ð diastereomeric ratio,

ee Ð enantiomeric excess,

LDA Ð lithium diisopropylamide,

MTBE Ð methyl tert-butyl ether,

TBS Ð tert-butyldimethylsilyl,

TMS Ð trimethylsilyl,

TMG Ð 1,1,3,3-tetramethylguanidine,

TFA Ð trifluoroacetic acid.
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MeO OMe
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CO2Et
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OHC

OMe

176 (44%)

a

177

(a) 1) 4-(2-isocyanatoethyl)-1,2-

dimethoxybenzene, 60 8C, 2 days;

2) TFA, 1,4-dioxane, rt, 4 h

Scheme 88
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a

178a ± f
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