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Information on the rearrangement of the Z- and E-isomers of oximes of 3-acylisoxazoles, -1,2,4-oxadia- 
zoles, -furazans, -furoxans, and A 2-isoxazolines to furazans is reviewed. The effects of basic and acidic cat- 
alysts on the course of the reaction are considered. 

Rearrangements of heterocycles have attracted the attention of research workers in that, while frequently taking place un- 
der very mild conditions, they afford in many instances products with unexpected combinations of functional groups in the 
molecule. These rearrangements include those generalized by Boulton and Katritzky [I, 2], which are known in the literature 
under the rather unfortunate title of "monocyclic rearrangements of heterocycles" [3]. Essentially, the Boulton-Katritzky rear- 
rangement is a subclass of such rearrangements [4]. The definition of these rearrangements as monocyclic (or mononuclear) is 
also imprecise, since in many instances they have been extended to polycyclic systems. For these reasons, we propose to use 
the term "rearrangement of heteromonocycles" as applied to both mono- and polycyclic systems, bearing in mind that only 
one ring is transformed during the rearrangement [4]. The Boulton-Katritzky rearrangement comprises rearrangements in 
which the original heterocycle is a 1-oxa-2-azole, the substituent in the 3-position being a heteroallyl grouping: 
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The rearrangement can, in principle, occur in three ways: 1) in the absence of a catalyst, by a concerted electrocyclic 
mechanism via the bicyclic transition state (I); 2) in the presence of a basic catalyst, by intramolecular nucleophilic replace- 
ment (SN i mechanism) at nitrogen via an intermediate or transition state (II); or 3) via the formation of acyclic intermediates 
[5, 6]: 
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The route involving the formation of acyclic products has not been confirmed experimentally [7], and for the present the 
Boulton-Katritzky rearrangement will be considered to refer to reactions proceeding by the first two routes. 

This review discusses the rearrangements of oximes of 3-acyl-l-oxa-2-azoles, which are, in most instances including 
azole--azole conversions, to be regarded as Bouhon-Katritzky rearrangements: 
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Not included here are rearrangements of A2-isoxazolines involving conversion of azolines m azoleso The Boulton-Ka- 
tritzky rearrangement has recently been extended to cover azole-azoline conversions, and termed the extended Boulton-Ka- 
tritzky rearrangement [8]: 
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Following this argument, a further extension of the "extended" scheme would be inclusion of azoline-azole conversions 
(and perhaps subsequently azoline--azoline conversions): 
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Since only 1-oxa-heterocycles undergo this rearrangement, furazans are not obtained from triazole of thiadiazole oximes. 
In practice, in these cases the reverse reactions occur [3]: 
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There have been no literature reports of rearrangements of oximes of 3-acyl-l-oxa- 1-azines or other heterocycles. 
It is conventional in the literature to designate isomers of oximes in which the R group, when a hydrocarbon radical, and 

the OH group are located in the anti-positions as the Z-isomers, and isomers in which R is a heteroatomic substituent (NR2, 
OR, halogen, SR, etc.) as the E-isomers. In order to avoid confusion, oximes in which the R and OH groups are anti-located 
will be termed E-isomers, and when syn-located, the Z-isomers: 
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3-A CYL- 1 , 2 ,4 -OXADIAZOLE OXIMES 

A distinguishing feature of the rearrangement of 3-acyl-1,2,4-oxadiazole oximes is the low barrier to this reaction, in 
consequence of which E-oximes are converted during the reaction into furazans, which appears to be the reason why the E- 
isomers have not so far been isolated. Further, Ponzio [9] showed that oximation of 3-benzoyl-5-phenyloxadiazole resulted in 
the formation of a mixture of 1,2,4-oxadiazole and furazan compounds, the oxadiazole (IV) not being converted into the fu- 
razan under the reaction conditions: 
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Ponzio rationalized the formation of two products as follows: Oximation gives the two isomeric oximes, one of which 
is unstable and rearranges to 3-phenyl-3-benzoylaminofurazan. Subsequent work confn'med this suggestion [10-13]. For 
example, oximation of (HI) with O-methylhydroxylamine afforded a mixture of the E- and Z-isomers (V) and (VI) [12]. The 
O-methylated E-oxime (VI) does not undergo rearrangement. 
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The proportions of oxime isomers formed on oximation of 3-acyl-l,2,4-oxadiazoles are dependent upon the structure of 
the acyl moiety. 3-Benzoyl-l,2,4-oxadiazole and its derivatives react with hydroxylamine to give mixtures of the furazan and 
3-benzoyl-l,2,4-oxadizzole Z-oxime [11, 13]. The oximation product of 3-benzoyl-5-amino-l,2,4-oxadiazole, described as an 
oxadizzole [14], is in fact a furzT.qn. Oximation of 3-acetyl- and 3-butyryloxadiazoles gives only the Z-oximes [14]. 

3-Acyl-l,2,4-oxadiazoles are known to give 4-nitrosoimidazoles on rearrangement [10, 11, 14]. If this reaction is carried 
out in the presence of hydroxylamine, the 5-H and 5-Me derivatives rearrange immediately to the fumT:ans [11, 15-20]: 
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R=Ph, substituted phenyl; Rt=H, CH3 

Another example of the intermediate formation of the E-oximes of 3-acyl-1,2,4-oxadiazoles is the cyclization of amphi- 
phenylaminoglyoxime diacetates and dibenzoates. These compounds are known to give aminofura7~a,s on heating with alkali 
[18, 21-24], whereas their isomers, the anti-aminoglyoximes, give oxadiazoles under these conditions. Ponzio therefore con- 
sidered diacyl-amphi-aminoglyoximes to be O,N-diacyl compounds, and diacyl-anti-aminoglyoximes the O,O'-diacyl deriva- 
tives [21, 24]:* 
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It has recently been shown, however [26] that the diacyl derivatives of both the amphi- and the anti-isomers are the O,O'- 
diacyl derivatives. Accordingly, the formation of N-acylaminofurazans from O,O'-diacyl-amphi-aminoglyoximes is due to the 
fact that they, like the anti-isomers, cyclize in the presence of alkali to 1,2,4-oxadiaToles, but the oxime group in these com- 
pounds has the E-configuration, in consequence of which they immediately undergo rearrangement: 
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*Ponzio considered that the isomers of aminoglyoximes differ in the structure of the amidoxime group [24]. He assigned 
structure A to the a-isomers, and structure B to the B-isomers. It has now been found [25] that the isomers differ in the con- 
figuration of the ketoxime moiety, the a-isomer having the amphi-configuration C, and the B-isomer the anti-configuration D. 
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It is likely that this route is also followed in the cyclization of the carbamate (VII) [24], which is accompanied by the 
evolution of carbon dioxide and ammonia: 
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The E-oxime of 3-benzoyl-5-phenyl-l,2,4-oxadiazole is an intermediate in the long-known, but hitherto unrationalized 
formation of 3-benzoylamino-4-phenylfurazan from a-aminophenylacetonitdle oxide [27, 28]: 
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The first step involves cycloaddition of benzonitrile (formed by decomposition of a-aminophenylacetonitrile oxide [28]) 
to the nitrile oxide group to give the E-oxime, which then rearranges to the furazan. 

In the rearrangement of Z-oximes, the first step must involve Z-E isomerization. The isomerization of oximes is cat- 
alyzed by acids, so that many Z-oximes of 3-acyl-l,2,4-oxadiazoles rearrange in dilute acid to give N-acylaminofurazans. This 
method of synthesis of furazans was developed by Ponzio [9, 21, 23, 29], and subsequently used for the synthesis of a variety 
of 3-amino-4-phenylfurazans substituted in the benzene ring [11, 17, 18, 30, 31]: 
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With the Z-oximes of 3-benzoyl- and 3-p-toluoyl-5-phenyl-l,2,4-oxadiszole, rearrangement is accompanied by competi- 
tive hydrolysis of the oxime group [9, 10, 32]. 

In many cases, the rearrangement of Z-oximes takes place on heating to their melting points [9, 11-13, 21], but 3-acetyl- 
5-methyl-l,2,4-oxadiazole oxime remains unchanged under these conditions [9]. 

The rearrangement of the oxime hydrazone (VIII) (R = CF3) can follow two routes. In the presence of acid, this com- 
pound is converted into the furazan (IX), but in the absence of a catalyst it undergoes gradual, spontaneous rearrangement in- 
volving the hydrazone rather than the oxime moiety of the molecule [33]: 
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The oxadiazole (VIII), which has no substituent in the 5-position, is stable and does not undergo rearrangement to the ni- 

trosopyrazole. 
Z-N,N-Disubstituted amidoximes of 1,2,4-oxadiazole-3-carboxylic acid on treatment with acid isomerize readily, even at 

room temperature, to the thermodynamically more stable E-amidoximes, which rearrange to diaminofurazans [34, 35]: 
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R2N=pyrrolidinyl, piperidyl; R I= H, CF 3 
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Z-isomers of amidoximes containing a 1-azolyl ring as the amine function are not converted to the E-isomers in acid so- 

lution, so that rearrangement of the imidazole derivative (XI) does not take place under these conditions [35]. 
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Since the barrier to Z-E isomerization in N,N-dialkylamidoximes is low (21-25 kcal/mole) [36, 37], compound (X) 
spontaneously isomerizes and rearranges gradually to the furazan on standing at room temperature [34, 35]. 

The barrier to isomerization for N-monoalkylamidoximes is even lower (19.9-21.5 kcal/mole) [37], so that they rearrange 
spontaneously more rapidly, despite the fact that the Z-E equilibrium is strongly shifted toward the Z-isomer. Acid catalysis 
does not in this instance promote the reaction, since the Z-E isomerization barrier is low even in its absence. 

No rearrangement products are formed on isomerization of Z-azidooximes (XII), since the E-oximes cyclize to the hy- 
droxytetrazole (XII~ [38]: 
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Complications arise in the rearrangement if the E-oxime is thermodynamically much less stable than the Z-oxime. In 
such a case, on acid-catalyzed Z-E isomerization the proportion of the E-isomer in the equilibrium mixture is so small that 
rearrangement hardly occurs. This situation is encountered in compounds in which the oxime group is substituted by groups 
such as halogen, amino, imidazolyl, or aziridinyl rings. On heating these compounds in acid, only degradation of the oxime 
moiety takes place. 

However, rearrangement of amidoximes with an unsubstitutcd amino-group can occur if bases are used as catalysts [35, 

39, 40]: 
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The rearrangement of monosubstituted amidoximes is also base-catalyzed [34, 35]. The occurrence of the reaction in this 
case is due to the fact that in unsubstituted and monosubstituted amidoximes the Z-E isomerization barrier is very low, so 
that isomerization can occur even in basic media. The observed reaction constant (k) for such a two-step reaction is given by 
the expression [41]: 

le= K.k~, 

where K is the Z-E equilibrium constant, and k2 the rate constant for the second stage of the reaction (rearrangement). 

Hence, in this instance the overall reaction rate is dependent on the rate of rearrangement, the function of the base being 
to catalyze this stage. The rate K is greater for monosubstituted amidoximes than for the unsubstituted compounds, so that 
the overall reaction rate is greater, and these amidoximes are unstable, undergoing spontaneous conversion into furazans. As 
already pointed out, the conversion of Z-monosubstituted amidoximes into furazans is not catalyzed by acids. In fact, the ex- 
pression for the observed reaction rate does not include the rate constant for the first stage (isomerization of the oxime group). 

The bisoxadiazole (XIV) rearranges on treatment with ammonia to give a diaminofurazan [40, 42]: 
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The first step involves cleavage of one of the oxadiazole rings with the formation of an amidoxime group. Bearing in 
mind the ease of cleavage of the 5-trifluoromethyl-l,2,4-oxadiazole ring, it was assumed to be possible that the rearrangement 
of these compounds could involve the formation of intermediate acyclic products [40]: 
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This scheme does not include the stage of isomerization of the amidoxime group, so that the overall reaction rate should 
not be dependent on this step. However, further work failed to confirm this. Compounds in which the Z-E barrier is high 
(amidoximes containing aziridine or imidazole rings are the amine function) on treatment with ammonia undergo cleavage of 
the oxadiazole ring, but do not cyclize to furaT_~ns: 
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It follows that bases catalyze the rearrangement of those Z-amidoximes which have a low Z-E isomerization barrier, 
which is evidence in support of the above reaction scheme involving the initial isomerization of the Z-amidoxime group, fol- 
lowed by base-catalyzed rearrangement. 

Rearrangement of the Z-oximes of 5-substituted 3-acetyl- and 3-benzoyl-l,2,4-oxadiazoles fails to occur in basic media, 
due to the high isomerization barrier in alkaline media. Oxadiazoles unsubstituted in the 5-position undergo ring-opening un- 
der these conditions with the formation of cyano-oximes [33, 35]: 
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Hence, the E-isomers of 3-acyl-1,2,4-oxadiazole oximes are unstable, undergoing spontaneous rearrangement on forma- 
tion without base catalysis. The Z-isomers on treatment with acids, which catalyze the isomerization of oximes, undergo re- 
arrangement when the amounts of the E-isomer in the equifibrium mixture are sufficiently high for the rearrangement to pro- 
ceed at a rate which is greater than that of degradation of the oxime group (or is at least comparable with this rate). If the 
equifibrium is strongly shifted toward the Z-isomer, the use of basic catalysts enables the rearrangement to be carried out in 
those cases in which the barrier to isomerization of the oxime group is so low that it can occur even in alkaline solution. 

3 - A C Y L I S O X A Z O L E  O X I M E S  

The E-oximes of 3-acyloxazoles, unlike the 1,2,4-oxadiazoles discussed above, are stable, and under the usual conditions 
do not rearrange in the absence of a basic catalyst. For this reason, oximation of 3-benzoylisoxazoles affords mixtures of the 
Z- and E-oximes, while 3-acetylisoxazoles give a single isomer only, which, according to Vivona et alo [7], has the Z-config- 
uration. Previously, the E-oximes of 3-benzoylisoxazoles had been erroneously assigned the furazan structure [7, 43-46]. 

On treatment with base, the E-oximes undergo extremely facile rearrangement to ketofurazans. The reaction frequently 
proceeds even at room temperature, or on brief heating in alcohol: 
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R=Ph, RI=H, R2"=Me [7, 47--49]-; R=Ph, Rt=H, R2=ph [ 7, 50, 51]; R=RI=R2=Ph 
[7, 43, 44, 46]; R=Ph, RI=PhCO, R2=Ph [51]; R=CsH,oN, Rt=H, R 2=H [52]; 

R=CsHIoN, RI=H, R ~=ph [59-1; R ~ - i s o x a z o l y l ,  R'=H, R2=H [53, 54] 

The ketofurazans (XV) may undergo deacylation in the alkaline medium, so that the final products are the alkylfurazans 
(XVII) [7, 43, 44, 46, 50, 51]. When the rearrangement is carried out in the presence of hydroxylamine, the product is iso- 
lated as a mixture of the E- and Z-isomeric oximes (XVI) [7, 47-50, 52-56]. 

The nitrile oxide obtained on thermolysis of the furoxan (XVIII) reacts with phenylacetylene to give the isoxazole (XX), 
which under the reaction conditions (a boiling mixture of xylene and DMF) rearranges to the fumz~n (XXI) [57]. 
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It appears that the oxime group in the nitrile oxide (XIX) and in the isoxazole (XX) retains the same configuration as it 
has in the furoxan. 

In contrast, the nitrile oxide generated from the furoxan (XXII), on reaction with phenylacetylene gives as the final prod- 
uct not a furaTzn, but the oxime (XXIII) [58], which is identical in its properties to the isomer with the Z-configuration [7]: 
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It is clear that even at an early stage in the reaction (formation of the nitrile oxide), isomerization of the oxime group oc- 
curs, and as a result of cycloaddition an oxime is formed, the configuration of which is unfavorable for rearrangement. 

The rearrangement of Z-oximes is complicated by the fact that the first step involves Z-E isomerization, which is cat- 
alyzed by acids. If the E-isomer is thermodynamically more stable than the Z-isomer, as may be the case with N,N-disubsti- 
tuted amidoximes, then the reaction presents no particular difficulties. First, the Z-isomers are converted to the E-isomers in 
the presence of acid, and these are then rearranged in an alkaline medium [52]. If, however, the Z-isomers are more stable than 
the E-isomers, both stages occur simultaneously, and the situation arises in which the fin'st step requires acid catalysis and the 
second, basic catalysis. In this case, the occurrence of a reaction is dependent on the Z-E isomerization barrier for the oxime. 
As already pointed out, with unsubstituted amidoximes this barrier is low, and isomerization can occur without a catalyst, or 
even in alkaline media. Consequently, the Z-amidoximes of isoxazoles, as in the case of 1,2,4-oxadiazoles, undergo facile re- 
arrangement to furazans on treatment with base [56]: 
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When R = H, the aldehyde formed on rearrangement undergoes deformylation, but when the reaction is carried out in the 
presence of hydroxylamine a mixture of the Z- and E-oximes is obtained. 

The situation is more complex when the Z-E isomerization barrier is high. This is the case with the Z-oximes of 3- 
acetyl- and 3-benzoylisoxazoles. The rearrangement of these compounds has been examined by Ajello [43-45, 47, 50, 51]. 
More recent studies of some of these reactions [7] have shown that despite the findings of Ajello, in no case did the Z-oximes 
rearrange in the presence of alkali [1, 7]. It is apparent that under basic conditions Z-E isomerization of these oximes, like 
that of the previously discussed 1,2,4-oxadiazole compounds, does not occur. Likewise, the oximes (XXIV) and (XXV) fail 
to rearrange in the presence of base [59, 60], which may be regarded as evidence in support of the Z-configuration of the 
oxime group in these compounds. 

Me2--C--C--~ ,'" INI NIl ~ H' i--- ~ lj~ 
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XXIV XXV 
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In contrast to 3-acetyl- and 3-benzoyl-l,2,4-oxadiazoles, the Z-oximes of which undergo isomerization on treatment with 
acid, followed by rearrangement to hnazans, the analogous derivatives of isoxazole undergo hydrolysis under these conditions 
to give the desoximated products (ketones) [44, 45, 47, 48, 58, 61-63]. This is rationalized as being due to the fact that in 
isoxazoles the second stage of the reaction (rearrangement) occurs with greater difficulty, requires basic catalysis, and does not 
occur in acid media. 

The rearrangement of these Z-oximes can be successfully effected by boiling in the presence of a large excess of free hy- 
droxylamine [47, 64]: 

R~ C R ~- C ___W.____~ 
C-V-  Jl it II ----,.- 

HO/N N~-O-'~R~ N...oN ~.0 ~ '~R  ~ 

R=Me, Ph; RI=Me, Ph  

R ~ . . C H 2 C O R '  -NH20-------~ H R ~ C H 2 ~ R  '1 

N~.o/N N~.O/N [ 
OlZ 

The reaction becomes possible since in weakly basic media the oxime is not ionized and, consequently, Z--E isomeriza- 
tion occurs more readily than in strongly basic media. At the same time, a weakly basic medium is sufficiently favorable for 
the recyclization to occur. Hence, there is an optimum pH of the medium at which rearrangement of the Z-oximes of 3- 
acetyl- and 3-benzoylisoxazoles takes place at the greatest rate. 

In addition, rearrangement of the Z-oxime of 3-acetyl-5-methylisoxazole occurs when it is melted in the presence of cop- 
per powder [1]. The function of the catalyst in this reaction is not clear, but, as in the preceding example, the reaction takes 
place under conditions not too far removed from neutral. 

Ajello considered that the rearrangement of 3-acylisoxazole oximes involved hydrolytic ring cleavage: 

R I CHRICOR 2 R :,CHR I ~R 2 
R.., R..C~C: 

N N~. J.~..~ . ~ N N ~ N,.O ~N 
I O "  " R  '< I i 

OH OH Oil 

Moreover, the E-oxime was assumed by Ajello to be the product of the rearrangement of the furazan. Since on heating 
with acid it was converted into 3-acylisoxazole, it was concluded erroneously that the rearrangement was reversible [50, 65]. 
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The observed decisive effect of the configuration of the oxime grouping on the occurrence of the rearrangement is a 
weighty argument in favor of the reaction proceeding via intramolecular nucleophilic substitution at nitrogen. 

The mechanism of the rearrangement of pericyanilic acid (XXVI) is not entirely clear [66-68]. The reaction requires the 
presence of acid, and results in the formation of a- and f~-epicyanilic acids (XXVII), which differ in the configurations of the 
oxime groups. It is assumed that the reaction proceeds via an acyclic intermediate [68]. The configuration of the oxime 
group in the starting acid (XXVI) is unknown. 

CH ~ N O H  CH .NOH ~ H ~  /C~--C0 .__. 
- - - - -  l i , - , i ,  ii ,r - - - -  fl II ~ 

/ N  N N N ~ N ~ o / N  I i 
L ~N ~ ~'0 NOH | 1  I I oB OH 
os I oH Lox OH OH 

OH 

XXVIII XX'VI X~/ll 

The rearrangement of pericyanilic acid in the presence of base follows a different course, to give erythrocyanilic acid 
(XX'VIII) [66, 69], a derivative of 1-hydroxypyrazole [70]. 

It follows from the above that the rearrangement of the E-isomers of 3-acylisoxazole oximes is extremely facile in the 
presence of base. The Z-oximes in acid media either undergo hydrolysis, or they isomerize to the E-oximes, if the latter are 
more stable, but in this case no rearrangement occurs. In alkaline media, only those Z-oximes with a low Z--E isomerization 
barrier rearrange. For the rearrangement of the Z-oximes of 3-acetyl-and 3-benzoylisoxazoles, there is an optimum pH of the 
medium, approximating to weakly basic. In strongly acidic and strongly basic media, these compounds do not undergo rear- 
rangement. 

3-ACYLFURAZAN OXIMES 

3-Acylfurazan oximes rearrange under very severe conditions. This was f'n'st reported by Ponzio for the diaroylfurazan 
dioximes (XXIX) [71 ]: 

Ar 
Ar -- C ---c-------r~- C ~ Ar NaOH ""~------r--  C ~ c - -  A/ 

fl ]1 li H II il H ii 
N N. o / N  N N o / N  N N 

OH OH OH OH 
.~ClX 

Ar=C6Hs; t, -CH3C6H ~ 

The reaction took place when the dioxime was fused, on or boiling in 20% aqueous sodium hydroxide. The starting 
dioxime (XXIX) was obtained by oximating the appropriate diketone, but its configuration is not known. On boiling in hy- 
drochloric acid, the dioxime (XXIV) is hydrolyzed to the starting ketone. 

The Z-isomers of N,N-disubstituted amidoximes (XXX) undergo isomerization in the presence of acid at room tempera- 
ture to give the E-oximes [72]. The structures of both isomers have been confirmed by x-ray diffraction examination [73]. 
The E-oximes (XXXI) rearrange in alkali at 120-140~ to the isomeric oximes (XXXII) [72]: 

R2N 

N N. . .o /N N N,,. N N o / N  N / / 
HO ~'OH 0 "OH 

XXX XXX/ XXXII 

.R 2 = Me 2, (CH2) ~, ('CH2) e 

Since the barrier to the isomerization of amidoximes is low, but the conditions for rearrangement fairly severe,, the Z- 
amidoximes also undergo this reaction to give the same products. For this reason, N-monosubstituted amidoximes, in which 
the Z-form is thermodynamically favored, undergo rearrangement: 

R N H ~ c ~ N H  2 RNH NH 2 RNH~7___._.;T~c/NH 2 

N N o / N  N N N N N N 
HO ~ oHiO ~ ' 0  ~OH 

R = i - P r ,  PhCH 2 
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It is clear that the rearrangement of furazans can be reversible, but in all cases mono- and disubstituted amidoximes rear- 
range completely, no equilibrium being established. 

When the same substituents are present in the oxime group and the furazan ring, the rearrangement must be degenerate. 
In fact, in the case of the oxime nitrogen-labeled amidoxime (XXXIII), it has been shown that on carrying out the reaction 
under the above conditions the labeled nitrogen is incorporated into the ring to give a mixture of (XXXIII) and (XXXIV) in 
equal amounts [74]: 

NHo o N H ~  c/NH2 NH2~C ~ /  - 130...140 C 

I~N N N ~ 15 N.~0pN N 
HO" \ 0  " ~'OH 

XXXIII XXXIV 

In unsubstituted amidoximes, the Z-E equilibrium is strongly shifted toward the Z-isomer and, therefore, rearrangement 
of (XXXIII) takes place only at 130-140~ whereas the E-isomer (XXXI) rearranges in boiling aqueous or alcoholic alkali, 
even if less rapidly. 

In contrast, it did not prove possible to carry out the degenerate rearrangement of the oxime (XXXV) [2]. The configura- 
tion of the oxime group in this compound is unfavorable for rearrangement [75], the Z-E isomerization barrier for ketoximes 
is higher than that for amidoximes, and isomerization of the oxime under the reaction conditions does not appear to take 
place. 

Me Me  

l k 

. ~ '  

Nor was it possible to rearrange the oxime (XXXVI), the configuration of which has not been established [2]. The rea- 
son for the lack of success could be the same as in the previous case, but it is also possible that the starting furaT~n (XXXVI) 
is thermodynamically more stable than its isomer (XXXVII). 

OH OH 

The rearrangement of benzofurans takes place with great ease [76-79]. The reaction proceeds at near-ambient tempera- 
tures, and is catalyzed by bases. 

In the case of the keto-derivative (XXXVIII) the rearrangement is reversible, and can be carried out either with the isomer 
(XXXVIII), or isomer (XL) [79]. 

In acid media, no rearrangement takes place, although in the case of the furazan (XL) an equilibrium is established be- 
tween the Z- and E-isomers of the oximes. The oxime (XXXVIII) is invariably obtained as a single isomer, the configuration 
of which has not been established. 

o H  
I 

N 

0 = 
~  

R = H.  Me,  C! 

The rearrangement is extremely slow in dioxane. 

N--O N~O 

XL OH 

In aqueous dioxane, equilibrium is reached after 48 h, but in DMSO, 
pyridine, and a mixture of dioxane and triethylamine it is reached within 10 min. The composition of the equilibrium mix- 
ture is independent of the solvent. The proportions of (XXXVIII) are 11-12, of (XXXIX) 65-70, and of (XL) 17-23%. In so- 
lution in aqueous alkali, the equilibrium between the ionized forms of the oximes is shifted in the opposite direction. The 
content of the isomer (XLI) in the equilibrium mixture was around 80% [79]. 
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O" 
I 
N N~O 

!1 ' o~. , N o ,.~:~ 

X/M 

The rearrangement of the dioxime (XLII) proceeded similarly, but in this case the reaction went to completion [78]: 

HO~ N HO',. N 

XLU .V,.l.ln 

The kinetic reaction product is the dioxime (XLIII), in which one of the groups has the Z-, and the other the E-configura- 
tion. The configuration of the a-oxime group in the starting furazan (XLII) has not been established. 

Thus, the rearrangement of monocyclic furazans takes place under severe conditions, and is catalyzed by bases. The rear- 
rangement may proceed to an equilibrium. When the same substituents are present in the ring and oxime group, the rear- 
rangement becomes degenerate. The Z-isomers rearrange when Z-E isomerization of the oxime group is possible under the 
reaction conditions. In benzofuraTans, the Z-E isomerization of the oximes and rearrangement are extremely facile. The rear- 
rangement is catalyzed by bases, and does not occur in the presence of acid. 

5-ACETYLFUROXAN OXIMES 

The voluminous experimental material on the reactions of acetylfuroxan oximes was first reviewed in a monograph [80]. 
The E-oxime of 5-benzoyl-3-methylfuroxan (XLV) on treatment with alkali at room temperature rearranges rapidly to a 

furazan derivative [81, 82]: 

ph,..C .Me Ph. 
,I T--~ .... ~o. .- IV--V ~"-~~ 
N N \  .N N. .N NO 2 

"'OH O' ~'0 "0 

XLIV 

This reaction was first reported by Ponzio [81], but it is only recently that the precise structures of the starting material 
and product have been established [82]. The 5-acetylfuroxan oximes (XLV) are stable toward alkali [83, 84], possibly as a re- 
sult of the Z-configuration of these compounds, which is unfavorable for rearrangement. The structure of (XLV) (R = CH3) 
has been established by x-ray crystallography [85]. 

Me. R 

N N\o.N 
IlO ~tO 

XLV 

R = Me, Pit 

On heating in hydrochloric acid solution, oximes (XLIV) and (XLV) undergo hydrolysis to the corresponding ketones 
[81, 83, 84]. 

Neither does the furoxan (XLVI) rearrange [2], in which the oxime group also has the Z-configuration [86, 78]. On heat- 
ing, this compound merely undergoes isomerization of the furoxan ring, the configuration of the oxime group being retained: 
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Me Me Me ,Me 

D 2 I ~ X  1 D21 i 

"~ :~'s"~ - H~ it ~ 
il N - - o  
N - - - -  0 0*  I 

XLVI 

The rearrangement of 3,4-diacylfuroxan dioximes is complex. The correct structures of the products of these reactions 
were established only recently [68, 88], but their mode of formation remains largely unclear. 

The Z,Z-furoxandialdoxime (XLVII) (R = H, a-isocyanilic acid) on brief heating in water undergoes rearrangement to the 
a-nitroxime (XLVIII) (R = H, ~-isocyanilic acid), which then undergoes dehydration to 3,3-difurm~nyl 2-oxide [68, 69, 89]: 

R~ C C / R  ,I tl II u ,~--H.P~ 
N N 
I N " o " N ' ~ o  I 

OH OH 
XLVn 

OH-  I R--CH3 

R .  ,C R 
"C --C ----C 
II iI nl I ----~ 
N N N * N 
I t - o  ~ " o -  1 

Oli 01t OH 

II 
/ + 1%1 

" 0  HO ~ \ 0 -  I 
OH 

R R 
"C 

N 
i 7 N'" 0 / N" tO 

OH 0,I  

I 
.,~ -"" 0 0 

* 4 
R N - - - - N  

- C ~ C / R  R= Ctl{i.." R__. ( /  "\~. 
II H I I+ 
N N. N .N, , i' - R 
I "o -o o,, I - /  OH 

N N 
O 

L LI 

t Jl t - ~  
N .  N N / N  

0 0,I,: " 0  

XI, IX R=H. P h  

R f R  
"C --C - 

- . , - -  lJ H q i 
N N N .N 
I 1 ~, 'o 

Oil OH O 

Dibenzoylfuroxan rearranges similarly on boiling in hydrochloric acid, or on fusion [90]. In this case, the intermediate a- 
nitro-oxime (XLVIII) was not isolated, the final product being 4,4-diphenyl-3,3-difurazanyl 2-oxide (XLIX) (R = Ph). 

The reaction proceeds differently in alkali. The Z,Z-dioxime (XLVII) (R = H) was converted via the a-nitro-oxime 
(XLVIII) into the furazan (L) [66, 68, 69, 89]. The proposed reaction sequence includes reactions involving cleavage and clo- 
sure of the heterocycles [68]. On treatment with alkali, the diacetylfuroxan Z,Z-dioxime undergoes complex reactions to give 
the furazanopyridazine (LI) [88, 91, 92]. The scheme proposed for its formation [88] also includes formation of the interme- 
diate CL) (R = CH3) , albeit by a somewhat different route. 

Rearrangement of the dioxime (LII) in alkali is accompanied by reduction to give the dioxime (LIII) [90], which is identi- 
cal with the product obtained on rearrangement of the ~ analog[71]: 

X . .  / R  R _ _  c / R  

i - I - I  2 "~ I - I  p, 
N ~ o / N  N N N N 

[ ] N ' - o / N  ~t 0 J 
OH OH OX OX 

LIII LII 

phl~ It 
~ _  ~-I.- N. . .O /N N I 

N H P h  N H P h  

R=Ph, p-Tol; X=H, CHACO; PhCO 

Reduction also occurs in the reaction of diacyl derivatives of the dioxime (LII) with phenylhydrazine [90]. In this case, in 
addition m rearrangement, the oxime groups are replaced by hydrazone groups. The nonacylated dioxime on reaction with 
phenylhydrazine gives only the reduction product, with cleavage of the furoxan ring [93]. This provides indirect support for 
the view that the rearrangement of the dioximes (LII) involves reduction cleavage of the furoxan ring followed by closure of 
the furazan ring. 

On boiling with acids, the dioximes (XLVII) (R = H, CH3) decompose [66, 92]. 
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3 .ACYL-A2-ISOXAZOLINE OXIMES 

Of the dihydro-derivatives of azoles, only AZ-isoxazolines have so far been shown to rearrange. 
The nitrile oxide generated by thermolysis of f ~ d i c a r b o n a m i d e  adds to olefins to give the E-oxides (LIV), which then 

rearrange to fum7zns [57]: 

NH2CO .C .-.R NH2CO CHRCHR z 

_ _ -  i (  
N . . R  1 N- . .O/N 

"'OH "OH ' 'O  " 

LI~" 

H .  

'{IN x 0 / N \ 0 / ~ . . J /  

However, oximes (LV) and (LVI), obtained in a similar way, are not converted into furazans under these conditions [57, 

58]: 

~R 
. . . .  ) CH aOCO--C ----rT------~ 

~"'-I1-11 II I1 i 
N N O/A N N . O / ~ . R l  
/ " "P)" 

O11 OH 

LV LVI 

The isoxazolines obtained by reaction of fulminic dimer and trimer (LVIII) with cyclic olefins rearrange with great ease 

CH--C ~N---~O 
~J 
N 

OH 

C H - -  C - -  C --_~ N---~ 0 
II 11 
N N, 

OH OH 

LVIII 

[94, 95]*: 

N,oIN 0 .~._J 
HO 

LVII 

CH--C ~ CH 
. . . . . .  H ~ II t - - - H  I1 Fr 

N N N . ~  N N o / N  
i "'OH 0 [ 

01[  OH HO 
LIX 

The E-isomers (LVII) and (LIX), which are the kinetic products of the cycloaddition reaction, are unstable, rearranging in 
alkali (and sometimes directly on their formation) into furazans. In acid media, the E-oximes isomerize to the thermodynami- 
cally more stable Z-oximes [94, 95], and under more severe conditions they undergo hydrolysis [96]. Rearrangement also 
takes placed on brief heating to 210~ but in this case the Z-oximes are formed in addition to furazans [94]. 

The Z-amidoximes (LX) on treatment with bases such as ammonia and 1,8-diazabicyclo[5.4.0]undec-7-ene are unaffected, 
but in the presence of caustic alkali they decompose [56]: 

NH2 C 

N N ~ .  
HO "0  " R 

IX 

R = C--=N; CONH e 
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