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Treatment of benzaldehyde semicarbazones 1a-i with cupric perchlorate in acetonitrile at 40° provided
selzctively the corresponding 1,2,4-triazolin-5-ones 2a-i. The relative rate constants for 2a-i formation
were determined by the competitive method. The results obtained showed that electron-donating sub-
stituents (methy] and methoxy) increase the reaction rate, while the reverse was found for electron-with-
drawing substituents (chloro and nitro group). The reactivity data are discussed on the grounds of two pos-

sible mechanisms.
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Introduction.

The oxidative cyclization of aldehiyde semicarbazones,
methyl substituted on the N(2) nitrogen atom 1 induced
by metallic salts leads to 1,2,4-triazolin-5-one derivatives
2 (Scheme 1) [1].
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The nature of the metallic salt as well as the structure of
the semicarbazone affects rate and yield of cyclization
while they do not show any influence on the regiochem-
istry of the reaction. Indeed formation of 1,3,4-oxadiazol-
2-imino derivatives 3 was never detected [1] under experi-
mental conditions adopted. This can be somewhat surpris-
ing especially if one considers that when the semicar-
bazide chain is unsubstituted at the N(2) nitrogen atom,
oxidative cyclization of aldehyde semicarbazones leads to
the 1,3,4-oxadiazole ring [2] or to 1,2,4-triazole ring (3]
or to both [4] depending on the experimental conditions.

We have recently proposed [1] a mechanism (elec-
trophilic cyclization) for the oxidation induced by metal-
lic salts of aldehyde semicarbazones 1 into the corre-
sponding 1,2,4-triazolin-5-ones 2.

The electrophilic cyclization consists of the following
steps (Scheme 2): (a) reversible electrophilic attack of the
metal atom on the N(4) nitrogen atom; (b) reversible
deprotonation of the salt A; (c) heterolytic rupture of the
M-N(4) metal-nitrogen bond of the species B with forma-

tion of a nitrogen electrophilic cation C; (d) cyclization
due to an electrophilic attack of the nitrogen cation C on
the carbon-nitrogen double bond.
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The formation of intermediate C is open to criticism as
this species, containing a nitrogen atom with six elec-
trons can seem to be unlikely. However, the formation of
an amino cation ArN+ has been suggested in the oxida-
tion of thiosemicarbazone [5], of 2,4,6-tris(1,1-dimethyl-
ethylaniline [6] and also in the solvolysis of substituted
N-chloroanilines [7].

A different mechanism (nucleophilic cyclization) has
been suggested to us, consisting (Scheme 3) of a reversible
electrophilic attack of the metal atom on the N(2) nitrogen
atom followed by rate determining nucleophilic attack of
the N(4) nitrogen atom on the carbon nitrogen double
bond with oxidative rupture of the M-N(2) bond.

In order to decide which of the two above mechanisms
is more reliable, we studied the cyclization of benzalde-
hyde semicarbazones la-i into the corresponding
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1,2,4-triazolin-5-one derivatives 2a-i induced by cupric
perchlorate at 40° by determining the relative reactivities
of the different substrates.
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The semicarbazones 1a-i were chosen in such a way as
to have a change of electronic density on both the
carbon-nitrogen double bond and the N(4) nitrogen atom.

Cupric perchlorate in acetonitrile [8] was chosen as the
cyclising agent because it gave faster and cleaner reac-
tions than other oxidizing systems [1]. The involvement
of Cull in redox processes of organic compounds is well
known [9]. Moreover, Cull can act towards a hydrazone or
a hydrazone-like group as a complexing agent [10].

The relative constants of formation of 1,2,4-triazolin-5-
ones, 2a-i, with respect to 2a were determined by the
competitive method. Equimolecular quantities of any
given semicarbazone and the unsubstituted derivative 1a,
were reacted with 25% of the stoichiometric amounts of
oxidizing salt. Each experiment was quenched after a few
percent of starting compounds had reacted. The concen-
tration ratios of 2a-i were determined by 'H nmr spec-
troscopy by measuring the ratio of the peak areas of the
methyl groups [11] on the N(1) nitrogen atom of 1,2,4-tri-
azolin-5-ones 2 obtained from oxidation reactions. The
reaction mixture was purified by flash chromatography to
remove unreacted semicarbazones before carrying out
nmr measurements.
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In spite of considerable overlapping of the absorption
bands of the starting semicarbazone 1 and the triazolone 2
produced, it would be possible to follow spectroscopically
the disappearance of the former compound. However the
occurrence of a side reaction (hydrolysis of 1) [12] gener-
ally prevented accurate determination of the rates of for-
mation of the corresponding triazolones 2. Only in the
case of 1a, whose hydrolysis turned out to be negligible,
were we able to measure the absolute kinetic constant of
formation of 2a by following the disappearance of 1a
spectroscopically in the presence of an excess of cupric
perchlorate.

Results and Discussion.

The kinetic data of the oxidative cyclization of semicar-
bazone 1a are summarized in Table L.

Table I

Kinetic Data for the Oxidative Cyclization of 1a with
[Cu(C104);1*6H,0 in Acetonitrile at 40°C

[1a] x 105 [ox] x 103 Kkops [a] x 104 k, [b]
M) ™) hH (Mish
1.67 0.653 1.81 0.277
2.78 0.653 1.94 0.297
2.78 1.09 2.62 0.240
2.78 1.63 3.56 0.218
2.78 2.18 4.30 0.197
2.78 2.72 5.25 0.193
4.17 1.63 3.55 0.218
5.56 2.18 4.47 0.205

[a] The rate constants are accurate to +3%. [b] Calculated from kg, =
k, [ox].

The values of the concentration ratios of 1,2,4-tria-
zolin-5-ones, 2a-i with reference to 1a are reported in
Table II.

Table II

The Concentrations Ratios for the Oxidative Cyclization of Semicar-
bazones 1a-i with Reference to the Unsubstituted Semicarbazone 1a

semicarbazone [2a-i] / [2a])
la 1.000
1b 2.723
lc 1.340
1d 0.390
le 0.028
If 1.750
1g 1.390
1h 0.511
li 0.055

The apparent second-order kinetic constant of 1a, deter-
mined by keeping constant either the substrate-oxidizing
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agent concentration ratio or the substrate concentration,
decreases as the cupric perchlorate concentration is
increased (sece data in Table I and the Figure). This behavior
could be linked to the formation of at least one unreactive
species between the semicarbazone 1a and the metallic salt.
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Figure. Plot of apparent second order kinetic constants (k,) for the
oxidative cyclization of 1a with cupric perchlorate at 40°C in acetoni-
trile versus cupric perchlorate concentration: (round symbols) sub-
strate concentration constant; (square symbols) substrate-cupric per-
chlorate concentration ratio constant.

The formation of an unreactive species explains the
observed curvilinear trend of the apparent second order
kinetic constant provided that the association constants of
the unreactive species is higher than that of the reactive
one. It can be noted that species A is reactive for the
electrophilic mechanism and unreactive for the nucle-
ophilic one, which is the opposite for the species D. Due
to the fact that the N(2) nitrogen atom should be a
stronger basic site than the N(4) nitrogen atom, the asso-
ciation constant relative to M-N(2) bond formation
should be higher than that relative to M-N(4) bond for-
mation. Therefore D could be an unreactive species for
the electrophilic mechanism and this is responsible for
the curvilinear trend of the apparent second order kinetic
constant, whereas A cannot be accounted for by the
nucleophilic mechanism. It is also possible that an unre-
active complex is formed between semicarbazone 1a and
cupric perchlorate such as the complex of the Cull ion
with semicarbazide [14]. We have evidence of unreactive
complex formation when a semicarbazone is able to act
as a three coordinate ligand, for example when the
2-methyl-4-phenylsemicarbazone of pyridine-2-car-
boxyaldehyde was treated with cupric perchlorate no
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oxidation derivatives were detected and a 1:1 complex
between semicarbazone and metallic salt could only be
isolated [15]. Moreover, it is interesting to note that ben-
zaldehyde 4-phenylsemicarbazone treated with cupric
perchlorate in acetonitrile was recovered largely (80%)
unchanged and partially (20%) hydrolysed after one day
[16]. The formation of a very stable complex as 4 could
explain the failure of the oxidation reaction.
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The semicarbazone 1a can behave as a bidentate ligand
through the lone pairs on the N(2) and N(4) atoms or
more probably through the lone pairs on N(1) and N(4) or
N(1) and the oxygen atom. The complex between semi-
carbazone 1a and the metal atom cannot be directly in
equilibrium with the reactive species as this is contrary to
the observed curvilinear trend of the apparent second
order kinetic constant. Therefore among the aforesaid
complexes those bearing the metal bonded to N(4) or to
N(2) do not seem suitable to describe the observed
inhibitory effect for electrophilic and nucleophilic mecha-
nisms respectively. So, if the observed curvilinear trend
was due to the formation of a complex, such a complex
should be formed through metal bonding at both N(1) and
oxygen atoms of the semicarbazone [17]. This is in accord
with the fact that in metal semicarbazone complexes the
organic moiety coordinates to the metal ion as a bidentate
ligand through the N(1) and oxygen atoms.

As it can be seen from the data reported in Table II, elec-
tron-donating substituents (methyl and methoxy groups)
cause an increase in the reaction rate. The opposite behav-
ior is observed for electron-withdrawing substituents (nitro
group and chloro). It is interesting to note that the sub-
stituent effect is qualitatively the same independently of
which of the two phenyl rings bears the substituents,

In order to quantify the above substituent effects we
have attempted to correlate the data reported in Table I
with o substituent constants [18] in terms of Hammett's
equation [19] obtaining the following good correlations:

logk,/k, = -0.06(0.03) - 1.81 (0.07)or=0998n=5 (1)

for substitution on the pheny! group bonded to C=N dou-
ble bond and

logk,/k, = -0.06(0.04) - 1.42(0.10)c6r=0.993n=35 (2)

for substitution on the phenyl ring bonded to the N(4)
nitrogen atom. According to the above mentioned sub-
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stituent effects in both correlations the value the of sus-
ceptibility constant p is negative. It is interesting to note
that the oxidative cyclization is more sensitive to substitu-
tion on the phenyl ring bonded to the carbon-nitrogen
double bond than to substitution on the other phenyl ring
as shown by the corresponding susceptibility values -1.81
and -1.42.

The increase in reactivity due to introduction of a
methyl or methoxy group on the phenyl ring bonded to
the carbon atom of the C=N double bond can be explained
as a consequence of a decrease of carbon-nitrogen bond
order [20].

The decrease in bond order should allow the nucle-
ophilic and electrophilic centres to reach a better arrange-
ment for a more favourable reactive interaction. The same
effect of substituents was observed in the similar cycliza-
tion of substituted N-benzohydroxamoyl-N-methylhydra-
zones to 3-aryl-1 -methyl-5-phenyl-1,2,4-triazoles [21].

The effect of substituents bonded to the phenyl on the
N(4) nitrogen atom can be easily explained by the nucle-
ophilic mechanism. The methyl and methoxy groups
increase the nucleophilicity of the N(4) nitrogen atom and
consequently increase the rate of reaction, and the oppo-
site explains the chloro and nitro group.

It is more difficult to explain the above effect for the
electrophilic mechanism. On the grounds of the mecha-
nism reported in the Scheme 2, when the phenyl group on
the N(4) nitrogen atom bears an electron-donating sub-
stituent, the electron density on N(4) increases, conse-
quently the attack of the metallic salt on nitrogen (step a)
should be easier, but at the same time the proton departure
from species A (step b) should be more difficult. In other
words a substituent on N(4) should have opposite effects
on the above two steps of the reaction. The substituent
effects on the other two steps of reaction: heterolytic rup-
ture of metal-nitrogen bond (step ¢) and cyclization (step
d); again should be opposile, i.e. an electron-donating sub-
stituent, which stabilizes the nitrogen-cation C, favours
step ¢ (formation of C) and disfavours step d (intramolecu-
lar electrophilic attack to the C=N double bond). However,
remembering that methyl and methoxy groups favour, and
that nitro group and chloro disfavour the reaction, it may
be concluded that the substituents on N(4) phenyl ring
affect steps a and ¢ more than steps b and d.

An important result obtained by the correlations is that the
data relative to semicarbazones 1a.f-i, bearing a substituent
on the phenyl ring bonded to the N(4) nitrogen atom, give a
better correlation with o rather than o+ substituent con-
stants. This fact seems to exclude the formation of a nitro-
gen cation C, which should require the use of 6+ substituent
constant, but if the heterolytic rupture of M-N(4) bond and
the electrophilic attack on C=N double bond occur in one
concerted non syncronous [22] way, rather than in two sub-
sequent steps, a positive charge due to an electronic gap
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does not develop on the nitrogen atom, consequently ¢ sub-
stituent constants are adapted to describe the substituent
electronic effect. Also for the nucleophilic mechanism it is
necessary, in order to explain the dependence of reactivity
data on o substituent constants, that rupture and formation
of bonds takes place in a concerted manner leading to a tran-
sition state as that reported.
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The occurrence of an heterolytic rupture of the M-N
bond in a rate determining step is consistent with the fact
that the semicarbazone reactivity depends on the particu-
lar metal salt used as an oxidizing agent [1]. As far as the
rupture of the M-N bond is concerned, it should be noted
that Cuf, obtained by the above heterolytic rupture, is
quickly oxidized by Cull to Cu! [23]. However we cannot
discard the possibility that rupture of M-N bond and
metal-metal electron transfer are concerted.

In conclusion we think that the data collected can be
explained with both mechanisms reported, the nucleophilic
mechanism seems preferable on the grounds of the fact that
usually the imino moiety gives nucleophilic reactions.

EXPERIMENTAL

The melting points are uncorrected. Infrared (ir) spectra were
obtained with a Perkin-Elmer 1310 infrared spectrophotometer.
The 1H nmr spectra were recorded on a Bruker AC-E Series 250
MHz spectrometer in deuteriochloroform solutions. Chemical
shifts are reported as & values (ppm) relative to TMS as an inter-
nal standard. Produc: mixtures were separated by flash chro-
matography on Merck silica gel (0.040-0.063 mm). The columns
were eluted with cyclohexane/ethyl acetate mixture of differing
volume ratios. The uv absorption spectra were monitored on a
Beckman DU-6 spectrometer.

Acetonitrile 99.5% (Aldrich) was used without further purifi-
cation. Cupric perchlorate hexahydrate (Aldrich) was kept in a
dessiccator over phosphorus pentoxide. The semicarbazones
la-c,e-g,i and 1,2,4-triazolones 2a-c,e-g,i were prepared by the
methods described in the literature {1].

2-Methyl-4-phenylsemicarbazone of p-Chlorobenzaldehyde
(1d).

This compound had mp 162°, (86% yield); ir (nujol mull):
3370, 1690 cm-!; 'H nmr (deuteriochloroform): § 3.42 (s, 3H),
7.27,7.50 (2 m, J = 8.95 Hz), 7.30-7.43 (m, 3H), 7.59 (s, 1H),
7.60-7.70 (m, 2H), 8.77 (s, 1H).

Anal. Caled. for C;sH 4N;OCIL: C, 62.61; H, 4.90; N, 14.60.
Found: C, 62.34; H, 5.02; N, 14.74.
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2-Methyl-4-(p-chlorophenyl)semicarbazone of Benzaldehyde
(1h).

This compound had mp 154°, (91% yield); ir (nujol mull):
3350, 1670 cm-!; 1H nmr (deuteriochloroform): & 3.44 (s, 3H),
7.05-7.12 (m, 1H), 7.30-7.38 (m, 2H), 741,761 (2 m, J = 8.49
Hz), 7.52-7.59 (m, 3H overlapped with CH), 8.71 (s, 1H).

Anal. Calcd. for C;5H14NsOCL: C, 62.61; H, 4.90; N, 14.60.
Found: C, 62.40; H, 5.00; N, 14.70.

1-Methyl-3-(p-chlorophenyl)-4-phenyl-1,2,4-triazolin-5-one
2d).

This compound had mp 200°, (90% yield); ir (nujol mull):
1705 cm-!; 1H nmr (deuteriochloroform): & 3.61 (s, 3H),
7.19-7.30 (m, 6H), 7.40-7.48 (m, 3H).

Anal. Calcd. for C;sH,N;0CL: C, 63.05; H, 4.23; N, 14.71.
Found: C, 62.74; H, 4.34; N, 14.80.

1-Methyl-3-phenyl-4-(p-chlorophenyl)-1,2,4-triazolin-5-one
(2h).

This compound had mp 139-140°, (79% yield); ir (nujol
mull): 1700 cm-!; 'H nmr (deuteriochloroform): & 3.61 (s, 3H),
7.17,7.39 (2 m, J = 6.66 Hz), 7.28-7.34 (m, 5H).

Anal. Calcd. for CsH,N;OCL: C, 63.05; H, 4.23; N, 14.71.
Found: C, 63.21; H, 4.17; N, 14.60.

General Method for the Determination of Relative Rate
Constants.

Semicarbazone 1 (4104 mole), whose relative reactivity had
to be determined, and 4-10-4 mole of the unsubstituted semicar-
bazone 1a, taken as a reference, were dissolved in 6 ml of ace-
tonitrile. A solution (6 ml) of cupric perchlorate hexahydrate
(4-10-4 mole) in acetonitrile was added. The reactions were car-
ried out at 40£0.1°. After 0.5 hour the solvent was removed
under reduced pressure. Water was added to the residue and this
extracted with chloroform and then chromatographed to separate
the triazolones 2 from unreacted semicarbazones 1. The relative
quantities of 2a-i were determined by IH nmr spectra, measur-
ing the ratio of peak areas of the methyl groups on the N(1)
nitrogen atom of 1,2,4-triazolin-5-one, for compounds 2e and 2i
peak areas of the hydrogen atoms ortho to the nitro groups were
monitored. The relative rate constants were determined by the
equation:

k,/k, = [2x)/[2a] (3)

where a and X refer to 2a, taken as a reference, and to a generic
1,2,4-triazolin-5-one 2a-i respectively. The above equation
arises by a more strict one:

k,/k, = log [1x}/([1x]-[2x])/log[1a}/([1a]-[2a]) (4)

after a series development of the two logarithmic terms. In the
equations (3) and (4) [1x] and [la] are the concentrations of
semicarbazones 1x and 1a before starting the reaction, [2x] and
[2a] are the concentrations of 1,2,4-triazolin-5-ones after 0.5
hour.

Kinetic Procedures.

The kinetics were followed spectroscopically in acetonitrile at
40+0.1°, in a heated compartment, by measuring the disappear-
ance of la at the wavelength (300 nm) of its absorption maxi-
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mum, where the absorptions of cupric perchlorate hexahydrate
and triazolone 2a are very low.

The concentrations employed and the observed first order
kinetic constants are shown in Table I.
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