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Abstract

Ionization constants of three cephalosporin antibiotics, cefetamet (CEF), cefotaxime (CFX) and ceftriaxone (CFTR) are determined using
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H-potentiometric titrations atI = 0.1 M (NaCl) andt = 25◦C. Cefetamet and cefotaxime have three ionization groups: carboxylic, ami
minothiazole. Besides those three, ceftriaxone possesses an hydroxytriazinone group as new and additional ionization center. In

wo overlapping acid–base processes are occuring with acidity constants being: pK1 2.93 (COOH) and pK2 3.07 (aminothiazole) for cefetam
nd pK1 2.21 (COOH) and pK2 3.15 (aminothiazole) for cefotaxime. In the case of ceftriaxone the situation is even more complicate
verlapping processes coexist with pK1 2.37 (COOH), pK2 3.03 (aminothiazole) and pK3 4.21 (hydroxytriazinone). Protolysis of amide gro

s happening in the alkaline medium as completely separated process from those in acid medium. The acidity constants which co
mide group are pK3 10.65 (CEF), pK3 10.87 (CFX) and pK4 10.74 (CFTR).
The influence of the C3 substituent on the dissociation process of the neighboring ionization group, particularly carboxylic g

onsidered. The differences in acidity of CEF, CFX and CFTR (pK1: 2.93, 2.21 and 2.37, respectively) are likely to be caused b
tereoelectronic properties of substituents in the�-position to the carboxylic group due to the combined inductive, hyperconjugativ
esonance effects.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The extensive study of electrochemistry of cephalosporins
1–8] led us to a conclusion that good knowledge of the acid-
ty constants is of great importance both for understanding
f the electrode process and establishing of the appropriate
lectroanalytical method for its determination.

According to the older literature data dealing with acidity
onstants of first and second generation of cephalosporins
9,10] acidity constants for cefalexin, cefaloglycin, cefara-
ine and cefachlor are reported. However, there are only few
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reports dealing with the pK values of the third generatio
cephalosporins[11,12].

Having that in mind, this paper deals with the acid
constants of some selected, third generation cephalosp
cefetamet (CEF), cefotaxime (CFX) and ceftriaxone (CFT

It is interesting that for cefotaxime three ionization c
stants were already reported in 1985[13], but unfortunatel
neither details of the experimental procedure nor the
treatment are given by the authors. By using the pote
metric method, the authors obtained two close pK values
(2.1 and 3.4), as a consequence of overlapping proces
acid medium. The mean attribution of this paper is tha
pK value of 3.4, was ascribed to aminothiazole ring du
the shift of its absorption maximum of the UV spectrum
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oi:10.1016/j.jpba.2005.04.033
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Fig. 1. Chemical structure of cephalosporins.

higher wavelengths caused by pH changes. The literature data
regarded to cefetamet and ceftriaxone are still not complete,
and acidity constants are not well attributed[14,15] to the
corresponding ionization centers.

Those three compounds are chosen due to its same basic
(cephem 2) structure and the same substituent at C2 and C7
position, but differentiating in substituent R at C3 position
(Fig. 1). The presence of the substituent R at C3 position is
considered as a potential new ionization center (ceftriaxone).
Besides, its structure can influence the dissociation process
of the neighboring ionization centers, particularly the car-
boxylic group.

The idea of this work was to determine the acidity con-
stants of cefetamet and ceftriaxone under the same experi-
mental conditions using cefotaxime as a model compound.
Based on the results obtained, the attribution of the deter-
mined pK values to corresponding ionization centers was
done, and the influence of the C3 substituent on pK values is
discussed.

2. Experimental

2.1. Apparatus and reagents

Potentiometric titrations were performed on TIM900
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The solution of cephalosporin (1× 10−3 M) was prepared
in 0.1 M NaCl by adding standard HCl solution for acidifying
solution. The obtained solution was titrated with standard
NaOH solution. The function of formation (n) was calculated
according to equation:

n̄ = ccephalosporin+ cHCl − cNaOH − [H+] + [OH−]

ccephalosporin
(1)

In Eq. (1) ccephalosporin, cHCl and cNaOH represent
the stoichiometric concentrations of the corresponding
cephalosporin, HCl and NaOH in the solution, respectively.
[H+] and [OH−] are equilibrium concentrations of hydrogen
and hydroxyd ions obtained from the measured pH values
[16].

3. Results and discussion

The chemical structure of the investigated cephalosporins,
CEF, CFX and CFTR, are shown inFig. 1. All three com-
pounds have carboxylic group, as ionization center at C2
position, and the same C7 substituent bearing two ioniza-
tion groups, amide and aminothiazole. The substituent at C3
becomes more complex from CEF to CFTR, and in the case of

C
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t of
a ated
t cur-
r
H are
h the
itration Manager-TitraLab (Radiometer Copenhag
quipped with a combined pH electrode (GK2401B)
BU901 autoburette (Radiometer Copenhagen).
Investigated drugs CFX (cefotaxime-Na) and CF

ceftriaxone-Na2) are produced by SIGMA, and CE
cefetamet-Na) is produced by Hoffman La Roche (Ba
witzerland). All other reagents (HCl, NaOH and NaCl) w
f analytical-reagent grade.

All solutions were prepared in doubly distilled wa
olutions of HCl (0.1030 M) and NaOH (0.1002 M) we
tandardized potentiometrically.

.2. Determination of acidity constants

The acidity constants of cephalosporins, were determ
t 25± 0.1◦C and constant ionic strength of 0.1 M (NaC
FTR it posses hydroxytriazinone group
s a new ionization center.

Since the acid–base equilibrium of CFTR is more c
lex compared to CEF and CFX, further consideration
e given regarded to this compound. In the pH inte

rom 0 to 14, CFTR is involved in four acid–base p
esses, i.e. it posses one basic (nitrogen of aminothi
ing) and three acidic centers (carboxylic, hydroxytriazin
nd amide group). Completely protonated form of CF
H4C+) is formed in the most acidic medium by proto
ion of nitrogen of aminothiazole group. By decreasing
cidity, the successive protolysis of carboxylic, proton

hiazolic group, hydroxytriazinone and amide group is oc
ing, which results in the following species: H3C±, H2C−,
C2− and C3−, respectively. The first three processes
appening in acid medium and are overlapping, while
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fourth one is completely separated and happening in alkaline
medium. The corresponding acidity constants are defined as:

K1 = [H3C±][H+]

[H4C+]
(2)

K2 = [H2C−][H+]

[H3C±]
(3)

K3 = [HC2−][H+]

[H2C−]
(4)

K4 = [C3−][H+]

[HC2−]
(5)

Acidity constants were determined potentiometrically, by
using the formation function method (¯n), i.e. the average
number of bound protons[17]:

n̄ =

n∑

1
n[HnC]

n∑

0
[HnC]

(6)

The charges in Eq.(6) are omitted due to the simplicity.
ConstantsK1, K2 andK3 of CFTR are determined in the
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Fig. 2. Determination of the acidity constantK4 of ceftriaxone by applying
Eq.(9).

By combining Eqs.(5) and(8) the following dependence
is obtained:

1 − n̄

n̄︸ ︷︷ ︸
y

= K4
1

[H+]︸ ︷︷ ︸
x

(9)

By applying the linear regression analysis the constantK4
is calculated from the slope of the linear dependence given
atFig. 2.

Two acid–base processes are overlapping in acidic
medium in the case of CEF and CFX, protolysis of carboxylic
and protonated thiazolic group. Formation fuction in this case
can be expressed by the following equation:

n̄ = 3[H+]2 + 2K1[H+] + K1K2

[H+]2 + K1[H+] + K1K2

(10)

In order to obtain constantsK1 andK2, Eq.(10) is further
transformed to the linear dependence:

n̄ − 2

n̄ − 1
[H+]

︸ ︷︷ ︸
y

= −K2 + 1

K1
[H+]

2 3 − n̄

n̄ − 1︸ ︷︷ ︸
x

(11)

on the basis of whichK1 andK2 can be determined from the
slope and intercept, respectively.
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C 74
H range 2–7 where the concentration of the anionic
C3−] → 0. By combining the Eqs.(2)–(4), and Eq.(6) the
ollowing expression is obtained:

¯ = 4[H+]3 + 3K1[H+]2 + 2K1K2[H+] + K1K2K3

[H+]3 + K1[H+]2 + K1K2[H+] + K1K2K3

(7)

hich shows that the formation function is a non-linear fu
ion of the solution acidity ([H+]) in the investigated pH
egion. On the basis of experimentally determined ¯n at each
ata point using pH-metric titration, the acidity consta
iven in Eq.(7)were determined by a non-linear curve-fitt
nalysis (Table 1).

At pH > 8 the constantK4 of CFTR was evaluated regar
ess to the procesess occuring in the acid medium. Since
ne acid–base pair (HC2−– C3−) exists in alkaline medium

he formation function is given by:

¯ = [HC2−]

[HC2−] + [C3−]
(8)

able 1
toichiometric acidity constants of cephalosporins;t = 25◦C, I = 0.1 M (Na

onization center Carboxyl A
pK1 pK

efetamet (CEF) 2.93 3
efotaxime (CFX) 2.21 3

pK1

eftriaxone (CFTR) 2.37
The obtained results are presented atFig. 3(representativ
iagram is shown) and inTable 1.

iazole Hydroxytriazinone Am
pK3

10.6
10.8

pK2 pK3 pK4

3.03 4.21 10.
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Acidity constantK3 of CEF and CFX, which corresponds
to amide group, was determined in identical manner as con-
stantK4 of CFTR.

The obtained pK values and the corresponding ionization
centers are shown inTable 1. The pK values obtained for
CFX in our experiments are in a good agreement with those
previously determined[13] (2.1, carboxylic; 3.4, aminothia-
zolic and 10.9, amide). Since CEF has the same ionization
centers as CFX, it was predictable to obtain three pK values,
with two of them being very close. One of them, pK2,
corresponding to the protolysis of the protonated thiazolic
group was determined for the first time. The acidity constant
(pK3 10.65) obtained in alkaline medium was attributed to
protolysis of amide group, which was not previously done
[14]. In the case of CFTR the overlapping effect was the most
pronounced, since three constants are very close (pK1 2.37,

pK2 3.03 and pK3 4.21). Since the two first constants are in a
good agreement with those obtained for CEF and CFX, those
constants can also be ascribed to carboxilyc and aminoth-
iazolic groups. The new acidity constant (pK3 4.21) due to

protolysis of group in C3 position is also
defined. Besides, in alkaline medium, the acidity constant of
amide group (pK4 10.74) in position C7 was evaluated too.

As seen fromTable 1, the greater differences were ob-
tained betweenpK1 values, than between pK2 values. There-
fore, the lower pK values obtained in acidic medium were as-
cribed to carboxylic group, rather than to aminothiazolic one,
since the most pronounced influence of the C3 supstituent was
on the ionization of the neighboring carboxylic group.

The differences in acidity of CEF, CFX and CFTR (pK1)
are likely to be caused by the stereoelectronic properties of
Scheme
 1.
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Fig. 3. Determination of the acidity constantsK1 and K2 of cefotaxime
applying Eq.(11).

substituents in the�-position to the carboxylic group.�-
methyl derivate, i.e. CEF is the weakest acid (pK1 2.93),
which is probably result of combined inductive and hyper-
conjugative effect of the methyl substituent. Inductive effect
(+I) of the methyl group,Scheme 1(a) increases electron
density on the carboxylic substituent deterring theCOOH
dissociation process. A similar outcome is the result of the
methyl group’s hyperconjugative effect,Scheme 1. (b) CFTR
is slightly stronger acid (pK1 2.37). Although theS-triazinone
substituent shows positive resonance effect (+R), Scheme 1
(d) which is expected to be more important than the induc-
tive and hyperconjugative effects in the above case, there is
no evidence of a significant acidity decrease. There are few
reasons for this (+R) effect of sulphur is somewhat of weaker
influence due to ineffective overlapping of C(2p) and S(3p)
orbitals caused by the symmetry differences. In addition,
the triazinone substituent also diminishes electron-donating
properties of sulphur mainly due to its electron-withdrawing
effect acting in the opposite way, as outlined inScheme 1(c
and e). Finally, it is likely thatS-triazinone substituent is out
of plane of the�, �-conjugated moiety, which additionally
reduces the electron-donor properties of theS-atom due to dif-
ficulties in overlapping of the p-orbitals of the neighboring C
and S atoms. This makes (−I) effect of theS-triazinone sub-
stituent dominant, which increases acidity of the carboxylic
group. The specific conformational properties of CFTR might
b e

triazinone substituent. In order to avoid this steric clash, one
of the moieties has to adopt “out of plane” conformation. CFX
is stronger acid (pK1 2.21) compared to CEF and CFTR due
to (–I) effect of the acetoxy substituent,Scheme 1(f) which
diminishes electronic density of the carboxylic group and
increases the possibility of theOH bond dissociation.
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