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    Abstract     The chapter encompasses the synthesis, chemical transformations, 
properties, and applications of fl uorinated monocyclic 1,2,3-, 1,2,4-triazoles and 
tetrazoles as well as their fused analogs. The heterocycles directly bonded with a 
fl uorine atom (N-F or C-F isomers) as well as trifl uoromethyl, perfl uoroalkyl, per-
fl uoroaryl, SF 5 , NF 2  groups and some other fl uorinated fragments were considered.  

  Keywords     Fluorine   •   Triazole   •   Tetrazoles   •   Heterocycle   •   Synthesis   •   Application   • 
  Biological activity  

1         Introduction 

 Fluorinated polynitrogen heterocycles like 1,2,3-triazoles, 1,2,4-triazoles and tetra-
zoles differ considerably from the other related heterocyclic systems in the prepara-
tion methods and some characteristics. Heterocycles containing three or four 
endocyclic nitrogen atoms, including one, two, or three N-N bonds combined with 
a powerful electron-acceptor and energy-consuming substituent like а fl uorine atom 
or perfl uoroalkyl groups possess a relatively high enthalpy of formation and notably 
differ from the other azoles by their chemical properties. Some fl uorinated tri- and 
tetrazoles are well known and fi nd versatile applications [ 1 ]. These compounds are 
widely used in medicine, agriculture, and in material sciences. Thus, several com-
mercially important drugs as well as a lot of bioactive compounds with different 
types of activity have in their composition fl uorinated triazolyl or tetrazolyl groups. 
Among them there are well-known antidiabetic DPP-IV inhibitors, NK1 receptor 
antagonist, antifungal agents, herbicides, and some other compounds with useful 
properties [ 1 – 5 ]. On the other hand these compounds possess a number of unique 
properties providing a possibility to utilize them in quite different fi elds of technology. 
For instance, these compounds are effi cient corrosion inhibitors, they can be used as 
components of energy-rich compounds, ionic liquids, semiconductors, etc. [ 1 ,  6 ]. 
The applications of fl uorinated tri- and tetrazoles will be discussed in more detail in 
Sect.  6  of this chapter. 

 Fluorinated derivatives of azoles are known since over half century, the chemical 
methods of their synthesis and their certain chemical properties are described in 
many reviews and monographs [ 1 ,  6 – 15 ]. In general two different ways to incorpo-
rate fl uorine or perfl uoroalkyl groups into a heterocyclic system may be considered: 
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The heterocyclization of fl uorine-containing acyclic systems many various types of 
which are known, or direct introduction of fl uorine or a perfl uoroalkyl group into 
existing heterocyclic system [ 1 ,  7 – 15 ]. So far the problems of the synthesis of 
highly nitrogenated cyclic systems, especially of 1,2,3-triazoles and tetrazoles have 
been poorly understood. It should be noted that quite a big number of original pub-
lications has appeared in this fi eld within the last decade. 

 Taking into account the essential difference in the properties and the preparation 
procedures we consider further in succession compounds having a fl uorine atom 
directly bound to the heterocycle and another fl uorine-containing substances, 
perfl uoroalkyl and perfl uoroaryl derivatives of 1,2,3-, 1,2,4-triazoles and tetrazoles. 
The research on the synthesis and the reactivity of tri- and tetrazoles containing as 
substituents at the endocyclic carbon atom CF 3  or the other perfl uoroalkyl groups 
have been developed since the 1960s. The last decade has been marked with a sig-
nifi cant progress in this direction due to some of these compounds have important 
practical applications. Tri- and tetrazoles containing as substituents perfl uoroaryl 
fragments, SF 5  and NF 2  groups, and also heterocycles involved into fl uorobenzo-
fused systems are considered separately.  

2     Compounds Having Fluorine Bonded Directly 
to Endocyclic Atoms 

2.1     N-F Derivatives 

 In the case of unsubstituted triazoles and tetrazoles the existence of two isomers is 
possible for each heterocyclic system. Such derivatives are very different in thermo-
dynamic stability: 1Н- and 2Н-1,2,3-triazoles and tetrazoles, and also 1Н- and 
4Н-1,2,4- triazoles. By now all parent N-F heterocycles  1 – 6  remain hypothetical. 
Among substituted derivatives all known N-F heterocycles are only 1Н-isomers.

   

N
N

N
F

N
N

N

F N
N

N
F

N
N

N

F

N
N

N
N

F

N
N

N
N

F

1  2  3  4 5 6   

    In general the information on the synthesis and properties of the N-fl uorinated 
derivatives of 1,2,3- and 1,2,4-triazoles is very scanty [ 6 ]. The data about 
N-fl uorotetrazoles are totally absent today. We discuss below the results of the few 
publications considering the synthesis of N-fl uoro-1,2,3- and 1,2,4-triazoles. This 
desultory information is diffi cult to classify since the most of these papers lack any 
experimental details on the synthesis of the compounds of this type and the proofs 
confi rming the structure. 
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 By now the synthesis of 1-fl uoro-benzotriazole  7  is well established fact [ 16 ]. Gakh 
et al. carried out a direct replacement of the hydrogen attached to the nitrogen atom of 
the “pyrrole” type of benzotriazole by the fl uorine. For this aim benzotriazole anion 
was fl uorinated with cesium fl uorooxysulfate (CEOX). The cesium fl uorooxysulfate 
discovered by Appelman in 1979 is one of the soft and regioselective reagents 
for anions fl uorination. It requires however a cautious handling for it is prone to 
spontaneous instant decomposition [ 8 ,  9 ].
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    An example of synthesis of N-fl uoro-1,2,4-triazole was described in the patent of 
Strazdina and Grinstein [ 6 ,  17 ]. Here 1-fl uoro-3,5-dibromo-1,2,4-triazole  8  was 
obtained by treating the heterocyclic substrate with the hypohalous acid or its deriv-
atives at −40 to +50 °C in water or an organic solvent in the presence of bases. 
Langlet and Ostmark in a patent [ 18 ] have described the application of isomeric 
fl uoro-triazolones  9, 10  as components of explosive compositions, but the data on 
the synthesis of these substances have been not reported.
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    Miroshnichenko et al. [ 19 ] published results on calorimetric investigation of N-F 
derivatives of various nitroazoles, in particular, of some N-fl uoro derivatives of 
1,2,3- and 1,2,4-triazoles  11 – 13  (the values of standard enthalpy of formation ∆ H  f  o , 
kJ/mol are given in parentheses). Regretfully, the methods of the synthesis of N-F 
triazoles and the data confi rming their structure and individuality were not reported 
in this article.
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    According to theoretical calculations the N-F bond in the molecules of N-fl uoro- 
1,2,4-triazoles is rather strong, in contrast to N-Cl (Br, I) bonds [ 20 ]. Therefore, it 
remains possible to prepare a wide range of thermodynamically stable N-fl uoro 
derivatives of 1,2,4-triazole which may be of a practical importance. Thus, using 
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 ab initio  quantum-chemical methods, the structure of salts was investigated that were 
formed with N-F-1,2,4-triazolium cation and dinitramide anion which might be 
used for the preparation of exotic energy-rich ionic liquids [ 21 ].  

2.2     C-F Derivatives 

 Taking into account that 1,2,3- and 1,2,4-triazole rings contain two carbon atoms, 
and the tetrazole cycle only a single one, the fl uorine atom can be located in two 
different positions in the isomeric C-F triazoles with nonequivalent substituents 
 14 – 17  and in a single position in 5-fl uorotetrazole  18 . All types of these derivatives 
are known.
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    The direct incorporation of a fl uorine atom in the ring essentially affects versatile 
physicochemical and chemical characteristics of the heterocyclic system, in particular, 
its tautomerism, dipole moment, and the acid-base properties. For instance, tauto-
meric equilibria involving NH-unsubstituted fl uoro derivatives of 1,2,3-triazoles 
[ 22 ,  23 ], 1,2,4-triazoles [ 24 ], and tetrazoles [ 25 – 28 ] were explored in a series of 
theoretical studies. The acid-base properties of these heterocycles (in particular, the 
CH-acidity of some among them) were also studied [ 28 – 30 ]. These investigations 
showed that the fl uorine atom attached to the heterocyclic system changed signifi -
cantly the character of the electron density distribution and consequently the  polarity 
of the heterocycle, strongly increased its acidity and decreased its basicity. 

 The synthetic procedures for the preparation of C-F derivatives of tri- and 
tetrazoles are more developed compared to the synthesis of the derivatives with the 
N-F bond. The preparation methods of C-F derivatives are known not only for 1,2,3- 
and 1,2,4-triazoles, but also for tetrazoles. The C-F bond is successfully formed by 
the replacement of hydrogen atom or various “leaving” groups under the action of 
the fl uorination reagents. Along with the above methods diverse versions are applied 
of 1,3-dipolar cycloaddition of azides to dipolarophiles containing fl uorine. Also 
very useful approach is oxidative cyclization of molecules with the linear structure 
containing a C-F bond. 

 The fi rst report on the preparation of 1,2,4-triazoles fl uorinated at the carbon 
atom of the ring appeared as early as 1973 [ 31 ]. In this study the corresponding 
3-fl uoro-1,2,4-triazoles  20  were obtained in good yields by treatment of 5-R-3- 
nitro-1,2,4-triazoles  19  with hydrogen fl uoride. Nitro group substitution by fl uorine 
under these conditions required a prolonged time (20–48 h) and heating at high 
temperature (100–150 °C).
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    The nucleophilic exchange of one bromine atom in 1-benzyl-3,5-dibromo-1,2,4- 
triazole  21  with fl uorine under the action of CsF followed by the photoinitiated 
elimination of the benzyl protective group led to the formation of 3-bromo-5-fl uoro-
1Н- 1,2,4-triazole  22  in 59 % overall yield. The alkylation of this substrate gave 
1-alkyl-3-fl uoro-1,2,4-triazoles for the fi rst time. Both bromine atoms were substi-
tuted to provide the corresponding difl uoro derivative  24  under the same reaction 
conditions, but using 1-(3,5-dimethoxybenzyl)-3,5-dibromo-1,2,4-triazole  23  as 
substrate for fl uorination [ 32 ].
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    Cesium fl uoride was also used in the synthesis of 2,3-di( p -tolyl)-5- fl uoro-
tetrazolium bromide  25  from the corresponding 5- triphenylphosphoniotet razolium 
salt [ 33 ].
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    Another example of the direct introduction of the fl uorine atom into a heterocy-
cle was demonstrated in [ 34 ]. Here 3-fl uoro-1,2,4-triazole  26  was obtained by the 
photochemical decomposition of hetaryldiazonium tetrafl uoroborate in solution 
oversaturated with NaBF 4 .
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    A widely used method of the preparation of versatile 1,2,3-triazoles and tetrazoles 
consists in the reaction of azides with fl uorine-containing compounds with multiple 
bonds. For example, this approach afforded N-substituted 4(5)-fl uoro-1,2,3- triazoles 
 27, 28  by the 1,3-dipolar cycloaddition of perfl uoropropadiene to phenyl azide [ 35 ]. 
In the course of the reaction a mixture of regioisomeric 1,2,3- triazoles was formed; 
1-phenyl-4-fl uoro-5-trifl uoromethyl-1,2,3-triazole  27  was considerably prevailed. 
On the contrary, the reaction of phenyl azide with the perfl uoropropyne resulted in 
predominantly the isomer that was minor in the previous scheme.
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    Reck et al. demonstrated that phenylsulfi nic acid was eliminated in course of 
1,3-dipolar cycloaddition involving 1-fl uoro-1-(phenylsulfonyl)ethylene and 
(5R)-3-[4-(1,1-dioxo-3,6-dihydro-2H-thiopyran-4-yl)-3-fluorophenyl]-5-
(azidomethyl)oxazolidin-2-one. As a result a mixture of regioisomeric 4- and 
5- fl uoro-1,2,3-triazoles  29, 30  in 7:1 ratio was formed in 28 % overall yield. 
Compounds  29, 30  may be regarded as effective antimicrobial agents [ 36 ].
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    Apparently the simplest 5-fl uorotetrazole  18  and its derivatives can be synthesized 
by the reaction of 2 + 3 dipolar cycloaddition of azides to cyanogen fl uoride or by 
some other method. Yet we failed to fi nd the mention of such synthesis in available 
publications. The possibility of this reaction and its mechanism were assessed 
theoretically [ 37 ]. Publications are known where compound  18  is used as a component 
of the energy-rich compositions [ 38 ].   

3     Trifl uoromethyl and Perfl uoroalkyl Derivatives 

3.1     1,2,3-Triazoles 

 The most common synthetic procedure for the preparation of perfl uoroalkylated 
1,2,3-triazole derivatives is 1,3-dipolar cycloaddition of azides to diverse unsat-
urated dipolarophiles containing perfl uoroalkyl substituents. Thus, in 1966 
Carpenter et al. carried out the cycloaddition of benzyl azide to perfl uoroalkyl 
substituted acetylene derivatives leading to the formation of trifl uoro-
methyl-1,2,3-triazolines and 1,2,3-triazoles [ 39 ]. In this paper a synthesis of 
l-benzyl-4,5-bistrifl uoromethyl- l,2,3-triazole  31  from hexafl uoro-2-butyne was 
described.
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    The regioselectivity of 1,3-cycloaddition of benzyl azide to unsymmetrical 
acetylenes containing CF 3  substituent at one carbon atom of the fragment С ≡ С 
and CO 2 Et group at the other carbon was analyzed [ 40 ]. The formation of regioi-
someric mixtures of 1,2,3-triazoles  32, 33  was observed. This study was further 
developed recently. Zhang et al. published the results of a research on the 
1,3-dipolar cycloaddition of benzyl azide and some other aryl azides to methyl 
perfl uoroalkylalkynoate. It was shown that the ratio of regioisomers is governed 
by two factors: the orbital control (the role of the frontier orbitals was estab-
lished) and also spatial interaction of the perfl uoroalkyl and aryl (or benzyl) 
groups [ 41 ].
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    The infl uence of the steric effects on the regioselectivity of the cycloaddition was 
studied in detail by an example of the 1,3-dipolar cycloaddition of benzyl azide to 
trifl uoromethylacetylene containing a TBDMS ( tert -butyldimethylsilyl) protecting 
group. The regioselective formation in this case of the single isomer of 1,2,3- triazole 
 34  was explained by the presence in the structure of dipolarophile of a bulky 
substituent (TBDMS) [ 42 ]. Such an approach made it possible to perform a regiose-
lective synthesis of nucleosides analogs containing in their molecular structure a 
trifl uoromethyl-1,2,3-triazolyl fragment  35  [ 42 ].
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    The reaction of  tert -butyl azidoacetate with diisopropyl-3,3,3-trifl uoroprop- 1-
ynylphosphonate gave regioisomeric diisopropyl(1- tert -butoxycarbonylmethyl- 4-
trifl uoromethyl- 1 H -l,2,3-triazol-5-yl)phosphonate  36  and disopropyl(l- tert -but
oxycarbonylmethyl-5-fl uoromethyl-lH-l,2,3-triazol-4-yl)phosphonate  37  in 75:25 
ratio (90 % overall yield) [ 43 ].
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    Pentamethylcyclopentadienylrhodium (or iridium) azido complexes  38  react 
with ditrifl uoromethylacetylene to give the corresponding 1,2,3-triazole rho-
dium complex  39 . Subsequent treatment with NH 4 Cl opened the route to free 
NH-triazole  40  [ 44 ].
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    Lermontov et al. reported some successful reactions of two α,α-difl uoroazides, 
namely, 2-hydroperfl uoropropyl azide and the methyl ester of 3-azido- 
perfl uoropropanoic acid, with various acetylene compounds, and described 
some properties of the resulting products [ 45 ]. Thus, phenylacetylene reacts 
with 2- hydroperfl uoropropyl azide to give the corresponding 4-phenyl-1-(2H-
perfl uoropropyl)-1,2,3-triazole  41  and 5-phenyl-1-(2H-perfl uoropropyl)-1,2,3-
triazole  42  in 1/2 ratio. Disubstituted acetylenes also react with these azides to 
give the corresponding 1H-1,2,3-triazoles [ 45 ]. Thus in the case of triazole  43  
the yield is close to the quantitative.
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    In the paper [ 46 ] of Wu, Chen et al. a method for the preparation of the fl uoroal-
kylated 1,4-disubstituted-1,2,3-triazoles by the 1,3-dipolar cycloaddition of fl uo-
roalkylated azides to terminal alkynes in the presence of Cu(I) salt as catalyst at 
room temperature was described. All these reactions were highly regioselective 
giving 1,4-disubstituted  44, 45 , no 1,5-disubstituted products. The structure of 
key compounds was confi rmed both by the NOSEY spectra and an X-ray diffrac-
tion study.
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    A series of fl uoroalkylated amphiphilic 1,2,3-triazoles  46 ,  47 ,  48  was synthe-
sized by effi cient 1,3-dipolar cycloaddition of 2-perfl uoroalkylethyl azides and 
acetylenic acids or esters [ 47 ].
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    Recently Yi et al. also utilized 2-perfl uoroalkylethyl azides as 1,3-dipoles in 
the 1,3-dipolar cycloaddition to phenyl- or butylacetylenes [ 48 ]. As a result in the 
presence of copper(I) salt the corresponding 1-fl uoroalkyl-4-substituted 1,2,3-tri-
azoles were obtained in about 60 % yield. Note that in this case only anti- isomers 
were obtained: 1-fl uoroalkyl-4-aryl- or 1-fl uoroalkyl-4-butyl-1,2,3-triazoles. The 
authors do not explain the high selectivity of the process, although it may be attrib-
uted to the steric effect of the bulky substituents (aryl, butyl). Yi et al. note the 
relatively high effi ciency of the fl uoroalkyl 1,4-disubstituted-1,2,3-triazoles as 
catalysts of aldol condensation which may be easily recovered and reused [ 48 ]. 
Read et al. [ 49 ] virtually simultaneously with [ 48 ] published the results of their 
proper exploration of the copper salts catalyzed 1,3-dipolar cycloaddition of fl uo-
rinated alkyl azides to acetylenes. This research extended the methodology 
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formerly suggested by Wu et al. [ 46 ] who were among the fi rst to apply the 
 catalytic system based on Cu(I). It was shown that practically for the generation 
of the Huisgen-Meldal catalyst the system CuSO 4  5H 2 O – sodium ascorbate was 
preferable. Just under these reaction conditions a wide range of 1,2,3-triazoles  49  
was obtained having the perfl uoroalkyl groups at the atoms in the positions  1  and 
 4  [ 49 ]. It was also shown that the higher rate of the process and the higher yield 
of cycloaddition products were achieved both in the presence of copper salts and 
at the microwave acceleration.

   

N3R1 O
i

n +
R2 N

N
NR1 n

O R2

i, CuSO4 5H2O, Na ascorbate, DMSO, heat

 R1 = C4F9, C6F13, C8F1; n = 2; R2 = C8H17; etc.

49 (50-97%)

R1  = C4H9, C6H13, C8H17, C9H19, CH2Ph; n=0; R2 = CH2CH2C6F13, etc.  

    1,3-Dipolar cycloaddition of fl uoroalkyl azides to acetylenes in the version of the 
click-chemistry involving the above mentioned catalytic system (CuSO 4  5H 2 O – 
sodium ascorbate) essentially extended the set of the known fl uoroalkyl derivatives 
of 1,2,3-triazole; some 1,2,3-triazole derivatives previously regarded as exotic 
became relatively accessible. Read et al. recently reported on the results of research 
of the effect on the  m -хylene surface tension of the additives of exotic surfactants 
based on fl uoroalkyl derivatives of 1,2,3-triazoles, e.g., compound  50  [ 50 ]. The syn-
thesis of fl uoroalkyl-1,2,3-triazoles using the above mentioned procedure was also 
described in the earlier publication of the same team [ 51 ].

   

NN
N

F

O

F

FF

FF

FF

FF

F

F F
50   

    A convenient method for the preparation of 1,2,3-triazole-containing CF 3 -α- 
aminophosphonates  51  via copper-catalyzed (3 + 2)-cycloaddition of α-CF 3 -α- 
aminophosphonates bearing an alkynyl group at the α-carbon atom to different 
organic azides has been described [ 52 ].

   

N3
F3C(CF2)7

F3C(CF2)7
+ P

CF3

NHCbz

OEt

OEtO N
N

N

P
F3C

HN
Cbz

OEt

OEt
i

i, t-BuOH - H2O, r.t., 8h, yield 92%

O

51   
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    A convenient and simple method for the synthesis based on copper-catalyzed 
1,3-dipolar cycloaddition of azidopeptides to acetylenes of tetrapeptide surrogates 
containing CF 3 -alkyl-1,2,3-triazolyl moiety  52  having ester of phosphonates func-
tionalities or have been developed by Nenajdenko et al. [ 53 ,  54 ].

   

BocHN
N

N
H

N3

R1 R4

R3 R3
O

R2 O

R1 R4R2 O

Y

XF3C

n

+

i or ii
BocHN

N
N
H

N

O R3 R3

NN
F3C

X

Yn

52n = 0,1
X = CO2Me, P(O)(OEt)2

Y = NHBoc, NHCbz, OH

i, sodium ascorbate (40%), CuSO4 5H2O (10%), CH2Cl2/H2O (10:1), 40�C, 3-5 h (70-97%)

ii, sodium ascorbate (30%), CuSO4 5H2O (5%), t-BuOH/H2O (1:1), r.t. or 90�C, 2 h (57-96%)  

    Some approaches to the synthesis of trifl uoromethyl-1,2,3-triazoles by the 
azidation of compounds containing not a triple but a double С=С bond were 
described. In this case apparently a functional group elimination occurs  in situ  to 
provide the formation of an additional carbon-carbon bond. For instance, 
Miethchen et al. described a synthesis of 4-trifl uoromethyl-1,2,3-triazole  53  
linked to the C 6 -atom of D-galactose and D-altrose. 1,3-Dipolar cycloaddition 
using the monosaccharide azides and the perfl uoroalkyl- substituted phenylvi-
nylsulfones was performed [ 55 ,  56 ].

   

O

N3

O
O

O
O + F3C

SO2Ph

i, toluene, reflux, 17h (72%)

i

53

O

N

O
O

O
O

N
N

CF3

  

    A number of 5-fl uoroalkylated 1H-1,2,3-triazoles  54  was synthesized in good 
yield by the 100 % regioselective 1,3-dipolar cycloaddition of ( Z )-ethyl-3- 
fl uoroalkyl-3-pyrrolidino-acrylates with aryl or benzyl azides [ 57 ].

   

N

RF
CO2Et

+ ArN3
i

i, 80�C, 2-3 days;

N

N
N N

RF
CO2Et

CO2Et

HAr
C4H9N_ N

N
N

RF

Ar

RF = ClCF2, BrCF2, CF3, Cl(CF2)3; Ar = Ph, 4-CH3OC6H4,4-NO2C6H4

54 (66-92%)
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    1,3-Dipolar cycloaddition of aryl (or benzyl) azides to 1,1,1-trifl uoro-4-ethoxy-
3- butene-2-one proceeded smoothly by heating without solvent. As a result 
1- substituted 4-trifl uoroacetyl-1 H -1,2,3-triazoles  55  were formed regioselectively 
in good yield [ 58 ]. These compounds were readily hydrated at air exposure.

   

EtO

CF3

O
+ Ar

EtOH_ N
N

N

CF3

O

Ar (CH2)n

80�C, N2

n=0;  Ar = C6H5, 66h, yield 51%; 4-MeC6H4, 48h, yield 80%,

4-NO2C6H4, 66h, yield 78%, 4-ClC6H4, 44h, yield 73%,2-CH3C6H4, 144h, yield 68%.

n=1;  Ar= C6H5, 35h, yield 69%, Ar=4-OMe, 24h, yield 79%; Ar=4-NO2, 72h, yield 88%.

55

(CH2)nN3

  

    Recently Nenaidenko et al. carried out reactions of a variety alkyl and aryl azides 
with 1-trifl uoromethylated 1,3-dicarbonyl compounds what lead 100 % regioselec-
tively to a single 4-acyl-5-trifl uoromethyl-1,2,3-triazoles  56  isomer in good yields 
[ 59 ]. The reaction represents a general and highly selective method for the synthesis 
of 1,2,3-triazoles otherwise diffi culty available. The observed regioselectivity can 
be explained by selective enolization of trifl uoromethyl ketone fragment to form 
enolate with double bond conjugated to the CF 3  group.

   

F3C R1

O O
+ R2-N3

Et3N

70-80�C

N
N

N

R2

CF3

O
R1

56 (up to 92%)R1 = Me, Ar, OEt

R2 = Alk, Ar   

    Fluoroalkanesulfonyl azides in reactions with alkenes are more reactive than alkyl 
azides because of strong electron-acceptor properties of the sulfonyl group. Thus, 
Zhu, He et al. shown that the reaction of vinyl ethers with 1- fl uoroalkanesulfonyl 
azides proceeded in mild conditions to afford 1-fl uoroalkanesulfonyl-5- alkoxy-
1,2,3-triazolines in good yields (≈70 %) [ 60 ,  61 ]. The authors point out that the 
cycloaddition is extremely regioselective. Only the 5-alkoxy derivative of 
1,2,3- triazoline  57  has been obtained, whereas the corresponding 1,4-isomer has not 
been detected.

   

RFSO2N3 + R O

N
NN

RO

S
O

O

RF0�C, r.t., 2h

RF  = ICF2CF2OCF2CF2, ClCF2CF2OCF2CF2, Me2CHO2CCF2, C4H9

R = Et, i-Bu 57
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    According to Shreeve et al., 4-trifl uoromethyl-1,2,3-triazole  58  may be 
 synthesized as a result of 1,3-dipolar cycloaddition of TMSN 3  to trifl uoropro-
pyne in the presence of Cu(I) [ 62 ]. The synthesis of perfl uoroalkyl-1,2,3-tri-
azoles was also described in the earlier cited paper of Taylor et al. [ 35 ]. In this 
study the reaction was investigated between perfl uoropropadiene with phenyl 
azide resulting in regioisomeric 1,2,3-triazole containing at the endocyclic car-
bon atoms both the fl uorine atom and the CF 3 -group. 

 Below we described some other, less wide spread methods as compared to 
1,3-dipolar cycloaddition used in the preparation of perfl uoroalkyl derivatives of 
1,2,3-triazoles. For instance, Haszeldine et al. [ 63 ] developed an original method of 
the synthesis of trifl uoromethyl-1,2,3-triazole about 40 years ago. The reaction of 
diazomethyltrimethylsilane with trifl uoroacetonitrile led to the formation of an 
intermediate adduct rearranged into 2-trimethylsilyl-4-trifl uoromethyl-1,2,3- 
triazole  59 . This compound being treated with aqueous ethanol liberated the 
 trimethylsilane to yield 4-trifl uoromethyl-1,2,3-triazole  58 .

   

Si
N2

+   CF3CN

N
N

N

SiF3C

F3C F3C

N
N

N

Si

N
N

NH

i ii iii

i -196�C; ii r.t., 12 week; iii ethanol aq.

58 (56%)

59   

    Bargamov and Bargamova reported on new polyfl uorinated 1-amino-1,2,3- 
triazoles  60  which were obtained by oxidation of the bis-hydrazones of aliphatic 
polyfl uorinated α-dicarbonyl compounds with sulfuryl chloride, bromine, or 
selenium dioxide in an aprotic solvent [ 64 ,  65 ]. In a later article these authors 
described an oxidation of a dihydrazone of 1,1,1,5,5,5-hexafl uoro-4-trifl uoro-
methylpentane-2,3-dione in the presence of the H 2 SO 4  – P 2 O 5  mixture (molar 
ratio 3:1) to 4-(1,1,1,3,3,3-hexafl uoroisopropyl)-5-trifl uoromethyl-2 H -1,2,3-tri-
azole  61  (no yield was given) [ 66 ].

   

NH2N N NH2

N
N
H

NN
N

N

F3C
F3C

F3C
CF3

CF3 CF3

CF3

CF3
CF3

H2N

H2SO4 - P2O5SO2Cl2
− 2HCl 100 -120 �C

60 (82%) 61   

    The reactions of 2-trifl uoromethylchromones and 2-trifl uoromethyl-4H- 
chromen-4-imines with sodium azide in the presence of acetic acid gave ketone (or 
imine) derivatives of 5(4)-trifl uoromethyl-1,2,3-triazole  62  in high yields [ 67 ].
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O

R1

R2

R3

R4

CF3

O

i, NaN3, AcOH, EtOH

O

O

N
H

N
N

CF3

R1
R2

R3

R4

R1 =R3 = R4 = H, R2 = NO2 (86%)

R1= R3= R4= H, R2 = Cl (68%)

R1= R3= H, R2 = R4 = Br (50%)

R1= R3= Me, R2= R4= NO2 (66%)

NH
NN

O CF
3

R2

R3

R4

R5

R1

62

i

  

    Furin et al. (2001) published a method for the synthesis of 4,4-bis(trifl uoromethyl)-
5-ethoxy-5-pentafl uoroethyl-1,2,3-triazoline  63  based on the electrocyclic cycliza-
tion of linear vinyl azide as a precursor [ 68 ]. In the fi rst stage of this process the 
perfl uoro-2-methyl-2-pentene reacted with sodium azide in acetonitrile–ethanol 
mixture at −20 °C furnishing the vinyl azide, which at −10 °C underwent an intra-
molecular cyclization into an unstable intermediate  64 . In the presence of ethanol a 
nucleophilic attack of ethoxy anion on С=N bond of intermediate  63  occurs to form 
a stable product  64  [ 68 ].

   

F3C

F3C F3C

F3CF3C
C2F5 C2F5

C2F5 C2F5
CF3 CF3

F

NaN3
F3C

N3
MeCN N

N
N

MeCN - EtOH

EtO−

N
N

NH
OEt

64 63 (41%)
−10�C, 2.5 h

  

    Bozkurt et al. demonstrated that 5-(perfl uoroheptyl)-3H-1,2,3-triazole-4- 
carboxylate  65  is formed in a high yield by the intramolecular cyclization of ethyl 
3-azido-3-(perfl uorheptyl)propenoate  66  in presence of a signifi cant excess of 
sodium azide [ 69 ].

   

C7F15
C7F15O

N3 O N
N

NH

O
O

acetone, H2O, NaN3 (10 equiv.)

reflux, 24 h, 90%
6566   

    An example of the “direct” incorporation of a perfl uoroalkyl group into the 
structure of an already formed 1,2,3-triazole was given [ 70 ]. In this paper a 
method of synthesis of 1-trifuoromethyl-substituted benzotriazole  67  is described 
by the chlorination of the corresponding methyl 1-azoledithiocarboxylates  68  
followed by the fl uorination of the resulting 1-trichloromethyl derivatives  69  
using anhydrous HF [ 70 ].
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i, NaH
ii, CS2, CH3I
iii, Cl2, CCl4 0�C

iv, HF, 50�C

N
H

N
N i, ii

N
N

N

S
SCH3

iii

N
N

N

CCl3

iv

N
N

N

CF3

68 69 67 (52%)

  

3.2         1,2,4-Triazoles 

 Perfl uoroalkyl-1,2,4-triazoles are often formed by rearrangement of other 
 heterocycles or by cyclization of carboxylic acid hydrazides or their analogues. 
In 1962 Brown and Cheng described for the fi rst time the synthesis of 
3,5-bis(perfl uoroalky1)-1,2,4-triazoles  70  by treatment of bis(perfl uoroalkyl)-
1,3,4- oxadiazoles with methylamine [ 71 ]. The method for the synthesis of 
NH-unsubstituted 3,4-bis(perfl uoropropyl)-l,2,4-triazole by the action of P 2 O 5  
on the corresponding hydrazine was also reported in this paper. Thirty years later 
Threadgill et al. [ 72 ] prepared 3,5-bis(trifl uoromethyl)-4-(3-benzyloxypropyl)-
4H-l,2,4-triazole by the reaction of 2,5-bis(trifl uoromethyl)-l,3,4-oxadiazole 
with 3-benzyloxypropylamine in methanol (refl ux, 9 days).

   

NN

ORF

RF

2 CH3NH2

RF
RFN

H

H
N

N

N
CH3NH2

_

NN

N RFRF

RF = CF3 (93%), C2F5 (94%), C3F7 (68%)

H2O_

70

  

    Brown et al. also suggested a version of the synthesis of 3,5-bis(perfl uoroalkyl)-
4H-1,2,4-triazoles  71  from perfl uoroalkylhydrazides and from bis-(perfl uoroalkyl)-
1,2-dihydro-1,2,4,5-tetrazines [ 73 ].

   

RF
HN

RF

N

O

NH2

N

N

N

RFRF

NH2

NHHN

N
RFRF

71

AcOH, reflux, 3h, 

15-86%

EtOH, HCl conc.

75%
NH

N

  

    Charushin et al. demonstrated that 4-substituted thiosemicarbazides react with 
di- and trifl uoroacetic acids to give the corresponding 3-fl uoroalkyl-4,5-dihydro- 
1,2,4-triazole-5(1H)-thiones  72  [ 74 ].
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RHN H
N

NH2S

RFCOOH RHN H
N

N
HS

RF

O NHN

NRF

R

S

RF                       

CHF2

CHF2

CHF2

CF3

CF3

CF3

CF3

4-CH3C6H4 55

4-FC6H4 88

RFR R

1-pyrrolidino

Ph

piperidino

3,4-(MeO)2C6H3 35

Ph

72

50

45

36

+

Yield, % Yield, %

70

  

    It should be noted that in 1998 El-Sayed and Khodairy recognized that thiones 
 72  are versatile substrates for the synthesis of fused and spiroheterocyclic sys-
tems [ 75 ]. Recently Chen et al. synthesized 4-amino-5-(trifl uoromethyl)-4H-
1,2,4-triazole- 3-thiol  73  from thiocarbohydrazide [ 76 ]. The latter compound in 
its turn served as a reagent for the preparation of new functional triazole deriva-
tives  74  and  75  [ 76 ].

   

H2N
NH

NH2S

+
NN

NF3C

F3C

F3C

F3C

NH2
NH2

SH

NN

N
S

NN

N

NH2

S

O

O

NN

N
NH2

O

i ii

i,  H2O, reflux, 5h (85%)

iii, 30% H2O2, NaWO2, H2O, AcOH (37%)

O2N OH, toluene, 8h, (28%)

iii

ii  CH3I, H2O, NaOH, 0.5h (81%)
iv

iv,

73

7475
NO2

CF3COOH

  

    Ivin et al. obtained 3-(perfl uorohexyl)-7-phenyl-5H-[1, 2, 4]triazolo[3,4-b][1,3]
thiazin-5-one  76  as a result of a reaction of methyl phenylpropynoate with a linear 
1-(perfl uoroheptanoyl)thiosemicarbazide  77  or a cyclic 5-(perfl uorohexyl)triazole-
3- thiol  78 . In both cases the reaction conditions were practically identical, and the 
yields of compounds containing the trifl uorohexyl group in the position  3  of the 
1,2,4-triazole ring were comparable [ 77 ].

   

F
HN NH

NH2

O

S

F

F

F

F

F

F

F

F

F

FF

F
Ph

S
N

N N

O
Ph

F

F

F

F

F

F

F

F

F F

F

NN

N
H

SHF F

FF

F

F

F

F

FF

FF
F

i

ii

i, AcOH, reflux, 5 h, yield, 68%; ii, the same conditions, yield, 72%

76

77

78

CO2Me
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    Lopyrev et al. developed an original method for the synthesis of 
3-perfl uoroalkyl- 5-amino-1,2,4-triazoles  79  in nearly quantitative yields based 
on the cyclization of perfl uoroacylaminoguanidines that in their turn were 
obtained in good yields (60–81 %) from hydrazides of perfl uorocarboxylic acids 
and S-methylisothiourea [ 78 ].

   

RF N
NH2 NH2

NH2

H

O

+ S
H
N

NH
RF N

H

H
N

O

NH

N
N

N
H

RF

NH2

i ii

_ CH3SH

ii, 170�C, 30 minRF = CF3, C2F5, C3F7, CF3OCF2CF2 i, 0.1 N NaOH, r.t., 72h;
79

  

    New organotin(IV) compounds with 4-methyl-5-trifl uoromethyl-4H-1,2,4-
triazoline- 3(2H)-thione fragments  80  have been synthesized and characterized [ 79 ]. 
The central tin atoms of complexes is fi ve-coordinated with distorted trigonal bipy-
ramidal geometry.

   

NHN

NF3C

F3C

+ Bu2SnCl2
i

i, EtONa, benzene, 12h, 40�C

Sn

O

Sn
O

H

H
Bu

Bu

Bu

Bu

N
N

N

CF3

S

N
N

N

S

80 (85%)

S

  

    The synthesis of potentially biologically active substances whose structure 
contained a fragment of 5-trifl uoromethyl-1,2,4-triazole linked to pyrazolo- or 
imidazolopyridine core  81  were presented in the article of Roberts et al. [ 80 ]. 
One of the typical schemes of the synthesis of such compounds includes a hydra-
zinolysis of the cyano group. Subsequent acylation with trifl uoroacetic anhy-
dride (TFAA) followed by the closure of the triazole ring afforded  81  (yields 
unknown).

   

N
N

N

N

Ar
N

N
N

Ar

HN
N
H

NH2

N
N

N

Ar

N N
NH

F3C

iii

i, NH2NH2 H2O, MeOH, r.t. ii, TFAA, r.t.
81   

    Siedle et al. established that the hydrazinolysis of corresponding fl uoroimine 
occurred via particular mechanism “nucleophilic addition – HF elimination” 
leading to the formation of 3,5-bis(heptafl uoropropyl)-1,2,4-triazole  82  [ 81 ].
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N

F

F

F
F

F

F

F

F

FF

F

F

F

F

F

F

F

− 2HF

NHN

N
F

F

F

F F

F

FF

F

F

F

FF

Et2O, r.t.

82 (28%)

  

    An original procedure of a “direct” incorporation of a trifl uoromethyl group into 
molecules of heteroaromatic substrates was developed by Jamakawa et al. Using 
this procedure 3-amino-1,2,4-triazole was trifl uoromethylated by trifl uoromethyl 
iodide in DMSO in presence of hydrogen peroxide-ferrocene system [ 82 ] to obtain 
3-amino-5-trifl uoromethyl-1,2,4-triazole  83 .

   

N

N
H

N

NH2

CF3I
N

N
H

N

NH2

F3C

DMSO, Cp2Fe, 30 % H2O2

83

+

  

    Yagupolskii et al. developed various versions of the alkylation of 1,2,4-triazolate 
anion with fl uoroethylene [ 83 ] to form 1-(1,1,2,2-tetrafl uoroethyl)-1,2,4-triazole  84  
in a low yield.

   

N

N
N

_

K+
+

F

F
F

F 130�C, 5h, autoclave, H2O, 15% N

N
N

CF2CF2H
84   

    The same authors developed an original method of the synthesis of 
1-(1,2,2,2-tetrafl uoroethyl)-1,2,4-triazole  85  by treatment of N-(2-chloro-1,1,2- 
trifl uoro)-1,2,4-triazole with tetramethylammonium fl uoride [ 83 ]. The assumed 
reaction mechanism consist of several steps. In the fi rst stage elimination of HF and 
the formation of 2-chloro-1,2-difl uoroethylene derivative takes place. Further chlo-
rine atom is replaced by fl uorine with the formation of 1,2,2-trifl uoroethylene-1,2.4- 
triazole. Finally addition of HF gave the fi nal product  85 .

   

N

N
N

N

N
N

ClF
F

F
H

F

H
F

F
F

dry glyme, (CH3)4NF

-20�C - 2h, r.t. - overnight

85 (40%)  

    In extension of this study the sodium salt of 1,2,4-triazole was alkylated with 
1,2-dibromotetrafl uoroethane (Freon 114B2) to obtain N-(2-bromotetrafl uoroethyl)-
1,2,4-triazole  86 . This compound was then subjected to photoinduced (UV-irradiation) 
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reaction with thiophenol in liquid ammonia. Selective nucleophilic substitution of 
 bromine with thiophenol residue was achieved under these conditions. As a result N-(2-
phenylthiotetrafl uoroethyl)-1,2,4-triazole  87  was obtained in a high yield [ 84 ,  85 ].

   

N N
N

F

F

F

BrF

N

N
H

N + Br Br

F

F F

F i

i, DMF, NaH, Bu4NI, 2h, 55�C, 63%

+ ii
N N

N
F

F

F

F SPh

ii, NH3, hν, (Hg, 950w), 86%86 87

PhSH

  

    Lately Garg and Shreeve suggested a simple synthesis of trifl uoromethanesul-
fonamide derivatives of 3-amino- and 3,5-diamino-1,2,4-triazoles  88, 89  from the 
corresponding aminoazoles and trifl uoromethanesulfonyl fl uoride [ 86 ].

   

N

H
N

N

NHSO2CF3

NHSO2CF3

i
N

H
N

N

NH2

NH2

N

H
N

N

i
N

H
N

N

H2N F3CO2SHN

i, CF3SO2F, MeCN, Et3N, r.t., 10-12 h

68%

68%

88

89
  

    New energetic materials were prepared from by perfl uoroalkyl-1,2,4-triazoles. 
For instance, Shreeve et al. obtained 3-nitro-5-trifl uoromethyl-1,2,4-triazole  90  by 
the diazotization of 3-amino-5-trifl uoromethyl-1,2,4-triazole in the concentrated 
sulfuric acid [ 87 ]. In its turn 3-amino-1,2,4-triazole and 3-nitro-5- trifl uoromethyl-
1,2,4-triazole were used in the preparation of energetic 3-amino-1,2,4-triazolium 
3-nitro-5-trifl uoromethyl-1,2,4-triazolate  91 . Energetic polymeric material  92  was 
synthesized containing in the monomer unit ions of 3-nitro-5-trifl uoromethyl-1,2,4- 
triazolate. The yield of polymer is unknown [ 88 ].
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    The perfl uoro-1,2,4-triazoles are known to be effective ligands. For instance, а 
 number of charge neutral Os(II) pyridyl-1,2,4-triazolate complexes with either 
bis(diphenylphosphino)methane  93  or  cis -1,2-bis(diphenylphosphino)ethene  94  che-
lates were synthesized, and their structural, electrochemical, photophysical properties 
and thermodynamic relationships were established [ 89 ,  90 ]. Chi, Carty et al. synthe-
sized 6-(3-trifl uoromethyl-1,2,4-triazolyl)-2,2’-bipyridine and built up on this basis 
tridentate 6-azolyl-2,2′-bipyridine chelate complex compounds of Ga and In  95  [ 91 ].
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95   

    Among trifl uoromethyl-derivatives of 1,2,4-triazole, an effi cient inhibitors of dipep-
tidyl peptidaze IV (sitagliptin and its derivatives) have been found (see Sect.  6.1 ).  

3.3     Tetrazoles 

 5-Trifl uoromethyltetrazole  96  – the simplest of tetrazoles containing a perfl uoroal-
kyl substituent – was prepared for the fi rst time by Norris in 1962 by the cycloaddi-
tion of the azide-anion to the trifl uoroacetonitrile [ 92 ]. This reaction occurred with 
a considerable heat evolution. The conversion of corresponding anion  97  into the 
neutral form required the use of concentrated mineral acids due to the relatively 
high NH-acidity of tetrazole  96  (p K  BH+  1.1) [ 28 ,  93 ]. It was shown later that the 
5-trifl uoromethyltetrazole  96  could be obtained reacting CF 3 CN with coordinated 
azides similarly to the synthesis of 4,5-bistrifl uoromethyl-1,2,3-triazole  40  [ 44 ].

   

CF3CN  + NaN3
MeCN, 60�C N

N
N

N

F3C F3C

_ Na+ NH
N

N
N

37% HCl

96 (83%)97 (75%)   

    To explore the properties of some energetic salts  98 , in a series of publications 
Shreeve et al. described the procedure of the synthesis of NH-5- difl uoroaminodifl uoro
methyltetrazole by same manner for which F 2 NCF 2 CN was used as a precursor [ 94 ].
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    The 1-substituted 5-trifl uoromethyltetrazoles may be also obtained by the azidation 
of imidoyl halides. For instance, the nucleophilic substitution of the chlorine for the 
azide group in the N-methylimidoyl chloride provided the corresponding imidoyl azide 
(azidoazomethine), which suffered a cyclization into 1-methyl-5- trifl uoromethyltetrazole 
 99  [ 95 ]. Сarpenter et al. synthesized 1-benzyl-5- trifl uoromethyltetrazole  100  by replac-
ing the fl uorine atom in N-benzyltrifl uoroacetimidoyl fl uoride by an azide group fol-
lowed by electrocyclic cyclization of the intermediate imidoyl azide (azidoazomethine). 
The yield of purifi ed product  100  is unknown [ 39 ].
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100   

    1,3-Dipolar cycloaddition of perfl uoroalkylethyl azides to isocyanates afforded 1-per-
fl uoroalkyl-4-( n -Bu, phenyl or mesitylsulfonyl) tetrazol-5-ones  101  in good yields [ 96 ].
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101

  

    The synthesis of surfactants in the series of fl uoroalkyltetrazoles  102 ,  103  and 
the study of their effect on the surface tension of  m -xylene was described by Read 
et al. [ 50 ,  97 ].
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    The synthesis of N-fl uoroalkyltetrazoles may be carried out also by the alkyla-
tion of the corresponding NH-unsubstituted tetrazoles. Jończyk et al. showed 
that 5-benzyl-1H-tetrazole reacted with chlorodifl uoromethane in the presence of 
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concentrated aqueous sodium hydroxide and a catalyst, benzyltriethylammonium 
chloride (TEBAC), in THF with the formation of regioisomeric N-difl uoromethyl 
substituted derivatives  104, 105  [ 98 ].
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N

N
N

Ph
CHClF2 N

N
N

N

Ph CHF2

CHF2

+ N
N

N
N

Ph
i

i, 50% aq NaOH, TEBAC, THF, CH2Cl2
104 (23%) 105(15%)

  

    An interesting approach to the synthesis of tetrazoles with fl uorine atoms in 
the side chain was suggested by Fuchigami et al. who performed an anodic 
monofl uorination of 1-substituted 5-tetrazolyl sulfi des containing an α-electron-
withdrawing group (EWG) leading to the formation of the corresponding C-F 
derivatives  105  [ 99 ].
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Ph
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EWG, Solvent, Yield, %: Ph, DME, 38; CO2Et, MeCN, 46; CN, MeCN, 20

105

  

    Norris in his pioneering article described also some chemical transformations of 
5-trifl uoromethyltetrazole  96  [ 92 ]. For instance, the alkylation of anion  97  with 
methyl iodide resulted in regioisomeric N-methyl-5-trifl uoromethyltetrazoles  106 , 
 107  with 2-methyl isomer  107  prevailing. Also a direct halogenation was performed 
of the 5-trifl uoromethyltetrazole sodium salt with the molecular chlorine furnishing 
the N-chloroderivative of 5-trifl uoromethyltetrazole that was found an explosive 
extremely dangerous at handling [ 92 ].
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_ Na+ N
N

N
N

+ N
N

N
N+ CH3I

106 (9.8%)97 107 (55%)

THF, reflux, 4h

  

    The high regioselectivity of tetrazolate  97  alkylation in the environment of 
aqueous acetone giving predominantly the 2Н-isomer was later noted also by 
Spear et al. [ 100 ]. 5-Trifl uoromethyltetrazole  96  slowly reacts with formaldehyde 
in water solution at pH 5 giving 2-hydroxymethyl-5-trifl uoromethyltetrazole  108  
[ 101 ]. Later the role of the electronic effects of the substituents at the endocyclic 
carbon of the tetrazole, and also the infl uence of the solvation effects on the alkyla-
tion regioselectivity of tetrazoles was treated in detail in quite a number of theo-
retic and  experimental publications [ 28 ,  102 ].
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N
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N
N

CH2OH

i

i, H2O, r.t., 72h, 80%96 108   

    Uncompromising regioselectivity of exhaustive alkylation of 2-substituted 
5- trifl uoromethyltetrazoles was exploited in a recently developed elegant procedure 
for the synthesis of 1-alkyltetrazoles starting from  N -unsubstituted ones. This three- 
step reaction sequence utilizing an N 2 -regioselective  t -butylation (the product is 
compound  109 ) in the fi rst step, was reported to provide isomerically pure products 
 110  in high to nearly quantitative yields [ 103 ,  104 ].
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    2-(1-Methylvinyl)-5-trifl uoromethyltetrazole  111  was obtained by the regiose-
lective alkylation of 5-trifl uoromethyltetrazole with 3-bromopropene in sulfuric 
acid followed by dehydrohalogenation of the intermediate products [ 105 ].
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i ii

96 111   

    Generally, alcohols, readily generating carbenium cations in the presence of 
acidic catalysts, were found to react with  NH -unsubstituted 5- trifl uoromethyltetrazole 
 96  yielding N 2 -alkylated products  112  [ 28 ,  103 ]. The reaction can be carried out in 
neutral organic solvents (chloroform, dichloromethane, acetonitrile, nitromethane) 
in the presence of catalytic amounts of sulfuric or  p -toluenesulfonic acids as well as 
Lewis acids like boron trifl uoride etherate or zinc trifl ate.
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    Alkylation of 5-trifl uoromethyltetrazole  96  with esters of 2-nitro-2-azapropanol in 
the presence of catalytic amounts of sulfuric acid was described [ 106 ]. Here the regi-
oselectivity of the process was not assessed and a mixture of 1- and 2- alkyltetrazoles 
 113  (the ratio is unknown) was obtained.
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N
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i

i, cat. H2SO4, CHCl3/THF 113 (90%)96
  

    Gaponik et al. found that the NH-unsubstituted 5-trifl uoromethyltetrazole in the sys-
tems containing transition metal salts formed water-soluble polymeric complexes [ 107 ].   

4     Perfl uoroaryl and Fluorobenzo-Fused Heterocycles 

4.1     1,2,3-Triazoles 

 Banks and Prakash were fi rst to demonstrate the wide opportunities of the 1,3- dipolar 
cycloaddition of 1-azido-2,3,4,5,6-pentafl uobenzene  114  to acetylenes as the gen-
eral method of the synthesis of 1,2,3-triazoles  115 – 120  containing a perfl uorophe-
nyl group at the endocyclic nitrogen atom [ 108 ].
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27%

  

    1,3-Dipolar cycloaddition of benzyl azide to 3-(2,3,4,5,6-pentafl uorophenyl)
propynenitrile resulted in the formation of isomeric 1,2,3-triazoles  121, 122  in 17 
and 61 % yield respectively [ 109 ].
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    Swager et al. synthesized various Ir(III) complexes  123 , among them complexes 
containing a perfl uoroaryl substituent [ 110 ]. The method of building up these struc-
tures is underlain by the “click-reaction” leading to the formation of the correspond-
ing Cu(I)-triazolide intermediate  124 .
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i ii
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    Schubert et al. subjected to a systematical examination reactions of 1,3-[3 + 2]-cyclo-
addition of substituted aromatic azides to trimethylsilylacetylenes in water affording 
regioisomeric 1,2,3-triazoles, in particular, those containing a perfl uoroaryl substituent 
at endocyclic atoms of the heterocycle  125, 126  [ 111 ].
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    Recently, a number of chiral phosphoramidite ligands  127  containing 
1,2,3- triazole ring at the 3,3′-positions of the binol scaffold were synthesized by 
McErlean et al. [ 112 ].
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    O’Mahony et al. [ 113 ] advanced an alternative version of cyclization resulting 
in perfl uoroaryl-1,2,3-triazoles. These authors demonstrated that 2-(2,3,4,5,6-pen
tafl uorophenyl)-4-methyl-5-methylthio-1,2,3-triazole  128  obtained by this proce-
dure (yield is unknown) possessed considerable pesticide activity.
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    The paper of Frenna, Spinelli et al. contained data on the kinetics of the rear-
rangement of 3-benzoyl-5-phenyl-1,2,4-oxadiazole  129  into the corresponding 
2-aryltriazoles  130  (Boulton–Katritzky reaction) [ 114 ].
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    Haszeldine in 1970 developed several routes for the synthesis of perfl uorobenzo- 
fused 1,2,3-triazole  131  from decafl uoroazoxybenzene  132 , tetrafl uoro-o - 
phenylenediamine  133 , and 2,3,4,5,6-pentafl uoronitrobenzene  134  [ 115 ]. More than 
a quarter of a century later Heaton et al. suggested a similar version of the synthesis 
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of tetrafl uorobenzotriazole  131  from 1,2,3,4-tetrafl uoro-5,6-dinitrobenzene and 
3,4,5,6-tetrafl uoro-1,2-phenylenediamine that were regarded as versatile semiprod-
ucts in the synthesis of various tetrafl uorobenzоheterocycles [ 116 ].
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    The synthesis of 1-phenyl-4,5,6,7-tetrafl uorobenzotriazole  135  from tetrafl uoro-
anthranilic acid through tetrafl uorodehydrobenzene as intermediate is described by 
Yakobson et al. in 1967 [ 117 ].
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    Williams et al. reports that 1-(2,3,4,5-tetra-O-benzyl-β- D -glucosyl)-3,4,5,6-
tetrafl uoro- 1–H-benzo[d][1,2,3]-triazole  136  can be prepared from available 
anomeric azide and 2-amino-3,4,5,6-tetrafl uorobenzoic acid through “click” 
methodology [ 118 ].
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    Recently “click-chemistry” approach to the preparation of fl uorobenzo-fused 
1,2,3-triazole  137  was demonstrated in the paper of Larock et al. [ 119 ]. Zhang and 
Moses developed a special version of one-pot “click-chemistry” for the preparation 
of monofl uoro derivatives of benzotriazole  138 ,  139  from  p -methoxyaniline and 
 o -fl uoroanthranilic acid with two  in situ  generated intermediates:  p -methoxyphenyl 
azide and fl uorobenzyne [ 120 ].
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ii, o-fluoroanthranilic acid, t-BuONO, MeCN, reflux, 15h, yield, 36%, 138/139 =1:1   

    Driver et al. explored the Ni-catalyzed C7-alkenylation of 6- fl uorotriazolopyridine 
with diphenylacetylene applying bis-(1,5-cyclooctadiene)nickel(0) (Ni(COD) 2 ) 
leading to the formation of fl uorobenzotriazole  140  [ 121 ]. It was underlined in the 
article that the crucial importance for the high conversion of the reagents and the 
suffi cient yields of the alkenylation products had the selection of the Lewis acid 
which was AlMe 3  in this study.
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    Some isomers of fl uorobenzotriazoles are capable of ring-chain rearrange-
ments with the opening of the triazole ring. Elguero, Alkorta et al. performed a 
quantum- chemical investigation of the ring-chain isomerization of fl uoro deriv-
atives of 1,2,3-triazolopyridines  141  [ 122 ].

   

N N
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4.2         1,2,4-Triazoles 

 Effi cient enantioselective catalysts of various organic reactions were found among 
 pentafl uoroaryl-1,2,4-triazoles. Tetrafl uoroborates of 2-(2,3,4,5,6-pentafl uorophenyl)-
1,2,4-triazolium  142 – 147  are practically useful compounds. The synthesis and applica-
tion examples of these catalysts are presented in the series of publications [ 123 – 129 ].
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    As it was shown by Golding et al., 4-(2,3,4,5,6-pentafl uorophenyl)-1,2,4-
triazoline- 3,5-dione  148  belonging to perfl uoroaryl-1,2,4-triazoles is an effi cient 
reagent for trapping volatile organic compounds (VOCs) included in the list of the 
most important environmental pollutants [ 130 ].
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    Shaaban showed the possibility to obtain under the microwave irradiation fused sys-
tems, 1,2,4-triazolo[1,5-a]pyrimidine  149  and 1,2,4-triazolo[3,4-c][1, 2, 4]triazine  150 , 
containing a trifl uoromethyl group as a substituent in the six-membered ring [ 131 ].

   

S
CF3

CF3

CF3

CF3

O

N
N

NH
N2 NO3 , pyridine, 3h, 0-5�C, 12h in ice-box; iii, pyridine, yield, 91%
+ _

S

O
O

N
NH

HN
N N

S

O

N
N

N

N
N

i

N
N

NH
NH2, CH(OEt)3,17.2 bar, 100�C, 5 min, yield, 91%;

ii,

mw, 300W,

 iii

S

O

N N
N

ii

149

150

O

i,

  

Fluorinated Triazoles and Tetrazoles



490

    Saloutin, Chupakhin et al. applied a related condensation involving 
1,2,4- triazolyldiazonium resulting in the formation of 6-benzoyl-7-hydroxy-7-trifl u-
oromethyl-4,7-dihydro[1,2,4]triazolo[5,1-c][1,2,4]triazine  151  (59 %) [ 132 ]. 
Rusinov et al. reported on another successful example of this reaction involving 
lithium β-diketonates and 3-amino-1,2,4-triazole and affording 7-fl uoromethyl-1,2,4-
triazolo[1,5-a]pyrimidine  152  [ 133 ].
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    Dolzhenko et al. synthesized 12 new fl uorinated 7-aryl-2-pyridyl-6,7- dihydro[1,2,4]
triazolo[1,5-a][1,3,5]triazin-5-amines  153  via three-step procedure starting from (iso)
nicotinic hydrazides [ 134 ].
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153 85-93%

  

    Nenajdenko et al. obtained regioisomeric 5-CF 3  or 7-CF 3  triazolopyrimidines 
 154 ,  155  by the reaction of 1,1,1-trifl uoro-4-sulfonyl-but-3-ene-2,2-diol with 
3-amino-1,2,4-triazole [ 135 ].
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4.3         Tetrazoles 

 Kim et al. showed that 1,3-dipolar cycloaddition of alkynyl Pd(II) azido complexes 
to perfl uorobenzonitrile proceeded at room temperature affording the correspond-
ing N-coordinated tetrazolato compound ( trans -[Pd(C ≡ CPh)(N 4 C-C 6 F 5 )(PMe 3 ) 2 ]) 
 156  [ 136 ].
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    Klapötke et al. obtained recently by the intermolecular 1,3-dipolar cycloaddition 
of organomercury(II) azide to pentafl uorocyanobenzene the corresponding 
(5-pentafl uorophenyl- 2H-tetrazol-2-yl)phenylmercury  157  (yield is unknown) [ 137 ].
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    The synthetic methods and photoluminescent properties of new dendrimers with an 
electron-defi cient fl uorinated starburst oxadiazole core were discussed in the publica-
tion of Chen, Fan et al. [ 138 ]. Here in the fi rst, key stage the 1,3-dipolar cycloaddition 
occurred of 2,3,4,5,6-pentafl uorobenzonitrile to NaN 3  along the known procedure 
(Demko-Sharpless) giving 5-(perfl uorophenyl)-1H-tetrazole  158 . In the next stage 
5-(perfl uorophenyl)-1H-tetrazole was acylated by benzene-1,3,5- tricarbonyl trichlo-
ride to obtain 1,3,5-(5-perfl uorophenyl-1,3,4-oxadiazol-2-yl)benzene  159 .
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    The fused tetrazoles are prone to ring-chain isomerism. Cmoch and Korczak 
investigated the azidо-tetrazole equilibrium between two fl uorine-containing tetra-
zoles: 6-fl uorotetrazolopyridine  160  and 6-trifl uoromethyl-8- chlorotetrazolopyridine 
 161  [ 139 ]. It turned out that the equilibrium in the case of compound  160  is 
 completely shifted to the side of azide  160b , whereas for compound  161  the NMR 
spectra showed the presence of both tetrazole  161a  and azide  161b  forms.
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    Keith (2006) developed an original one-stage solvent-free method of preparation 
of fl uorine-containing tetrazolo[1,5-a]pyridines  162 ,  163  forming in a plausible 
yield from the corresponding pyridine N-oxide and activated diphenylphosphora-
zidate (DPPA) in the presence of pyridine [ 140 ]. In this case the azido-tetrazole 
equilibrium is virtually totally shifted to the ring form.
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    In the above cited paper [ 135 ] it was also reported that the reaction of 
1,1,1-trifl uoro- 4-sulfonylbut-3-ene-2,2-diol with 5-aminotetrazole furnished regioi-
someric 5-CF 3  or 7-CF 3  tetrazolopyrimidines  164 ,  165 . It was also shown that the 
ratio of the regioisomers (at equal overall yield of the products) was governed by the 
nature of the substituent R in the 1,1,1-trifl uoro-4- sulfonylbut-3-ene-2,2-diol.
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5           Other Types of Perfl uorinated Substituents 

5.1      SF 5  Derivatives 

 Pentafl uorosulfanyl (SF 5 ) group is interesting as a stable moiety bearing simultane-
ously fi ve fl uorine atoms. In recent reviews [ 141 ,  142 ] it was stressed that this group 
is now widely applied in the organic synthesis and in industry. 1,2,3-Triazoles 

V.A. Ostrovskii and R.E. Trifonov



493

containing the SF 5  group attached to the endocyclic carbon atoms became recently 
more accessible. A number of publications describes the acceleration of the 
1,3-dipolar cycloaddition with the use of the catalytic system based on Cu(I) gener-
ated  in situ  from CuSO 4  and sodium ascorbate. This procedure made it possible to 
obtain in relatively mild conditions a series of 1-R-4-pentafl uorosulfanyl-1,2,3- 
triazoles  166  in “good yield” [ 62 ,  143 ].
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N N
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i

i, 1 mol% CuSO4, 0.1 eq. sodium ascorbat,
H2O/t-BuOH (1:1), r.t., 12-24h

RN3
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166
  

    It should be noted that the recent advances in the chemistry of trifl uoromethyl- 
and pentafl uorosulfanyl derivatives of tri- and tetrazole favor the applied studies of 
these unique objects of the chemistry of the fl uoro-containing heterocycles. Thus a 
signifi cant attention is paid to 1,2,3-triazoles and tetrazoles containing a pentafl uo-
rosulfanyl group. The introduction of this group into the heterocycle provides a 
possibility to prepare energetic compounds of high density [ 142 ]. Shreeve et al. 
investigated the 1,3-dipolar cycloaddition of alkyl azides containing a terminal pen-
tafl uorosulfanyl group to substituted acetylenes [ 144 ].
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    In this case the yield of pentafl uorosulfanylalkyl-4-R-1,2,3-triazoles  167  cru-
cially depends on the ratio of the initial reagents and on the reaction temperature. At 
the excess of the sodium azide and at a high temperature the replacing azidation 
occurs of both the tosyl and the pentafl uorosulfanyl groups giving the correspond-
ing diazide and further bis-1,2,3-triazoles  168  in good yields [ 144 ].  

5.2     NF 2  Derivatives 

 Tri- and tetrazoles containing an NF 2  group at the endocyclic nitrogen or carbon 
atoms belong to an exotic group of highly energetic compounds. The combination 
in the same molecule of the polynitrogen heterocyclic ring and the electron- acceptor 
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difl uoroamine group enhanced the energy potential of these molecules. The  prospect 
of application of the difl uoroamino derivatives of 1,2,4-triazole as components of 
energetic ionic liquids was estimated by the  ab initio  quantum-chemical calculations 
[ 21 ]. In the evaluation of the application prospects of the N-difl uoroazoles their high 
sensitivity to explosive decomposition caused by various effects (impact, friction, 
electric discharge, fi re beam) should be taken into consideration [ 94 ,  145 ,  146 ]. In an 
original article Shevelev et al. [ 147 ] reported on the preparation of NF 2  derivatives of 
3-nitro-1,2,4-triazole  169  by the action of O-fl uorosulfonyl-N,N-difl uorohydroxy-
lamine (F2NOSO2F) on NH-form of the corresponding 1,2,4-triazoles.
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6          Applications 

6.1     Medicine and Medicinal Chemistry 

 The medicinal applications of fl uorinated tri- and tetrazoles grow steadily [ 148 ]. 
Some compounds containing in their molecular structure these heterocycles are 
included in the list of highly effi cient modern drugs [ 149 ]. Many among fl uorinated 
tri-and tetrazoles are regarded as promising antidiabetic, cardiological, fungicidal, 
antibacterial, and antiviral pharmaceuticals, drugs for the treatment of the central 
nervous system, etc. We give below some examples of these compounds exhibiting 
versatile kinds of biological activity. 

6.1.1     Antidiabetics 

 Sitagliptin  170 , the fi rst inhibitor of dipeptidyl peptidase IV (DPP-4) approved by 
the FDA for the treatment of type 2 diabetes, has a trifl uorophenyl group linked to a 
β-amino butanoyl moiety coupled to a triazolopiperazine [ 150 ,  151 ]. Many publica-
tions appeared treating the problem of the synthesis of this compound and its deriva-
tives. For instance, a scheme of asymmetric synthesis of the sitagliptin phosphate 
from the precursor, α,β-enamine amide, is given in [ 152 ]. A wide search for effec-
tive antidiabetic agents was performed among the homologues of this compound; 
therewith the varied structural parameter was the substituent in the phenyl ring 
[ 153 ] and also the substituents in the piperazine fragment [ 154 ]. Biftu et al. based 
on the data of XRD analysis and computer simulation proposed a structure and 

V.A. Ostrovskii and R.E. Trifonov



495

synthesized a new analogous compound  171  that also proved to be an effi cient 
inhibitor of DPP-4 (IC50 = 21 nM), showed high activity  in vivo  and possessed a 
feasible pharmacokinetic profi le [ 155 ]. Note an interesting study of Chen et al. who 
synthesized and tested the biological activity of a series of Sitagliptin analogs in 
whose molecules the fragment of 3-trifl uoromethyl-1,2,4-triazolopiperidine was 
replaced by 4R-1,2,3-triazolopiperidine moiety. The highest biological activity was 
found in compound  172  [ 156 ].
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6.1.2         Fungicides 

 The following fl uoroaryl derivatives of 1,2,4-triazole belong to the third genera-
tion fungicides: Fluconazole  173 , Fosfl uconazole (prodrug)  174 , Voriconazole 
(UK 109496)  175 , Itraconazole  176  [ 4 ]. All these compounds are the inhibitors 
of the fungal cytochrome P450 enzyme 14α-demethylase. Recently results 
were published of the investigation of the fungicidal activity of the derivatives 
of 3-trifl uoromethyl- 1,2,4-triazole-5-thione: one among these substances,  177,  
exhibited a high activity [ 157 ]. At present the research is carried out on the 
preparation of active pharmaceutical ingredients of new fungicides, Fluconazole 
analogs, containing alongside the 1,2,4-triazole ring fl uoropyrimidine, tetrazole, 
and also the other heterocyclic fragments [ 158 ].
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6.1.3         Antibacterials 

 Faidallah et al. showed that the derivatives of 3,5-di(trifl uoromethyl)-1,2,4- 
triazolesulfonyl urea and thiourea exhibited a pronounced antimicrobial action 
[ 159 ]. McGeary et al. established a considerable inhibitory activity of 4-methyl-
5-(trifl uoromethyl)-4H-1,2,4-triazole-3-thiol and its derivatives with respect to 
β-lactamases [ 160 ].  

6.1.4     Antiviral Agents 

 Girardet et al. synthesized and investigated the anti-HIV-1 activity of the derivatives 
of 3-trifl uoromethyl-1,2,4-triazole-5-thiol  178  [ 161 ]. The anti-HIV action of com-
pound  178  proved to be comparable with that of the effi cient protease inhibitor 
Efavirenz. The authors of the article noted that the compound exhibited single-digit 
nanomolar activity against the Y188L mutant, with no cytotoxicity.
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    Known publications were cited in [ 162 ] concerning the structures of 1,2,3- triazole 
analogs of nucleosides containing a polyfl uoroalkyl substituent in the heterocyclic 
core  179 – 181 .
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    Nucleoside mimetics, N 2 -substituted derivatives of 4-tosyl-5- polyfl uoroalkyl-1,2,3-
triazoles containing fragments of 3-chlorotetrahydrofuran, 3-chloro- tetrahydropyran, 
tetrahydropyran, dihydrofuran, dihydropyran, or acyclic substituents, were also studied 
 182 – 186  [ 162 ]. It was demonstrated that some among the studied compounds exhibit 
a pronounced anti-Epstein-Barr virus (EBV) activity.
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6.1.5         Hypotensive Drugs 

 Angiotensin II receptor antagonist like Losartan and its analogs retain strong 
positions on the pharmaceutical market of the hypotensive drugs [ 158 ]. 
Yagupolskii et al. have synthesized two fl uorine-containing Losartan analogs 
with fl uoroalkyl substituents  187 – 189 , whose pharmacological activity is 
expected to be high [ 163 ].
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6.1.6         CNS Therapy 

 Lebsack et al. produced a series of 1,2,3-triazolo[3,4-a]phthalazine derivatives, in 
particular, containing a trifl uoromethyl substituent in the fused 1,2,4-triazole ring 
 190 , as high-affi nity ligands to the α 2 δ-1 subunit of voltage gated calcium channel 
[ 164 ]. These compounds are interesting as anticonvulsant drugs. The work of 
Williams et al. [ 165 ] consisted in the synthesis and the study of the biological 
activity of new antidepressants, 3-styryl[4.5]-spiroether and [4.5]-spiroether 
neurokinin-1 (NK1) antagonists  191 ,  192 , containing in the molecular structure 
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trifl uoromethyltetrazol-1-yl fragment. The research concerning the pursuit of 
promising neurokinin-1 (NK1) antagonists, containing fl uorinated tri- and tetra-
zoles is continued [ 166 ].
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    1,2,4-Triazol-3-yl-thiopropyl-tetrahydrobenzazepine  193  whose structure 
includes a nonfused 1,2,4-triazole-3-trifl uoromethyl-5-thiol fragment separated 
by an alkyl bridge from the benzazepine framework was found to be a potent and 
selective dopamine D 3  receptor antagonist [ 167 ]. Sugane et al. established the 
high biological activity  in vitro  of new glycine transporter 1 (GlyT1) inhibitors 
3-biphenyl-4-yl-4-(2-fl uorophenyl)-5-R-4H-1,2,4-triazole, in particular, of com-
pound  194  [ 168 ].
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    Below two structural formulas of potent, orally active, long-acting morpholine 
acetal human NK-1 receptor antagonists  195 ,  196 , are given. These compounds are 
tested as effi cient drugs for the treatment of the Alzheimer disease [ 169 ]. The 
fl uorine- containing biaryl-triazolopyridine  197  is tried as a potent and selective 
p38α inhibitor for stress relief [ 170 ].
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6.1.7         Imaging Agents 

 One of the modern ways of CNS disorders diagnostics depends on the development 
of new radiolabeled NK1 receptor antagonists. Some examples of fl uorine-18 label-
ing compounds are known [ 171 ,  172 ], effective radioligands for imaging brain neu-
rokinin type-1 (NK1) receptors in clinical research and drug discovery with positron 
emission tomography, like [ 18 F]SPA-RQ  198 .
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6.2          Light-Emitting Diodes 

 Some complex compounds of fl uorinated tri- and tetrazoles possess interesting 
photo- and electroluminescent properties. We have given above formulas of  93 , 
 94,  representatives of a new series of charge neutral Os (II) pyridyl 3-trifl uoro-
methyl- 1,2,4-triazolate complexes with either bis(diphenylphosphino)methane or 
cis-1,2- bis(diphenylphosphino)ethene chelates. Their structural, electrochemical, 
photophysical properties and thermodynamic relationship were established [ 89 , 
 90 ]. It was demonstrated that such coordination compounds can be used in the 
production of highly effi cient white [ 173 ], blue [ 174 ], orange, and red organic 
light- emitting diodes (LEDs) [ 175 ]. 

 The photo- and electroluminescence properties of a series of novel, heteroleptic, 
 mer -cyclometallated iridium complexes have been fi ne-tuned from green to blue by 
changing the substituents on the 3-trifl uoromethyl-1,2,4-triazolylpyridyl ring of the 
ligand [ 176 ,  177 ]. Chi, Chou, Wu et al. synthesized Ir(III) emissive complexes with 
5-pyridyl-3-trifl uoromethyl-1,2,4-triazole ligand which might be used in white 
OLEDs technologies [ 178 ].  

6.3     Sorbents, Ion Liquids, and Surfactants 

 Omary et al. have demonstrated that fl uorous metallorganic frameworks (FMOFs) 
 199 ,  200  are highly hydrophobic porous materials with a high capacity and affi nity 
to C 6 -C 8  hydrocarbons of oil components [ 179 ]. FMOFs exhibits reversible adsorp-
tion with a high capacity for  n -hexane, cyclohexane, benzene, toluene, and  p -xylene, 
with no detectable water adsorption even at near 100 % relative humidity drastically 
outperforming activated carbon and zeolite porous materials. The results suggest 
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great promise for FMOFs in applications like removal of organic pollutants from oil 
spills or ambient humid air, hydrocarbon storage and transportation, water purifi ca-
tion,  etc.  under practical working conditions
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    Read et al. synthesized surface-active derivatives of 1,2,3-triazole  49 ,  50  contain-
ing at the nitrogen atom perfl uoroalkyl (lipophilic) substituents, and at the carbon 
atom perfl uoroalkoxy or alkoxy (hydrophilic) groups. It is signifi cant that the sur-
factant properties of these compounds can be purposefully regulated varying the 
length of the fl uoroalkyl chain [ 49 ,  50 ]. 

 The ionic liquids formed by the 1,2,4-triazolium cation and dinitramide anion as 
well as charge-diffuse tetrazolium cation with a variety of substituents coupled with 
various (usually oxygen containing) anions have been studied by  ab initio  quantum 
chemistry calculations [ 21 ,  180 ].  

6.4     Ion and Electron Conductors 

 We cited above the study of Boskurt et al. who synthesized 5-(perfl uoroheptyl)-
3H-1,2,3- triazole-4-carboxylate  65  [ 69 ]. They also reported on the effect of the 
proton conductivity observed in the solutions of organic electrolytes with the addi-
tives of this fl uoroalkylated 1,2,3-triazole. Recent research advances on conjugated 
polymers for photovoltaic devices have focused on creating low band gap materi-
als, but a suitable band gap is only one of many performance criteria required for a 
successful conjugated polymer [ 181 ]. This work focuses on the design of two 
medium band gap copolymers for the use in photovoltaic cells which are designed 
to possess a high hole mobility, low highest occupied molecular orbital and lowest 
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unoccupied molecular orbital energy levels. The resulting fl uorinated polymer  201  
is a viable candidate for the use in highly effi cient tandem cells. It also highlights 
other performance criteria which contribute to high photovoltaic effi ciency, besides 
a low band gap.
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6.5         Ligands 

 Some fl uorine-containing tri- and tetrazoles behave as polidentate ligands and form 
stable complex compounds with various metal ions. The coordination compounds 
of Os(II), Ir(III), Ga(III), In(III), Ag(I), Sn(IV) with 5-pyridyl-2-yl-3- trifl uoromethyl-
1,2,4-triazole ligands we have already mentioned.
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    Let us cite some other characteristic examples. Thus, based on 5-(6-methylpyridin- 
2-yl)-3-trifl uoromethyl-1,2,4-triazole ligand platinum(II) complexes  202  were 
synthesized with spatially encumbered chelates, and their photophysical properties 
were also studied [ 182 ]. Compound  202  was found to be weakly emissive in both 
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fl uid and solid states at room temperature. Exotic coordination compounds are also 
known prepared from the mentioned bidentate ligands and the isoelectronic system 
Ir(I)  203  with distorted square-planar geometry [ 183 ]. Here the lowest absorption 
band consists of increased triplet d π  → π transitions of Ir (I) atom. Later Swager 
et al. obtained heteroleptic tris-cyclometallated Ir(III) complexes  204  based on 
2-(1-perfl uorophenyl-1,2,3-triazol-4-yl)pyridine [ 110 ]. Complex compounds  205  
formed by two tridentate ligands coordinated to Os(II) or Ru(II) interesting as 
components of dye-sensitized solar cells (DSCs), were recently prepared by Chou 
et al. [ 184 ].  

6.6     Organic Catalysis 

 Chiral N-pentafl uorophenyl 1,2,4-triazolium salts (triazolium bicyclic catalysts) 
had been found to signifi cantly infl uence reaction yields and enantiomeric ratios. 
The examples of the application of triazolium bicyclic catalysts  142, 144, 145, 147  
whose structures we have already mentioned are listed in Table  1 .

6.7        Energetic Compounds 

 The burning of the energetic compositions containing organofl uorine derivatives 
affords products with relatively small molecular mass which favors the operating 
characteristics. Owing to these and many other useful properties the fl uorine- 
containing heterocyclic compounds, fi rst of all tri- and tetrazoles, are traditionally 
attractive energetic substances. 

 Klapotke et al. described the energetic properties of sodium 5-trifl uoromethyltetra zo-
late, sodium 5-pentafl uoroethyltetrazolate, and sodium 5-heptafl uoropropyltetrazolate 
[ 185 ]. Based on DSC-thermograms the authors concluded that the 5-perfl uoroalkyl-
tetrazole salts are thermally and thermodynamically stable energy-rich substances. 
It was also indicated that the sodium salts of 5- perfl uoroalkyltetrazoles showed 

   Table 1    1,2,4-triazolium salts as catalysts of enantioselective reactions   

 Catalysts  Reaction (synthesis)  References 

  142   Macrocyclization of α,γ-dialdehydes  [ 123 ] 
 Nucleophilic carbyne-catalyzed redox azidation of epoxyaldehydes  [ 124 ] 

  144   Synthesis of  trans -γ-lactams; the most effi cient  trans -γ-lactam 
synthesis has been achieved using cyclohexyl-substituted 
carbyne precursor 

 [ 129 ] 

  145   The asymmetric intermolecular Stetter reaction was investigated  [ 125 ] 
  147   Enantioselective N-heterocyclic carbene-catalyzed Michael addition 

reactions to α,β-unsaturated aldehydes by redox oxidation 
 [ 126 ] 

 Asymmetric intramolecular Stetter reaction  [ 127 ] 
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relatively low sensitivity to impact and friction. The other publications of this scien-
tifi c team reported on the calcium salts of 5- perfl uoroalkylated tetrazoles as compo-
nents of ternary mixtures with magnesium and Viton [ 186 ], and also on pyrolants 
containing magnesium and guanidinium 5-(perfl uoropropyl)-5H-tetrazolate and 
ammonium 5-(perfl uoropropyl)-H- tetrazolate [ 187 ] The subject of the energy-rich 
salts formed from nitro-1,2,4-triazol- 5-one, 5-nitroaminotetrazole, and other nitro-
substituted azoles, among them energetic polymer salts from 1-vinyl-1,2,4-triazole 
derivatives, was treated in a series of Shreeve et al. publications that we cited before 
[ 62 ,  86 – 88 ,  94 ]. The data on enthalpy of formation, density, detonation velocity 
(calculated value), and on the other parameters were published making it possible to 
regard these salts as interesting components of explosive compositions. As promising 
components of explosive compositions trifl uoromethyl- or pentafl uorosulfanyl-
substituted poly-1,2,3-triazole compounds should be mentioned. Below are given the 
formulas of some representative of pentafl uorosulfanyl derivatives of tri- and tetrazoles 
 206 – 210 . It is noteworthy that the introduction of the SF 5  group into the 1,2,3-triazole 
ring results in energetic compounds of high density (1.83–1.90 g/cm 3 ) [ 142 ,  188 ], 
the most important quality for the energy-rich compounds and materials. 

 Let us turn again to the pioneering publication of Shevelev et al. [ 147 ] that has 
announced the synthesis of N-difl uoroazoles, the representatives of the new series of 
N-substituted azole. Focusing our attention on NF 2  derivative of 3-nitro-1,2,3- triazole 
containing the NF 2  group  211 , it may be stated that this extraordinary molecule may be 
regarded as a precursor of the hypothetic substance possessing exclusively high deto-
nation parameters. Presumably, due to the high sensitivity to the mechanical treatment 
(impact, friction) similar compounds are very dangerous in handling.
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7          Conclusions 

 The analysis of the literature published within the last decade easily demonstrates 
the essential intensifi cation of applied research in the fi eld of fl uorinated derivatives 
of tri- and tetrazoles. The especially intensive development is observed in the 
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directions of creating new biologically active substances based on the mentioned 
compounds, light-emitting diodes, polymer materials, sorbents, catalysts of chemi-
cal processes. The appearance of original and refi nement of the known approaches 
to the synthesis of fl uorine-containing tri- and tetrazoles is a natural response to 
these demands. It is easy to forecast in the near future a signifi cant success in this 
fi eld of the chemistry of fl uorine-containing heterocyclic compounds.     
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