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The literature data on the synthesis of indazoles and pyrazoles from aliphatic
diazo compounds and compounds containing a carbom—carbon triple bond are re-
viewed. The dependence of the direction of the reaction and the yields of the
final products on the structures of the reagents is discussed. The rearrange-
ments that accompany cycloaddition are examined. Modern views of the mecha-

i 'sms of the reactions discussed in the review are presented.

0f the numerous methods for the synthesis of heterocyclic compounds, cycloaddition reac-
tions are undoubtedly among the most prominent. In particular, 1,3-dipolar cycloaddition is
a method for the preparation of five-membered nitrogen-containing heterocycles with various
structures. Of the 1,3 dipoles used in this reaction, most study has been devoted to diazo-
alkanes, the reaction of which with compounds that contain carbom—carbon double and triple
bonds is widely used for the synthesis of pyrazolines, pyrazoles, indazolines, and indazoles.

In the present review we have attempted to summarize the available rather comprehensive
data on the synthesis of pyrazoles and indazoles from aliphatic diazo compounds and compounds
that contain triple bonds.
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Some general information regarding these reactions has been presented in [1-9], but
there has not yet been a special review of this topic. The necessity for this sort of cor-
relation is due to the fact that, on the one hand, the simplest and most convenient method
for the construction of five-membered heterocyclic systems with two adjacent nitrogen atoms
is the addition of aliphatic diazo compounds to alkynes and arynes, whereas, on the other,
the structures of the resulting compounds do not always follow unambiguously from the struc-
tures of the starting components, since cycloaddition is frequently accompanied by rearrange-
ments, the principles of which we have attempted to describe.

1H-Pyrazoles and lH-Indazoles from Monosubstituted Diazoalkanes and
Compounds Containing a CZC Bond

In 1889 Buchner established [10] that methyl diazoacetate in ether solution adds (with
cooling) to dimethyl acetylenedicarboxylate to give a 1l:1 adduct in 807 yield. He also
demonstrated [11] that methyl diazoacetate reacts with methyl phenylpropiclate to give a
compound that undergoes saponification to give 4-phenylpyrazole-3,5-dicarboxylic acid.

The reaction of the first members of the diazoalkane and acetylene series was investi-
gated somewhat later by Pechmann {[12], He obtained pyrazole (50%) when he passed acetylene
into an ether solution of diazomethane. When this reaction was carried out under pressure
[13], pyrazole was formed in almost quantitative yield; the formation of l-methylpyrazole
was observed in the case of excess diazomethane [14]:
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An important principle was established in [10-14]: The reaction of diazomethane and
monosubstituted diazomethanes with alkynes always leads to the formation of lH-pyrazoles:
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Despite the fact that the reaction under consideration has been known for more than 90
yr, researchers' interest in it is not waning. On the contrary, after the development of
Huisgen's concept of 1,3-dipolar cycloaddition, the number of studies devoted to the reac-
tion of alkynes with diazo compounds increased sharply.

An extremely large number of compounds have been investigated. Both diverse monosub-
stitued diazoalkanes themselves — diazomethane, alkyl- and aryldiazomethanes, perfluoro-
alkyldiazomethanes, a-diazo ketones, and a-diazo esters — and various compounds containing
a carbomr—carbon triple bond — acetylene, alkyl- and arylacetylenes, acetylenic compounds
with functional groups, compounds with several multiple bonds (enynes and diynes), and com-
pounds with triple bonds in the ring — have been used.

An important problem in the examination of the reactions of diazoalkanes with unsym—
metrically substituted unsaturated compounds is the mutual orientation of the compomnents
(regioselectivity). In many cases it corresponds to polarization of the multiple bond [4]
and is subject to the Auwers rule [15, 16]: The carbon atom bearing the diazo group forms
a2 ¢ bond with the most electrophilic alkyne atom, and this leads ta a pyrazole with an elec-
tron-acceptor substituent in the 3(5) position of the ring. Thus, for example, it is known
that acetylenes that contain electron-acceptor groups (aryl, carbonyl, carboxyl, carbalkoxy,
trifluoromethyl, etc.) attached to the triple bond react with diazomethane and monosubsti-
tuted diazomethanes to give 3(5)-substituted pyrazoles in good yields [17-23]:

R
R=CIC—H + RCHN, —me ’(Q\Ni

R NN
R = p-NO,CgH, + COCHy , COCgH, , CN , CONH, , CHO ;
R’z H,CH, , CH,CO, CH,

However, the addition of diazoalkanes does not by any means always proceed so un-
ambiguously, and a mixture of isomeric lH-pyrazoles is often formed [4, 16, 18, 24-44]), Thus,
for example, esters of alkyl-substituted acetylenecarboxylic acids react with diazomethane,
diazoethane, and aryldiazomethanes to give 3(5)-carbalkoxy-lH-pyrazoles (I) [4, 16, 32]:
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Both 3(5)- and 4-carbalkoxy-1H-pyrazoles are obtained from esters of aryl-substituted
acetylenecarboxylic acids (R' = Ph, p-NOaC¢H., and p-CHs0CeH.) [4, 16, 18, 25-31].

An increase in the volume of the substituents attached to the triple bond affects the
isomer ratio: Propargyl alcohol reacts with diazomethane to give mainly 3(5)-hydroxymethyl-
pyrazole (I1), whereas the yields of 4-substituted pyrazoles III increase when phenyl-
(ethynyl)carbinol and dimethyl(ethynyl)carbinol are used [24, 32].
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In the case of phenylbenzoylacetylene it was shown that an increase in the volume of
the substituent in the diazoalkane also leads to an increase in the amounts of 4-benzoyl-
pyrazoles [25, 30]:
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The addition of diazoalkanes to dipolarophiles containing electron-donor groupings pro~
ceeds in a different manner. Thus, for example, diazomethane adds to alkoxyacetylenes to
give exclusively 4-alkoxypyrazoles [33, 34]:
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The above examples show that one should take into account both electronic and steric
factors in the formation of pyrazoles [1, 45-47]. In the opinion of Huisgen [9], the change
in the direction of addition of diazoalkanes to unsymmetrically substituted acetylenes is
impressive evidence in favor of the ambident nucleophilicity of diazoalkanes. However, it
is far from possible to correctly predict the isomeric composition of the resulting pyrazoles
in all cases.

A convenient method for the synthesis of pyrazoles containing unsaturated groupings is
the reaction of diazo compounds with enynes and diynes. In the simplest enyne — vinylacetyl-
ene — the double bond is more reactive [48-50].

When the triple bond in the enyne is unsubstituted and the carbon atom of the double
bond bears substituents, the reaction most often takes place at the triple bond regardless
of the nature of the substituents (electron-acceptor or electron-donor) [4, 49, 51-54]:
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However, in addition to the products of addition to the triple bond, diadducts and, in
small yields, products of addition to the double bond were sometimes isolated in the case
under consideration [4, 51-56].
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In the case of enynes with substituents attached to the carbon atom of the triple bond
diazoalkanes add to the double bond regardless of whether it is substituted or not [53, 55,
571.

3(5)~Alkenylpyrazoles can alsc be obtained from acetylenes and diazoalkenes. Thus
Manecke and Schenck in a study of the cycloaddition of vinyldiazomethane to activated acetyl-
enes obtained a series of 3(5)-vinylpyrazoles [17, 58] in high yields. 3-Allyl-5-formyl-
pyrazole (62%) is similarly formed from allyldiazomethane and propiclaldehyde [58]:

CHO
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Diacetylenes (diynes) as a rule react readily with diazoalkanes to give both monoadducts
(alkynylpyrazoles) and diadducts (dipyrazolyls). Monoadducts are usually obtained in the
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case of unsymmetrically substituted diacetylenes. Monoalkyldiacetylenes give mainly 3(5)-
alkynylpyrazoles in this case [59]:
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Diacetylenes containing acetyl or carbalkoxy groupings attached to the triple bond give
primarily 4-alkynyl-3(5)-acyl(carbalkoxy)pyrazoles (IV), and the isomeric pyrazoles V are
obtained in amounts that do not exceed 5~10% [40, 411.
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Reimlinger also obtained 3(5)-alkynylpyrazoles by the addition of diazopropyne to acetyl-
enes — methyl propiolate and dimethyl acetylenedicarboxylate [60]:
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On reaction with diazoalkanes symmetrically substituted diacetylenes may give both mono-
and diadducts. Precisely the same result was obtained in the reaction of diazomethane and
diazoethane with diacetylene [37, 38]. In a number of cases the reaction of diazo compounds
with diacetylenes leads to the formation of only diaddition products. The preparation of di-
pyrazolyl ketone VI from vinyldiazomethane and pentadiynone may serve as an example of this
[17]:
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Reimlinger proposed a different and more convenient method for the synthesis of di-
pyrazolylalkanes from bisdiazoalkanes and acetylene [13]; the yields are higher in this case
(75-90%) :
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N
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Papers devoted to the synthesis of lH-pyrazoles with heteroorganic substituents from
diazo compounds and acetylenes containing heteroorganic fragments were recently published
[4, 33, 34, 61-65]; as a rule, the dominant direction of addition is that in which the nitro-
gen atom of the diazomethane adds to the carbon atom of the triple bond that bears the
heterocatom [65]:
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Examples of the addition of diazomethane to acetylenic sulfones constitute an exception
to this observation [65]:
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The reaction of alkynes with diazo compounds that have less pronounced nucleophilic
properties as compared with diazomethane (for example, diazoacetic ester and a-diazo ketones)
takes place more sluggishly: The temperature conditions are frequently more severe, and the
yields of adducts are somewhat lower as a rule. Thus Ried and Omran obtained 3(5)~acyl-
pyrazoles in 30-607 yields by the addition of a series of ao-diazo ketones to phenylacetylene
[66]:
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Only 3(5)-acyl-5(3)-hydroxyalkylpyrazoles were also isolated in the reactions of a-
diazo ketones with alkynylcarbinols; however, the yields of the former decreased sharply
(from 50 to 16%) as the molecular weight of the carbinol increased [66].

At the same time, the use of acetylenic compounds containing electron-acceptor substitu-
ents as the dipolarophiles makes it possible to synthesize pyrazoles in high yields under
relatively mild conditions. Thus the corresponding pyrazoles were obtained in 70-85% yields
from propiolic or acetylenedicarboxylic acid esters, which are most often used for the syn-
thesis of pyrazoles and have been studied most thoroughly, and aryl- and alkyldiazo ketones or
diazo carbohydrates [68]; the reaction was carried out either by prolonged (3-4 days) reac-
tion of the reagents in ether solution or by heating in toluene for several hours:
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Propiolic acid esters also react quite readily with phosphoryl diazo compounds [69] in
ether solution at room temperature. This reaction is used successfully for the synthesis
of 3(5)-phosphorylpyrazoles (in higher than 80% yields).
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Dehydrobenzene, which is frequently used for the synthesis of various indazoles, dis~
plays the highest reactivity of all of the compounds with a C=C bond in 1,3-cycloaddition
reactions. The reaction with a~diazo carbonyl compounds is realized in most cases in solu-
tion in tetrahydrofuran (THF) at 50-60°C; the dehydrobenzene is generated from benzenedi-
azonium-2-carboxylate., Thus ethyl indazole-3-carboxylate is obtained in high yield in the
addition of ethyl diazoacetate to dehydrobenzene [70].

The reaction of dehydrobenzene with a-diazo ketones with various structures (aliphatic
and aromatic a-diazo ketones, bisdiazo ketones, and diazo ketones of the carbohydrate series)
is a convenient method for the synthesis of 3~acyl-lH-indazoles (in 75-957% yields) [68, 70-
72]:
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Thus diazomethane and its homologs react most readily with acetylenes activated by
electron-acceptor substituents in the a position relative to the triple bond and with arynes,
which contain a triple bond in the six-membered ring.

Unsubstituted acetylenes and alkyl-substituted acetylenes in which conjugation between
the triple bond and the substituents is absent display low reactivities [13, 17, 23, 29, 49,
60, 73-77], and cycloaddition with their participation can be realized only at high tempera-
tures (and sometimes also under pressure [74, 77]). Electron-acceptor substituents raise
the reactivities of carbomr—carbon multiple bonds; this is indicated convincingly by the
rates of addition of diphenyldiazomethane to substituted acetylenes [78]:
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On the basis of kinetic studies, Huisgen [78] estimated the abilities of various groups
to activate the carbom—carbon multiple bonds as follows:

—C00CgHy > —COOCHg > —C=N > ==COCH, > —CgH NO,-p>—CeHg

The reactivities of diazo compounds in the reactions under consideration increase when
electron-donor substituernts are present and decrease sharply in the order [47, 79]

CH,CHN, 3> CH N, >+(CHg ), Ny 2> N CHCO, CpHy > —COCN,~ > — COCN,CO—~

The mechanism of the reactions of diazo compounds with alkynes has been discussed in
detail by a large number of researchers. There are presently two* principal concepts with
respect to this problem: the concerted 1,3-dipolar cycloaddition of Huisgen, and the di-
radical mechanism proposed by Firestone,

After the studies by Huisgen [1, 9, 45-47, 83] commencing in 1963, the reaction of di-
azoalkanes with compounds containing a carbom——carbon triple bond has been treated in most
cases as a process involving 1,3-dipolar cycloaddition (which is a special case of the cyclo-
addition reactions known since the end of the last century [84]) in which the diazo compound
acts as a 1,3 dipole and the acetylene compound is a dipolarophile:

The mechanism of 1,3-dipolar cycloaddition consists in concerted four-center addition
of the 1,3 dipole to the multiple bond of the dipolarophile accompanied by transfer of elec-
trons within the cyclic transition state, neutralization of the formal charges in the start-
ing compounds, and the formation of two new ¢ bonds [1, 45, 47]. The mechanism proposed by
Huisgen satisfactorily explains the experimental facts: the stereospecificity (strict cis
addition), the activation parameters of the reactions under consideration, and the absence
of an appreciable effect of the solvent on the rate and stereochemistry of the reactions.
The Huisgen concept is in good agreement with an examination of the orbital symmetry, which
provides impressive theoretical evidence in favor of a concerted mechanism of 1,3-dipolar
cycloaddition. According to the selection rules for the intermolecular formation of rings
[85, 86], 1,3-dipolar cycloaddition in which the (4 + 2)7 electrons participate is permitted
as a concerted process in the case of thermal control if it is assumed that the reaction of
the dipole with the dipolarophile is realized supra—supra relative to the surface, for it is
precisely in this case that the steric interactions in the transition state are considerably
smaller than in the use of antara—antara or supra-antara reactions. Studies by Houk and co-
workers on the cycloaddition of diazoalkanes to compounds with unsaturated carbom—carbon
bonds with the application of perturbation theory showed that the concerted mechanism does
not contradict the phenomenon of regioselectivity [87-89].

*The untenable character of the two-step mechanism proposed by Eistert [80-82] has been
demonstrated convincingly by Huisgen [45, 47].
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The two~step mechanism of Firestone [90, 91] includes the formation of a spin-paired
diradical in the first and slowest step:

+ b
b b
VRN
0// \d' I o\/ \d- or q ;:l
c=cx c—ey, x—c—¢
b
AEN 2N
a d a d
\ / \ /
eex, ‘/C'“C

From Firestone's point of view, the phenomenon of regicselectivity in the case of cyclo-
addition of diazoalkanes to compounds with carbom—carbon triple bond is explainable only on
the basis of this mechanism. The chief drawback of the Firestone mechanism is the fact that

it cannot sufficiently convincingly explain the stereospecificity of the addition of diazo-
alkanes to unsaturated compounds,*

Thus the available literature data do not as yet make it possible to make an unambiguous
choice in favor of any of the proposed mechanisms for the cycloaddition of diazoalkanes to
unsaturated bonds. However, the views of Huisgen, who has classified the indicated reactioms
as typical multicenter concerted processes, have been argued more persuasively.

3H~-Pyrazoles and 3H-Indazoles from Disubstituted Diazomethanes and
Compounds with a CarbomCarbon Triple Bond

3H-Pyrazoles (pyrazolenines) and 3H-indazoles are formed in the addition of disubstituted
diazomethanes to acetylenes and cycloalkynes, i.e., in cases in which there is no hydrogen
atom attached to the carbon atom connected to the nitrogen atom in the aliphatic diazo compound:
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The same principles as those observed in the reaction of acetylenic compounds with di-
azomethane and its monosubstituted homologs are characteristic for these reactions: Acetyl-
enic compounds that are activated by electron-acceptor groupings react better than acetylene
itself and alkyl- or arylacetylenes [34, 49, 51, 55, 78, 93-106]. Dimethyldiazomethane, di-
phenyldiazomethane, and various diaryldiazomethanes have been used most frequently as the
diazo component [20, 26, 27, 76, 107-112].

The reaction of diazoalkanes with cycloalkynes has also been described. Thus in 1970
Wittingandco—workersshowedthatdiphenyldiazomethaneaddsquantitativelytocyclooctyne{113]:

OI + (CgHg ) CNy ———m CcH,
CeHs

The synthesis of 3H~spiropyrazoles from bisdiazocycloalkanes is of undoubted interest,
although the yields in this case are low [77, 114, 115]:

CH,CO, CC,CH,
N, + 2CH.0,C—CZC—COCH I NN \i
N 2 0L TE= 2T enyc0 N Xy C0,CHy

Diazocyclopentadienes react considerably better with activated acetylenes. Diirr and
Schrader have investigated this reaction for a significant number of examples and have shown
that the corresponding spiropyrazoles are formed in 70-85% yields in the reaction of diazo-
tetraphenylcyclopentadiene with the dinitrile or dimethyl ester of acetylenedicarboxylic acid [115]:

N
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*We will now examine the cycloaddition mechanism in detail, since a number of papers [9, 85-
89, 92] have been devoted to this problem.
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Reimlinger has synthesized 3H-spiropyrazoles on the basis of the reaction of diazofluo-
rene withacetylene and esters of propiolic and acetylenedicarboxylic acids [77].

3,3-Disubstituted indazoles were isolated in the case of cycloaddition of diazo nitriles
to dehydrobenzene [116, 117]:

Rz CgHy o p-CICH, | CH,C

€5 265

Several examples of the synthesis of 3-carbalkoxy-3H-pyrazoles and 3-acyl-3H-indazoles
from a-diazo carbonyl compounds and alkynes are known. Frank-Neumann and Buchecker, who
studied the addition of ethyl 2-diazopropionate to dimethyl acetylenedicarboxylate, obtained
3-methyl-4, 5-dicarbomethoxy-3-carbethoxy-3H-pyrazole in 80% yield [118]:

CH,y— CN,— CO,C H, CHyCO, i
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In the addition of 9-diazo-l0-oxophenanthrene to dehydrobenzene Yamazaki and Shechter
isolated 3-acyl-3H-indazole VII, which underwent rearrangement and polymerization during
thermolysis in refluxing cumene [119]:

R e ey

Information regarding 3H-pyrazoles and indazoles obtained from diazo carbonyl compounds
that do not contain a hydrogen atom attached to the carbon atom bearing the diazo group is
virtually exhausted by these two examples, In all of the remaining cases products of sub-
sequent transformations, which are examined in greater detail in the next section, rather
than the primary cyclization products were isolated.

The processes involving the formation of pyrazoles and indazoles may also be complicated
by some side reactions. For example, the formation of cyclopropenes and nitrogen evolution
are sometimes observed in the reaction of diazoalkanes with acetylenes [104-106, 120]. This
side reaction becomes particularly appreciable if the preparation of the pyrazoles or in-
dazoles iscarried out at high temperatures,*

A possible side process in the reaction of an acetylenic component with excess diazo-
alkane is the addition of 2 moles of diazoalkane to give adduct VIII [93]:

c
CHyCO,  CHy CH0, CH%H
- N
CH,0,C—CZ=C—C0,CHy yooRy N, S 3
+ ——— /N R T N 4
-20- CH.CO. 74 +20 N
(CH,) CNZ 32 N cH
32 3 CH, COCH,
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*It is known that the thermolysis and photolysis of 3H-pyrazoles and indazoles (with nitro-
gen evolution) are methods for the synthesis of cyclopropenes.
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Rearrangements of 3H-Pyrazoles and 3H-Indazoles

The 3H-pyrazoles and 3H-indazoles formed as the primary products of the reactions of
diazo compounds with acetylenes, cycloalkynes, and arynes cannot always by any means be
isolated from the reaction mixtures., This is due to the fact that some of them are capable
of further transformations (primarily rearrangements) under very mild conditions (often even
under the reaction conditions).

First of all one should note the well-known rearrangement of 3H-pyrazoles to 1H-
pyrazoles, which always occurs if the diazo compound contains a hydrogen atom attached to
the carbon atom that bears the diazo group (see the first section):

R' R H o, R R
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3H-Pyrazoles with a hydrogen atom attached to C(s) have never been isolated; in all
cases in which one might have expected their formation the energically more favorable aro-~
matic lH-pyrazole system is obtained.

The 3H-pyrazoles and 3H-indazoles formed from alkynes and disubstituted diazo compounds
containing electron~acceptor substituents (e-diazo-substituted ketones, esters, nitriles,
phosphonate esters, and phosphine oxides) in most cases also cannot be isolated from the
reaction medium, since they undergo rearrangement with migration of the substituent from
C(s) to the nitrogen atom leading to l1H-pyrazoles. This sort of migration of the substitu-
ent was first observed in 1966 by Baum [121]): In the case of the cycloaddition of phenyl-
benzoyldiazomethane to dehydrobenzene he isolated l-benzoyl-3-phenylindazole (X) from the
reaction mixture instead of the expected 3-benzoyl-3-phenylindazole (IX).
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Later, in 1972, Frank-Neumann and Buchecker [118] observed a similar spontaneous migra-
tion of the electron~acceptor groups in the pyrazole series. In a study of the reaction of
isopropylcyanodiazomethane with dimethyl acetylenedicarboxylate [118], instead of the ex-
pected 3H-pyrazole XI they obtained lH-pyrazole XII, which arises as a result of migration
of the nitrile group from the 3(5) to the 2 position (1,2 migration):

C -
CH,0,C ~C == C—C0,CH CHyCO  CHCH, | CHyCo, chiCHy),
27 t“f;CN t:&
-+ —— / N R S N\
N,C(CNIC,H, - CHiCOy N7 CHIEO, ¥/ CN
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Similar transformations have been noted by Regitz and co-workers [69, 122, 123] in the
reaction of a-diazophosphonic acid esters and e-diazophosphine oxides with activated acetyl~
enes — esters and nitriles of propiolic, phenylpropiolic, and acetylenedicarboxylic acids:
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A communication by Bramley and co-workers in 1973 [124] reported that a 1H-pyrazole — the
product of migration of a carbethoxy group from the 3 position to the nitrogen atom — is ob-
tained in low yield by prolonged refluxing in benzene of diazomalonic ester with dimethyl
acetylenedicarboxylate:
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? 0,0, 302 Sy 2CoMs

Acyl groups have extremely high migration capacities in the rearrangements under con-
sideration, and 3,3-disubstituted 3-acyl-3H-diazoles therefore cannot be isolated [118, 119,
121, 125-133]. The only positive example is 3-acyl-3H-indazole VII (see above). In some
cases [68, 71, 134, 135] erroneous data on the synthesis of 3,3-disubstituted 3-acyl-3H-
pyrazoles and indazoles have been presented in the literature. Later studies showed that
N-acylpyrazoles and indazoles [118, 121, 126, 128, 133}, which are, as a rule, products of
1,2 migration of the acyl groups, are obtained in the reactions under consideration.

It has been demonstrated for a large number of examples of the reaction of acyclic,
alicyclic, and heterocyclic a-diazo ketones with alkynes that migration of the acyl groups
to the nitrogen atom, which leads to N~acylpyrazoles and N-acylindazoles, occurs most fre-
quently. Thus 2-diazobutanone reacts with dimethyl acetylenediacarboxylate to give N-acyl-
pyrazole XIIT [118, 119]:

CH
CHy0,C -~ CEZC—CO,CH, CH3C0, CHy | CHCOp 3

+ zoo / NCOCH3 . Z\"‘ <N
CHJ_E_ ﬁ-—CH, CH,CO; N// CH,CO, N/ COCH,

0 M Xin

The cycloaddition of acyclic a~diazo ketones to dehydrobenzene leads to the formation

of 2-acylindazoles XIV, which undergo rearrangement to l-acylindazoles XV under the reaction
conditions (25-41°C) or when the mixtures are heated to higher temperatures [121, 127]:

(@ I) C CrHS
R—C—C—CH, X COR Er—rcsﬂs
i
rd

—
N
o N N7 XN cor
Xiv
Z C.H
I 'NGS
N -
R=C.Hgy p- CH,OCH, ,CH N
68 Ve k] XV (I:OR

Alicyclic and heterocyclic a~diazo ketones react with phenylacetylene and dimethyl
acetylenedicarboxylate to give the corresponding N-acylpyrazoles XVII with a lactam structure
in good yields instead of the expected 3H-spiropyrazoles XVI [119, 125-131]:

X

0 R R X
R—C=C—R' )y /Zf{ﬁ ?
X R 1 N 0 —f- N
R Vi LN
<::£j N4 R o

xvi xvil
X=CH,,(CHy) , 0 etc,

The reaction of alicyclic and heterocyclic a-diazo ketones with dehydrobenzene proceeds
similarly — three-ring XVIII systems containing lactam and indazole rings are formed [119,

128, 133]:

o AR
R R R R
| o l X
X ——i I X '
e t

oS UE R \N/N\“/kgn
rROOR 2 0
X=(CHy) , O etc.; RyR'z Hy CHy 3 C My xvit

It is interesting to note that the two- and three-ring compounds under consideration
are hydrolyzed extremely readily at the lactam bond; this leads to the synthesis of carboxylic
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acids containing 3-indazole or substituted 3~pyrazole rings in the y and § positioms in good
yields [133]. 1In the case of the reaction with a-diazocyclohexanone lactam structure XIX
was erroneously assigned [129] to acid XX, which is formed in the hydrolysis of lactam XIX

[131]:
cHye /Z———(;} CHyCO,
CQ/.N C=0
CHLOTN T e N o
xx

It is remarkable that when Frank-Neumann and Buchecker subjected 2-diazobutanone, some
2-diazocycloalkanones, and methyl diazopropionate to reaction with monosubstituted acetyl-
enes containing electron-acceptor groups (COCH;, CO.CHs, and CN), they observed spontaneous
competitive 1,2 migrations of acyl and carbalkoxy groups from the 3 position of 3H-pyrazoles
to, on the one hand, the nitrogen atom and, on the other, to the carbon atom in the 4 posi-
tion even at room temperature. The latter was the dominant reaction pathway. 3H~-Pyrazoles

were not isolated.
R—CZ=C—H
- R
+ 20° /]
CH,—C—C-—R o | N
3 il 1y
0 N

2

pos e NIy

N~ H

Direct proof that the formation of lH-pyrazoles and 1lH-indazoles from disubstituted
diazo compounds and alkynes proceeds through intermediate 3H-pyrazoles and 3H-indazoles is
provided by the isolation in some cases under mild conditions of 3H-pyrazoles and 3H-in-
dazoles, whichare converted to lH-pyrazoles and lH-indazoles at high temperatures. Thus the
3,3~disubstituted indazoles obtained by 1,3-dipolar cycloaddition of diazonitriles to dehydro-
benzene [116, 117] upon thermolysis undergo rearrangement with migration of the nitrile group
to the nitrogen atom in the 1 position:

R:CGHS‘ p-CICsH4 ,C6H5CH2

3-Methyl-3,4,5~tricarbalkoxypyrazole, which was isolated by Frank-Neumann and Buchecker
[118] in the reaction of ethyl 2-diazopropionate with dimethyl acetylenedicarboxylate, under-
goes slow rearrangement at room temperature {at 20°C for 2 h; 80% yield) and more rapid re-
arrangement at higher temperatures (at 80°C for 10 h; 100% yield) to a lH-pyrazole:

tn,0, C-—C=C—C0,Cﬁ3 €H,C0, Cn,COz

+ t—écozcsz
CH,— C——CO,C.H
3 2-2"s
‘h‘l CH co, CH,CO COZC Hy

H

The examined transformations of 3H-pyrazoles to lH-pyrazoles, which take place spontane~
ously under the reaction conditions, are extremely similar to the rearrangements of 3,3-di-
substituted pyrazoles. These rearrangements, which were discovered by Van Alphen [110] and
were studied in detail by other researchers [8, 113, 125, 136, 137], are observed during
thermolysis or in the case of the catalytic action of acids and bases,

The rearrangements of 3,3-disubstituted 3H-pyrazoles can be classified as follows: a)
migration of a substituent from the 3(5) position to the nitrogen atom to give l-substituted
pyrazoles XXI (this sort of migration is particularly characteristic for electron-acceptor
groupings);
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b) migration of substituents from the 3(5) position to C(.)

R\ R R. R _R
z <‘R Z <
/ b B ——— e W \N
@ N¢ R N/
XXH

Several variants are possible in this case: Either the resulting 4H~pyrazoles (iso-
pyrazoles XXII) are stable and are isolated from the reaction sphere or the R' group migrates
to the nitrogen atom to give 1lH-pyrazoles XXIII:

R R R R R
\ /B
1 N — " N
1

XX+

In the opinion of Baums and co-workers [138], 4H-pyrazoles are stable when the substitu-
ents bonded to the sp®~hybridized carbon atom are alkyl or aryl groups. Thus 3,4-diphenyl-
4,5~dicarbomethoxy~4H-pyrazole is formed when 3,3-diphenyl-4,5-dicarbalkoxymethyl~3H-pyrazole
is refluxed in acetic acid:

CH,CO, CeHg CHyC0;. CHs CeHg
t‘*{cn t“ﬁ
/4 B 65 e . N
CHyC0, N\ 7 CHLO; N/

Komendantov and Bekmukhametov have shown [105, 136] that the thermal and acid-catalyzed
isomerization of 3,3, 5~triphenyl-3H-pyrazole-4~carboxylic acid derivatives (XXIV) leads to
the formation of, in addition to 1,3,5~triphenylpyrazole-4~carboxylic acid derivatives (XXV),
the corresponding 4H-pyrazoles XXVI, to which pyrazole-l-carboxylic acid structures were
previously erroneously assigned [26, 27, 100, 110, 137]:

C eHs Hg

an—cm~c—a
Z (CHE, AOIH 7;'—<
C.H
(s )z CH5C6H5

R=CN, cozw,,cozc2 . XXN xxv:

The formation of 1H-pyrazoles from 3,3-disubstituted pyrazoles through a step involving
the formation of 4H-pyrazoles takes place if there is a hydrogen atom attached to C(.), i.e.,
if acetylene or a monosubstituted acetylene and a disubstituted diazoalkane are subjected to
the reaction.

Thus, for example, the preparation of 3,4,5~triphenylpyrazole from phenylacetylene and
diphenyldiazomethane (at 20°C; 83% yield) can be interpreted as isomerization of the inter-
mediately formed 3,3,5-triphenyl-3H-pyrazole [139]:

H chs CG Hy, CGHS

Z/ ﬁfs“s Y
CeHs N\ 7 CeHs N\

N
H

CeHy—C==CH + (CgHy), CN, ———

The reaction of diphenyldiazomethane with methyl propiolate proceeds similarly [27]:

HCZ=C—CO,CH, CO,CH, CoHg CO,CH,
+ 20° CMs, [~ 160° 7\
e /N —_—ep )
(CgHg), CN, CHS N CeHg

H
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Examples of the thermal rearrangements of pyrazoles with the migration of hydrogen
atoms and alkyl and phenyl groups have also been presented in [106, 132, 140, 141].

Migration takes place particularly readily in the case of 3H-spiropyrazoles. Thus a
thorough investigation of the rearrangements of the products of cycloaddition of substituted
diazocyclopentadienes to mono- and disubstituted alkynes by Dirr and co-workers [120, 142,
143] showed that spiropyrazoles XXVII obtained from tetraphenyldiazocyclopentadienes and
disubstituted alkynes [dimethyl acetylenedicarboxylate or bis(trifluoromethyl)acetylene]
undergo rearrangement to pyrazolopyridines XXVIII spontaneously under the reaction conditions.

R R Rl Q‘
R, LR
20 -
N, -== N = . .
N
R 14 R T R R R. R Rl
+ o — |
XXVit |
R—Cz=c—R' >N R #’N
R R !

. XXIX XXX
R=H , CgHy ; CI , O-phenylene R'=H,CgHg 4 CN , CFy, CO,CH, 5 CO,CHs

(] R R
R —
— -R
G Y Y,
R
R N/
XXVl

x

Migration of the substituents may proceed in two directions (a and b) in 3H-spiro-
pyrazoles XXVII formed from monosubstituted alkynes (ethyl propiolate and phenylacetylene)
and diazocyclopentadienes; not only spiropyrazoles XXVII but pyrazolopyridines XXVIII and
indazoles XXX were isolated as the products of these reactions. The latter are the products
of rearrangement of isoindazoles XXIX.

However, it is interesting to note that unsubstituted diazocyclopentadiene adds to di-
methyl acetylenedicarboxylate in a different way than that observed for substituted diazo-
cyclopentadienes: In this case the product is 2H-cyclopenta[a]pyridazine XXXI, and Houk
and Luskus interpret this reaction as a thermally allowed [n78g + m2g] process [144]:

E>:Nz —N
\
NH

3 R

+ ——
CH,0,C—C == C—CO,CH, CH,C0;  CO,CHy
XX X1

However, in this case also one might assume the initial formation of the usual 1,3-
cycloaddition adduct and its subsequent sigmatropic rearrangements, analogous to the rear-

rangement examined above:
e / \
=N CH,CO
& 2 !’ T2 /
e s e i

+ /4 P e XXXI
CH,0,C—C =C—C0,CH, CHiCO N

The thermal rearrangements of 3H-pyrazoles and 3H-indazoles with the participation of
phenyl, nitrile, carbalkoxy, and acyl groups are currently interpreted as the well-known
class of sigmatropic rearrangements in which one of the ¢ bonds migrates along the polyene
chain with retention of the total number of ¢ and m bonds in the system — in this case as
[1,5]-sigmatropic shifts [126-133]. 1In accordance with the selection rules, on the basis of
the theory of the retention of orbital symmetry this migration for the migrating groups in
the systems under consideration (the number of electrons participating in the process is six)
is allowed in the ground state as a supra-surface migration with retention of the configura-
tion of the migrating group [85, 92].

The upper occupied molecular orbital (UOMO) of the pentadiene system participates in
transformations that include 1,2 migration of the substituents. This MO has wave functions
with identical signs on the C(,) and C(s) atoms, and a [1l,5]-sigmatropic shift should con-
sequently take place in a supra-surface manner; since this orbital is an upper occupied orbit-
al in the ground state of the pentadienyl system, the process is allowed during thermolysis
(i.e., in the ground state of the compounds under consideration).
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The aromatization of the pyrazoles and indazoles by means of a prototropic shift that
is described in the first section can also, in our opinion, be interpreted in terms of a
[1,5])-sigmatropic or two successive [1,5]-sigmatropic shifts, which for the examined systems
with six participating electrons are allowed in their ground state (during thermolysis) as
supra-surface shifts [85, 92].

The extremely high migration capacity displayed by the hydrogen atom during [1,5]-sigma-
tropic shifts (as compared, for example, with phenyl or methyl groups) is explained by a
number of researchers [92, 145] by the fact that the bonding capacity of the s orbital of
the hydrogen atom in the cyclic transition state (when it is overlapped with the orbitals
of the terminal carbon atoms) is greater than that of the hybrid phenyl or methyl orbitals.
Acyl and phosphoryl groups migrate readily, whereas carbalkoxy, nitrile, phenyl, and alkyl
groups migrate less readily. The driving force of the [1,5]-sigmatropic rearrangements is
evidently the formation of energically more favorable (than the direct products of cyclo-
addition — 3H-pyrazoles and 3H-indazoles) lH-pyrazoles and 1H- and 2H-indazoles.
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