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Introduction

Conjugate heterocyclic polymeric materials often exhibit
interesting electro-optical properties, such as non-linear
optical, (NLO) properties and electric conductivity. Rep-

resentative examples are polypyrrole [1], polyphenylene
[2] and polythiophene [3]. These materials are semi-con-
ductors and when doped with an appropriate doping agents
they may exhibit conductivities comparable to those of the
common metallic conductors. However, characteristic for
these materials are their normally low chemical, photo-
chemical and thermal stabilities, limiting their uses for prac-
tical applications. In the search for new, stable materials
we turned our attention to the 1,2,4-triazole system, as these
compounds are in general stable. Some polymeric materi-
als containing the 1,2,4-triazole system are known [4], al-
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though they have not been reported to have conducting
properties.

Discussion

Substituted 1,2,4-triazoles were interesting candidates for
our purposes. As model systems we have studied 4-substi-
tuted 3,5-diphenyl-4H-1,2,4-triazole. They were in general
stable under chemical and photochemical conditions. Their
behavior under thermolytic conditions were investigated.
The 4-phenyl substituted triazole was unchanged when the
neat compound was heated to 400–450 °C. The 4-methyl
substituted triazole on the other hand under the same con-
ditions was found to undergo ready conversion to the cor-
responding 1-methyl substituted triazole as the exclusive
product [5], (Fig. 1).
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Fig. 1. Thermolysis of 4-aryl and 4-alkyl substituted 1,2,4-
triazoles.

Similar types of rearrangements have been observed
before in the azole chemistry [6]. Examples are shown in
Fig. 2. The first reaction was proposed to proceed via a
concerted alkyl shift mechanism, while the last reaction
was shown to follow a dissociative pathways.

The mechanism for the rearrangement of the 4-methyl
substituted triazole may thus proceed by one of the reac-
tion pathways shown in Fig. 3, i.e., a) a concerted 1,3-me-
thyl shift mechanism, b) a ring cleavage-recombination
reaction involving the formation of a 1,3-dipolar type in-
termediate (an imine nitrene), c) a dissociative mechanism,
in which the alkyl-triazole bond was cleaved, in either a
radical or an ionic mechanism.

Under vacuum flash thermolysis (VFT) conditions at
500–900 °C and 0.01 mm Hg, 4-alkyl substituted triazoles
did not produce the rearranged products, but complex mix-
tures of products, mostly unidentified. Benzonitrile for-
mation was not observed. Gilchrist and Rees have studied
the VFT chemistry of 4-aryl substituted triazoles and shown
that ring cleavage reactions take place under these reac-
tion conditions [7]. Our results appeared to rule out a con-
certed 1,3-alkyl shift mechanism as well as a ring cleav-
age mechanism.

Further support for this view was obtained upon ther-
molysis of 4-ethyl-3,5-diphenyl-4H-1,2,4-triazole which
was selectively labeled with N-15 in the 4-ring position
[8]. On thermolysis at 320 °C of the neat compound, two
products were formed, the 1-ethyl-substituted triazole to-
gether with small amounts of the elimination product, 3,5-
diphenyl-1,2,4-triazole, (Fig. 4). It was demonstrated by
the characteristic mass spectroscopic properties of both
of these products, that the N-15 atom remained in the 4-
ring position.
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Fig. 2. Alkyl shift reactions of azoles.

Fig. 3. Possible mechanistic routes for the rearrangements
of 4-alkyl substituted 1,2,4-triazoles.
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These results confirmed that ring cleavage did not take
place during the reaction. The mechanism may therefore
involve a cleavage of the alkyl group - triazole bond ei-
ther in a concerted alkyl group migration or a stepwise dis-
sociative mechanism. The possibility of the last pathway
was also strengthened by the formation of the elimination
product. It is, however, difficult to distinguish between
unimolecular concerted and  stepwise reactions.

To gain further insight into the nature of the rearrange-
ment mechanism, was studied a series of 4-alkyl substi-
tuted triazoles [9]. The compounds were all thermolyzed
in the neat at temperatures in the range 320 to 380 °C. In
general, only two types of products were formed, the 1-
alkyl triazole, 2, together with the elimination product, 3,5-
diphenyl-1,2,4-triazole, 3. Selected examples are shown
in Table 1. In most cases a satisfactory mass balance was
obtained. For some substrates some carbonation was ob-
served.

The results from these experiments showed formation
of increasing amounts of elimination product 3 for increas-

ing size and branching of the 4-alkyl substituent. This
behavior actually resembled the known competition be-
tween the SN2 and E2-pathways for alkyl halides or
sulfonates upon treatment with bases. Thus, during the re-
arrangement reactions, eventually in an activated form, the
triazole moiety may function as a leaving group, allowing
for competing substitution/elimination reactions. The 4-
vinyl- and cyclopropyl substituted triazoles did not form
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Fig. 4. Thermal rearrangement of N-15 labelled 4-ethyl-
3,5-diphenyl-4H-1,2,4-triazole.

Fig. 5. Thermolysis of 4-ethyl-3,5-diphenyl- and 4-propyl-
3,5-ditolyl substituted triazoles under ”Cross-over”
conditions.

Table 1. Thermolysis of neat 4-substituted 1,2,4-triazoles.

NN

NPh

R

Ph

NN

NPh Ph

R
NN

NPh Ph

H

1 2 3

R Temp. (°C) min. Products, %

1 2 3

Methyl 320 30 92

Ethyl 316–335 30 85 4

1-Octyl 380 10 57 8

2-Propyl 365 20 12 53 21

2-Butyl 330 36 37 43

2-Octyl 320 30 14 83

Cyclohexyl 380 10 12 33

Benzyl 320 33 43 33 7

Cyclopropyl 355 120 82

Vinyl 330 120 91
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rearrangement products, even after prolonged periods of
time. Some carbonation was observed. Vinyl halides do not
easily participate in nucleophilic substitutions.
Cyclopropyl halides are known to resist SN2 type substi-
tution reactions, and nucleophilic attack would lead to ring
opening products.

The data presented in the above agreed with a bimo-
lecular type mechanism. To further distinguish between
possible unimolecular and bimolecular mechanisms, a se-
ries of cross-over experiments were performed [10]. A typi-
cal example is shown in Fig. 5.

These results were clearly in agreement with a bi-mo-
lecular group transfer mechanism, as thermolysis resulted
in essentially a statistical mixture of all the possible prod-
ucts. Electronic effects were of little importance in the sys-
tem shown in Fig. 5.

The feasibility of a bi-molecular mechanism was fur-
ther strengthened by a kinetic study, where the rearrange-
ment was carried out in solution in 15-Crown-5 at 330 °C
in an inert atmosphere. The kinetic data were in good agree-
ment with second order kinetics. The concentration de-
pendent reaction order was determined to 1.96. Kinetic
measurements were also carried out in octadecane at
330 °C. The rate of reaction in this non-polar solvent was
too slow to yield reasonable kinetic data. However, it was
estimated that the rate of reaction in the poorly solvating
solvent (octadecane) was approximately 2 orders of
magnitudes less than in the crown ether solvent. This ob-
servation agreed with a polar reaction mechanism.

The results in the above did not totally rule out a possi-
ble homolytic cleavage of the alkyl-group - triazole bond.
To establish a possible radical pathway, was studied the
thermolysis of triazoles substituted with
cyclopropylmethyl groups [11]. Homolytic cleavage path-
ways was expected to result in formation of the
cyclopropylmethyl radical, which is known to undergo fast

transformations to the corresponding homoallylic radical.
The application in this radical clock reaction has been
widely used as a probe to establish radical mechanisms.
Upon thermolysis the 4-cyclopropylmethyl substituted
triazole was converted to a mixture of cyclobutyl,
cyclopropylmethyl and homoallyl 1-substituted triazoles
as shown in Fig. 6.

This was the product composition expected for an ionic
mechanism. The corresponding 4-cyclobutyl substituted
starting materials were expected to give a similar product
composition. This was confirmed as is indicated in Fig. 6.
These result were in agreement with the results reported
on the diazotization reaction of cyclopropylmethyl amine
and of cyclobutyl amine, which in ionic mechanisms were
converted to mixtures of cyclopropylmethanol,
cyclobutanol and 3-buten-1-ol of comparable composi-
tions.
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Fig. 6. Thermolysis of 4-cyclobutyl- and 4-cyclopropyl-
methyl  substituted triazoles.

Fig. 7. Proposed bi-molecular mechanism for the re-
arrangement of 4-alkyl substituted triazoles.
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The combined evidence from the above indicated a bi-
molecular mechanism, consisting of two consecutive SN2
type reactions. Initially, in a rate determining step, the N1
ring atom of one molecule attack the a-atom of the 4-alkyl
group of another triazole, resulting in the formation of what
can be described as a triazolium triazolate salt. This salt
subsequently in a new SN2 type reaction created two mol-
ecules of product, Fig. 7. Alternatively product formation
may take place via reactions where one or both of the salt
components reacted with neutral triazole molecules, in what
may then appear as a chain mechanism.

In this context, the competing elimination and the sub-
stitution reactions may now be described by the mecha-

nistic scheme shown for the 4-(2-octyl)-substituted triazole
in Fig. 8.

The triazolium triazolate next participated in compet-
ing SN2 and E2 mechanistic pathways with the triazole
moiety as the leaving group yielding the rearrangement
and the elimination products. The composition of the
olefinic products resembled that for a corresponding
Hoffmann elimination of a quaternary ammonium salt.

The possibility of concerted or ion-pair mechanisms,
resulting in unimolecular rearrangements was investigated
by the study of the thermal rearrangement of the optically
active (S)-4-(2-butyl) substituted triazole [12]. Informa-
tion about the proposed double displacement mechanism
as well as the properties of the triazolium triazolate salt
would also be gained. It was shown that inversion of the
configuration of the 2-butyl group took place during the
rearrangement although accompanied with approx. 30%
racemization. Partial thermolysis of the optically active 4-
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Fig. 8. Mechanism for the formation of the elimination- and
rearrangement products on thermolysis of the 4-(2-octyl)
substituted triazole.

Fig. 9. Thermolysis of 4-(S-2-butyl)-3,5-diphenyl-4H-
1,2,4-triazole.
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alkyl substituted triazole showed that the recovered 4-alkyl
triazole exhibited CD-spectra and specific optical rotation
identical to that of the starting material, (Fig. 9).

Similarly, after thermolysis of the pure (S)-1-(2-butyl)
substituted triazole measurements of optical rotation and
CD-spectra indicated that no racemization had taken place
[13]. From these results was concluded, that for this par-
ticular type of substituent the observed partial
razemization did not take place from neither the starting
material nor the product, but apparently took place from
intermediates formed during the thermal reaction. Thus,
ion-pair formation and accompanying racemization did not
take place. Further evidence for this point of  view was
obtained on partial thermolysis of the triazoles shown in
Fig. 6. In no cases were the 4-cyclopropylmethyl and the
4-cyclobutyl substituted triazole found to exist in an equi-
librium. These results further excluded the possibility of a
unimolecular stepwise reaction and thereby strengthening
the possibility of a two-step bi-molecular mechanism.

As indicated in Fig. 7  the product formation may take
place via a nucleophilic attack of a triazolyl anion on the
4-alkyl substituent of the triazolium cation. The feasibil-
ity of such a mechanism taking place was confirmed by
carrying out cross-over experiments with a dialkyl-
triazolium tetrafluoroborate and a potassium triazolate,
Fig. 10.

Indeed, all the possible products were observed, indi-
cating that the nucleophilic attack took place at substitu-
ents at  the 4- as well as the 1-positions of the dialkyltri-
azolium ion [14]. The partial racemization of the optically
active triazole can not be rationalized by a unimolecular
cleavage of the alkyl-triazole bond nor by ion-pair forma-
tion, but rather by a nucleophilic attack at both alkyl posi-
tions as shown in Fig. 11.

In the melts, two triazole molecules from a triazolium
triazolate salt which undergo a subsequent nucleophilic
reaction, as the triazolyl anion preferentially attack the 4-
alkyl substituent of the dialkyl triazolium ion, resulting in
formation of the product molecules. The partial racemi-
zation was caused by the triazolate attack the 1-alkyl
substituent. Thus, route a gives the product with inversion
of the alkyl group configuration. Route b yields rearranged
product with over-all retention of alkyl group configura-
tion.
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Fig. 10. Thermolysis of a dialkyl triazolium tetrafluoro-
borate salt with a potassium triazolate.

Fig. 11. Proposed mechanism for the rearrangement of 4-
(S-2-butyl)-3,5-diphenyl-4H-1,2,4-triazole.
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Transition States in the Crystalline Phase?

A number of the 3-alkyl substituted triazoles presented in
this study, exhibited NLO-properties. For the purpose of
gaining insight into the role of the electrostatic interac-
tions in determining the crystal structures and the NLO
properties, the crystal structures of selected triazoles were
investigated by X-ray diffraction measurements. Thus, the
structure of 4-methyl-3,5-diphenyl-4H-1,2,4-triazole was

investigated [15]. A stereographic representation is shown
in Fig. 12.

Having in mind the proposed mechanism for the ther-
mal rearrangements of 4-alkyl substituted triazoles, it was
interesting to note, that the N1 atom of one triazole mol-
ecule in the crystal was situated in close proximity to the
α-carbon of a neighboring molecule, to some extend re-
sembling the transition state of the proposed initial SN2
type reaction. In the crystals of the corresponding ethyl
substituted triazole was found a similar feature [16]. The
appropriate distances and angles for the two crystal struc-
tures are summarized in Table 2.

In both cases the distances and angles resembled those
for a proposed transition state of the initial SN2-type reac-

Table 2. Interatomic distances and angles in the crystals
of the 4-methyl- and 4-ethyl substituted 1,2,4-triazoles.

NN

NPh Ph

CH2R

NN

NPh Ph

CH2R

(4)

(1)

α

Molecule B

Molecule A

Compound Distance, Å Angle

C(α)B-N1A N1A-C(α)B-N4B

Methyl 3.242(5)  167.1(8)°

Ethyl 4.609(9)  161.1(4)°

Fig. 13. Thermolysis 4-methyl-3,5-diphenyl-4H-1,2,4-
triazole (mp. 246–247 °C) at 215 °C.

Fig. 14. Arrhenius plot for the thermolysis of 4-methyl-3,5-
diphenyl-4H-1,2,4-triazole. The upper line represent the
rearrangement in the crystalline state while the lower one
is for the reaction in the melt.

Fig. 12. Stereographic representation of the crystal
structure of 4-methyl-3,5-diphenyl-4H-1,2,4-triazole.
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tion that was proposed on the thermal rearrangement
mechanism. The distance was shorter for the methyl com-
pound (3.24 Å), actually shorter than the sum of the stand-
ard Van der Waal radii of CH3 and N. Thus, the rearrange-
ment reaction may therefore be possible in the crystalline
state. Indeed, upon thermolysis of the 4-methyl substituted
triazole at 205 °C which was well below  the melting point
(239 °C), rearrangement was found to take place. Unfor-
tunately, but as expected, at conversions higher than ca.
15%, the crystals melted, due to contamination of the 4-
methyl substituted triazole with the rearrangement prod-
uct.

In order to correlate the crystal structures with the
reactivities of the rearrangement of the triazoles in the crys-
talline state, activation parameters were determined. Thus,
kinetic measurements were carried out. Taking into account
the proposed bi-molecular mechanism, a second order rate
law may be expected. However, methods used in traditional
kinetics has little meaning in the concentrated, condensed
phase of the reactants. Never the less, thermolysis was in
all cases best correlated with (pseudo) first order kinetics.

At temperatures lower than the melting points, the plot
of lnX vs. time could be devided up in two regions, one
corresponding to the reaction in the crystalline state and
another for reaction in the melt. As a typical example, the

results from the thermolysis of the crystalline 4-methyl-
triazole at 214 °C is shown in Fig. 13. The slopes of these
sections yielded the first order rate constants in the crys-
talline and the melted state respectively. The rate of reac-
tions was faster in the melts than in the crystalline state.

Activation parameters were obtained by a standard
Arrhenius treatment. Thus, as illustrated for the thermoly-
sis of the 4-methyl substituted triazole in Fig. 14, the plot
of lnk vs. 1/T defined two lines, one for the reaction in the
melts, and another for the reaction in the solid, crystalline
state.

Interestingly, at temperatures slightly higher than the
melting point, the compounds behaved as in the crystal-
line state. This can be rationalized in terms of a structur-
ally ordered melt, e.g., a liquid crystal phase. Similar data
were obtained for the ethyl substituted triazole. The acti-
vation parameters determined by the Arrhenius analysis
are shown in Table 3.

The activation may be correlated with the crystal struc-
tures. Thus, the C(α)–N1 distance is shorter for the CH3-
substituted triazole than for the corresponding Ethyl-sub-
stituted compound. This can be the rationale for the lower
Ea- value of the Methyl compound. However, the differ-
ences in interatomic distances may not be the only reason
for the trends in the activation energies, as steric hindrance
may start to play a role for the Ethyl compound. The ∆∆∆∆∆S#-
values were all large and negative, reflecting the ordered
nature of the transition states. The kinetic data also agreed
with the assumption that the initial salt formation consti-
tuted the rate determining step. However, the data presented
here, did not elucidate any of the mechanistic details of
the final steps towards the product formation in the crys-
talline state.
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