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The literature on reactants suitable for the preparation of functionally sub- 
stituted azoles which has appeared in the 1980's is reviewed. 

The chemistry of azoles has undergone a period of rapid development during the last 
decade. Advantages in methods for the synthesis of a variety of functionally substituted 
azoles have been discussed in detail in recent basic monographs [1-6] and new reviews on 
oxazoles [7, 8], thiazoies [9], imidazoles [I0-12], pyrazoles [13, 14], isoxazoles [15], 
1,2,3-thiadiazoles [16], 1,2,4-thiadiazoles [17], and tetrazoles [18]. Important informa- 
tion on the preparation of azoles has also appeared in discussions of the heterocyclization 
of nitrogen compounds of various types [19-27]. 

In spite of these reviews, many methods for the introduction of functional substituents 
into azoles have not yet been systematized, and are scattered throughout many journal publica- 
tions of the 1980's. It has not been possible to cover this work in detail within the limits 
of the present review, and it has been necessary to restrict it to those reports which de- 
scribe relatively simple but nevertheless general methods for the preparation of difficultly 
accessible or previously unknown types of functionally substituted azoles. The interest in 
the development of preparative methods for these compounds arises partly from the fact that 
they are often useful subjects for the investigation of structure-reactivity relationships 
in unique aromatic systems, and partly that they are required for the creation of effective 
drugs, pesticides, dyes, and other compounds with practical applications. 

The methods available for the preparation of these compounds may be divided into three 
basic groups: 

a) synthesis of azoles from acyclic compounds, 

b) conversion of certain functionally-substituted azoles into others, and 

c) recyclization of some heterocyclic compounds to azoles. 

None of these approaches can be ignored, since the limits of their application overlap. 
The first approach is, however, especially important, since the use of efficient reagents 
has resulted in the greatest progress in the synthesis of azoles. It is therefore desirable 
to dwell at some length on acyclic compounds which are clearly of value in this respect, 
but which have not been widely reported. 

PREPARATION OF 1,3-AZOLES FROM N-ALKYLAMIDES AND ENAMIDES 

Diagram i shows the intramolecular condensation of the related compounds (I) and (II), 
which are convenient reagents for the preparation of substituted oxazoles and thiazoles with 
a range of nitrogen-, sulfur-, and phosphorus-containing groups in the 4-position. It is 
noteworthy that the heterocyclization of the chlorinated N-substituted amides (I) has been 
examined systematically only quite recently [28], although N-acylated simple ~-aminocarbonyl 
compounds (II) have long been used for the preparation of 1,3-azoles [i, 4]. 

Comparison of the reactivities of structurally similar pairs of compounds (I) and (II) 
shows that they are not usually interchangeable in heterocyclization, and their areas of 
application are complementary rather than exclusive. In addition, the ease of access of 
these compounds is usually different. Of particular interest are the most readily available 
and also the simplest compounds (I), which contain a dichloromethyl group. As will be seen 
from Diagram i, they are readily obtained from the condensation products of carboxamides with 
chloral or dichloroacetaldehyde. Treatment of these compounds with bases frequently affords 
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2,4-disubstituted azoles which cannot usually be obtained from the compounds (II), since 
the synthesis of methylene group functionaiized acylaminoacetaldehydes is a far from simple 
task. 

Important intermediates for the preparation of the compounds (I) are the highly reactive 
N-(l,2,2-trichloroethyl)amides (IV) and the N-(2,2-dichlorovinyl)amides (V). The use of the 
latter is well illustrated by two examples, namely the preparation of 4-aminooxazoles (VI) 
and the 4-mercaptothiazoles (VII), although this does not of course exhaust the possibilities 
of the use of the enamides (V) for the synthesis of 4-functionalized 1,3-azoles. 

Diagram I 

./X X NH __.._.~ X 
NH -~Hcl i~-~ -%0 --<X />--- 

~0 -~ ~ R R I /~ "-RI [28, 29] [ 3 0 - 3 2 l  
R - -  

(s) Cl Cl R R ~ O O 

I Ill II 

X = N - ,  S-,  and P-conta inins  R~=H, AlkHal, At; Y=O, S 

Preparation of the simplest representatives of I [33--38] 

C|2CHCHO RCONH? HCHcI2 SOCl 2 HX(X-) 
OH -'-----'~ RCON II CHCHCI 2 Cl ' 

RCONH2 IV RCONHCHCHCI 2 
I 

Zn. CH3COOH HX 
RCONHCHCCl 3 = RCONHCH=CCl 2 . . . .  

OH V 

Examples of syntheses using the enamides (V) [28, 39] 
NH 2 

NH ~ NIl3 = } NH 

, "~.~.s. R--{~ ci 
0 Cl 0 CI S Cl 

I RC0Cl. (CzHs)~N V 

NHCOR /NHCOR . SAr 
<NH---~ 2CH30Na ,. ~---~" <k NIl .... " ----:-:-- 2(C2H5 } "N-"-~--!I 

R-- Cl R -~ \'Y--- Cl 
O C1 R 'O ~ S CI R " "S 

Yl VII 

SAx 

Still more valuable reactants for heterocyclization are the enamides (V) containing 
electron-acceptor groups in the o-position of the alkenyl residue. A large group of compounds 
of this type of general formula (VIII) are shown in Diagram 2. Treatment of these compounds 
with an excess of highly basic primary or secondary amines frequently gives high yields of 
the 5-aminooxazoles (IX). The compounds (VIII) react similarly with sodium hydrosulfide, 
to give the previously unknown 5-mercaptooxazoles (X). 

The driving force in these condensations is the orbitally-controlled addition of the 
nucleophile to the soft electrophilic C=C bond in (VIII). The intermediates in this addition 
apparently usually contain the reactive >NCCI=-- and --SC12-- groupings, which readily condense 
with the adjacent acylamino-residues with the closure of the oxazole [40-47]. 

Diagram 2 

R 1R2NH N I t - - - ~ ' "  

R NR I R 2 0 CI R ~0/'~SH 

IX [40-46] VIII X [47] 

X=CN, COOAIk, CONH2, CONHAIk, P(O)(OAlk).~, SO2Ar }[ ~p. 

Preparation of reagents (Vlll) 
NaX NaX or (C2H~)3N 

RCONHC~CCI~ , .,,,,. RCCNHCHCCI 3 ~ RCONHC=CCL 

C1 X X 
X=CN, P(O)(OC2115) r SO:At 

[40. 42~ 
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IICN RCOCI 

" I 
-- " L_ CN CN j CN 

F.CONIIC~---CCI 2 ~ RCONHC----CC�93 2 ~ RCONHC----C['I z [43, 48] 
f r 
CN COOl! COOAIk 

C l  2 

I ~ C O N H C  ~--- C C L  " - I - - - - - -  - - - - - ~ - "  R C O N H C  ~ C C I ~  { 4 8 1  

1 ~ I , %  
CONH~ R / CONR R ~ 

Heterocyclization with shared reagent (Villa) [49 ] 

V C----N ] .C--N F ' N -----~F I -- I NH~," i C---N 

L c , ~ ' " o  ' m  " o ~, L~,~c -- o - j 

i Villa I 
i 2RzNH, H20 3ArNi{. 

i . C ~ N  ! c - : : ~  

R2NCO o NR 2 *rN=C o J~:uJ 

Cl 

The course of the reaction of the enamides (VIII) with nucleophiles is highly dependent 
on the electronic nature of the substituent X and the rigidity of the nucleophile [46]. In 
addition to substituted oxazoles, acyclic compounds are also often formed [44, 46], but even 
with these limitations the area of use of the compounds (VIII) remains quite extensive. 

An important representative of the compounds (VIII) is 2-trichloroacetylamino-3,3-di- 
chloroacrylonitrile (VIIIa), which has been used by G. N. Mis'kevich to introduce three 
different functional groups into the oxazole ring (Diagram 2). It is noteworthy that many 
other nitriles have been used to obtain 1,2- and 1,3-azoles, and these are discussed in 
the following section. 

FUNCTIONALLY SUBSTITUTED AZOLES FROM NITRILES AND ISONITRILES 

The value of nitriles for the synthesis of azoles cannot be overstressed. This con ~ 
clusion follows from an examination of several new reviews of the heterocyclization with 
malononitrile [19], cyanoacetamide [24], its thio-analog [24, 26], and many other substituted 
nitriles [27]. In recent times acylacetonitriles and their derivatives [50-54], malononitrile 
and its analogs [55-58], aminonitriles [59-61], substituted acrylonitriles [62-67], nitriles 
of acetylenic and allenecarboxylic acids [68-71], and other N-cyanoimidocarbonic acid deriva- 
tives [72-81] have been used to prepare azoles. 

Normally, condensations with multicentered reactants containing other electrophilic 
groups in addition to the nitrile group are carried out with hydrazine and its homologs, 
hydroxylamine, primary amines, and hydrogen sulfide and its organic derivatives. Seven 
examples of such heterocyclizations are shown in Diagram 3. Of particular interest are: 
the reaction of o-aminothiophenol with malononitrile, a convenient route to the valuable 
intermediate 2-cyanomethylbenzothiazole (example 2), the condensation of hydrazine with 
2,3-disubstituted-3-trichloromethylacrylonitriles, which involves haloform cleavage to 
give 3,5-diaminopyrazoles (example 5), and finally the reaction of diphenyl N-cyanoimido- 
carbonic acid (XI) with aromatic amines, followed by hydrazine (example 7), which has been 
used to obtain 5-amino-3-arylamino-l,2,4-triazoles (XII). As will be seen from diagram 3, 
the important reactant (XI), which can be used in many heterocyclizations, is obtained 
from the readily available compounds diphenyl carbonate and cyanamide. 

Diagram 3 
o o 

i .  x + H2s x" "]. i" m3~ 

N2 N.~N/S 

a, N~C ~./C-----N + "~" ~ U ii S H 
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R N H  2 

3. R "C----N + NH 2 "---- '- ' --  -" 

4, II,, + NH 
CI / ~'C6H5 

i 
C6H 5 

"0 0 

R " NH 2 R"" " - 

NH-'2 CC13 NH2 NIIJ ~N ~ 
H 

CS|tsC=C - - C : ' N  CsH 5 NIt2 \ 

H.NOII N. 
- / ' "  "0" "Cc, H. ' 

6. 

[56] 

I62]  

ArN}I 
7. C~lI,(} C:~N ArN]], ArNH (' : N N~I/4 

CsllbO (:61150 ; : 
N 
}] 

[071 

Preparation of (Xl) [72] 

C s H s 0 ~  0 PCI5 C8H50 C1 H2NC --= N 
" - - - " - ~ "  ,~<" - ....... ~" XI =6H50 CsHsO "CI 

L69] 

Nil:, 
.'21 

In addition to numerous nitriles, isonitriles are also used to obtain azoles [82-95]. 
Of special interest are the alkyl isocyanoacetates (XIII), which are valuable reactants for 
the preparation of a variety of oxazoles (XIV), thiazoles (XV), and imidazoles (XVI) and 
(XVII) (Diagram 4). The compounds (XIII) are usually subjected to Schollkopf metallation 
[82], then reacted with various electrophiles. In the first step, the isonitrile group is 
retained, and in the second cyclization is effected under conditions appropriate to the 
electrophile used. This approach, a very productive one [82, 83, 85-92], has recently been 
augmented by Bossio et al [93, 94], who have added arenesulfenyl chlorides and sulfur di- 
chloride to the isonitrile group in (XIII), followed by cyclization to the 2,5-disubstituted 
oxazoles (XVIII) and (XIX). It is as yet difficult to assess the value of this method, but 
it may well be that its range of uses will be extended. 

Diagram 4 

N -----~, I.ArSCL 2.(Et)3N CN~ OAlk 2.(Et)3N ,~----- N N -----~, 

Alk0 0 S 0 0 A l g  

XVIII  1931 XIII  XLX 194] 

N__ [_~COOAlk / /COOAIk 
/BuLi, Nail, t -BuOK 

xrv 183. 8 7 - 8 9 ]  CN CH3 

COOAlk COOA1k 

~S~NHR ~ R  
H 

X'V [911 ~r l l  [g21 

In conclusion, it may be pointed out that 1,3-azoles have been obtained from analogs of 
(XIII) containing electron-acceptor groups other than the alkoxycarbonyl group, namely CONRR' 
[84], P(O)(OAIk)2 [85, 86], and SO2Ar [95]. 

BIPOLAR NITROGEN COMPOUNDS IN THE SYNTHESIS OF AZOLES 

At the present time, the chemistry of azoles cannot be significantly extended without 
the use of bipolar nitrogen compounds of the type 

z - c ~ - f  - . - _ _ , . .  * - R - - C = N ~ X  

X=~IR 2, O, S, Se, NR I 
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The use of nitrile ylids, nitrile oxides, and their analogs in heterocylizations has been 
discussed in detail in an excellent recent monograph [6], and it is therefore unnecessary to 
cite the numerous publications given therein. We mention only some recent articles describ- 
ing the synthesis of various azoles using bipolar nitrogen compounds [96-110]. These compounds 
are usually reacted with electrophiles containing the C-C, C-N, or C=C bonds to give the 
1,3-dipolar cycloaddition products. Some examples of cyclization with nitrile oxides and 
nitrileimines are shown in Diagram 5. This reaction is of particular value for the prepara- 
tion of isoxazoles and 1,2,4-oxadiazoles with functional substituents in the 5-position. 

Diagram 5 

R.~] ]l H--C=CCII2X ERiC R~'C* RICECR2 / 
- -- / +111 ~ I I  4- + 

N.o ..~/x X=OH. Br | N.O_ "~o- " ~ '  " "R "~ 

[104, 105] ~ R2=COOMe 

NH z N'~O/ ~'~Ar 
[I07] tI08| {109~ 

[1061 

~--~ Phc.-~.~o,.h " 1 1 - I  EO, 
I N .  - 
L " N ~  ~ ~ . ,~M. . .copb N. ,~.  ~ coP,,, 

I i 
Ar Ar 

Ill01 

N o n t r i v i a l  methods have been developed fo r  the generat ion of b ipo la r  reagents of low 
s t a b i l i t y ,  in add i t ion  to standard methods. Some of these are shown in Diagram 6, from which 
i t  w i l l  be seen tha t  compound (XX), fo r  instance, may be obtained by four  d i f f e r e n t  methods. 
Nitrile ylids and their analogs are sometimes obtained from the cyclic intermediates (XXI- 
XXIV), which undergo thermal cleavage [iii]. This cleavage is often carried out in the 
presence of unsaturated eiectrophiles, enabling the bipolar reagents to undergo immediate 
1,3-dipolar cycloaddition [111-116]. 

Diagram 6 

~OMe 
Br O x%" ,~ XX "~ 

P h S 0 2 . , , ~ _ _ ~  SO ~Ph 

PhSO2CH2NO2 ~ 0 ~  + 

X~ 

RCON=C(CF~)2 P(OEt)3._ R~ N I10QC 

OxP~/~_ CF~ 
EtO ~ I OEt 

0Et 
XX/I 

170~C § - 
(Alk0C0)2CHNO 2 ~ EAlkOCOC~_N--O ] [114] 

R.. 
1. Cl~CSC1 ~ L 180~ 

 ,co o)7 = ] . , 5 ,  2. ~S O 
XX/II 
CF3~ 

l I P C I  s N ~ 1400C 
CFsCONHNHPh - -  I , . -  - + - . . . .  LCF~C--N--NPh J (1161 

2./D -TolOSiMe ~ 0 ~ p / N ~  Ph 

TolO ~ I ~OTol 
OTol XXIY 

SYNTHESIS OF AZOLES FROM HETEROORGANIC COMPOUNDS 

Simple organosilicon compounds (trimethylsilyl azide, trimethylsilylmethylazide, 
trimethylsilyldiazomethane and its derivatives) have recently been used extensively for the 
synthesis of functionally substituted pyrazoles, thiazoles, 1,2,3-triazoles, 1,2,3-thiadia- 
zoles, 1,2,4-thiadiazoles, and tetrazoles (see review [117] and reports [118-127]). 
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Diagram 7 shows some condensations using lithium trimethylsilyldiazomethane (XXV), which 
reacts readily with a variety of electrophiles to give the substituted azoles (XXVI-XXX). 
These condensations always result in the formation of silylated azoles, which can sometimes 
be isolated (cf. (XXVIII-XXX)). The C--Si bond in these compounds is readily hydrolyzed, 
and this method is usually used to obtain the silicon-free azoles (e.g. (XXVI) and (XXVII)). 

Diagram 7 
RN=C=S. 2. R'X F--~-N 

_- ..~SiCN=U -a. ~' 
H0/J !  ?i /N 

II - 

" R R S / " 5  / Me3S i" "n 

.'C-:V1H H ~ 4 ,  lZZ] XXX I126, 127; . ' , L X I X  [ 1 2 6 ]  

The C--Si bond in (XXX) is cleaved not only by water, but also by acid chlorides, aldehydes, 
and other electrophiles, resulting in the introduction of simple and important functional 
groups into the azole systems. Numerous examples of these introductions have been discussed 
in a recent review by Dondoni on new methods for the functionalization of thiazole [9]. 
Similar reactions also occur with silylated oxazoles, for example: 

M e \ .  Me 

_ Me3SiC~ [128] 
COR 

In addition to (XXV) (Diagram 7), many other organosilicon compounds have been used to 
obtain azoles [117, 128-130], of which we mention the accessible reactants (XXXI) used by 
Ya. G. Bal'on et al. [131] to obtain 2-amino-5-aryl-thiazoles: 

Ar \ /CHCI 2 

CH NH2.." ~ I~'~ [131] 
I + S ~ C - - N H  2 

OSiMe3 Ar ~ / 2 ~ . S  NH 2 

In addition to organosilicon compounds, phosphorus compounds (phosphonium ylids, 
iminophosphoryl compounds, substituted vinylpho~phonium compounds, and many others) play 
an important part in azole synthesis. Heterocyclizations involving these compounds have 
been discussed in a special monograph [132] and recent reports [133-139]. Of special interest 
are Zbiral-Dombrovskii reagents (the 2-acylvinylphosphonium salts (XXXII), which condense 
with bifunctional nucleophiles (Diagram 8). The products from these reactions areusually 
azolylmethylphosphonium salts of general formula (XXXIII), which can be used to obtain the 
corresponding ylids (XXX-IV) or the substituted phosphorus-free azoles (XXXV). 

Diagram8 
§ 

Ph3P ~ ~ C O R  COR 

xx~i s 

+ R 
p h 3 p / ~ - - - ~  Ph 3~A~- - -p - - - - -~  R 

H a l -  q ~ Hat -  

R ~ R 1 

-- B- ~ + HNu / '~"  N u 
Az~Iy! / ~ ' P P h  3 " ~ - - - -  Azolyl PPh3An- ~ Azolyl �9 

~XXIV [143] ~XIII XXXV [143, 1441 

Nu=0R, SR, NR 2 

Preparation of reagent XXXI 

o 

ph3p 
Hal R ~ XXXll I1451 
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Substituted vinylphosphonium compounds include, in addition to (XXXII), the l-acylamino- 
2-chlorovinylphosphonium salts (XXXVI), which have recently been used to intrDduce the phos- 
phonium grouping into the 4-position of some 1,3-azoles (Diagram 9). The structure of the 
phosphorylated azoles (XXXVII-XXXIX) were reliably proved by chemical methods. For instance, 
compounds (XXXVII) and (XXXIX) are readily cleaved by alkali at the C--P bond to give the 
2-substituted thiazoles and selenazoles, which were obtained by other methods for the purpose 
of identification. 

It is interesting that the phosphorylated imidazoles (XXXVIII), which are unsubstituted 
at nitrogen, are not cleaved by alkali at the C--P bon~, but are converted into the mesomeric 
betaines (XL), which are highly reactive towards electrophiles, and are of considerable value 
for the synthesis of novel types of substituted imidazoles. 

Diagram 9 
+ 4- + 

Ph3P~ Ph3P~" _ ~ N  NaOH F--N 

CI-  ~2. HCI 2. HC1 --- 
S R ~CI R - - S e / - - R  

X~D(VII [39] XXXVl XXXIX [146i 

I I. PC15 
Na0H + i 2. R1NH~ + 

Ph~P " ~ Ph3P 
_"~:-----N NaOH. R~=H [ ' ~ ,  F 

CI ~ \ R  

XXXVIII [39] XL 

Preparation of reagents XXXVI 

Cl~CH?HNHOOR Ph3------~ P [- C12CHCHNHCOR "] 
- ) 

o, L ,h,,§ j -HOt 
XXXVX [3g] 

Close analogs of (XXXVI) containing two chlorine atoms in the vinyl residue are unique 
reactants for the preparation of oxazoles, thiazoles, and selenazoles with nitrogen-, sulfur-, 
and selenium-containing substituents in the 5-position (Diagram i0). The compounds (XLI) are 
similar in their reactivity to other N-2,2-dichlorovinylamides with electron-acceptor sub- 
stituents in the 1-position of the alkenyl residue, which have been discussed above (Diagram 2). 

Unlike the latter compounds, however, (XLI) shows specific behavior, being reaadily 
converted into the mesomeric 1,3-azole phosphonium betaines (XLII-XLV), which are in turn 
closely related to 4-azolylphosphonium salts (XLVI). The triphenylphosphonium grouping 
in (XLI) activates the C=C bond towards soft or not very hard nucleophiles, resulting in 
directed addition to give intermediates which readily undergo heterocyclization. 

Treatment of the final products in these reactions with alkali affords high yields of 
the 5-functionalized azoles (XLII), which are frequently difficult or impossible to obtain 
by other methods. Essentially, the sequence of reactions (XLI)~(XLVI)~(XLVII) is a fairly 
general method for the introduction of a variety of groups (for example AIk2N, AIk(Ar)N, 
AIkS, ArS, HetS, AlkSe, etc.) into the S-position in 1,3-azole systems. 

As will be seen from Diagram i0 (following page), the range of applications of the accessible 
compounds (XLI) is already quite wide, and will doubtless be extended yet further in the future. 
The novel types of phosphoniumbetaines (XL) and (XLII-XLV) are unique additions to the general 
group of other mesomeric betaines, which have been reviewed in detail by Ollis and Stanforth 
in a fundamental review [153]. 

In conclusion, it may be remarked that in addition to cyclization of initially acyclic 
compounds, azoles are increasingly being obtained by recyclization of a variety of hetero- 
cyclic compounds. A detailed discussion of this route does not lie within the scope of 
this review, and the reader is merely directed towards two valuable reviews [154, 155] in 
which important information on recyclizations affording functionalized azoles is given. 
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Diagram i0 " 

Pb= I-- 1 *" Pros' ~' NtSH An- [--- -~cl ~ I "t 

R . .  R XLI R 
XLIV [147--150| ~ /  XLII [147-.150] 

R R 
XLVI [146-1521 XLVII [146, 1501 

P h 3 P . ~ _ ~ / S  e ph3p." .bIAr 
NaSeH or I. ArNH~, 2. MkONa ~" 

N . ~ O ( S e )  I. PCI s. 2. NaSeH N~O 

R R 
XLIII [1461 XLV [!471 

X=O. S, Se; Y = N-, S-, or Se-containing groups 

Preparation of reagents XLI 

Ph3P + 
C13 CCWCINHCOR ~ ECI~CCH(NHCOR)PPh3CI-~-~ -HCl-- XLI [151, 152] 

In recent years, therefore, the armamentarium of azole chemists has been extended 
substantially by the use of novel, effective acyclic and heterocyclic compounds, some of 
which have been discussed above. In consequence, functional derivatives of oxazoles, 
imidazoles, isoxazoles, isomeric triazoles, tetrazoles, and 1,2,3- and 1,2,4-triazoles 
have become accessible for which no convenient methods of synthesis were available. 
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