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a b s t r a c t

A potentiometric titration study of organic base hydrohalides and quaternary ammonium salts using
perchloric acid as the titrant and a mixture of acetic anhydride and acetic acid as the solvent was carried
out and the titration mixture was analysed by NMR in order to clarify the chemistry of the reactions
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involved. It was found that in contrast to the general belief the formation of acetyl halides and titratable
free acetate ion does not take place prior to the titration but NMR spectra proved the formation of acetyl
halides in the course of the titration. This observation and the fact that the shape of the titration curves
depends on the nature of the hydrohaloic acid bound to the base or of the anion in the quaternary
ammonium salts led to the conclusion that the titrating agent is acetyl perchlorate formed in situ during

f the r
uaternary ammonium salts
otentiometry

the titration. Equations o

. Introduction

Although due to their non-selectivity, the importance of titri-
etric methods for the assay of bulk drug materials has decreased

onsiderably [1,2], these classical methods are still and will cer-
ainly remain for a long time standard parts in their analytical
rotocols. The share of titrimetry as assay method for bulk drug
aterials (small molecules) in the European Pharmacopoeia (Ph.

ur. 6) [3] and the United States Pharmacopoeia (USP 32) [4] is about
0% and 40%, respectively.

The introduction and rapid propagation of non-aqueous titra-
ions at the middle of the last century have greatly enhanced the
pplicability of the volumetric method by enabling weak acids and
ases not measurable in aqueous media to be determined [5–8].
specially the titration of weak basic drugs with perchloric acid in
lacial acetic acid medium is widely used. This is applicable to weak
ases with pKa values above 3. This limit can be further decreased by
–2 units (pKa ∼ 0.5–1) in the acetic anhydride/acetic acid mixture
nabling as weak bases as caffeine and other xanthenes to be mea-

ured. If pure acetic anhydride is used as the solvent even certain
arboxamides can be titrated [9].

Another important feature of acetic anhydride as a co-solvent
or reagent) for the titration of pharmaceutical compounds is that

∗ Corresponding author. Tel.: +36 1 4314620.
E-mail addresses: s.gorog@richter.hu, gor4745@t-online.hu (S. Görög).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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eactions involved in the titration process are shown in the paper.
© 2009 Elsevier B.V. All rights reserved.

it enables the direct non-aqueous titration of halide salts (mainly
hydrochlorides) of organic bases and quaternary ammonium salt-
type drugs. A widely used former alternative for this is the method
where mercury(II) acetate reagent is added to the solution in order
to form stable mercury(II) halide complex and free acetate ion
(equivalent to the base) which can be titrated with perchloric acid
[10,11]. However, due to the toxicity of the reagent, the application
of this method shows decreasing tendency. Another alternative for
the assay of halide salts of alkaloids and other organic N-bases is
alkalimetry in alcohol–water mixtures with potentiometric end-
point detection. Here the hydrohaloic acids bound to the bases are
titrated by sodium hydroxide. Despite its limitations [12] this is
becoming the preferred method of the European Pharmacopoeia
[3]. The importance of acetic anhydride as the solvent for the direct
titration of pharmaceuticals can be characterised by the following
figures: it is prescribed in 33 and 11 monographs in Ph. Eur. 6 and
USP 32, respectively, for the measurement of very weak bases and
in 70 and 23 cases, respectively, as the co-solvent for the assay of
hydrohalides, mainly hydrochlorides.

There is an interesting controversy in the literature regarding the
theoretical basis of the possibility of direct titration of base hydro-
halides and quaternary ammonium-type drugs in the presence of
acetic anhydride. In the majority of papers from the very early lit-

erature up to the present time [6,13–18] this is attributed to the
reaction of the halogenide ion with acetic anhydride to form acetyl
halides and titratable free acetate ion (see Eqs. (1) and (2)).

BH+ X− + (CH3CO)2O = CH3COX + BH+ + CH3COO− (1)

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:s.gorog@richter.hu
mailto:gor4745@t-online.hu
dx.doi.org/10.1016/j.jpba.2009.07.022
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3. Results and discussion

Lidocaine as a tertiary amine-type drug material was selected
as the model compound for this study. Fig. 1a shows the titra-
G. Völgyi et al. / Journal of Pharmaceuti

4N+X− + (CH3CO)2O = CH3COX + R4N+ + CH3COO− (2)

here BH+ stands for the protonated base, R4N+ for quaternary
mmonium cation and X − for halogenide ion. This theory is referred
ere as “acetyl halide/acetate ion theory”.

Another opinion is that a “replacement titration” takes place (see
q. (3)) [19]:

H+X− + H+ClO4
− = BH+ + ClO4

− + HX (3)

t is noteworthy that both theories are hypotheses, based on spec-
lations only: none of them has been supported by experimental
vidence. The aim of this study is to settle this open question by
reating firm theoretical basis based on experimental evidence for
he mechanism of the titration of base hydrohalides and quater-
ary ammonium-type drugs in the mixture of acetic anhydride and
cetic acid.

. Materials and methods

.1. Materials

Anhydrous acetic acid (Spektrum 3D, Hungary), acetic anhydride
Reanal, Hungary) and mercury(II) acetate (Sigma) were of analyt-
cal grade. D2O (≥99.9 atom% D) was purchased from Sigma. The
.1 M perchloric acid volumetric solution was prepared by diluting
.5 ml of 70–73 wt% perchloric acid with 900 ml of anhydrous acetic
cid and 30 ml of acetic anhydride and then diluting to 1000 ml with
nhydrous acetic acid. Perchloric acid was standardized by titration
gainst potassium hydrogen phthalate [3].

Lidocaine (base), lidocaine hydrochloride, ephedrine hydrochlo-
ide, papaverine hydrochloride, homatropine hydrobromide and
omatropine methylbromide were of pharmacopoeial grade (Ph.
ur. 6.3) and supplied by Sigma or Aldrich. Lidocaine hydrobro-
ide and hydroiodide were generous gifts from Prof. Ferenc Fülöp,

nstitute of Medicinal Chemistry, University of Szeged and were
f analytical grade. The tetrabutylammonium salts (fluoride tri-
ydrate, chloride, bromide, iodide and acetate) were of analytical
rade and purchased from Fluka or Aldrich.

.2. Apparatus

All the titrations were carried out using a TITRONIC titrator
SCHOTT Instruments, Germany). The pH (mV) was measured by
HM220 LAB pH-meter (Radiometer Analytical, France) fitted with
combined glass electrode (Radiometer Analytical, France). The

itrations were performed under efficient stirring with a magnetic
tirrer, at room temperature (25 ± 2 ◦C).

The 1H NMR spectra were recorded using a 600 MHz Varian
NMRS spectrometer equipped with a dual 5 mm inverse-detection
radient (IDPFG) probe head. Standard pulse sequences and pro-
essing routines available in VnmrJ 2.2C/Chempack 4.0 were used.
he probe temperature was maintained at 25 ◦C and standard 5 mm
MR tubes were used.

.3. Non-aqueous titrations

The non-aqueous titrations were carried out (1) in anhydrous
cetic acid, (2) in a mixture of anhydrous acetic acid and acetic
nhydride 30:70 (v/v), corresponding to the average composition
f the solvent mixtures in pharmacopoeial monographs, and (3)
n anhydrous acetic acid in the presence of mercury(II) acetate.
n each experiment, 50 ml of an 8–10 mM solution of sample was
itrated with 0.1 M perchloric acid using potentiometric endpoint
etection. Three parallel titrations were carried out for each sub-
tance.
d Biomedical Analysis 51 (2010) 18–23 19

2.4. 1H NMR analysis

A 30:70 (v/v) mixture of anhydrous acetic acid–acetic anhydride
was used as solvent. To lock the spectrometer frequency D2O was
used in an insert tube. Chemical shifts were referenced to the resid-
ual HDO signal (4.63 ppm). In the course of the NMR follow-up of
the titrations the large methyl signals of the solvents were sup-
pressed using the wet pulse sequence. 1H spectra were registered
acquiring 32 scans. The concentration of papaverine hydrochloride
was 8 mM.
Fig. 1. Potentiometric titration curves of lidocaine base (a) and lidocaine hydrochlo-
ride (b) with 0.1 M HClO4 in different solvents.
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tion was further investigated by NMR spectroscopic analysis of
the titration mixture. Fig. 5 shows the 1H NMR spectra of the
pure solvent mixture (Fig. 5a), the same in the presence of 8 mM
acetyl chloride (Fig. 5b) and in the presence of 8 mM papaver-
ig. 2. Potentiometric titration curves of lidocaine hydrohalides with 0.1 M HClO4

nhydrous acetic acid and acetic anhydride 30:70 (v/v) (b).

ion curves of lidocaine base. As expectable, as a medium strong
ase (pKa = 7.95) it can be titrated with perchloric acid in glacial
cetic acid with sufficiently sharp endpoint and the shape of titra-
ion curve is not influenced by the presence of mercury(II) acetate.
he endpoint is much sharper if acetic anhydride is added to the
olution. In Fig. 1b the titration curves of lidocaine hydrochloride
re shown under the same conditions. As foreseeable, no end-
oint can be detected in glacial acetic acid while sufficient sharp
ndpoint is obtained in the presence of mercury(II) acetate and
lso in its absence when acetic anhydride is used as co-solvent.
n Fig. 2a the titration curves of three different salts (hydrochloride,
ydrobromide, hydroiodide) of lidocaine are presented in glacial
cetic acid in the presence of mercury(II) acetate. Since in this case
he forming free acetate ion is titrated, the shape of the titration
urves is independent of the nature of the salt-forming hydrohaloic
cid.

Fig. 2b where titration curves of the same salts in the acetic
nhydride/acetic acid mixture are depicted plays decisive role
n bringing the question of “acetyl halide/acetate ion theory” or
replacement titration theory” to an issue. On the basis of Eqs. (1)
nd (2) it is evident that in the case of the validity of the “acetyl
alide/acetate ion theory” the acetate ion would be titrated in all
ases. This means that the shape of the titration curves and the
eight of the potential jumps at the endpoint would not depend on
he nature of the acid bound to the base. As it is seen, this is not
he case: the shape of the titration curves depends on the nature
f the hydrohaloic acid. The height of the potential jump and thus
he sharpness of endpoint increases with the decreasing strength
f the acids involved (HClO4 � HI > HBr > HCl) furnishing evidence
gainst the validity of the “acetyl halide/acetate ion theory” and
eem to support the “replacement titration theory”.

The same conclusion regarding quaternary ammonium salts can
e drawn from Fig. 3, where the titrations of various tetrabuty-

ammonium salts are shown. Here as a matter of fact the anions
re titrated, and the potential jump at the endpoint increases with
ncreasing basicity of the anions in the presence of acetic anhydride
perchlorate � iodide < bromide < chloride < fluoride, acetate). This

eans that the “acetyl halide/acetate ion theory” is not valid in this
ase either. It has to be mentioned that Streuli [20] came to the same
onclusion when titrating alkali halides in pure acetic anhydride but

his study was not extended to pharmaceutical compounds.

Fig. 4a shows some practical applications: titration curves of the
ydrochlorides of papaverine, lidocaine and ephedrine in the mix-
ure of acetic acid and acetic anhydride with sharp endpoints. The
hape of the curves is similar despite the diversity of the pKa values
hydrous acetic acid in the presence of mercury(II) acetate (a) and in a mixture of

of the three bases (6.47, 7.95 and 9.56, respectively). (We have to
note that here the secondary amine ephedrine. HCl can be titrated
because no time was allowed for acylation.) Similarly well evalu-
able curves were obtained with hydrobromides and quaternary
ammonium bromides such as lidocaine hydrobromide, homat-
ropine hydrobromide and homatropine methylbromide (Fig. 4b).

The above potentiometric experiments support the theory that
the acetic anhydride/acetic acid solvent is not simply a nivellat-
ing solvent (as assumed by the “acetyl halide/acetate ion theory”)
but this solvent mixture increases the basicity of the bases to be
titrated (halogenide ions in our case) in different extent. This can
be due to its enhanced acidity caused by the formation of an H-
bonded associate between one molecule of acetic anhydride and
two molecules of acetic acids, the species called “supramolecule of
superacid character” by Buvári-Barcza [18].

After having successfully disproved the “acetyl halide/acetate
ion theory” the mechanism of the reactions involved in the titra-
Fig. 3. Potentiometric titration curves of tetrabutylammonium salts with 0.1 M
HClO4 in a mixture of anhydrous acetic acid and acetic anhydride 30:70 (v/v).
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ig. 4. Potentiometric titration curves with 0.1 M HClO4 in a mixture of anhydrous ace
nd a quaternary ammonium bromide (b).

ne hydrochloride (Fig. 5b). As Fig. 5b clearly shows, the methyl
ignal of acetyl chloride at 3.18 ppm is well separated from the
ethyl signals of the solvent although no solvent suppression
as applied. Acetyl chloride was detectable only at trace level

n the 8 mM papaverine hydrochloride solution furnishing fur-
her evidence against the “acetyl halide/acetate ion theory”. Then
he titration of 8 mM papaverine hydrochloride with perchloric
cid was followed by scanning 1H NMR spectra after the addi-
ion of 0, 0.25, 0.50, 0.75 and 1.0 equiv. of perchloric acid. The
pectra in Fig. 6 unambiguously prove the formation of acetyl
hloride in the course of the titration process. Its sharp singelet

t 3.18 ppm is practically missing in the solution of papaverine
ydrochloride dissolved in acetic anhydride/acetic acid mixture but
ppears when perchloric acid is added to the solution. The quan-
ity of the formed acetyl chloride is stoichiometric to the titrant
dded.

ig. 5. 1H NMR spectra of acetic anhydride/acetic acid 70:30 (v/v) (a); in the presence of
id and acetic anhydride 30:70 (v/v); base hydrochlorides (a) and base hydrobromides

On the basis of the potentiometric titration curves and the NMR
spectra it can be stated that neither the “acetyl halide/acetate ion
theory” nor the “replacement titration theory” is valid. The pro-
cesses taking place during the titration can be interpreted by means
of the following equations. Acetyl perchlorate (CH3CO+. . ..ClO4

−) is
instantaneously formed when perchloric acid is added to the sol-
vent mixture (Eq. (4)). In fact this is the titrant which reacts with
the base in the course of the titration (Eq. (5)):

CH3CO–O–COCH3 + H+ClO4
− � CH3CO+. . . .ClO4

− + CH3COOH

(4)
BH+. . . .X− + CH3CO+. . . .ClO4
− � BH+. . . .ClO4

− + CH3COX (5)

Both equilibria are shifted in the direction of the upper arrow. The
charged species are not dissociated but exist as ion pairs in the low

8 mM acetyl chloride (b); in the presence of 8 mM papaverine hydrochloride (c).
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ig. 6. 1H NMR spectral series of the titration of 8 mM papaverine hydrochloride wi
dded).

ielectric constant solvent system. The shape of the potentiometric
itration curves is determined by the nucleophilicity of X− in this

edium.
When very weak bases (such as e.g. caffeine) are titrated, an

nalogous reaction is likely to take place (Eq. (6)):

B + CH3CO+. . . .ClO4
− + CH3COOH

� BH+. . . .ClO4
− + CH3CO–O–COCH3 (6)

. Conclusions

With this study a misconception, one of the “Myths and leg-
nds in analytical chemistry” in pharmaceutical analysis has been
leared up. (This title refers to a lecture held by Professor Ronald
elcher, one of the leading personalities of analytical chemistry
t the middle of the last century [21].). The widespread “acetyl
alide/acetate ion theory” is originated probably from a mis-

nterpretation of an early paper of Schmidt et al. [22]. In this
on-analytical paper the authors describe the reaction between
iCl4, GeCl4 and SnCl4 and acetic anhydride leading to tetraac-
tates of the semimetals and acetyl chloride. In an unjustified and
nfounded manner analogous reactions were later attributed to
lkali halogenides, moreover quaternary ammonium halogenides
nd ammonium hydrohalides and stated that the concomitantly
orming free acetate ion is titrated. This is refuted by our potentio-

etric experiments. On the other hand the “replacement theory”
oes not take into account the formation of acetyl halides in the
ourse of the titration what was proved here with the NMR study
nd this theory does not explain the role of the acetic anhydride in
he titration either.

In this paper we propose a reasonable interpretation of non-
queous titration of halide salts of organic bases and quaternary
mines and also of very weak free bases in the mixture of acetic

nhydride and acetic acid (Eqs. (4)–(6)). Our findings are in agree-
ent with statements in earlier papers [6–7,16–18] about the

ehaviour of acetic anhydride which has been characterized as an
protic and very slightly protophilic solvent that is able to dissociate
o acetyl and acetate ions. By shifting this equilibrium with adding

[

[

[

M HClO4 (a: 0 equiv.; b: 0.25 equiv.; c: 0.50 equiv.; d: 0.75 equiv.; e: 1.0 equiv. HClO4

perchloric acid to the solvent, in situ formation of acetyl perchlo-
rate takes place which is as a matter of fact the titrating agent of
very weak bases as well as of amine hydrohalides and quaternary
ammonium halides.
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