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The principal trends in the investigation of 4-phenyl-l~2,4-triazoline-3,5-dione 
are described. 

4-Phenyl-l,2,4-triazoline-3,5-dione (PTAD) has become one of the most important reagents' 
of organic synthesis in the last decade. Many previously difficult-to-obtain classes of or- 
ganic subs tances, including strained polycyclic and heterocyclic compounds, have been obtained 
by means of this compound. It is difficult to overrate the significance of phenyltriazo- 
linedione, and the best evidence of the promise its future utilization offers is the fact 
that it is currently being produced on an industrial scale [i]. 

Data on the principal trends in the investigation of this compound are systematized in 
the present paper. 

Preparation and Some Properties of 4-phenyl-l~2,4-triazoline-3~5-dione 

There is only one method for the preparation of 4-phenyl-l,2,4-triazoline-3,5-dione (I), 
viz., oxidation of 4-phenylurazole (II) with various oxidizing agents; thus the accessibility 
of triazolinedione I is determined, on the one hand, by the ease of preparation of 4-phenyl- 
urazole, and, on the other, by the selection of a suitable oxidizing agent. 

No difficulties are encountered in the synthesis of 4-phenylurazole: It is obtained in 
good yields (80-90%) from diethyl carbonate [2] or methyl chlorocarbonate [3]: 
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It is more difficult to select a good oxidizing agent. Triazolidinedione I was evident- 
ly obtained for the first time by Thiele and Strange [4] in 1894 by oxidation of phenylurazole 
with lead dioxide in sulfuric acid. However, only the formation of a very small amount of a 
bright-red substance, which was not identified, was established in their research. 

Stolle [5] obtained triazolinedione I in the crystalline state in 1912 by oxidation of 
the disilver salt of phenylurazole with an ether solution of iodine. The yield of the tr~a- 
zolinedione was also low under these conditions, but Sto!le was able to study its thermal sta- 
bility and sensitivity to moisture, acids, and alkalis. Fifty years later, Cookson and co- 
workers [6] obtained I in 86% yield by oxidation of 4-phenylurazole with tert-butyl hypochlor- 
ite in acetone at low temperatures. In the opinion of Strickler and Pirkle [7], all of the 
above-mentioned oxidizing agents used for the synthesis of triazolinedione I give side prod- 
ucts that either decompose the dione or are difficult to extract from the reaction mixture- 
they feel that nitrogen tetroxide, which is convenient to use in laboratory work and gives 
pure 4-phenyl-l,2,4-triazoline-3,5-dione in almost quantitative yield, is the best oxidizing 
agent. In addition, concentrated nitric acid [8], bromine [9], and N-bromosuccinimide (NBS) 
[i0] have been used as oxidizing agents for phenylurazole. 

Gillis and Hagarty [2] oxidized 4-phenylurazole with lead tetraacetate and, without iso- 
lating I, immediately subjected it to dienesynthesis. Compound I was also obtained in situ 
with dimethyl sulfoxide (DMSO) [ii] or phenylselenic acid anhydride [12] as the oxidizing 
agent. 

A. A. Zhdanov Leningrad State University, Leningrad 199164. M~ V. Lomonosov Moscow State 
University, Moscow 117239. Translated from Khimiya Geterotsiklicheskikh Soedinenii, No. 2, 
pp. 147-169, February, 1983. Original article submitted February 9, 1982. 

0009-3122/83/1902-0117507.50 �9 1983 Plenum Publishing Corporation 117 



The method of synthesis presented above is also suitable for the preparation of 4-alkyl- 
and 4-aryl-l,2,4-triazoline-3,5-diones, but in this case the corresponding alkyl and aryl iso- 
cyanates are used in place of phenyl isocyanate. It should, however, be noted that N-substi- 
tuted analogs of 4-phenyl-l,2,4-triazoline-3,5-dione are harder to obtain, and considerably 
less study has therefore been devoted to them than to phenyltriazolinedione I [2, 13-15]. 

Freshly sublimed triazolinedione I is obtained in the form of crimson acicular crystals 
that are quite soluble in many organic solvents (ether, chloroform, ethyl acetate, etc.) and 
melt with decomposition at 165-175~ [13]. 

Two intense bands in the region of the stretching vibrations of carbonyl groups are pres- 
ent in the IR spectrum of I at 1780 and 1760 cm -I [6]. The UV spectrum of a solution of I 
in dioxane is characterized by absorption maxima at 530 (s 170) and 220 nm (c 9530) [9]. The 
absorption band with Ima x 5 30 nm corresponds to an n * 7" transition of the electrons of the 
N=N bond, which is responsible for the color of the compound in the visible region of the 
spectrum; the band of a ~ + 7" transition shows up in the shorter-wave region. (An intense 

§ ~* band, which is characteristic for extended conjugation systems [16], is observed at 
220-270 nm when a double bond that is conjugated with the azo group is present.) The PMR 
spectrum [13] contains a singlet of aromatic protons at 7.48 ppm (in CDCI3). 

Under the influence of water, triazolinedione I is readily converted to urazole II, and 
it should therefore be stored without access to moisture and must be sublimed prior to use in 
the reaction [5]. However, it should be borne in mind that the sublimation of I entails sig- 
nificant losses, since some of it is converted to bisimide III [5]: 

O O 
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C6Hs~N I N--C6Hs-..,-.----2 I - ~ N  2 H- 2CO 2 Jr C6HsNH 2 + II k ' " %  -"' 
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The c o n v e r s i o n  of  t r i a z o l i n e d i o n e  I to  4 - p h e n y l u r a z o l e - l - c a r b a n i l i d e  (IV) ( i n  a c e t o n i t r i l e  
w i t h  added  aqueous  p y r i d i n e )  [17] and to  V by the  a c t i o n  o f  a l c o h o l s  [18,  19] e v i d e n t l y  t a k e s  
p l a c e  t h r o u g h  a s t e p  i n v o l v i n g  b i s i m i d e  I I I :  
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V 

4-Phenyl-i ~ 2~ 4-triazoline-3,5-dione in the Diene Synthesis 

Of all of the chemical transformations of I, its use in the diene synthesis has been in- 
vestigated ingreatest detail: Triazolinedione I is one of the most active dienophiles due to 
the fixed cis configuration of this compound and the presence of two strong electron-acceptor 
groups attached to the N=N bond. It is widely used for the construction of the most diverse 
(including highly condensed) nitrogen-containing heterocycles: Thus, for example, a number of 
previously unknown derivatives of pyridazine, tetrazine, and azacinnoline, as well as certain 
carcass structures, have been obtained on the basis of I. The extensive use of phenyltriazo- 
linedione I as a dienophile is due to a considerable degree to the fact that the reactions 
involved in the diene synthesis with phenyltriazolinedione are generally carried out under 
mild conditions at temperatures that do not exceed room temperature. 

A comparison of the rate constants of the reactions of triazolinedione I and tetracyano- 
ethylene with various dienes [9] shows that in many cases, such as in the reaction with 4,5- 
diphenyl-l,3-butadiene or chloroprene, the triazolinedione I is a considerably more active 
dienophile than tetracyanoethylene, which is the strongest dienophile in the hydrocarbon dieno- 
phile series. 

The great effect of the character of the solvent on the change in the enthalpy of activa- 
tion was demonstrated on the basis of a kinetic study of solvation effects in the reaction of 
triazolinedione I with anthracene. The results of a study of the kinetics and a determina- 
tion of the activation parameters of the Diels--Alder reaction for series of 4-substituted 

118 



1,2,4-triazoline-3,5-diones with diphenylbutadiene, anthracene , hexachlorocyclopentadiene, ~ 
and bicyclo[2.2.1]heptadiene are in better agreement with the concept of the frontal-orbital 
model of the Diels--Alder reaction than with the standard approach from the position of lin- 
ear free energies [13]. The order of the change in the reactivities of 4-substituted 1,2,4- 

triazoline-3,5-diones is not in complete agreement with the order predicted on the basis of 
the electronic effect of the substituent but depends on the polarity of the solvent and the 
structure of the diene used. 

However, as has been demonstrated in a number of cases [21, 22], one should assume that 
the reaction of triazolinedione I with various dienes implies the primary formation of a 
1,4-diol, which is also characteristic for other strongly polarized dienophiles [23]. Of 
course, one cannot exclude the possibility that such transformations of triazolinedione I 
proceed through intermediate diradicals [24]. 

In most cases conjugated acyclic dishes react smoothly with triazolinedione I via a 
mechanism of the diene synthesis type [2, 25]. 

C6H5 C6H50 

C6H 5 C6H 5 

Conjugated bisallenes also undergo the diene synthesis with I very readily [i, 26]. 

~ + I 
--C6H ~ 

A monoallene (2,4-dimethyl-2,3-pentadiene) also reacts via a mechanism of the 1,4-cyclo- 
addition type, inasmuch as it initially undergoes isomerization to 2,4-dimethyl-l,3-pentadiene, 
which then gives a Diels--Alder adduct [27]. 

The reaction with triazolinedione I can be successfully used for the identification of 
isomeric dienes by the production of crystalline adducts [28]. 

Compounds with exocyclic double bonds react readily with phenyltriazo!inedione I via a 
mechanism of the Diels--Alder type [29] : 

Treatment of cisoid and transoid dienes that contain a diosphenol grouping (each separ- 
ately and in the case of a mixture of them) with a solution of triazolinedione I in chloro- 
form leads to the same stable adduct in good yields [30]. 

Benzylidenecyclopropane, in which the exocyclic double bond is conjugated with the aro- 
matic ring, is capable of adding two molecules of triazolinedione I successively to give 
bisadduct VI [31] : 

C6HS\N_ ~ 

I 
VI C6H5 

A vinyl group conjugated with an endocyclic double bond forms a system that also readily 
reacts with unsubstituted triazolinedione to give Diels-~Alder adducts. Several triazasteroids 
have been obtained by this method [32]. Compounds that have a vinyl group attached to an aro- 
matic ring react with triazolinedioneI at--77~ to give the normal 1,4-cycloaddition products 
[33, 34]. 
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The triple bond of 5-ethynyl-l,3-cyclohexadiene is not involved in the reaction with I 
[35]. 

It should, however, be noted that the presence of a conjugated diene system in the 
starting molecule does not exclude the formation of products other than the classical Diels-- 
Alder adducts in the reaction with triazolinedione. Thus [2+2] cycloaddition to form diaze- 
tidines and "ene" reactions can be observed e~en in the case of rather simple dienes [36, 37]: 

Interesting r e s u l t s  we re  r e c e n t l y  o b t a i n e d  i n  a s t u d y  o f  t h e  r e a c t i o n  o f  I w i t h  2 , 3 -  
d i m e t h y l e n e -  a n d  3-methylene-7-isopropylidenebenzonorbornenes [ 3 8 ] .  A [4+2] c y c l o a d d u c t  was 
i s o l a t e d  i n  q u a n t i t a t i v e  y i e l d  i n  t h e  f i r s t  c a s e ,  w h e r e a s  a m i x t u r e  of  s t e r e o i s o m e r i c  " e n e "  
a d d u c t s  ( s y n  and  a n t i  i n  a r a t i o  o f  1 6 . 9 )  was i s o l a t e d  i n  t h e  s e c o n d  c a s e :  

4-I 

+! 

CsHs\ I ~/ 

0 

), ' ~ .  66 

The reaction of triazolinedione I with cyclopentadiene and its diverse derivatives has 
been investigated extensively [2, 6, 39-43]. For example, cyclopentadiene itself gives a 
1,4-cycloaddition adduct in high yield at--78 [6] or 0-5~ [2]. Tetraphenylcyclopentadiene 
[8], polychlorocyclopentadienone acetals [39], hexachlorocyclopentadiene [9], dicyclopenta- 
dienylmercury [41], and other substituted cyclopentadienes [42, 43] also react readily with 
it to give 1,4 adducts. A 5,5-dialkoxycyclopentadiene, which undergoes dimerization at a 
high rate during its preparation from the corresponding dibromide, can be readily "trapped" 
in the form of a 1,4-adduct with triazolinedione I. The reaction proceeds quantitatively, 
and titration of a benzene solution of the reaction mixture with the triazolinedione is used 
to determine the yield of the dialkoxycyclopentadiene [40]. 

Polycyclic condensed systems that contain a cyclopentadiene ring also react with I to 
give 1,4-cycloadducts [8, 42-44]. Thus phencyclone reacts with I to give VII: 

I 
C6H 5 

VII 

Cyclohexadiene (at 0-5~ [2] and substituted and condensed cyclohexadienes [45-48] re- 
act similarly with triazolinedione I. The high rates of the reaction of dienophile I with 
condensed diene systems make it possible to also trap unstable cyclohexadiene compounds in 
the form of stable adducts [49, 50]. 1,4 Adducts with triazolinedione, which readily under- 
go retrodienefragmentation, have found application for the protection of the cyclohexadiene 
fragment in several natural compounds (for example, in vitamin D) [51, 52]. 
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In the reaction of triazolinedione I with strained bridged 1,4-cyclohexadienes one should 
have expected that the process would proceed as a normal Diels--Alder homoreaction with the for- 
mation of three new o bonds and the development of two new rings. Gassman and Hoye [24]~ in 
conformity with the results of a kinetic study, explain the anomalous cycloaddition of triazo- 
linedione I with retention of one z bond and its migration to the bridgehead by means of the 
intermediate formation of diradicals or by means of a concerted mechanism: 

n=6~7t8 

+ m 

(CH2). 

qG~s 

(C~2). 

I 
CsH 5 

At the same time, it has been shown that benzobarrelene and triazolinedione I give an 
adduct of the Diels--Alder homoreaction in quantitative yield [21]: 

O 

Seven-membered conjugated polyenes react readily with triazolinedione I; thus cyclohep- 
tatriene reacts in the form of a valence isomer and forms a 1,4-cycloadduct [6, 53, 64]. 

\~) $Hs 

3,5-Cycloheptadienone reacts with I to give a 1,4-adduct in good yield [54, 55]. 

Tropone and tropolone react differently with triazolinedione I. While the former gives 
a 1,4-cycloadduct, tropolone forms a substitutive addition product [56]. 

A great deal of research has been devoted to the study of the reaction of triazolinedione 
I with cyclooctatetraene and its derivatives [57-64] in connection with the problem of the 
valence tautomerism of this cyclic tetraene. According to the data in [57], 1,4-adducts of 
both tautomers (A and B) are formed in approximately equal amounts (22% each) at room tem- 
perature in benzene or acetone: 

�9 
B 

N~C6H N'C6H ~ 

1,3-Di-tert-butylcyclooctatetraene [63] reacts with triazoli-edione I in refluxing ethyl 
acetate to give a cycloadduct (VIII) only of tautomer B; the tert-butyl groups in the cyclo- 
adduct are located in the cyclobutene ring. 
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A method for the preparation of enantiomeric olefins on the basis of the reaction of sub- 
stituted cyclooctatetraenes [65, 66] and optically active (--)-4-endo-bornyl-l,2,4-triazoline- 
dione, which was obtained from endo-bornylamine hydrochloride via ~e conventional scheme 
[14]. 

~clononatetraene and its chloro derivative readily form 1,4-ad~cts with triazoline- 
dione I [67, 68]. 

Like other dienophiles, triazolinedione I adds to anthracene in the 9 and i0 positions 
[6, 9, 13]. Themally st~le phenylimide IX was isolated as a result of the reaction of tria- 
zolinedione, which was obtained in situ by oxidation of urazole with lead tetraacetate, with 
perylene [69], i.e., in this case the resulting ad~ct un~rgoes aromatization ~ring the re- 
action. 

N'~ o 

IX 

Various carcass structures have been obtained on the basis of triazolinedione I and pro- 
pellanes with various structures [70-77]. Propellanes that contain two pairs of conjugated 
diene fragments form bisadducts [77, 89]. 

Compound I also reacts via a 1,4-cycloaddition pathway with numerous heterodienes [78-80] 
such as diazepine [56], oxazepine [81], 1,3-dioxepine [82], vinylpyridines [83, 84], pyridone 
and pyrone derivatives [85, 86], and isopyrazoles [87, 88]. One of the first examples of the 
reaction of triazolinedione I with nitrogen-containing heterocycles is presented in the fol- 

/R H 3C'-~:H3 

�9 ~ C J - , '  ~ 
N ~<~R-,C H 3 N ''''~'~''N ~''~ O 

N'~ '"~O N,..CBH5 

lowing scheme [87] : 

H3C -,..,./C: 3 
. . . . . .  _ o  

-N2  .._.__ - ~  

Kost, Terent'ev, and Kartsev [83] have shown that vinylpyridine reacts with triazoline- 
dione I to give a bisadduct; one molecule of the diene adds via the scheme of the diene syn- 
thesis, while a second molecule adds via a mechanism of the substitutive addition type. The 
previously unknown 5-azacinnolines X are formed as a result of these two successive reactions: 

O ~CBH 5 CH O~N"C6H5 
CH 3 CH 3 V N 

+1 L I __+ I__.~ C N ' ~  / 
CH= H;t " L~'~ N " J " ~ J  H" "N--NH 

oA.. o I 
C6H~ 

Monoadduct XI was isolated in the reaction with ~-bromovinylpyridine .[84] : 

C:CH 2 
i 
Br Br j 

- H B r  

O•.•N/c6H5 

XI 

It has been demonstrated in a significant number of cases thatil-alkyl-2-pyridones [85] 
react in the cold with I to give [4+2] cycloadducts (in 79-87% yields) that are tetrahydro- 
pyridazine derivatives with an endo-azocarbonyl bridge. At the same time, 2-pyrone [86] re- 
acts with the same dienophile to give a tetrazine derivative (in 85% yield) via a scheme in- 
volving double diene synthesis. 
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Various natural compounds, viz., cholestadiene [90], ergosterol [91-93], androstatriene 
[94], vitamin D3 metabolites [92, 95], and levopimaric acid [96], have also been subjected to 
reaction with the triazolinedione. The ease of retrodiene decomposition for adducts with I 
when they are heated or in the case of acidic catalysis has been used to protect conjugated 
double bonds in steroids and also for their purification and separation [91 ,95]. 

Endo, exo stereoisomerism has not been observed for 1,4-cycloadducts of triazolinedione 
I with cyclic and heteroeyclic dienes; this is explained by the planar character of the hydra- 
zine nitrogen atoms in the urazole fragment of the cycloadducts. This fact is confirmed by 
the absence of the temperature dependence in the PMR spectra of the adducts with triazoline- 
dione I that is usually observed in inversion processes [78, 87, 97]. 

However, plane-symmetrical dienes (propellanes, for example) form two stereoisomers in 
reactions with I as a consequence of attack by the dienophile from "above" or "below," which 
is determined by the structure of the starting diene. 

�9 + I J.. O = ~ N  Jr R 

XII O.~. - N'C6H 5 

Xlll 

Thus when R = R = 0 and X = NH, the dienophile adds only fromthe sterically most hindered 
side (from "above") to give adduct XII as a consequence of additional stabilization of the 
transition state due to secondary orbital interaction of the CO~, orbitals of the diene with 
the vacant orbitals of the nitrogen atoms [72-74], whereas when R = R = H, in which case such 
stabilization is impossible, the dienophile adds primarily from "above" to give isomer XIII. 

The most important trend in the utilization of adducts based on triazolinedione I is the 
preparation from them of carcass and strained polycyclic systems [30, 54, 64, 89, 98]: 

In contrast to the adducts with azodicarboxylic acid ester, the cycloadducts with triazo- 
linedione I are hydrolyzed with difficulty [8] (by prolonged heating at elevated temperatures). 
At the same time, they undergo retrodiene decomposition at room temperature. Thermally stable 
hydrogenated adducts are therefore used more often for hydrolysis [46, 58, 90]. 

It is interesting that the adducts of triazolinedione I with a diene that has a fixed 
s-cis configuration of the conjugated bonds was found to be resistant to retrodiene decompo- 
sition, and its hydrolysis led immediately to 2,3-diazatriptycene (in 60% yield without an 
oxidizing agent) [99, i00]. 

+I Ko./c.3o. 
T N--C6H 5 40 48 h " 
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It was very recently observed that the most effective method for the conversion of ura- 
zoles to azoalkanes is hydrazinolysis [101]. 

The further development of mild and selective methods for the hydrolysis of urazoles 
would expand the range of their application significantly. The hydrolysis of the imide group 
in 1,4 cycloadducts with the sulfur analog of triazolinedione I proceeds readily; however, 
the sulfur analog is unstable at room temperature [54]. 

The azo compounds obtained by the method described above are labile and readily split 
out a molecule of nitrogen to gi~e the corresponding hydrocarbons upon heating or photolysis; 
this process may also take place spontaneously. Thus, for example, semibulvalene was syn- 
thesized from the adduct of triazolinedione I and cyclooctatetraene without isolation of the 
intermediately formed azo compound [59]. 

A s t a i n e d  b i e y c l o [ 2 . 2 . 0 ] h e x a n e  was o b t a i n e d  by p h o t o c h e m i c a l  d e c o m p o s i t i o n  o f  an a z o a l -  
kane [46]. 

~.........j.._ N~,~ N ~ " - N 2 
% C~H5 

Other Cycloaddition Reactions of 4-Phenyl-l,2,4-triazoline-3~5-dione 

In addition to the diene synthesis, [2+2]-cycloddition reactions are characteristic for 
phenyltriazolinedione I. 1,2-Cycloadducts of I with methylenecyclopropane [102], dehydro-l,4- 
dioxane, indene [36], and other compounds [103, 104] have been described. Norbornenes react 
with triazolinedione I via a [2+2]-cycloaddition scheme [37]. 

CH 3 CH 3 

H -CH2 ~ O 

H3 H3 ~ O  C6H5 

<~ § r-~ ~ 
. INI N--C6H 5 

k'~ J"-'- "~o 
O 

Triazolinedione I reacts with strained alkenyldienecyclopropanes XIV via the same path- 
way [104, 105] to give urazoles XV and XVI: 

H3C -CH 3 H3C- CH 3 

,~---'( I N ~ C . H .  Jr 

XIV ,~V XVI 

RI=C6H5 't R"=H~CH3 

The addition of triazolinedione I to the double bond of benzovalene (XVII) is accompanied 
by rearrangement of the carbon sleketon; prismane XVIII was obtained by subsequent elimination 
of the imide fragment [106]: 

XVII 6 XVIII 
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Triazolinedione I adds readily at 0~ to bicyclopropylidene to give a single product, 
viz., a diaziridine derivative, in 83% yield [107]o Cyclization of the intermediate zwitter- 
ion evidently occurs simultaneously with expansion of the three-membered ring in this case. 
As in the preceding case, the entire urazole grouping is split out during alkaline hydrolysis. 

j o 
I 
C6H 5 

The character of the cycloaddition products formed from l-vinylnaphthalenes is deter- 
mined by the orientation of the vinyl groups. The products of the reaction of XIX with triazo- 
linedione I is a [2+2] cycloadduct [33]: 

~ .  4.1 '/~-~ / N~'/~'~N- c6H5 kX___~, t ~  N--~. O 

XIX 

The reactions of I with vinyl ethers and esters have been studied [I08-iii]. Triazol- 
inedione reacts with vinyl ethers [108] to give 1,2 cycloadducts XX and mixtures of copoly- 
mers XXI and XXII: 

I + CH2==CH--OR 

/ "~N --N -O--CH--CH2~- 

k C6H5 /n 
XXl 

F---q/~R 
N- -N 

I 
C6H 5 
XX 

\N--N-- CH-- CH2~--- 

XXII 
It has been shown [iii] that 1,4-dipoles XXIII are formed intermediately in the caseof attack 
at the nitrogen atom of triazolinedione I. If the reaction is carried out in solutions of 
ketones, XXIV with a tetrahydro-l,3,4-oxadiazine ring are obtained: 

#, 
CH--OR 

H OR O R  j 

+, o=<:,, x.,, 

r C6H5 

X~III �9 XXIV 
The reaction of I with vinyl esters also leads to the development of 1,4-dipoles, which 

however, undergo further intramolecular rearrangement to give substituted urazoles XXV [109]: 

R I ....,.~OCOR" + I 
H 

CH z 
i i 

RN + 

Z =~176 / R cocm% ,,coR 
~ N~N R -------~ 

C6H 5 
X• 

The formation of a diazetidine was observed as a result of [2+2] cycloaddition of tria- 
zolinedione I at room temperature to adamantylideneadamantane (XXVI). Reversion is observed 
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when the adduct is heated in chloroform containing tetraethylmethylethylene- the starting 
olefin and triazolinedione I are isolated [104]. 

N--N 
XXV, O~XO 

C6H 5 

In the case of biquadricyclanylidene XXVII addition of triazolinedione I to the central 
double bond leads to the formation of an unstable monoadduct (according to data from the mass 
spectrum), which evidently has a triazoliaolate structure [112]: 

o ,c~176 

The anomalous cycloaddition of triazolinedione I to strained bi- and polycyclic olefins 
has been observed [21, 22, 54]. Adam and co-workers feel that the mechanism of the formation 
of the substituted urazoles obtained in these reactions involves the intermediate development 
of 1,4 dipoles and their rearrangement: 

(~ + I ~ ~ .~ i - - -~o  

~ 1~ "N--C6H5 C6H5 "~O 

An example of the ambiguous behavior of triazolinedione I is its reaction with the so- 
called Nenitzescu hydrocarbon (tricyclo[4.2.2.02,5]-deca-3,7,9-triene) [113]. The principal 
product of this reaction is XXVIII, the formation of which is explained by ring closure to 
give cyclopropylcarbinyl cation XXIX, which is formed by skeletal rearrangement of primary 
1,4 dipole XXX. 

C6Hs XXXI 

xxx , ,  t! KoH 
2. CuCI 2 

~ 3 .  N o O H  

XXIX XXVIII 

A side product of the reaction is XXXI, the development of which can be explained either 
by rearrangement of intermediate zwitterion XXXIII or by concerted homodiene cycloaddition. 

According to the data in [114], the reaction of triazolinedione I with vinyl azides pro- 
ceeds via a mechanism of the [3+2]-cycloaddition type and leads to condensed cyclic systems 
that contain 1,2,3- and 1,2,4-triazoline rings. 
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R R' 
k__/ +, RI O Ri N .~  O 

U ~/N--C6H 5 . . . . . .  R C6H s 

+~2 - "b 

Triazoline I reacts with 2,5-diphenyl-l,3-dithiolia-4-olate via the same scheme. 
cyclic product XXXIII is obtained in 90% yield at 40-50~ [115]. 

Tri- 

8 5 ~ C6H5 

XXXIII 

Let us note that only active dipolarophiles undergo this reaction with 1,3-dipolar com- 
pounds (dimethyl azodicarboxylate reacts in the same way as triazolinedione I). 

Mesoionic 1,3,4-thiadiazolinina-2-benzylidenehydrazinide does not give stable products 
upon reaction with 1,3 dipoles. On the other hand, acting as a 1,3 dipole, it forms orange 
adduct XXXIV with triazolinedione I [116] : 

C6H s 

CH 3 "cl~/~'N~ N :--C HAP 

H~ .O 

S" / ~ N ' ~  
~- / NCH31 N--C6H 5 

..k \ .,.N-._/ 
ArCH ~ N - - N  ~ ~N \~0 

XXXlV 

[3+2] Cycloaddition also occurs in the reaction of triazolinedione I and 8-methoxyhepta" 
fulvene, which leads to urazole XXXV [i17] : 

~ OCH3 + I 

H 
{•OCH3 

N--N 

I 
CGH 5 

XXXV 

Interesting examples of [3+2] cycloaddition are presented in [102, 118]. 

The reaction of triazolinedione I with heptalene XXXVI is not a concerted process, since 
a mixture of epimers XXXVII and XXXVIII is obtained [54]: 

h 
~ C6H 5 

N--N XXXVJU 

I 
CsH 5 

XXXVII 

Vogel and co-workers [119] explain the result of the reaction of triazolinedione I with 
octalene XXXIX by means of permitted (in the ground state) concerted [8+2] cycloaddition: 
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__+~. o ~ ~ ~ 6 H  ~ XXXlX 

A peculiar transformation, which probably proceeds via a radical mechanism, occurs in 
the action of I on bicyclo[2.1.0]pentane-5-spirocyclopropane; azoalkane XL was obtained after 
saponification, decarboxylation, and oxidation of the resulting adduct [120]: 

XL 
o 

An unsaturated hydrocarbon with a strained 1,2 bond undergoes cycloaddition in this case. 

It should be mentioned that unique heterocyclic systems are formed from tris(trifluoro- 
methyl) cyclopropenyl trifluoromethyl ketone and triazolinediones in the presence of triphenyl- 
phosphine [121] : 

0 CF3 
N" H'X~N + P/~ O'CH2C'2 /~'"~ " <  T 

R - -  -~- R - -N  l C ~'  I '~ R - - N  l 5(I 

o "~ --...~__.~ ~," _ c 5 
CF 3 

R=C6H 5 I 3 B = / ,  

R=CH 3 ,/ 37"1, 

Preparation of !(2)-Substituted 4-Phenylurazoles from 4-Phenyl-l,2,4-triazoline-3,5-dione 

The accumulated experimental data show that the most characteristic transformation of 
traizolinedione I is its reaction with unsaturated systems. This reaction proceeds via a 
mechanism of the type involving cycloaddition to "electron-deficient" compounds [107], where- 
as the so-called "ene" reaction [122] or substitutive addition occurs in the case of "elec- 
tron-rich" olefins. The formation of l(2)-substituted 4-phenylurazoles with migration of the 
multiple bonds in the starting olefin in the case of the "ene" reaction or without migration 
of the multiple bonds in the case of substitutive addition occurs in both cases. 

Products of the "ene" type have been isolated both in the acyclic [123, 124] and in the 
cylic [125] series. 

R 2 R I = R 2 = R3= H ; 
1 I :~ R I = R 2 = H  , R3=CH3 ~ R - -  CH~C~------CHR 

H~ Cr'H5 RI= R2= H ,~ R3= C3H7 

r, = 2,j3 

An "ene" adduct was obtained from phenyltriazolinedione I for the first time in the case 
of a cyclSpropylidene derivative [31]: 

/C H2C6H 5 

[ ~  H + I J. N--NH 

CHzCH2C6H5'. 0 ~ N~O 
! 
C6H5 

In [31] it was established that 4-methyltriazolinedione is at least 30,000 times more reac- 
tive in the reaction with cyclohexene than diethyl azodicarboxylate. 

4-Phenyl-l,2,4-triazoline-3,5-dione (I) reacts with ~,~-unsaturated ketones, esters, and 
lactones to give ene adducts. These reactions give the products in 65-94% yields and proceed 
regio- or stereoselectively. Ene substrates that are capable of assuming an s-cis conforma- 
tion display considerably higher reactivities. As a result of these reactions, which proceed 
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with migration of the multiple bond, e,$-unsaturated XLI are formed [122], while pulegone and 
mesityl oxide give B,y-unsaturated carbonyl compounds XLII [126]. 

H 

+ l  

C6H5 
.q%.. _ + I  )-  ~ /  

0 HN--N 

0 
XLII 

,OH 

N--NH 

C6H 5 
XLI 

The reaction with organometallic alkenes [127], allylsilanes [128], condensed alkenes 
[129], and allylidenedithiane [130] also proceeds with migration of the multiple bond. 

Triazolinedione I reacts with e-angelica lactones and l-acyloxy enamines to give products 
of the "ene" type (XLIII and XLIV), in which the "acyl" group is transformed [131~ 132]: 

ell3 0 ~ c~ cH3 

CBH 5 -  N I O 

t XLIII 
C R R 3 

2 
C6Hs~N I N ~ C6H5 

XLIV .p 

The sulfur analog undergoes a similar transformation [131]. 

Detailed studies of the mechanism [123-125] of the reaction of triazolinedione I with a 
series of olefins and ~,B-unsaturated carbonyl compounds and the solution of the problems of 
the regio- and stereoselectivity of these reactions make it possible to regard them as cone 
certed processes [122]. However, in individual cases one also cannot exclude the intermedi- 
ate formation of zwitterions, which is confirmed, for example, by data from a kinetic study 
of the reaction of triazolinedione I with B-dicarbonyl compounds [133]. 

It should be emphasized that "ene" reactions sometimes accompany i~4- or 1,2-cycloaddi- 
tion processes and that they prevail if the cycloaddition processes are sterically hindered 
[39, ii0, 134]. 

Substitutive addition generally takes place with compounds that contain a labile hydro- 
gen atom; in the case of unsaturated compounds this atom is located in a position that ex- 
cludes the possibility of migration of the multiple bonds in the starting molecule. The 
reactions of triazolinedione I with alcohols [18] and amines [84] can also be classified as 
examples of substitutive addition. However, tropo~one reacts with I to give a product of sub- 
stitutive addition in the carbocycle rather than at the hydroxy group [56]. 

In contrast to l-alkyl-2-pyridones, which react with triazolinedione i via the scheme 
of the diene synthesis [85, 86], N-unsubstituted 2-pyridones react with phenyltriazolinedione 
I to give substitutive addition products XLV in high yields [135]: 

R ~ R I 0 

I N--C6H5 
H ~  o 
XLV 

R=R t --H ; R=R'=CH 3 ; R =H IR'=CBH5 ; R- R'= (CH2) 4 
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In contrast to e-bromovinylpyridine, ~-methoxyvinylpyridine reacts faster with triazo= 
linedione I and gives substitutive addition product XLVI [84]: 

? "~+ c H2 C = C H ~ N j f  c6H5 I 

OCH3 OCH3 XLVI 

Activation of the pseudodiene system of vinylpyridines by the introduction of electron- 
donor substituents leads to a pronounced change in the specificity of their reaction with 
azadienophiles to favor substitutive addition processes and to suppression of their strictly 
diene properties. 

4-Phenylthiazolone, which contains a labile hydrogen atom, gives a substitutive addition 
product [136] : 

H CIBH5 HN ._~O 

~ / / /  .~, " "~11 / C6H5 
C6H 5 S O C6H 5 ~S" "O O 

A transformation of the same character occurs with uracils [137]. 

The reaction of triazolinedione I with 6-aminopyrimidines constitutes the basis of a new 
method for the synthesis of purines [138]. The addition of triazolinedione I in the 5 posi- 
tion of the pyrimidine ring leads, via the scheme of the Michael condensation, to adducts 
XLVII in quantitative yields; upon reaction with aromatic aldehydes adducts XLVII are con- 
verted to theophylline derivatives XLVIII. 

o ~o o 

~:~..,,..~N ~/~L.. It HN H H3 + I "-'~'-H3C"N '~----N~ ~ ?--C6 5 [[ ~"0 H3C'~'N " ~ "  C6H5C H O ,~ y "-'~ 
I NHz ' O"~  N 'JJ'N H 2 " O ::::~L" N " J - -  N "C6 H 5 
CH 3 CH3 

XLVII XLVlll 

Triazolinedione I forms l(2)-substituted 4-phenylurazoles with various ethers [17]. Thus 
the corresponding substituted urazoles, which are formed as a consequence of migration of the 
s-hydrogen atom of the ethers to the nitrogen--nitrogen double bond, were obtained when triazo- 
linedione I was heated with tetrahydrofuran, dioxane, and diethyl ether. These reactions can 
also take place under the influence of light. 

/R 
HC ,R 

R ~ HN~ %-/ +., 
t.oj / + 

~ ~ O. CH3 I 

h'v ~ + III + C6HsNHCON HC6H5 
H N--N 

I 
C6H 5 

Ylid XLIX reacts with triazolinedione I to give L, in which the hydrogen atom undergoes 
migration to give product LI [96]: 

R. o /o ~o 
+ - +i k// -N~< O HN~ 

�9 " 

O PPh3 

XLIX L LI 

Compound LII, which has zwitterion character, was obtained in the reaction of triazo- 
linedione I with 4- and 5-aryl-l,2-dithiole-3-thiones [139, 140]. 
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C H  3 5 , +  I 

o 

LII 

The reaction of triazolinedione I with an amino nitrene, which leads to the formation 
of aminoazimine LIII, is similar to this process [141-144]: 

.• "~.C6HB 
C6H5\+ - Jr I "~ "C6H5 

.N = N,~ . . - -~  N--N 

I 
C6H 5 
Llll 

React ion of 4 - P h e n y l - 1 , 2 , 4 - t r i a z o l i n e - 3 , 5 - d i o n e  wi th  A l i p h a t i c  Diazo Compounds 

While the reactions of aliphatic diazo compounds with compounds that contain an activated 
N=N bond in an open chain (for example, with azodicarboxylic acid esters or with azodibenzoyl) 
have been studied quite thoroughly and in a number of cases have been used for the synthesis 
of heterocycles such as 1,2,4-oxadiazolines [145], data on the reaction of triazolinedione I 
with aliphatic diazo compounds are extremely scanty and to a certain degree contradictory. 

The reactions of triazolinedione I with aliphatic diazo compQunds were investigated for 
the first time in 1965 by Bettinetii and Capretti, who showed that diphenyldiazomethane forms 
dipolar azomethineimine LIV upon reaction with triazolinedione I in ether solution at low tem- 
peratures [146]: 

/W 

The reaction with diazofluorene proceeded similarly [147]. However, oligomers with aver- 
age molecular masses of 950 to 1850 were obtained with diazomethane and diazoacetic ester [147]. 
A diaziridine structure was later assigned to the product of the reaction of triazolinedione 
I with idazoacetic ester [148]. The latter study [148] has been cited repeatedly in various 
papers, and the opinion that this is either a unique example of I,L cyaloadditionof carbethoxy- 
carbene to the N=N bond to give a diaziridine ring or an example of 1,3 cycloaddition of the 
diazo ester to the N=N bond with subsequent elimination of nitrogen has taken root in the 

literature. 

A systematic study of the reactions of triazolinedione I with aliphatic diazo compounds 
with various structures showed that triazolinedione I reacts rapidly in the cold (with nitro- 
gen evolution) with virtually any diazo compounds; however, the character of the products de- 
pends on the structure of the diazo compound- the simplest diazoalkanes, viz., ~-dia~o car~ 
bonyl compounds LV, form oligomers LVI with degrees of polymerization ranging from two to six 

in all cases [149] : 

O~ N-" �9 

C6H 5 -- N N~ + 

LVII 

LV! 

The data presented above refute the diaziridine structure of the products of the reac- 
tion of triazolinedione I with ethyl diazoacetate [148]: The isolated substance had the same 
constants as those indicated in [148], but, according to a determination of the molecular 
mass, it is a trimer. 

The reaction of triazolinedione I with diaryldiazomethanes or with an aryldiazomethane, 
that has a strong electron-acceptor substituent proceeds via a different pathway: In the case 
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of large amounts of diazo compounds LV it has been shown that they form azomethineimines 
LVII [150]. 

Azomethineimines LVII are brightly colored (from yello w to dark-violet) extremely reac- 
tive dipolar compounds that can be successfully used for the construction of various complex 
heterocyclic systems. Thus, for example, they can be used as 1,3 dipoles in reactions in- 
volving 1,3 cycloadditions s various dipolarophiles, viz., ethyl acrylate, dimethyl fumarate, 
dimethyl maleate, dimethyl acetylenedicarboxylate, and no rbornene. 

Similar dipolar systems, also based on aryldiazomethanes and triazolinedione I, were ob- 
tained by Regitz and co-workers [151]. In the opinion of these authors, unstable azomethine- 
imines, which can be detected only in the form of derivatives with ethanol, are obtained in 
the case of ~-diazo carbonyl compounds and alkyl-substituted and certain aryl-substituted 
diazo compounds. At the same time, when a diene fragment is present in the starting diazo 
compound, the reaction with triazolinedione I proceeds via a mechanism of the 1,4 cycloaddi- 
tion type, in which the diene system turns out to be more active than the diazo group. 

4-Phenyl-l,2,4-triazoline-3,5-dione as an Oxidizing Agent 

According to the data in [152], triazolinedione I is capable of oxidizing alcohols to 
carbonyl compounds. However, it was later shown [18, 19] that only reactive alcohols of the 
alkylarylmethanol type are oxidized via this pathway. 

Triazolinedione I, acting as an oxidizing agent, converts benzophenone hydrazone s its 
azine [153] : 

+ 2 1  
2(C6H5)2C ~ NNH z _ N 2 -,. 211 '+ (C6Hs)2C~- -N- -N~C(C6Hs)  2 

The oxidizing properties of triazolinedione I are also manifested in reactions with N- 
unsubstituted 2-thiopyridones, which do not give Diels--Alder adducts or substitutive addition 
products with triazolinedione I but are converted to the corresponding disulfides LVIII [154]: 

�9 ~ + II 

R' R' S } 
H 

LVtll 

R=RI=.H ; R -R '= (CH2)  4 

Photolytic and Thermal Transformations of 4-Phenyl-l, 2,4- triazoline-3 ~ 5-dione 

When triazolinedione I is irradiated with UV light in acetonitrile, methylene chloride, 
or benzene (Pyrex, %max 313 nm), it undergoes decomposition to nitrogen, carbon monoxide, and 

532 = 0.016 +_ 20% and phenyl isocyanate [17]. The quantum yields (in acetonitrile) are F c 
313 F c = 0.045 • 10%. The experimental data are in agreement with a mechanism that implies the 

synchronous elimination of nitrogen and carbon monoxide: 

b~ o,~q~ ~ NZ 
I --'~ C H -  4- CO Jr C6H5N~-C ,~-O 

L"o " 
However, it has not yet been possible to draw definite conclusions regarding the char- 

acter of the excited state of triazolinedione I. 

As compared with many other azo carbonyl compounds, triazolinedione I is characterized 
by considerable stability. Thus it decomposes only at 165-175~ and the chief decomposi- 
tion product, in addition to a small amount of phenyl isocyanate, is 1,3,5,7-tetraoxo-2,6~ 
diphenylperhydro-s-triazolo [l,2-~]-sTtriazole (III). An intense resonance signal of a mono- 
radical, to which the 4-phenylurazolyl structure (LIX) has been assigned, was observed in 
investigations by EPR spectroscopy in solution (anisole, dioxane, and tetrahydrofuran) even 
at room temperature and in the solid state at temperatures above 120~ 

Its development is explained by the presence of traces of urazole II even in freshly sub- 
limed samples of I. The catalytic effect of even very small amounts (1.5%) of admixed ura- 
zole II on the development of III has been proved by a series of experiments [17]: 
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O'~'-'-N H 
I + II ~; -- 2 C6H 5-N. I 

o.~ N~ 
LIX 

In ,-~ L IX or II -- LIX e t c .  

Uncontrolled fragmentation, Which gives phenyl isocyanate as the principal product, 
occurs along with the urazole-catalyzed chain reaction when triazolinedione I is subjected 
to thermolysis in the solid phase at 160~ In addition, very small amounts of III and a 
yellow solid, the structure of which has not yet been established, are isolated [17]. At 180~ 
the thermal fragmentation products predominate, and urazole-catalyzed decomposition plays a 
very small role. 

As this review was being written, ~50 new studies of the problem under discussion ap- 
peared. Most of them dealwith cycloaddition reactions [155-164]. The results of crystallo- 
graphic analysis of cycloadducts are presented inseveral papers [165-167]. Special cases of 
the reaction of triazolinedione I with bicyclobutane are of interest [168, 169]. Other 
studies come under the heading of the "ene" reaction and substitutive addition [170, 171]. 
Various conditions for the transformation of the triazolinedione ring are presented in [172- 
175]. A simple method for the electrolytic synthesis of triazolinedione I is described in 
[176]. Jones [177] describes an unusual example of the production of an azomethineimine on 
the basis of I and a substituted benzofuran. 
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