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The pKa values of triazolium ylides represent a quantitative parameter for the estimation of their stability.
In the case of tautomeric triazolium ylides the differences in pKa values correspond to the differences in
theoretical DH or DE values. The experimental values of pKa were obtained using a spectrometric method that
involves the titration of triazolium salts.

Carbanion ylides are zwitterionic compounds in which a car-
banion is covalently bonded to a positively charged hetero-
atom 1 (Fig. 1). In this paper we make reference to
cycloimmoniium ylides only.1,2 The positive nitrogen atom
belongs to an azaheterocycle. The cycloimmoniuin ylides can
be classified as monosubstituted carbanions 2 and disubsti-
tuted carbanions 3, depending on the carbanion nature.3

Cycloiommonium ylides have interesting properties for use
as analytical reagents4,5 or semi-conducting materials6 as well
as biological activity.7,8 But their most known application
is as intermediates in various heterocyclic syntheses of new
classes of azaheterocyclic compounds.9,10

Up to date, a few distributed cycloimmonium ylides have
been have been measured as crystals, by X-ray diffraction. This
is not possible for the less stable monosubstituted cycloimmo-
nium ylides. Otherwise, both semi-empirical and ab inito calcu-
lations have found the planar structures of monosubstituted
ylides as more stable conformers.11 It is considered12 from
the thermodynamic point of view that these monosubstituted
systems are stable but their high reactivity renders them experi-
mentally unstable.
All cycloimmonium ylides are strongly colored products.

The electronic band in the visible is ascribed to an intramole-
cular charge transfer.13 In the UV these ylides have a bigger
number of bands (n� p*). The visible band shifts are hypso-
chromic when passing from non-planar to polar solvents and
from non-protic to protic solvents.14 The protonation reaction
of cycloimmonium ylides, and especially its reversibility,
makes these compounds acid-base indicators.4 The specific

color of cycloimmonium ylides allows the elaboration of new
colorimetric methods for the determination of acid chloride,
anhydrides, isocyanates and isothiocyanates.3,15

In this paper we develop a spectrometric study on the pas-
sage of triazolium salts to the corresponding ylides and also
on the tautomeric equilibrium of triazolium ylides in aqueous
solution. Based on this study the experimental values of their
pKas were evaluated.

Experimental

All chemicals used were analytical reagent grade. Solutions of
NaOH (1 mol L�1) and HCl (1 mol L�1) were prepared from
standard Merck products by diluting with distilled water. Solu-
tions of 10�3 mol L�1 were obtained by dissolving the exactly
weighted amount of recrystallized triazolium salts in distilled
water. The syntheses of the used triazolium salts are given in
ref. 16. The pH of the solutions were measured using a
LPH430T pH-meter having a glass saturated calomel com-
bined electrode. Adsorbance measurements were carried out
by a Lambda 2S Perkin–Elmer UV-VIS spectrometer in a
1 cm quartz cell.

pKa determination

For the pKa determinations we adopted the Lachmann and
Polster procedure.17 The concentrated solutions of NaOH or
HCl used in the titrations were added in small volumes with
a micropipette titration. The error dilution is less than 0.06%
(0.5 mL) for a titration. The titration spectra were recorded
for every pH measurement.
In every case two opposite titrations have been performed:

salt! ylide and ylide! salt, using NaOH and HCl, respec-
tively. The evaluation of the apparent pKa values has beenFig. 1 Carbanion ylides.
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calculated using the Henderson–Hasselbach equation adapted
for spectrometric titrations18

pKa ¼ pH� log
Amax � A

A� Amin

where Amax is the maximal absorbance of the conjugated acid
or conjugated base function in the titration, Amin is the mini-
mal absorbance of the same conjugated form, and A represents
the average of all recorded absorbances due to the conjugated
form.

Results and discussions

The colorless 1,4-disubstituted triazol-1-ium bromides 4, in the
presence of NaOH, give the colored corresponding 4-phenyl
1,2,4-triazol-1-ium phenacylides 5, as the single possible mono-
substituted triazolium ylides (Scheme 1). We recall that the
salts 4 are obtained starting from 1-phenyl-l,3,4-triazole and
o-bromoacetophenones.16a As an example, in Fig. 2 we pre-
sent the variation of the absorbance during the titration of
the salt 4a with aqueous NaOH solution. The analogous
curves with a single isobestic point have been obtained for
the other two salts, 4b and 4c. We notice that for the com-
pounds 4a, 4b and 4c, no spectral modifications were observed
in acidic media (pH range 2.50–5.00).
In Table 1 are given the calculated pKa values, the used pH

range and the recorded wave lengths l, corresponding to the
maximum absorbances and isobestic points. We could con-
sider the values of pKa as a measure of the ylide stability.
The delocalization of the ylide negative charge (C�) over the
entire carbanion is one of the most important stabilizing fac-
tors for this type of compounds.19 The increase of substituant
constants: sCl(0.22) < sBr(0.23) < sOCH3(0.27)

20 is found in
the increase of the pKa values as followed: pKa 4c < pKa

4a < pKa 4b. For these three studied triazolium ylides, the

decrease of the thermodynamical stability is thus as follows:
4c > 4a > 4b.
A very interesting aspect can be notice by analyzing the ana-

lytical data in Table 1, consecrated this time to the titration of
the triazolium salts 6 with NaOH solution (Scheme 2). In fact,
the 1,2,4-triazolium salts 6, obtained in this case from l,2,4-
triazole and two successive treatments with benzyl chloride
and o-bromoacetophenone (6a) or twice with o-bromoaceto-
phenone (6b) or 4-chloro-o-bromoacetophenone (6c)16b,c give
two corresponding tautomeric 1,2,4-triazolium ylides, 7 and 8.
The existence of such an equilibrium has been proven pre-

viously both by NMR-spectroscopy and by synthesis.21,22 In
reaction with picryl chloride each tautomeric form gives the
corresponding disubstituted triazolium ylide. In Fig. 3 is given
the variation of the absorbance during the titration of the salt
6a with aqueous NaOH solution. Analogous curves have been
obtained for the titration of the two other salts 6b and 6c,
always with two isobestic points. The assignments of the
absorbances to each tautomeric form is very difficult. Using
some theoretical data concerning the mobility of the methyle-
nic hydrogens in salts 6 and the stability of tautomeric forms
7 and 8, we tried to determine the more abundant ylidic tauto-
meric form in the first step of dehydrohalogenation (6! 7Ð 8).
The numerical data in Tables 2 and 3 have been obtained

using the semi-empirical AM1 and PM3 procedures in Cache
Library23 and the ab initio RHF/6-3lG method in Spartan
package.24 Briefly, in the AM1 and PM3 procedures, the most
stable conformation of every salt 6 was found by a multicon-
formational search developed on the level of all single bounds
of the involved systems as in previous papers.25 Next, the most
stable conformer was subjected to a new geometry optimiza-
tion. The selection of the most stable conformer was based
on DH (heat of formation) and Et (total energy). Only the most
stable conformer found by AM1 has been submitted to a geo-
metry optimization by the 6-31G procedure. Finally, for each
salt 6, the three obtained geometries corresponding to each
theoretical method, AM1, PM3 and 6-3lG, have been com-
pared. No significant structural differences have been
observed.
In reality, it is very difficult to evaluate the mobility of the

hydrogens H(1) and H(2) in the two different methylenic group
of the salt 6 by the values of the total atomic charges. For

Scheme 1 Generation of monosubstituted ylides 5.

Fig. 2 Spectral evolution of compound 4a recorded in the pH range
5.54–12.46.

Table 1 pKa values at 25
�C with pH range, l for isobestic point and

used absorbances

Product pKa1
pKa2

pH range lip1
a lip2

a lmax1
a lmax2

a

4a 10.96 – 12.5–2.5 271 – 262 –

4b 11.51 – 12.5–2.5 265 – 272 –

4c 10.91 – 12.5–2.5 265 – 270 –

6a 10.95 12.28 12.5–2.5 232 265 250 316

6b 10.86 12.19 12.5–2.5 232 268 252 336

6c 9.23 11.07 12.5–2.5 248 278 268 315

a lip wavelength of isosbestic points, lmax wavelength maximum of

absorbances.

Scheme 2 Tautomeric equilibrium of ylides 7 and 8.
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example, from the Mulliken charges calculated by the 6-31G
procedure the H(2) hydrogen is more acidic in salt 6b and less
acidic, in salt 6c (Table 2). The calculated charges by the semi-
empirical AM1 and PM3 procedures find as more acidic the
H(2) hydrogens in salts 6b and 6c. The opposite result could
be observed by the calculated charges (Mulliken and electro-
static) in the case of salt 6a. This is why we extended our the-
oretical investigations on the stability of the tautomeric forms
7 and 8.
In Table 3 are given the total energies (kJ mol�1) calculated

by the same three methods, AM1, PM3 and 6-31G, and also
the solvation energy (kcal mol�1) by AM1/H2O for all three
pairs of tautomeric forms 7 and 8. Indeed, all three theoretical
procedures find the tautomeric ylidic structures 7 as more
stable, see lower Et . Also, from the values of the solvation
energies the same tautomeric forms 7 are favored. In each
titration, the first pKa1 ,value is connected to formation of
the first ylidic tautomeric form 7, while the second pKa2

value
corresponds to formation of the tautomeric ylidic form 8. The
difference between pKa1

and pKa2
in every pair of tautomeric

ylides could be taken in consideration as a measure of the dif-
ference in their stabilities. Always, the form 7 is more stable
than its corresponding tautomeric form 8.
We consider that the knowledge of the concentrations of

tautomeric ylidic forms at equilibrium has a dominant role
in establishing the ratio of final synthetic products that involve
these ylides as intermediates. For example, in the reaction with
picryl chloride all triazolium ylides presented in this paper give
the corresponding carbanion disubstituted triazolium ylides,
which by an electrocyclization reaction lead to triazoloisoin-
doles.16 Two different isoindoles, corresponding to each tauto-
meric form, have been obtained. The analytical procedure
described in this paper permits us to prove the formation of

two tautomeric forms at the choice of the base which generates
these forms in its corresponding triazolium salt.

Conclusions

The pKa values of 4-phenyl-l,2,4-triazol-l-ium phenacylide 5,
represent a measure of their stability. A good relationship
between s and pKa1 has been verified.
The difference between pKa1

and pKa2
values of phenacyltria-

zoliumphenacylides 7 and 8 could be taken as a measure of the
difference in their thermodynamical stabilities.
In our opinion, the presented pH-meter titration procedure

coupled with electronic absorption spectra seems to be the
most accurate method to determine pKa values in this class
of zwitterionic compounds that is the cycloimmonium ylides.
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