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Abstract: The adsorption and electroreduction behavior of cefpodoxime pro-
xetil, cefotaxime, desacetylcefotaxime, cefetamet, ceftriaxone, ceftazidime, and
cefuroxime axetil at a mercury electrode surface were studied using cyclic
(CV), differentia pulse (DPV) and adsorptive stripping differential pulse
(AdSDPV) voltammetry. The quantitative structure property relationship
(QSPR) study of the seven cephal osporins adsorption at the mercury electrode
was based on density functional theory DFT-B3LY P/6-31G(d,p) calculations
of molecular orbitals, partial charges and electron densities of the analytes. The
DFT-parameters and QSPR model explain well the process of adsorption of the
examined cephalosporins. The QSPR study defined that cephalosporins with
lower electron density on the nitrogen atom of the N-O bond, higher number of
hydrogen bond-accepting groups, and higher principal moment of inertia
should express high adsorption on the mercury electrode.

Keywords: cephalosporins; ADSDPV; CV; DFT; QSPR; computational e ectro-
chemistry.

INTRODUCTION

Cephal osporins are semi-synthetic #-lactam antibiotics similar to penicillins,
but with a broader spectrum of antibacterial properties and a higher resistance to
[lactamase.1

These compounds contain a flactam/dihydrothiazine moiety bearing differ-
ent substituents at the C3 and C7 position. Methoxyimino cephalosporins are red-
ucible at a mercury electrode and therefore present electrochemically a very
important class of antibiotics. This characteristic enables the application of elec-
troanalytical techniques for the sensitive determination of methoxyimino ceph-
alosporins. These cephalosporins were extensively studied at a mercury elec-
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1036 NIKOLIC etal.

trode, the mechanism of methoxyimino reduction at the mercury electrode was
established and voltammetric methods based on the adsorptive accumulation of
cephalosporins at the mercury electrode were developed.2 Regardless of the
high sensitivity of the determination in pharmaceutical formulations, this method
still could not be used for the determination of cephalosporins in a biological
matrix. Apart from the reduction at mercury electrode, methoxyimino cephalo-
sporins may be reduced or oxidized at different solid electrodes that may be
specially modified and activated.”~12 These determinations appeared to be less
sensitive than at a mercury electrode.”~12 Since the process of the reduction of
methoxyimino cephalosporins is associated with adsorption at the electrode sur-
face, adsorptive stripping voltammetry was successfully applied for their quan-
titative determination as a highly selective and precise electroanalytical tech-
nique.13-15

The application of adsorptive stripping method enabled the determination of
low concentrations of cephalosporins in vivo from biological samples, such as
urine, serum or cerebrospina fluid.13-15 The mechanism of reduction of the
methoxyimino cephal osporins, such as cefpodoxime proxetil (CPDX-PR), cefo-
taxime (CTX), desacetylcefotaxime (DCTX) and cefetamet (CET), at a mercury
electrode was established and reported in previous papers.16-20 The Methoxy-
imino group in cephalosporin molecules undergoes reduction at mercury elec-
trodes yielding well-defined polarographic waves and voltammetric peaks, over a
wide pH interval from 2 to 12.16-20

Based on previous findings,16-20 the voltammetric study is now extended to
include structuraly closely related cephalosporins, i.e., ceftriaxone (CRO), cefta
zidime (CAZ) and cefuroxime axetil (CXM).

In this work, adsorptive techniques were applied for a study of the electro-
reduction behavior and for the quantitative determination of ceftriaxone, ceftazi-
dime, and cefuroxime axetil. The experimental results of the group of seven
methoxyimino cephalosporins were further used in a quantum chemical study.
The theoretical study was used to describe the adsorption mechanism at the
mercury electrode surface and to predict the electrochemical adsorption at
mercury electrode of related cephal osporins.

To the best of our knowledge, there is no scientific report either about the
study of the electrochemical behavior of cephalosporins or a quantum chemical
study of their electrochemical adsorption mechanism on a mercury electrode.

EXPERIMENTAL
Reagents and chemicals

Cephalosporins (CEF) were from Sigma and all chemicals were of analytical grade
quality. Britton—Robinson (BR) universal buffer was prepared from stock solutions of 0.04
mol dm3 boric, orthophosphoric and acetic acids with the appropriate volumes of 0.2 mol dm-3
NaOH.
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COMPUTATIONAL ELECTROCHEMISTRY STUDIES OF CEPHALOSPORINS 1037

Apparatus

The voltammetric measurements were performed with an Amel 433-A computerized
polarographic analyzer. A three-electrode system was employed with a hanging mercury
dropping electrode (HMDE), an Ag/AgCl reference electrode and a Pt-auxiliary electrode. All
potentials in the paper are expressed vs. Ag/AQCl. Adsorptive stripping differential pulse
voltammetry (AdSDPV) was performed under the following conditions: scan speed 200 mV s,
pulse amplitude 100 mV, pulse width 20 ms, from 0 to —1.6 V. After recording the base-line,
when a fresh mercury drop has been formed, voltammograms were recorded after a certain
time of adsorptive accumulation at selected accumulation potential and selected pH, in a
stirred solution (300 rpm). The accumulation period in a stirred solution was followed by a 10
s settling period to alow for quiescence of the solution and uniform distribution of the
deposited substance on the surface of the mercury drop. When the differential pulse voltam-
metry (DPV) mode was used, the following parameters were applied: pulse repetition 100 ms,
pulse amplitude 25 mV and pulse width 20 mV. The cyclic voltammograms (CV) were rec-
orded at a scan rate ranging from 5 to 100 mv s1.

A Radiometer pH meter, PHM 220, with a combined pH electrode Radiometer
GK2401B, was used and appropriate standard buffer solutions.

Solutions preparations

A stock solution (So) of 1x10# mol dm3 of CEF was prepared by dissolving an accurate
mass of CEF in redistilled water, and stored in freezer. More dilute solutions were prepared
daily from the stock solution.

Procedures

A 15 mL aliquot of the corresponding supporting electrolyte solution (BR buffer only) or
13.5 mL aiquot of the corresponding supporting electrolyte solution (BR buffer) and 1.5 mL
of Sy was placed in the voltammetric cell, and deaerated for 10 min with high purity nitrogen
and voltammograms were recorded.

Computational methods

The experimentally determined slope (Ai,/Av) and the computed molecular parameters of
the examined cephal osporins were used to build QSPR models and to examine €lectrochem-
ical adsorption and el ectroreduction mechanism of the cephal osporins.

Calculation of the pK, values and a selection of the dominant molecules/ions species at
the experimental pH 2.0-3.5 (Fig. 1), were performed for al the analyzed compounds using
the Marvin 5.5.1.0 program.2* The minimum energy conformations of the analyzed compounds
were obtained by the CS Gaussian 98 program?223 using the B3LY P/3-21G basis set.2426

The molecular refractivity (MR), the partition coefficient (Clog P), the distribution coef-
ficient (log D at pH 1.5, 2.5, and 4.0), the radius, the principal moment of inertia (PMI), the
Connolly accessible area (SAS), the Connolly molecular area (MS), the molecular surface area
(MSA), the polar surface area (PSA), the hydrogen bond donors (HBD) and the hydrogen bond
acceptors (HBA) were computed for the optimized molecular models using the MarvinSketch
5.1.5.02! and the Chem3D Ultra 7.0.0% programs.

The CS Gaussian 98 program? using the B3LYP hybrid functiona that included the
6-31G basis set (B3LYP/6-31G(d,p))?+26 was applied for the computation of the molecular
parameters, i.e., the energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), the chemical potentia (), €lectronegativity
(), hardness (), global softness (S), electrophilicity index (w) and the dipole moment.

The calculated molecular descriptors were used for the development of the QSPR model
using partial least square (PLS) regression.2’
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COMPUTATIONAL ELECTROCHEMISTRY STUDIES OF CEPHALOSPORINS 1039

The QSPR study was realized using the soft independent modeling of class analogy
SIMCA P+ 12.0 program,?8 for the PLS regression analysis. In QSPR modeling, a summary
of the importance of every variable (X,) for both Y and X matricesis described by the variable
importance in the projection (VIP,) parameter. The X variables with a VIP value larger than 1
are the most relevant for explaining the regression model, while the X variables with a VIP
value below 1 have a smaller influence on the regression model .2’

Validations of the PLS regression models were performed by the leave-one-out cross-
validation (LOO-CV) method. The predictive power of the model is determined by the Q2
value, which is the cross-validated version of R2, and the root mean square error of prediction
(RMSEP). The model was fitted to the data leaving one data point out. The elaborated PLS
model then predicts the left-out data point. This procedure was repeated until al data points
had been left out, which results in a number of parallel models. The difference between the
observed and the predicted values in the left-out data point (e;)) were calculated for each
model and used for the calculation of the prediction error (RMSEP).

In this setting, the predicted sum of squares (PRESS), RMSEP and Q2(Y) were defined

as.
PRESS=)" & 1)
RMSEP = ,/(PRESS/ n) 2
Q2 =1~ (PRESS/ SSTo) &)

where SSTo is the variation, sum of squares (total).

Models with Q2 > 0.5 could be considered as having good predictive capabilities.2

The quality of the PLSR models was estimated using such parameters as RMSEP, Q?,
and the correlation coefficients observed vs. predicted (r2 (Obs vs. Pred)).2”

RESULTS AND DISCUSSION

The mechanism of the reduction of methoxyimino group involves two
steps.29-3L First, the nitrogen of the N-OCH3 group is protonated (1), then the
N-O bond is cleaved (2), yielding an imine that was then protonated (3) and
reduced to the corresponding amine (4):

R,C = NOCH3 + H* m—=R,C = NH*OCH3 (1)
R,C = NH*OCH3 + 26+ H* ——R,C= NH + CH3OH )
R2C=NH+H* =—=R,C=NH} 3)

R2C= NH3 + 26+ 2H* ——R,CHNH3 (4

The specificity of this reduction is evidenced by the appearance of only one
well-defined voltammetric peak (1) in acid and neutral media, while in dlightly
alkaline medium, splitting of this peak occurs, and two peaks are obtained (Il and
I11). Peak | represents the overall reduction of the oxime group that involves
transfer of four electrons yielding an amine. As the rate of protonation of oxime
decreases with increasing pH, the reduction peak decreases, and above certain pH
value, the reduction occurs in two steps corresponding to oxime reduction to the
imine, and imine reduction to amine, respectively. This separation into two two-
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1040 NIKOLIC etal.

-electron processes is caused by differences in position and rate of establishment
of acid-base equilibrium resulting in the protonation of the oxime and imino
group,32i.e. their pK, values.

In more akaline solutions, at pH > 10, a new peak (1V) appeared at a more
negative potential, E ~ -1.5 V (Fig. 2) due to the reduction of the unprotonated
form. In addition, all the cephalosporins underwent a two-electron reduction of
the unsaturated C=C bond of the dihydrothiazine ring. This reduction occurred in
an acid medium at potentials very close to that of hydrogen ion reduction and
therefore was not convenient for analytical investigations.

1.6+ v a) LI I b)
z [V oo = sl
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1 & \
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-0.81 1 2 "l/'\ ‘(’0 v
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Fig. 2. Graphically presented pH influence on the DPV peak: a) potential and b) current of
1x10® mol dmr3 CPDX-PR in BR buffer.18

A plot of the obtained peak potentials as a function of pH (Fig. 2a) shows
several linear segments with varying dEp/dpH slopes, which indicates a varying
number of protons transferred before the potential determining electron transfer.
The slopes, dEp/dpH, obtained by curve fitting were as follows: 0.058 V pH-1 at
pH 26, 0.189 V pH-1 at pH 6-7.5 for peak I; 0.026 V pH~1 at pH 8-10 for peak
I1; 0.029 V pH-1 at pH 8-10 for peak 11l and =0 V pH-1 at pH > 9 for peak IV.
The slope of 58 mV obtained for peak | at pH < 6 suggested the same number of
electrons and protons involved in the electrode process, while the slope of 26-29
mV obtained for peaks Il and Il suggested fewer protons involved, (pro-
tons:electrons = 1:2). Decrease in the slope at pH > 8 indicates the pH region in
which the pre-protonation becomes too slow relative to diffusion. The peak
potential of peak 1V is pH-independent, which is in accordance to theory in the
case of the reduction of unprotonated species.

According to the peak current—pH dependence (Fig. 2b), it is evident that all
peaks show a maxima at a certain pH value. The maximum of theiy vs. pH curve
indicates pronounced adsorption at the given pH. All the investigated cephalo-
sporins showed DPV current maximum of peak | at apH of around 3.

The mechanism of the reaction of methoxyiminocephal osporins at a mercury
electrodel®-20 confirmed that the reduction of cephal osporins was mostly com-
plicated by the effects of adsorption at the electrode surface. The conjugated
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COMPUTATIONAL ELECTROCHEMISTRY STUDIES OF CEPHALOSPORINS 1041

acids of these compounds were adsorbed at the electrode surface at potentials
between 0.0 and 0.2 V, and desorbed between —1.0 and —1.2 V. Previous polaro-
graphic experiments proved that the reduced form was less strongly adsorbed than
the oxidized one,33 while the unprotonated form of cephalosporins, which was
reduced at pH > 10, showed no adsorption.>32:33 These experiments confirmed
that the adsorption prevails in an acid medium.532:33 The symmetrical shape of
the voltammetric peaks of cefpodoxime, cefotaxime, desacetylcefotaxime and
cefetamet, as well as the pronounced maxima of the curves presenting the current
intensity vs. pH, indicated strong adsorption of these compounds at the mercury
surface. The linear dependence of the voltammetric peak current on the scan rate,
ip vs. v, is also characteristic for adsorption-controlled processes (Fig. 3), and a
higher slope was obtained when the adsorption was more pronounced.

12+

io ! WA

Fig. 3. Effect of the scan rate on the peak current for
1x10°5 mol dm3 ceftriaxone (m), cefpodoxime proxetil
000 002 o004 o008 o008 (o), ceftazidime (A) and cefuroxime axetil (V) in BR
vivs™ buffer solutions.

Thus, the electrochemical adsorption of CRO, CPDX-PR, CAZ, CTX,
DCTX, CXM and CET on the mercury electrode (Table I) was monitored by
measuring the slopes (Aip/Av).

TABLE I. Experimentally obtained slopes (Ai/Av) for the investigated cephal osporins

Compound pH Slope (Aig/Av) / pAV1s
Ceftriaxone (+/—, +) 3.0 134.07
Cefpodoxime proxetil 35 65.8018
Ceftazidime 3.0 35.56
Cefotaxime 2.8 17.4016.19
Desacetylcefotaxime 2.8 16.3016
Cefuroxime axetil 3.0 14.43
Cefetamet 2.0 13.70Y7

In addition, the regression equations for log ip = f(log v) were calculated for
al the investigated cephal osporins. Some of them are listed below:

— ceftriaxone (pH 3.0): log ip = 0.898log v + 2.016 (r = 0.9988)

— cefpodoxime proxetil (pH 3.5): log ip = 0.706log v + 1.510 (r = 0.9970)

— ceftazidime (pH 3.0): log ip = 0.682log v + 1.232 (r = 0.9986)

— cefuroxime axetil (pH 2.8): log ip = 0.561log v + 0.742 (r = 0.9961).
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1042 NIKOLIC etal.

The corresponding slopes (higher than the theoretical value of 0.5 for a
diffusion controlled process but lower than 1.0 for a process controlled only by
adsorption) confirmed the influence of adsorption in acid solutions at mercury
surface. According to the obtained slopes, the most pronounced adsorption was
observed for ceftriaxone, and it decreased in the same order as already estab-
lished with the Aip/Av vaues.

The differences observed between the investigated compounds are the con-
sequence of specific adsorption and different orientation of these molecules at the
mercury surface. It was established that the adsorption was more pronounced
when the C7 substituent was more bulky. Since all these compounds possess a
2-aminothiazolering at C7, it could be assumed that thisring playsagreat rolein
adsorption on the mercury surface. The presence of the NH3* group of the ami-
nothiazole ring in an acid medium creates electrostatic forces with the mercury
surface in the negative potential range and thus contributes to the adsorption.
Finally, electron donor atoms, such as nitrogen and oxygen, in the side chain,
increase the electron density of the thiazole ring and enhance the adsorption of
methoxyimino cephal osporins.

Although the substituent in C2 and C3 position shows less contribution to
the adsorption than the C7 substituent, the presence of different structures causes
the differences in the adsorption characteristics. Therefore, the more complex
structures of CRO, CPDX-PR, CAZ and CTX compared to those of DCTX,
CXM and CET could generally explain the more strongly pronounced adsorption
of the moleculesin the first group.

Further, a quantum chemica and QSPR study of CRO, CPDX-PR, CAZ,
CTX, DCTX, CXM and CET adsorption at the mercury electrode was performed
to investigate the adsorption mechanism of the cephalosporins and to create a
model for the prediction of the electrochemical adsorption for related
compounds.

In the QSPR study, the experimentally determined slope (Aip/Av), obtained
using the CV technique on a mercury electrode, were used as dependent vari-
ables, while the computed molecular parameters (MR, log D, SAS, MS, MSA,
PSA, HBD, HBA, HOMO, LUMO, chemical potential (1), €lectronegativity (y),
hardness (i), global softness (S), electrophilicity index (w) and dipole moment)
of the examined compounds were used as independent variables. The density
functiona theory (DFT)-based reactivity descriptors (HOMO, LUMO, u, y, n, S
and o) were successfully used in many previous studies3443 for the
interpretation of various reaction mechanisms.

Descriptors with the highest VIP and coefficient values were selected for
building the QSPR model (Fig. 4A). The optimal combination of the most rele-
vant descriptors (HBA, €electron density on the nitrogen of the N-O bond
(ED(N)), PMly, HBA-HBD, PSA, MR, Clog P, diameter, and ovality for building
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the QSPR models was chosen based on the R2, Q2 and RMSEP values of the
obtained PLS models.
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Fig. 4. A) VIP plot and B) coefficient plot of the developed QSPR model.

The coefficient plot (Fig. 4B) of the developed QSPR model indicated a
negative correlation between the ED(y), Clog P and ovality parameters and
adsorption on the surface of a mercury electrode (Table I1). Therefore, the ceph-
alosporins with lower electron density on the nitrogen atom of the N—O bond
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lower lipophilicity should express high adsorption on a mercury electrode. The
coefficient plot (Fig. 4B) aso indicated a positive correlation between the MR,
PSA, HBA, HBA-HBD, PMIy and diameter parameters and adsorption on the
surface of a mercury electrode and hence, cephalosporins with higher PSA, MR,
diameter and PMIy values and a higher number of hydrogen bond accepting
groups should have a high adsorption on a mercury electrode.
The QSPR-model with the two significant components, R2 = 0.926 and Q2 = 0.725,
with the lowest RMSEP (11.248) and the highest r2 value (Obs vs. Pred; 0.962),
was selected for further study (Table I1). The obtained statistical parameters of
the QSPR model indicated to a good prognostic capacity of the developed QSPR
model.

Prediction of the slope (Aipy/Av) using the developed PLS-QSPR-model,
could be applied to the other related cephal osporins.

Molecular models of cephalosporins (Fig. 5) confirmed essential influence
of electron densities and charge of nitrogen for their adsorption on the mercury
electrode surface.

(B)

Fig. 5. Molecular models of: A)
the ceftriaxone cation, B) the
ceftriaxone zwitterion and C)

cefpodoxime proxetil, based on
© the partia atomic charge values.
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1046 NIKOLIC et al.

(D) (E)

©) (H)

Fig. 5. (Continued) Molecular models of: D) ceftazidime, E) cefotaxime, F) desacetylcefo-
taxime, G) cefuroxime-axetil and H) cefetamet, based on the partial atomic charge values.

CONCLUSIONS

A previous voltammetric study of the electroreduction behavior and ads-
orption of methoxyimino cephal osporins (cef podoxime proxetil, cefotaxime, des-
acetylcefotaxime and cefetamet) on a mercury electrode surface has been ext-
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ended to structurally related cephalosporins (ceftriaxone, ceftazidime, and cefur-
oxime axetile). The density functional theory and QSPR studies were used to
explain the adsorption mechanism at a mercury electrode surface and to predict
the electrochemical adsorption at a mercury electrode of the related cephalo-
sporins. The QSPR study selected the HBA, the electron density on the nitrogen
of the N-O bond (ED(n)), PMly, HBA-HBD, PSA, MR, Clog P, diameter and
ovality parameters as the most significant molecular determinants for the electro-
chemical adsorption of cephal osporins on a mercury electrode.

The developed QSPR model indicated a negative correlation between the
ED(n), Clog P, and ovality parameters and adsorption, and a positive correlation
between the MR, PSA, HBA, HBA-HBD, PMIy and diameter parameters and
adsorption on the surface of a mercury electrode. Therefore, cephal osporins with
lower electron density on the nitrogen atom of the N-O bond, lower lipophilicity,
a higher principa moment of inertia and higher number of hydrogen bond
accepting groups should express high adsorption on a mercury electrode. Pre-
diction of the electrochemical adsorption using the developed QSPR model could
be a very helpful tool for use in future cephalosporins studies. The presented
study is first reported theoretical investigation of the electrochemical behaviors
of cephalosporins.
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U3BOL
BOJITAMETPHUJCKO U TEOPHUJCKO TTPOYYABAIGE TTOHAIIAKBA TEGAJIOCITOPUHA
HA XXUBHHOJ EJIEKTPOJIU

KATAPUHA HUKOJIMR, MAPA M. AJIEKCHR, BEPA KAIIETAHOBWR u JAHUIIA ATFABA
DQamaueyticku Gpaxynimel, Ynusepsuiieiti y Beoipagy, Bojeoge Ctuetie 450, 11000 Beoipag

[Tpumenom uuknnuHe (CV), nudepennujanno-nyncue (DPV) u agcopritusHe “stripping”
mudepenurjanuo-myncHe (AdSDPV) BonTameTpHje UCIIUTAHO je eleKTPOXeMHjCKo MOHALIambe
U ancopniuja nedronoKCHM-TIpoKceTrna, nedoTakcuma, Ie3aueTwi-LedoTakcuma, nede-
TaMeTa, edTpUaKkcoHa, ledTasuguma 1 1edypoKkCUM-aKkCceTHIa Ha MOBPIINHU )KUBUHE €JeK-
Tpoge. CTymuja KBaHTUTaTUBHHUX OFHOCA CTPYKType M ocobuHa (QSPR) je xopumhena 3a
UCIIUTHBAE aficCOPILYje cefiaM liedanoCcnoprHa Ha KMBUHO] el1eKTpoau. IIpuMeHoM TeopHje
¢ynkuronana ryctuie DFT-B3LYP/6-31G(d,p) cy u3pauyHarte eHepruje MojaeKyJICKUX opou-
Taja, NaplyjalHO HaeleKkTpUcambe U eNeKTPOHCKEe I'yCTHHe HUCNHUTHBAHUX aHaluTa, Koje Cy
ynorpedsbeHe kao Mosekysncku napamerpd y QSPR cryznuju. Ilomohy uzabpanux DFT-napa-
metapa 1 QSPR mogena je ofjaiimeH mpoluec ancophildje UCIUTHBAHUX LiedaaoCHOpHHa.
Pesynratu QSPR aHanuse mokasanu cy ja Behy afcopnuujy Ha jKMBM IOKasyjy Ledano-
CTIOPUHU Ca HWXKHUM HaeJeKTPUCAakeM Ha CyMIIOpPY THA3MHCKOT Jejla MOJIeKylna, MamoM
€JIeKTPOHCKOM TYCTHMHOM Ha aTomy asota N—O Bese, ehum Opojem rpyma koje rpazne BOfo-
HUYHe Be3e U BehUM INIaBHUM MOMEHTOM HHepIIyje.

(ITpumssero 29. janyapa, pesusupaHo 23. dedpyapa, npuxsaheno 26. dedpyapa 2015)
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