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The application of the Schmidt reaction with ketones and nitriles for the pre- 
paration of tetrazoles is examined. Modern concepts regarding the mechanism of 
the reaction of ketones and nitriles with hydrazoic acids are discussed. The 
range of application of the reaction is indicated. 

Tetrazoles are finding ever-increasing application in medicine [1-4], the chemistry 
of azo dyes [5], photography [6], the manufacture of plastics [7, 8], agriculture [9, i0], 
etc. The properties of tetrazoles and methods for their preparation have been examined in 
reviews [ii, 12]. However, of the numerous methods for the synthesis of these compounds 
only a small amount of space has been allotted to the Schmidt reaction with ketones and 
nitriles. In most cases this reaction is used for the preparation of substituted amides, 
and the formation of tetrazoles is considered to be a side process [13]. At the same time, 
the Schmidt reaction can be recommended as a universal method for the synthesis of substi- 
tuted tetrazoles, inasmuch as the preparation of compounds of this type by other methods 
is sometimes impossible. A characteristic feature of the Schmidt reaction is the addition 
of hydrazoic acid to an iminocarbonium ion formed as an intermediate particle. For this 
reason, some of the principles characteristic for this reaction can be extended to pro- 
cesses such as the addition of hydrazoic acid to imidochlorides and nitriles. Modern con- 
cepts regardingthe mechanism of the reaction of ketones and nitriles with hydrazoic acid 
are set forth from these positions in the present review, and the range of application of 

this reaction is indicated. 

Preparation of l~5-Disubstituted Tetrazoles from Ketones 

General Characteristics of the Reaction. The formation of tetrazoles from ketones 
and hydrazoic acid in the presence of acid catalyst was first observed by Schmidt in 1924 
[14]. Depending on the ratio of the starting reagents, 1,5-disubstituted tetrazoles or 

aminotetrazoles may be obtained: 

H + 
RCOR + 2HN 3 ~ R I~--N--R (i) 

H + 
.COR + 3HN~ " RNH I-F--~--R (2 )  

~N ~N 

I t  was s u b s e q u e n t l y  shown t h a t  t h i s  r e a c t i o n  i s  a g e n e r a l  r e a c t i o n  f o r  k e t o n e s  w i t h  v a r i o u s  
structures -- from the simplest ketones to compounds having complex structures, for example, 
triterpenoids [15]. However, the formation of an aminotetrazole was observed in only one 
case -- in the reaction of benzophenone with excess hydrazoic acid [14]. It should be noted 
that substituted amides are formed along with tetrazoles from ketones. The tetrazole to 
amide ratio depends on the structure of the ketones, the nature of the catalyst used, and 

the reaction conditions. 
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In earlier studies devoted to the reaction of ketones with hydrazoic acid no reasons 
for the formation of tetrazoles are presented, although Schmidt erroneously assumed that 
the rearrangement occurs as a result of reaction of the ketones with an imine radical (NH) 
formed during cleavage of the hydrazoic acid. The fundamentals of the modern concepts re- 
garding the mechanism of the Schmidt reaction were formulated by Smith [16, 17]. Smith 
substantiated the formation of tetrazoles from ketones and hydrazoic acid in conformity 

with these concepts. 

Mechanism of the Reaction of Ketones with Hydrazoic Acid. The mechanism of the reac- 
tion of ketones with hydrazoic acid has been studied in detail [18-22] and can be repre- 
sented as follows: 

O H%HN 3 OH 
R--~--R' R - ~ - R '  - H20 , * Reaction 

= . " R--C--R' ~ R - - C = N - - R  " products 
I li .N~ N~ 2 (3) 

The first step is addition of unprotonated hydrazoic acid to the protonated ketone, and 
the resulting azidohydrin (I) undergoes dehydration to give an iminodiazonium ion, which 
can exist in the form of syn (II) and anti (IV) conformers: 

-i i + I 

RN=CR - R--C--R' . - - - " ' R - - C - - R  " ~ RC=N- -R 
II II 
NN 2 N2 N ( 4 )  

The assumption of the existence of equilibrium (4) makes it possible to explain the forma- 
tion of isomeric tetrazoles and amides from unsymmetrical ketones. 

Elimination of nitrogen from the iminodiazonium ion is accompanied by migration of 
the substituent (R or R') in the anti position with respect to the diazo group. The imino- 
carbonium ion (III) formed as a result of rearrangement reacts with hydrazoic acid or 
another mucleophilic reagent to give the reaction products. Inasmuch as the Schmidt reac- 
tion with ketones is carried out in sulfuric acid in most cases, substituted amides are 
formed simultaneously with tetrazoles even when a considerable excess of hydrazoic acid is 
present. 

Formation of Tetrazoles. According to [3], the formation of tetrazoles and substi- 
tuted amides occurs as a result of two competitive reactions -- reactions of hydrazoic acid 
and water with the iminocarbonium ion: 

HN 3 

F 4-  

R-C=N-R 

�9 l H20 

_ H + 

R - C = N - - R  . ~ R - C = N - - R  = R ,--r:---N--R 
t { 

H N 3 N 3 N N~N 
.-I- 

§ - H + 
R--COHN HR'- '- RCONHR 

(5) 

Arcus and co-workers [23] have expressed doubt about the validity of this mechanism, 
but there is now a great amount of evidence for the existence of the iminocarbonium ion as 
an intermediate particle in the reaction of ketones with hydrazoic acid. Thus 9-phenylphen- 
anthridine is formed in the reaction of o-phenylbenzophenone with hydrazoic acid [24]: 

O 

--C6H 5 ~ N-~. ~- -  C6H 5 }- N 

6H5 

Acetylacetone and benzylacetone undergo similar transformations [25]: 

OH 

HN 3 I + 
RCOCH2COCH 3 - -  R - - C = C H - - N = C - - C H  3 ~ R--i----~-- I 

o.~N 
CH 3 

Some heterocyclic ketones give the corresponding benzimidazoles under the conditions 
of the Schmidt reaction [26]. 

627 



v \ / p - - - -  
0 N 

The formation of "anomalous" products of the Schmidt reaction in all of the enumerated 
cases is the result of intramolecular attack of the iminocarbonium ion on the adjacent 
nucleophilic centers. Direct proof for the formation of the iminocarbonium ion was obtained 
in a study of the reaction of 2-hexanone with hydrazoic acid [27]. When the reaction is 

�9 carried out in 80% H2S04 containing H2018, N-butylacetamide containing 018 is formed. When 
the reaction was carried out in 100% H2SO4 with subsequent dilution of the reaction mixture 
with H2018, the N-butylacetamide did not contain 018 . Inasmuch as the oxygen atom of the 
ketone and the amide does not undergo exchange with the 018 of the medium under the reaction 
conditions, it follows from these results that the amide is formed during the reaction of 
the iminocarbonium ion with water, during which hydration is realized in the reaction medium 
and not after completion of the reaction when water is added, as was previously assumed [23]. 

According to [17], the formation of the tetrazoles occurs as a result of reaction of 
the iminocarbonium ions with hydrazoic acid and subsequent cyclization of the protonated 
imidazide. However, in later studies [28, 29] it was shown that the protonated imidazide, 
because of an appreciable decrease in the nucleophilicity of the imide nitrogen atom, is 
incapable of subsequent transformations. At the same time, imldazides in the form of the 
free bases with electron-donor substituents attached to the nitrogen and carbon atoms are 
stabilized by cyclization to isomeric tetrazoles [30, 31]. This is confirmed by the UV 
spectra of N-phenylacetamidazide in aqueous sulfuric acid solutions. Intense absorption at 
290-292 nm, which is related to the protonated form of the imidazide [32], is observed in 
the UV spectrum of the imidazide in 90% sulfuric acid. However, a rapid decrease in the 
optical density in the indicated region is observed when the sulfuric acid concentration 
decreases to 25-30%. The latter fact is associated with deprotonation of the imidazide and 
conversion of it to the tetrazole. Similar results were obtained in a study of the cycliza- 
tion of N-methylacetimidazide to 1,5-dimethyltetrazole [33]. The cyclization of imidazides 
to tetrazoles is the result of a cyclic electron transfer, during which two directions in 
which this reaction may proceed are possible: 

a 

�9 ~-C=N--~ 

R_C=N__ R - N)~t~ + 
I ~N 7 
N=~=~_/ b (6) 

l R - C = N - - R  

N~ N- 
~N # 

The fundamental possibility of cyclization of the imidazide via path a is indicated in 
[34]. At the same time, it is assumed that the reaction of organic azides with nitriles pro- 
ceeds via scheme b [35]. The cyclization of vinyl azides can probably be realized via 
either of these paths [36, 37]. Thus, one cannot predict the mechanism of cyclization of 
imidazides to tetrazoles on the basis of general considerations. Important results that 
make it possible to explain the mechanism of cyclization of imidazides were obtained in a 
study of the kinetics of cyclization of a series of N-arylacetimidazides in aqueous sulfuric 
acid solutions [28, 29]. The kinetic scheme of the cyclization of imidazides to tetrazoles 

can be written 

Ka k (7) 
BH+~-B~T~-TH +, 

w h e r e  B~-  a n d  B a r e  t h e  p r o t o n a t e d  and  u n p r o t o n a t e d  i m i d a z i d e ,  T and  TH + a r e  t h e  u n p r o t o n -  
ated and protonated tetrazole, K a is the protolytic equilibrium constant, and k is the 
cyclization rate constant. In this case the observed rate constant is related to the 

acidity of the medium by the expression [38] 

o r  

k~ K,, .~ (8)  
ff= ~ ,  

I _ I + 1 I~o. ( 9 )  

kef f k 
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Under boundary conditions, when ho >> K a and ho << Ka, Eq. (8) takes on the form 

kefc Ko.k (10) 
ho 

o r  

lg kerr= Ig k. Ka +mHo (11) 

and #eff= k. (12) 

In the case of a series of substituted N-phenylacetimidazides it has been shown [29] 
that over a definite interval of acidities of the medium (when ho >> Ka) , according to Eq. 
(ii), a linear dependence of log kef f on ho with a slope close to unity is observed (Fig. 
I). It follows from this that all of the investigated imidazides are Hammett bases. The 
deviation from linearity in sulfuric acid at concentrations less than 35% for compounds i, 
2, and 3 (Fig. i) is explained by the considerable increase in the fraction of the unpro- 
tonated form of the imidazide.* Over this range the keff value tends toward a limiting 
value equal to the true rate constant (k) [Eq. (12)]. 

The pK a values (-0.70, --0.67, and-0.85, respectively) and k values (0.40, 0.54, and 
0.75, respectively) were determined from the effective rate constants for cyclization in 
0.1-30% H2SO4 by means of Eq. (9) for compounds I, 2, and 3. Equation (9) can also be used 
for the determination of the pK a and k values for the remaining imidazides, but because of 
the long-range extrapolation, the accuracy in the determination of the constants cannot be 
considered to be satisfactory. A dependence on the o- values is observed for the basicity 
constants and true cyclization reaction constants (Fig. 2). The relatively small change 
in the o- values for substituents such as H, CHa, and CH30 requires careful evaluation of 
the absolute PKa and Pk values, but there is no doubt about the increase in the true cycli- 
zation rate constants and the decrease in the basicities of the imidazides as theelec- 
tronegativities of the substituents increase. It is interesting that there is a correlation 
between log k'K a and the a- values for the investigated imidazides (Fig. 2). t The high cor- 
relation coefficient of this dependence over a broad range of change in the ~- values con- 
stitutes evidence that the cyclization mechanism is the same for all of the investigated 
imidazides. In addition, on the basis of this it can be assumed that the true cyclization 
rate constants and the basicity constants of the imidazides correlate with one and the same 
o- substituent constants. 

Valuable information obtained in a study of the kinetics of the cyclization of N- 
phenylacetimidazides and the results of correlation analysis make an appreciable contribu- 
tion to an understanding of the mechanism of the formation of tetrazoles from ketones and 
hydrazoic acid. However, this is still not sufficient information for the formation of a 
judgment regarding the direction of electron transfer during the cyclization of imidazides 
to tetrazoles. The character of the electron transfer can apparently be ascertained by 
comparison of the basicities of the imides and terminal nitrogen atoms of the imidazide. 
The imide nitrogen atom in the imidazides is approximately in the sp 2 hybridized state, as 
in the case of Schiff bases or pyridines [39, 40]. It may be supposed that if protonation 
of the imidazides proceeds at the imide nitrogen atom, the basicity constants of these com- 
pounds would be close to the basicity constants of pyridines having an azide group or a 
group with similar electronic properties in the a position (the pK a values of a-nitro-, 
a-fluoro-, and a-cyanopyridine are, respectively, --2.06, --0.44, and -0.26 [41, 42]). In 
fact, the basicity constants of imidizides range from--0.7 to --1.5 H units [29]. If 
imidazides were protonated at the azide group, one should have expected much lower pK a 
values for these compounds. Thus, for example, the pK a value of hydrazoic acid is --7.19 
[43]. In addition, the leading nitrogen atom of the azide group should be the site of 
addition of a proton in imidazides in this case. This conclusion follows from the results 
of a calculation of the electronic strucute of hydrazoic acid and the reactivities of or- 
ganic azides, in which the leading nitrogen atom is nucleophilic, and the terminal nitrogen 
is electrophilic [45]. At the same time, it is well-known that when imidazides are pro- 
tonated at the leading nitrogen atom they are rearranged to give ureas [46]. However, sub- 
stituted N-phenylacetimidazides are distinguished by their high stabilities in concentrated 

*Because of the high rates of cyclization, the kinetics of the reaction for the other 
imidazides over this acidity range were not investigated. 
tThe log k'K a values were taken from linear regression equations in accordance with expres- 
sion (ii) for constant Ho. 
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Fig. i. Dependence of log kef f for cyclization of N-arylacetimidazides 
RC6H4N = C(N3)CH3 on acidity function Ho: i) R = p-OCH3; 2) R = p-CH3; 
3) R = H; 4) R = p-Cl; 5) R = m-Cl; 6) R = m-Br; 7) R = m-NH2; 8) R = 
m-N02; 9) R = p-N02. 

Fig. 2. Correlation dependence of log k,K a for the cyclization of N- 
phenylacetimidazides (1), log K a (II), and log k (III) on the o- values 
(see Fig. 1 for the numbering of these compounds). 

sulfuric acid [28]. Thus one should suppose that the imide nitrogen atom is the site of 
addition of a proton in imidazides. Under the assumption that the nucleophilicity of the 
nitrogen atom is determined by its basicity it may be supposed that the imide nitrogen 
atom in imidazides is nucleophilic, and that the terminal nitrogen atom is an electrophi- 
lic reaction center. Thus the formation of tetrazoles from imidazides occurs as a result 
of cyclic electron transfer via path a (scheme 6). 

In order to present a complete picture one must also point out yet another peculiarity 
of the cyclization of imidazides; imidazides may exist in the form syn and anit conformers: 

c c K . t e t razole  
~' < ( 1 3 )  N K_ I 

\C6H 5 C6h { 
syn anti 

Tetrazoles are formed during the cyclization of the anti form. Analysis of geometrical 
models of imidazides shows that the phenyl ring is conjugated with the ~ electrons of the 
imide nitrogen atom only in the syn conformation. The phenyl ring is removed from conjuga- 
tion in the anti conformation as a result of steric interaction with the methyl group. A 
comparison of the UV spectra of protonated Schiff bases [39, 40] and protonated imidazides 
attest to the fact that the phenyl ring is in conjugation with the ~ electrons of the imide 
nitrogen atom. It is very important that this sort of conjugation is also observed in un- 
protonated imidazides [28, 29]. Thus, regardless of the form in which the imidazide exists, 
the phenyl ring is conjugated with the ~ electrons of the imidazide system. As we have al- 
ready shown, this sort of conjugation is observed only in the syn conformation, and equili- 
brium (13) is consequently shifted to favor the syn form. It follows from this that, de- 
pending on the ratio of the kl and k-1 constants, the true rate constant (k') for the 
cyclization of imidazides is either the constant of the conformational transition (k' = k:) 
or is the product k' = k'Keq, where Keq = kl/k-1. 

The activation parameters for the cyclization of a series of substituted N-phenylacet- 
imidazides were presented in [29] (Table i). 

Close AH # values were obtained during a study of the kinetics of cyclization of guanyl 
azide and nitroguanyl azide [34]. The activation parameters for the cyclization of N-phenyl- 
acetimidazides remain practically unchanged within the entire series. This is yet another 
conformation of the fact that the cyclization mechanism is the same for all of the indicated 
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compounds. However, one should take into account 
the fact that the mechanism for the cyclization of 
imidazides to tetrazoles may change as a function of 
the nature of the substituent attached to the carbon 
and nitrogen atoms. This should be expected primar- 
ily for sterically hindered imidazides and for imida- 
zides with substituents containing strong electron- 
acceptor groups. The usual result when substituents 
of this sort are attached to the nitrogen atom is 
that imidazides undergo cyclization to tetrazoles 
with difficulty. As an example one may point to 
cyanoguanyl azide, which is converted to the corres- 
ponding 5-aminotetrazole only under the influence 
of strong bases [47]. 

Finally, it must be noted that aprotic acids 
are quite frequently used as catalysts in the pre- 
paration of tetrazoles from ketones and hydrazoic 
acid. There are not quantitative data available re- 
garding the kinetics of such reactions. Nevertheless, 
one might assume that the mechanism of cyclization of 
imidazides to tetrazoles is the same for both protic 
and aprotic acids. 

Amide/Tetrazole Ratio. As we have already noted, substituted amides are formed along 
with tetrazoles in the reaction of ketones with excess hydrazoic acid in the presence of 
catalysts such as sulfuric or hydrochloric acid. It might be assumed that the amide/tetra- 
zole ratio should depend on the nature of the catalyst, the structure of the ketones, and 
the reaction conditions. However, there have been no systematic investigations in this 
direction. It is supposed that the absence of water in the reaction medium promotes the 
formation of tetrazoles [17, 48]. At the same time, there are known cases in which tetra- 
zoles are obtained in satisfactory yields when the reaction is carried out in concentrated 
hydrochloric acid [49], although in earlier papers concentrated hydrochloric acid is recom- 
mended as a catalyst for the preparation of substituted amides [16]. 

A quantitative evaluation of the effect of the composition of the medium on the amide/ 
tetrazole ratio was given in [50] in the case of the reaction of acetophenone with excess 
hydrazoic acid in aqueous sulfuric acid solutions. The formation of the amide and tetrazole 
can be represented as two parallel reactions 

~a 
~CONHR 

R--C=N--R " (14) 
~t 

R N--R, 

HN 2 ii I 
N.N#N 

where k a and kt are the rate constants of the corresponding reactions. In this case the 
ratio of the rates of these reactions can be written 

"~ Ya IH@ CH20 
-- - , (15) 
V t K r �9 {HN 3 (CHN ~ - c ~ )  

where fHlO, fHN3, CHlO, and CHN 3 are the activity coefficients and the concentration of 
water and hydrazoic acid, respectively, c k is the concentration of the ketone and ~ is the 
mole fraction of unprotonated hydrazoic acid. For convenience, one can assume that Va/V t = 
A/T = F and ka/k t = k, where A and T are the final concentrations of the amide and tetrazole. 
Under the condition CHN3>> Ck, expression (15) can be rewritten 

fH20 �9 r  {~70 �9 CH= 0 
F =  K u I g F = I o K  * I g  --IgcHN 3 (16) 

fHN 3 " CHN ~ ~ ~HN 3 

The a c t i v i t y  c o e f f i c i e n t s  of  hydrazo ic  ac id  and the aH20/~ va lue  do not  change i n  70-90% 
H2S04 and are equal  to 1 and 1.49,  r e s p e c t i v e l y  [51, 52] .  Thus the term log  (fH20.CH20)/ 
(fHNs-~) in Eq. (16) is a constant. It follows from this that a linear dependence should 
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TABLE i. 
acetimidazides RC6H~N = C(Ns)CH3 

Activation Parameters for the Cyclization of N-Aryl- 

4 8 , 6  50,8 

16,4 18,3 

-13,1 I -5,9 

50,9 

19.9 

-8,9 

50,7 

17,1 

-7,2 

50,7 

17,2 

-7,3 

48,8 

16,1 

-9,1 

52,4 

t6,2 

-8,5 

H2SO4 c o n c n . ,  % 32,7 

AH '~, kcal/molc 16,7 

AS ~, eu --7,5 

Z 

58,6 

15,4 

- 12,0 

be observed between log F and log CHN 3 over the same acidity range of the medium and the 
amide/tetrazole ratio will depend only on the hydrazoic acid concentration. In fact, this 
sort of dependence is observed in 77.7-91.4% H2SO4 (Fig. 3). It is interesting that ex- 
pression (16) is also valid at considerably higher hydrazoic acid concentrations (up to 
1.8 M). It is not absolutely clear whether this sort of dependence will hold in those 
cases in which the reaction is carried out in aqueous solutions of other protic acids. 
For example, it can be shown that the log aH20/~ value does not remain constant in 60-75% 
HCI04 [53]. The calculations were made under the condition that the activity coefficient 
and the pK~ value of hydrazoic acid are identical in sulfuric and perchloric acids. How- 
ever, this condition is not always observed. 

Aprotic acids are widely used as catalysts for the preparation of tetrazoles from 
ketones and hydrazoic acid. Tetrazoles are usually the only products under these condi- 
tions. At the same time, in some cases, for example, in the reaction of acetophenone with 
hydrazoic acid in the presence of aluminum chloride, N-phenyl-N'-methylurea is formed along 
with l-phenyl-5-methyltetrazole [48]. Unfortunately, no quantitative data are available 
for reactions of this sort. 

It is difficult to evaluate the effect of the structure of the ketone on the amide/ 
tetrazole ratio on the basis of the available literature information. Practically all 
ketones, regardless of their structure, give mixtures of amides and tetrazoles on reactions 
with excess hydrazoic acid in the presence of aqueous solutions of mineral acids. Inasmuch 
as the reaction conditions presented by various authors are difficult to compare, it is im- 
possible to observe any relationship between the structure of the starting ketone and the 
magnitude of the amide/tetrazole ratio. The only definite thing one can assert is that 
tetrazoles are formed in higher yields than amides from cyclic ketones. 

Preparation of l-Alkyl- and l-Aryl-5-aminotetrazoles from Nitriles 

General Characteristics of the Reaction. One of the little-studied varieties of the 
Schmidt reaction is the reaction of nitriles with hydrazoic acid [54, 55]. Rearrangement 
occurs in the presence of acid catalysts such as sulfuric acid 

H § 
R--CN + 2 H N 3 - - H 2 N ~ ' ~ N - - R  

N.N~N 

This reaction is successfully used as a convenient one-step method for the prepara- 
tion of l-alkyl- and l-aryl-5-aminotetrazoles from aliphatic and aromatic nitriles. There 
are no quantitative data available regarding the mechanism of the reaction of nitriles with 
hydrazoic acid; the available information is based on investigations of a synthetic nature. 
For this reason, the range of application of the reaction is difficult to fully evaluate. 

Mechanism of the Reaction of Nitriles with Hydrazoic Acid. In analogy with ketones, 
the mechanism of the reaction of nitriles with hydrazoic acid can be represented by the 

following scheme [55]: 

4- 
RCN "P H ' I -  ~' R - - C = N H  

HN3 - N2 + HN3 - H * ' 
- R - - C = N H  - RNH- -C- - -NH ~ R N H - - C = N H  - -  F ~ - - N - - ~ ] T - - N H  2 

I / II I 

H N  3 HN~ N~N N +:  
(17) 
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According to [17] an acid--base equilibrium between the starting reagents precedes the 
major process. The first step in the reaction is reaction of the protonated form of the 
nitrile with unprotonated hydrazoic acid. This gives imidazide V, the subsequent transfor- 
mations of which give carbodiimide VI, azide VII, and tetrazole VIII. 

It should be noted that the mechanism of the reaction constructed via the principle 
of analogies has substantial inadequacies. The weakness of this sort of interpretation is 
associated primarily with the absence of data on the kinetics of the reaction. Thus, it 
is unclear why imidazide V readily undergoes rearrangement to carbodiimide VI, whereas the 
imidazides formed in the reaction of ketones with excess hydrazoic acid in concentrated 
sulfuric acid are completely stable [28]. Other contradictions in this scheme can also be 
pointed out, but, insofar as we know, there is not a single paper in which proof for the 
validity of this reaction mechanism has been presented. Despite this, scheme (17) makes it 
possible to satisfactorily explain the available experimental data, although there are known 
cases [56] that do not fit within the framework of this reaction mechanism. 

Scope of the Reaction 

The reaction of ketones with hydrazoic acid is a convenient method for the preparation 
of mono- and disubstituted tetrazoles. In some cases, the Schmidt reaction gives excellent 
results when other methods are ineffective. Tetrazoles are obtained by means of this method 
in one step from accessible reagents under mild conditions. Protic and aprotic acids are 
used as catalysts for the Schmidt reaction. The most widely used catalyst is sulfuric acid 
[14, 57-59], but hydrochloric [49], methanesulfonic [60-62], and trifluoroacetic [60, 63] 
acids are also used. Aluminum chloride [16], ferric chloride [64], and stannic chloride 
[17] are extremely effective catalysts for the reaction of ketones with hydrazoic acid. 
The use of aprotic acids makes it possible to avoid the formation of amides, and the tetra- 
zoles are obtained in high yields. One should also note the good results that were obtained 
with boron trifluoride etherate [65]. 

The Schmidt reaction with ketones and nitriles is carried out both with solutions of 
hydrazoic acid in an inert solvent and with sodium azide. It has been noted that the use 
of hydrazoic acid gives better results [59, 66], although sodium azide is a more convenient 
reagent. Ketones and nitriles of various structures readily undergo reaction with hydrazoic 
acid. 1,5-Disubstituted tetrazoles are formed from the simplest aliphatic ketones, for 
example, acetone [14] or diisobutyl ketone [67]. Under similar conditions cyclic ketones 
are converted to tetrazoles in higher yields [57, 64, 68]. Thus cyclohexanone gives penta- 
methylenetetrazole (Corazole), which has found application in clinical practice as an effec- 
tive CNS stimulant [i, 69]. 

N -7 

Cyclic ketones such as adamantanone [61], camphor [59], and 2,4,6-cyclooctatrienone [63] 
give the corresponding tetrazoles via the same method: 

, ,~0 CH3SO]H i/~,*~ N \ 
k - ~  C'~3COOH 

M . J  
/ x  

i! ] "~- 2HN1 

Alkyl aryl ketones react with excess hydrazoic acid to give l-phenyl-5-alkyl tetrazoles 
[16, 48]: 

AIQ 3 
RC6Hz,--COCH 3 H- 2HN 3 ~ R C6H4-- ~ l - - I ~ -  C H 3 

N~N~.N 
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Tetrazoles are formed in higher yields from cyclic alkyl aryl ketones [49, 66]: 

//N \ 
O N N 

H + \N Z 

X = O , N H  

The presence of a heteroatom in the ketone molecule is not an obstacle to reaction with 
hydrazoic acid [58, 70]: 

0 N N 

+ 2HN3 H 

Ketones with more complex structures, for example, triterpenoids [15] and several 
others [65], are converted to tetrazoles, and other functional groups are not involved in 
this reaction. 

Aliphatic and aromatic nitriles react with excess hydrazoic acid to give l-alkyl- and 
l-aryl-5-aminotetrazoles [54, 55]. Tetrazoles are usually obtained in lower yields from 
aromatic nitriles than from aliphatic derivatives. A mixture of mono- and ditetrazoles is 
formed from dinitriles [54]. 

l-Aryl-5-aminotetrazoles can be obtained by means of the Schmidt reaction directly 
from aldehydes without isolation of the intermediately formed nitriles [71, 72]: 

H + 
RCRH4CHO + 3HN 3 - RC6H4CN ' "  ~C6H 4 -  N - - - ' ~ N H  2 

N~ N 

The reaction of unsaturated nitriles with hydrazoic acid proceeds via a different 
path. Thus pyruvic acid is formed from acrylonitrile instead of the expected l-vinyl-5- 
aminotetrazole [56]. 

LITERATURE CITED 

I. C. D. Esplin and N. Woodbury, J. Pharmacol. Exper. Therap., 118, 129 (1956). 
2. V. A. Tsirlin, Farm. i Toksikol., 32, 669 (1969). 
3. R. T. Buckler, J. Med. Chem., 15, 578 (1972). 
4. E. Balieu and E. Bjarnov, Acta Chem. Scand., 27, 1233 (1973). 
5. W. Bossard, J. Voltz, and F. Favre, US Patent No. 2883373 (1959); Chem. Abstr., 54, 

3970 (1960). 
6. R. T. Thomson, Phot. Sci. Eng., 3, 272 (1959). 
7. W. G. Schmidt, British Patent No 796294 (1958); Chem. Abstr., 52, 19, 157 (1958). 
8. E. Roos, F. Lober, and M. Burgdorf, US Patent No. 3007895 (1959); Chem. Abstr., 56, 

4968 (1962). 
9. C. Rhykerd, H. W. Gausman, E. S. Scott, and Z. F. Audrieth, Science, 118, 192 (1953). 

10. R. M. Herbst and S. F. Froberger, J. Org. Chem., 22, 1050 (1957). 
ii. F. R. Benson, Chem. Rev., 41, 1 (1947). 
12. F. R. Benson, in: Heterocyclic Compounds [Russian translation], Vol. 8, Mir, Moscow 

(1969), p. 7. 
13. G. I. Koldobskii, G. F. Tereshchenko, E. S. Gerasimova, and L. I. Bagal, Usp. Khim., 

40, 1790 (1971). 
14. K. F. Schmidt, Ber., 57, 704 (1924). 
15. C. S. Barnes, D. H. R. Barton, J. S. Fawcett, and B. R. Thomas, J. Chem. Soc., 2339 

(1952). 
16. P. A. S. Smith, J. Amer. Chem. Soc., 7-0, 320 (1948). 
17. P. A. S. Smith, in: Molecular Rearrangements (edited by P. Mayo), Vol. I, J. Wiley, 

New York (1963), p. 507. 
18. G. F. Tereshchenko, G. I. Koldobskii, and L. I. Bagal, Zh. Organ. Khim., _6, 1132 (1970). 
19. G. I. Koldobskii, G. F. Tereshchenko, and L. I. Bagal, Zh. Organ. Khim., 6, 2395 (1970). 
20. G. F. Tereshchenko, G. I. Koldobskii, A. S. Enin, and L. I. Bagal, Reakts. Sposobnost' 

Organ. Soedin., ~, 1102 (1970). 

634 



21. 

22. 
23. 
24. 
25. 
26. 

27. 

28. 
29. 

30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 

43. 

44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 

58. 

59. 
60 
61 
62 
63 
64 
65 
66 
67. 

68. 
69. 
70. 
71. 
72. 

V. A. Ostrovskii, A. S. Enin, G. I. Koldobskii, and L. I. Bagal, Zh. Organ. Khim., 8, 
456 (1972). 
V. A. Ostrovskii, A. S. Enin, and G. I. Koldobskii, Zh. Organ. Khim., ~, 802 (1973). 
C. L. Arcus, M. M. Coombs, and I. V. Evans, J. Chem. Soc., 1498 (1958). 
P. A. S. Smith, J. Amer. Chem. Soe., 76, 431 (1954). 
W. Pritzkow and A. Schuberth, Ber., 93, 1725 (1960). 
H. Kawamoto, T. Matsuo, S. Morosawa, and A. Yokoo, Bull. Chem. Soc. Japan, 46, 3898 
(1973). 
G. I. Koldobskii, A. S. Enin, V. N. Naumov, V. A. Ostrovskii, G. F. Tereshehenko, and 
L. I. Bagal, Zh. Organ. Khim., 8, 242 (1972). 
A. S. Enin, G. I. Koldobskii, and L. I. Bagal, Zh. Organ. Khim., 7, 2560 (1971). 
A. S. Enin, G. I. Koldobskii, V. A. Ostrovskii, and L. I. Bagal, Zh. Organ. Khim., 8, 
1895 (1972). 
G. A. Reynolds, T. A. van Allen, and T. F. Tinker, J. Org. Chem., 24, 1205 (1959). 
K. Tensen and C. Pederson, Acta Chem. Scand., 15, 991 (1961). 
F. R. Benson, L. W. Hartzel, and E. A. Otton, J. Amer. Chem. Soc., 76, 1858 (1954). 
Y. Pocker, M. W. Beug, and K. L. Stephens, J. Amer. Chem. Soc., 96, 174 (1974). 
R. A. Henry, W. G. Finnegan, and E. Lieber, J. Amer. Chem. Soc., 77, 2264 (1955). 
J. Matuieu and J. Valles, Bull. Soc. Chim. Beige, 1509 (1957). 
A. N. Nesmeyanov and M. I. Rybinskaya, Izv. Akad. Nauk SSSR, Ser. Khim., 816 (1962). 
N. S. Zefirov and N. K. Chapovskaya, Vestnik MGU, Khimiya, 5, 113 (1963). 
A. I. Tal'vik and V. A. Palm, Zh. Fiz. Khim., 33, 1214 (1959). 
V. I. Minkin, J. A. Zdanov, and E. A. Mediantseva, Tetrahedron, 23, 3651 (1967). 
S. Patai, in: The Chemistry of the Carbon--Nitrogen Double Bond, London--New York (1970). 
I. R. Bellobono and G. Favini, J. Chem. Soc., B, 2034 (1971). 
D. D. Perrin, Dissociation Constants of Organic Bases in Aqueous Solution, London, 
(1965). 
N. D. Agibalova, V. A. Ostrovskii, G. I. Koldobskii, and A. S. Enin, Zh. Organ. Khim., 
9, 1580 (1973). 
J. H. Boyer and F. C. Canter, Chem. Rev., 54, i (1954). 
G. L. Able, Ind. Chim. Beige, 34, 519 (1969). 
P. A. S. Smith, J. Amer. Chem. Soc., 76, 434 (1954). 
W. P. Norris and R. A. Henry, J. Org. Chem., 29, 650 (1964). 
J. Vaughan and P. A. S. Smith, J. Org. Chem., 23, 1909 (1958). 
N S. Hjelte and T. Agback, Acta Chem. Scand., 18, 191 (1964). 
A S. Enin, G. I. Koldobskii, and L. I. Bagal, Zh. Organ. Khim., 7, 1672 (1971). 
T A. Bak and E. L. Prestgaard, Acta Chem. Scand., ii, 901 (19577. 
N S. Deno and R. W. Taft, J. Amer. Chem. Soe., 76, 244 (1954). 
H Wai and K. Yates, Can. J. Chem., 47, 2326 (1969). 
J Braun and W. Keller, Ber., 65, 1677 (1932). 
R M. Herbst, C. W. Roberts, and E. J. Harvill, J. Org. Chem., 16, 139 (1951). 
A J. Davies and R. E. Marks, J. Chem. Soc., C, 2703 (1968). 
L. Ruzicka, M. W. Goldberg, M. Hurbin, and H. A. Boekenoogen, Helv. Chem. Acta, 16, 
1323 (1933). 
Y. Sakakida, A. S. Kumanireng, H. Kawamoto, and A. Yokoo, Bull. Chem. Soe., Japan, 44, 
478 (1971). 
J. W. Apsiman and N. R. Hunter, Tetrahedron Lett., 187 (1972). 
P. A. S. Smith and W. L. Berry, J. Org. Chem., 26, 27 (1961). 
T. Sasaki, S. Eguchi, and T. Tory, J. Org. Chem., 35, 4109 (1970). 
T. Sasaki, S. Eguchi, and T. Tory, J. Org. Chem., 36, 2454 (1971). 
A. N. Khuthier and J. C. Robertson, J. Org. Chem., 35, 3760 (1970). 
N. B. Chapman, H. McCombie, and B. C. Saunders, J. Chem. Soc., 929 (1945). 
H. Singh, R. K. Malhotza, and V. V. Parashar, Tetrahedron Lett., 2587 (1973). 
R. Huisgen, Ann. 574, 171 (1951). 
E. K. Harvill, R. M. Herbst, E. C. Schreiner, and C. W. Roberts, J. Org. Chem., 15, 
662 (1950). 
L. Ruzicka, M. W. Goldberg, and M. Hurbin, Helv. Chim. Acta, 16, 1335 (1933). 
H. Beckman, Pharmacology, London (1961), p. 3318. 
D. Misiti, V. Rimotori, and F. Gatta, J. Heterocyclic Chem., iO, 689 (1973). 
W. H. Hayff, J. Org. Chem., 22, 344 (1957). 
L. J. Winters, Diss. Abstr., 20, 3963 (1960). 

635 


