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Abstract

The hydrolysis kinetics of a temocillin isomer mixture (~68% R and ~32% S) were studied as a function of pH,
temperature and buffers. Temocillin concentrations were determined from HPLC analyses of the individual isomers
where [TEM]= [R]+ [S]. Rate constants (kR, kS and kSUM) were determined from linear first-order plots for [R], [S]
and [TEM], respectively. The true time for 10% loss of temocillin (Ttrue) was determined by examining the time-course
for the sum, [R]+ [S]. Although the kR and kS values were generally similar, they differed by 30–40% under some
conditions. Nevertheless, the calculated time for 10% loss (T90= − ln 0.9/kSUM) agreed with Ttrue for all experimental
conditions. This was explained using computer simulations that indicated epimerization was faster than hydrolysis.
Under these circumstances, reliable predictions of temocillin stability were achieved with kSUM=kH1(aH+)f1+
kH2(aH+)f2+kH3(aH+)f3+kH2O+kOH(aOH−)+kB4O7

[B4O7
2−], where the catalytic constants were kH1, kH2 and kH3

for hydrogen ion activity, kOH for hydroxyl ion activity, kB4O7
for B4O7

2− (in borate buffer only); kH2O was the
first-order rate constant for spontaneous hydrolysis and f1, f2, f3 were the fractions of temocillin in three stages of
dissociation. The Arrhenius expression, k=Ae−E/RT, and the experimentally determined A and E values were
substituted for kH1, kH2 kH3, kOH and kB4O7

. This equation successfully calculated 92% of the observed kSUM values
with B10% error. A shelf-life of ~1.8 days was predicted and experimentally verified at 30°C in the region of
maximum stability, pH 6.5–7.5. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Temocillin isomers; Temocillin stability; Temocillin hydrolysis; Diastereoisomers; Hydrolysis kinetics;
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1. Introduction

Ariens et al. (1988) indicated that ~25% of
drugs were marketed as racemates or mixtures of
diastereoisomers. It has been recognized for more
than 25 years that stereoisomers can differ signifi-
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cantly with respect to pharmacokinetic character-
istics such as binding, metabolism, clearance, bio-
logical half-life and volume of distribution (Shand
and Rango, 1972; Ariens, 1983; Simonyi, 1984;
Hutt and O’Grady, 1996). A pharmacokinetic
description of an isomeric mixture requires that
each isomer be independently assessed. This ne-
cessitates specific analytical methodology for each
isomer. If their pharmacokinetics are sufficiently
different, failure to analytically resolve the two
isomers provides meaningless pharmacokinetic
data composed of the sum of two superimposed
individual time-courses.

In contrast, the potential impact of the degra-
dation kinetics of two isomers on stability predic-
tions for an isomeric mixture has not been widely
studied. Moore and Pearson (1981) presented a
method for obtaining the individual rate constants
for an isomeric mixture when epimerization was
negligible relative to hydrolysis. The semilogarith-
mic plot of total concentration versus time was
biphasic. The kinetic analysis was illustrated using
a mixture of diethyl-t-butylcarbinyl chloride iso-
mers where the isomer present as 35% hydrolyzed
approximately four times faster than the domi-
nant isomer.

Nguyen (1991) studied the hydrolysis kinetics
of a 50:50 mixture of cefuroxime axetal
diastereoisomers, A and B. Epimerization was
negligible relative to hydrolysis. First-order plots
for [A], [B], or [A+B], were linear with negative
slopes kA, kB and kSUM, respectively. Although kA

and kB differed by as much as 27%, the rate of
cefuroxime axetal loss was described by −d[A+
B]/dt=kA[A]+kB[B]:kSUM[A+B]. Shelf-life es-
timates based on kSUM were equivalent to those
based on kA[A]+kB[B].

Neither of those studies provide examples
wherein an unrecognized error would be intro-
duced by calculating the shelf-life from a first-or-
der plot of total concentration. The
diethyl-t-butylcarbinyl chloride isomer mixture
plot was so clearly biphasic as to be obvious that
first-order analysis was not valid. Although ce-
furoxime axetal provided a first-order plot for
[A+B], the differences in isomer reactivities were
not sufficient to result in an error by calculating
the shelf-life with kSUM.

However, a significant error can result if a
semilogarithmic plot for the sum of the isomer
concentrations is a shallow biexponential curve
that appears to be first order with negative slope
kSUM. The shelf-life determined from kSUM overes-
timates the true shelf-life (Ttrue) defined as the
time for 10% loss of drug. For the hypothetical
example in Fig. 1, the shelf-life calculated from a
first-order plot of total concentration was 40%
longer than Ttrue.

Temocillin is a bactericidal penicillin with rela-
tively high stability to b-lactamases (Scheme 1).
The disodium salt of temocillin is available for
parenteral use as a mixture of ~68% R isomer and
~32% S isomer for reconstitution before injection
(Walker, 1994). Although both isomers are active,
they are not equivalent in potency or disposition
in man (Guest et al., 1985). The R and S isomers

Fig. 1. First-order plots of simulated data for total drug (�),
its R isomer (�), and its S isomer (
) when hydrolysis rate
constants (k=0.0560− t for the R and k=0.224− t for the S
isomer) produce a shallow biexponential curve for total drug.
The regression line on the total drug curve resulted from
treating these data (�) as first order. The insert demonstrates
how the time for 10% loss, erroneously calculated with a
first-order rate constant (solid line), overestimated the true
time (Ttrue) required for a biexponential curve to lose 10% of
the initial concentration (dashed line). The initial mixture was
68% R and 32% S.
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Scheme 1. The structure for temocillin (6b-[2-carboxy-2-thien-
3-ylacetamido]-6a-methoxypenicillanic acid) showing the unre-
solved C-10 asymmetric center that is responsible for the
diastereoisomeric mixture.

Section 2.2). All other chemicals were analytical
or HPLC grade.

2.2. HPLC assays

An HPLC system (Waters, Bedford, MA) con-
sisting of a M-600E gradient control system, a
M-484 variable wavelength detector, a M-745B
data module and a 3.9×300 mm mBondapak C18

reverse phase column with a mBondapak C18

guard column was used.
The analytical method was an adaptation of an

isocratic HPLC assay that resolved the R and S
isomers and separated them from the degradation
products that formed during hydrolysis (Bird et
al., 1984). Typical chromatograms with the R
isomer eluting before the S isomer are shown in
that paper. The assay used a mobile phase con-
sisting of phosphate buffer and methanol at a
flow rate of 1.5 ml/min, a 20-m l injection volume
and ambient column temperature. Monobasic
sodium phosphate monohydrate (13.8 g) was dis-
solved in 900 ml of distilled water, the pH was
adjusted to 7.0 with 1 N NaOH and distilled
water added to make 1 l. A detection wavelength
of 230 nm was selected because it is an isosbestic
point for the R and S isomers. This allowed the
proportion of each isomer to be calculated from
the percentage contribution of its peak area to the
total area of both peaks.

In the current study, methanol and phosphate
buffer were deaerated under vacuum with sonica-
tion. During analysis, the mobile phase was
purged with helium at 45 ml/min. The R and S
isomers were analyzed using the areas under their
respective HPLC peaks and total temocillin was
determined from the sum of these two areas.
When reactions at pH\5.5 were analyzed with
the mobile phase employed for studies at pH5
5.5, degradation products coeluted with the R and
S isomers. Therefore, two different ratios of
methanol to phosphate buffer were required to
quantitatively separate the R and S isomers from
the degradation products formed during kinetic
studies at pH55.5 and those formed at pH\5.5.

At pH55.5, the mobile phase consisted of 10%
v/v methanol and 90% v/v phosphate buffer. The
retention time was 9 min for the R isomer and 11

differ significantly in clearance, half-life, volume
of distribution and plasma protein binding.

Just as the R and S isomers differ in pharma-
cokinetic behavior, they may also differ in hydrol-
ysis rates. Burton et al. (1986) reported hydrolysis
half-lives and degradation products for loss of
temocillin at pH 3, 4 and 12, 20°C. Bird et al.
(1984) reported epimerization half-lives in acetate
(pH 5) and phosphate (pH 7) buffers at 25 and
37°C. However, a literature search did not dis-
close any kinetic studies for hydrolysis of
temocillin or its R and S isomers.

The specific aims of this investigation were (1)
to study the hydrolysis kinetics of R and S
temocillin as a function of pH, temperature and
buffer, (2) to determine whether or not the indi-
vidual R and S temocillin isomer time-courses are
required to predict temocillin shelf-life, (3) to
employ computer simulations to develop the ki-
netic theory required to interpret these results, (4)
to develop equations that predict temocillin shelf-
life at any pH and temperature in the presence or
absence of buffers and (5) to predict and experi-
mentally verify the shelf-life of a solution buffered
to the pH of maximum stability and stored at
30°C.

2. Materials and methods

2.1. Materials

Temocillin sodium was used as received from
SmithKline Beecham (Worthing, West Sussex,
UK). The sample was a mixture of ~68% R
isomer and ~32% S isomer (by HPLC analysis,
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Table 1
First-order hydrolysis rate constants (103 k in min−1) determined from R isomer (kR), S isomer (kS) and temocillin (kSUM) in HCl

pH 103 kR 103 kSHCl concentration (M) 103 kSUMTemperature (°C)

0.5025 0.42 45.5 45.8 45.6
0.83 19.20.20 18.2 18.9

0.10 1.13 10.3 9.85 10.1
1.44 6.31 6.08 6.220.05

0.42 67.830 82.70.50 72.0
0.83 31.4 30.00.20 30.4
1.14 17.00.10 16.7 16.9

0.05 1.44 11.5 10.2 10.8

0.43 20240 1810.50 185
0.20 0.84 83.2 81.4 82.6
0.10 1.14 49.7 46.6 48.6

1.44 34.1 29.10.05 32.7

0.0550 1.44 195 197 195

1.44 353 464 38460 0.05

min for the S isomer. The capacity factor was 4.36
and replication (CV) was 1.20% for the R isomer;
5.63 and 1.80, respectively, for the S isomer. For
temocillin, the CV was 0.80% and the linear detec-
tion range was 1–6×10−4 M.

At pH values \5.5, the mobile phase was 4%
v/v methanol and 96% v/v phosphate buffer. The
retention time was 14 min for the R isomer and
18 min for the S isomer. The capacity factor was
4.59 and the CV was 1.01% for the R isomer; 6.08
and 1.31%, respectively, for the S isomer. For
temocillin, the CV was 0.67% and the linear detec-
tion range was 1–6×10−4 M.

Several methods were used to insure that the
assays were specific for the R isomer and the S
isomer in the presence of their degradation prod-
ucts. Following ~50 and 75% hydrolysis, the UV
spectra at the leading edge, maximum and trailing
edge of the R and S isomer peaks were superim-
posable with those of the original temocillin sam-
ple (diode array detector, Model 996, Waters,
Bedford, MA). No residual peaks were found
beneath their peaks when reactions were allowed
to proceed to completion. No deviations were
observed in first-order plots. Representative reac-
tions in acidic and buffered solutions were ana-
lyzed in duplicate with the appropriate mobile
phase described above and a second mobile phase

which provided retention times of 7 min for the R
isomer and 8 min for the S isomer. This mobile
phase consisted of 95% v/v phosphate buffer and
5% v/v acetonitrile. The concentrations and first-
order plots were similar for the duplicate assays.

2.3. Kinetics

The temperatures (stable to 90.1°C), composi-
tions of the reaction solutions, and the pH values
are given in Tables 1 and 2. The ionic strength
was adjusted to 0.5 by addition of NaCl. The pH
values for the HCl solutions were calculated as a
function of temperature with hydrogen ion activ-
ity coefficients determined from published values
(Harned and Owen, 1958). The pH values for the
buffered solutions were measured at the tempera-
tures of the studies before and after completion of
the reactions.

Reactions were initiated by adding 1 ml of a
temocillin solution to 20 ml of HCl or buffered
solution at the temperature of the study to
provide a 10−3 M temocillin reaction solution.
Reactions were quenched prior to analysis in the
following manner. Samples were removed as a
function of time, rapidly cooled with an ice and
water mixture and a 1.0 ml aliquot was immedi-
ately added to 1 or 2 ml of water or buffer to give
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Table 2
First-order hydrolysis rate constants (103 k in min−1) determined from R isomer (kR), S isomer (kS) and temocillin (kSUM) in
buffered solutions

Buffer concentration (M) 103 kRTemperature (°C) 103 kSpH 103 kSUM

Formate
0.91 15.32.49 15.640 15.4
0.45 15.3 15.6 15.4
0.23 14.5 16.0 15.0
0.82 7.013.52 7.18 7.07
0.41 6.57 7.98 7.03
0.21 6.57 6.65 6.65

4.55 0.45 0.968 1.19 1.03
0.11 1.14 1.33 1.19

2.5050 0.23 39.5 38.3 39.1
3.52 0.21 16.8 18.0 17.2

0.11 2.654.58 3.04 2.76
0.23 86.760 87.32.51 86.9
0.41 37.23.50 44.4 36.9

4.59 0.23 6.34 7.17 6.58

Phosphate
40 5.41 0.09 0.232 0.294 0.252

6.52 0.16 0.122 0.140 0.128
0.09 0.1117.52 0.114 0.112

5.4050 0.09 0.638 0.662 0.647
0.16 0.336 0.3856.52 0.353
0.09 0.3557.53 0.352 0.358

5.4160 0.09 1.49 2.09 1.67
0.16 0.9506.51 1.23 0.984
0.04 0.9716.56 1.26 1.04
0.09 1.02 1.08 1.017.54

Borate
40 8.69 0.08 0.453 0.497 0.469

0.04 0.353 0.348 0.351
0.02 0.266 0.320 0.284

50 8.59 0.08 1.25 1.45 1.32
0.02 0.761 0.876 0.801
0.01 0.717 0.721 0.719
0.04 2.6560 2.768.55 2.69
0.02 2.06 2.01 2.04
0.01 2.10 1.72 2.00
0.04 4.20 4.12 4.178.72
0.02 2.91 2.99 2.94
0.01 2.31 2.38 2.34

Carbonate
40 9.50 0.10 0.846 0.987 0.896

0.06 0.764 0.852 0.793
0.02 0.713 0.827 0.752

50 0.109.41 2.32 2.43 2.36
0.06 2.16 2.06 2.13
0.02 1.60 1.91 1.70
0.10 6.47 6.48 6.4860 9.34
0.06 5.99 6.14 6.05
0.02 4.75 5.04 4.86
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Table 2 (Continued)

Buffer concentration (M) 103 kR 103 kS 103 kSUMTemperature (°C) pH

0.11 4.2840 4.4910.4 4.35
0.09 3.53 3.90 3.64
0.07 3.51 3.90 3.64
0.11 12.810.4 13.050 12.9
0.09 10.6 11.3 10.9
0.07 10.3 10.6 10.4
0.11 32.710.2 32.560 32.6
0.09 28.1 28.2 28.1
0.07 26.6 26.2 26.5

a pH of 6.5–7.5. Most diluted samples were
stored in an ice bath and analyzed within 12 h.
Control studies showed that temocillin concentra-
tions were unchanged throughout the quenching
and storage procedure. Dilutions from longer re-
actions were stored under refrigeration prior to
analysis. No loss of temocillin was detected by
HPLC when these solutions were stored for 24 h
in the refrigerator.

3. Results

3.1. Determination of first-order rate constants

The rate of temocillin hydrolysis was first order
in aqueous HCl or buffers at constant pH, tem-
perature, and ionic strength. Pseudo-first-order
rate constants (k) were calculated from linear
plots based on Eq. (1),

ln[Ct ]= ln[C0]−kt (1)

where t is time, [C0] is initial concentration and
[Ct ] is the time-dependent concentration for the R
isomer, the S isomer, or for temocillin defined as
the sum of the two isomers; k is kR when deter-
mined from the concentration of the R isomer, kS

from the S isomer, and kSUM from the sum of the
isomers. Each study was comprised of eight or
more assays spaced to provide changes of ~0.1[C0]
per sampling interval. Rate constants (Tables 1
and 2) were obtained by linear regression (r2\
0.99) for data in the range, [C0] to ~0.2[C0].
Differences between k values for duplicate studies
were 52%. There were no significant differences

between k values obtained for hydrolysis of 10−3

M temocillin and those obtained for a clinically
employed concentration of 50 mg/ml (0.11 M) at
pH 7.5, 60°C.

The rate constants obtained from the R isomer
and the S isomer were generally similar. More
than 91% of the kR and kS pairs varied by B10%.
The values for kSUM were within 5–10% of the
means of the kR and kS values. The largest differ-
ences were observed at 60°C in phosphate buffers,
pH 5.4–6.6, where kS was 29–40% larger than kR

(Table 2 and Fig. 2). Despite this difference, the
time to achieve 10% loss of temocillin was similar
when calculated with kSUM or observed from the
time-course of the sum of the R and S isomers.
The reason for this agreement is presented in
Section 4. The goal of the following kinetic analy-

Fig. 2. First-order plots of the percent of temocillin (�), its R
isomer (�), and its S isomer (
) remaining as a function of
time in: (a) 0.45 M formate buffer at pH 2.54, 40°C and (b)
0.09 M phosphate buffer at pH 5.41, 60°C.
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Fig. 3. The solid curves were obtained by simultaneous nonlin-
ear regression using Eq. (11) to fit kSUM=k(pH) at 60°C (�),
50°C (�), 40°C (
), 30°C (�), and 25°C (
) using the
observed temocillin hydrolysis rate constants in Tables 1 and 2
and the intercepts of k vs borate buffer concentration. The
dashed curves were predicted with Eq. (11) and the A and E
values in Table 3. The two rate constants on the dashed curve
for 30°C (�) were experimentally determined to verify their
predicted values.

The simplest equation that best calculated the
observed kSUM values was empirically selected by
testing pH-rate equations that describe profiles
with inflections in the acidic region (Connors et
al., 1985; Carstensen, 1995). For monocarboxylic
acids, these profiles are generally described by Eq.
(2) or a kinetic equivalent where k(pH) is kSUM in
the absence of buffer catalysis.

k(pH)=kH1(aH+)f1+kH2(aH+)f2+kH2O

+kOH(aOH−) (2)

In Eq. (2), kH1 and kH2 are catalytic rate constants
(M−1/min) for hydrogen ion activity (aH+), kOH

is the catalytic rate constant (M−1/min) for hy-
droxyl ion activity (aOH− =KW/[aH+]) and kH2O is
the first-order rate constant (min−1) for sponta-
neous hydrolysis. The values for KW as a function
of temperature were obtained from Harned and
Owen (1958). The fraction of substrate as the
carboxylic acid ( f1) and the carboxylate ( f2) were
calculated from Eqs. (3) and (4) where the appar-
ent dissociation constant, Ka, was an adjustable
parameter together with the rate constants in Eq.
(2).

f1=
aH+

(aH+ +Ka)
(3)

f2=
Ka

(aH+ +Ka)
(4)

Eqs. (2)–(4) achieved their best fit with pKa=
3.53. The experimental k(pH) values were calcu-
lated with 510% error for 70% of the values and
with errors of 15–23% for the remaining values.

Eq. (5) was successful when two pKa values
were required to describe the pH-rate profiles for
ceftazidime hydrolysis (Zhou and Notari, 1995).

k(pH)=kH1(aH+)f1+kH2(aH+)f2+kH3(aH+)f3

+kH2O+kOH(aOH−) (5)

In Eq. (5), kH1, kH2 and kH3 are catalytic rate
constants for hydrogen ion activity. Temocillin
has two carboxylic acid groups (Scheme 1). Poten-
tiometric titration of the temocillin sample indi-
cated pKa values of 2.14 and 3.53 when the data
were analyzed by the method of Niebergall et al.
(1973). The fractions of temocillin as the dicar-

sis was to develop equations to calculate kSUM as
a function of pH, temperature and buffer in order
to predict the time for 10% loss.

3.2. pH-rate profiles

Fig. 3 shows pH-rate profiles for temocillin
hydrolysis rate constants (kSUM). Each of these
curves exhibited an inflection at pH 2–4. Inflec-
tions in a pH-rate profile are frequently observed
near the pKa of a substrate when the reactivity of
the protonated and unpronated forms are suffi-
ciently different.
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boxylic acid ( f1), the monocarboxylate ( f2) and
the dicarboxylate ( f3) were calculated from Eqs.
(6)–(8) with the dissociation constants (Ka1 and
Ka2) determined from the pKa values.

f1=
a2

H+

(a2
H+ +aH+Ka1+Ka1Ka2)

(6)

f2=
(aH+Ka1)

(a2
H+ +aH+Ka1+Ka1Ka2)

(7)

f3=
(Ka1Ka2)

(a2
H+ +aH+Ka1+Ka1Ka2)

(8)

Eqs. (5)–(8) predicted 92% of the k(pH) values
with 510% error and the remaining values with
errors of 15–23%. Therefore, Eqs. (5)–(8) were
selected for k(pH) predictions.

Buffer catalysis was not detected in the neutral
or acidic pH region. Hydrolysis rates were accel-
erated by the basic component of the borate
buffer (B4O7

2−). The temocillin hydrolysis rate
constant in borate buffer was defined as:

kSUM=k(pH)+kB4O7
[B4O2−

7 ] (9)

The values for the general-base catalytic constant
(102 kB4O7

in M−1/min) were 0.613 at 40°C, 1.77
at 50°C and 5.99 at 60°C.

As anticipated from the work of Kirsch and
Notari (1984), catalysis was not observed for the
carbonate buffer. The unit slope of the pH-rate
profiles indicated that specific hydroxyl ion cataly-
sis was the dominant kinetic term in the pH
region 9–11. Kirsch and Notari (1984) have
shown that general-base catalysis by carbonate
buffer cannot effectively compete with specific
hydroxyl ion catalysis.

3.3. Rate constants as a function of pH and
temperature

The Arrhenius equation was used to define kH1,
kH2, kH3, kH2O, kOH and kB4O7

as a function of
temperature:

k=Ae−E/RT (10)

In Eq. (10), A is the pre-exponential term, E is the
energy of activation, R is 1.987 cal/mol-deg and T
is absolute temperature (Connors, 1990). The A
and E values for kB4O7

were determined by linear

regression based on the logarithmic form of Eq.
(10). The A and E values for kH1, kH2, kH3, kH2O,
and kOH (Table 3) were determined as follows.
Each rate constant was expressed as Ae−E/RT and
each function was substituted in Eq. (5) to give:

k(pH)= (AH1e−EH1/RT)(aH+)( f1)

+ (AH2e−EH2/RT)(aH+)( f2)

+ (AH3e−EH3/RT)(aH+)( f3)

+ (AH2Oe−EH2O/RT)

+ (AOHe−EOH/RT)(aOH−) (11)

The absolute temperatures °K corresponding to
25, 30, 40, 50 and 60°C were substituted for T.
The resulting five equations were solved by simul-
taneous nonlinear regression with the A and E
values as adjustable parameters. This procedure
was applied to the kSUM values obtained from the
four borate intercepts and the remaining 58 exper-
imentally observed kSUM values in Tables 1 and 2.

The A and E values from Table 3 were used in
Eq. (11) to calculate kSUM values for all condi-
tions in Tables 1 and 2 with the exception of those
in borate buffer. In the presence of borate buffers,
the A and E values for B4O7

2− (Table 3) were
substituted in Eq. (10) to calculate kB4O7

and this
value was used in Eq. (9) with the k(pH) value
calculated from Eq. (11). An excellent linear cor-
relation (slope=1.01 and r2=0.99) was found
between the 72 experimentally determined kSUM

values (including the two values in Section 4) and
the calculated values (Fig. 4).

Table 3
Pre-exponential factors, A (M−1/min except for kH2O in
min−1) and activation energies, E (cal/mol)a

EAkI

kH1 1.706×1012 18 023
21 343kH2 2.625×1015

17 3275.109×1013kH3

kH2O 1.296×1011 21 561
kOH 13 3521.209×1010

25 3932.733×1015kB4O7

a Reported digits exceed experimental precision to minimize
rounding errors in predictions (Connors, 1990).
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Fig. 4. Linear correlation (slope=1.01, r2=0.99) between
temocillin hydrolysis first-order rate constants (kSUM) calcu-
lated with Eqs. (9) and (11) and the 72 experimental values
determined at 25–60°C in formate, phosphate, borate and
carbonate buffers and in HCl. The log–log scale was used
solely to facilitate visualization.

with a negative slope:kdr:kds. The following
analysis examines the consequences when kdr"
kds.

Case 1 occurs when kepi is insignificant relative
to kdr and kds. The R and S isomers degrade
independently and epimerization plays no role. If
kdr and kds are sufficiently different, temocillin
loss is described by the biexponential equation:

[TEM]= [R0]e
− (kdr)t+ [S0]e

− (kds)t (12)

where [R0] and [S0] are the initial concentrations.
A semilog plot of [TEM] versus time is linear
during the terminal phase because the exponential
with the larger rate constant becomes insignifi-
cant. Such data can be quantitatively analyzed to
obtain values for [R0], [S0], kdr and kds as illus-
trated for the hydrolysis of a diethyl-t-butyl-
carbinyl chloride isomer mixture (Moore and
Pearson, 1981). When kdr and kds are not suffi-
ciently different, a semilog plot of [TEM] versus
time is linear as observed for cefuroxime axetil
isomers (Nguyen, 1991).

Case 3 is the opposite extreme where kepi is
sufficiently large, relative to kdr and kds, to main-
tain a constant [R]/[S] ratio while the [R] and [S]
values decrease with time. The [R]/[S] ratio will be
the same as the equilibrium ratio, Keq=ksr/krs:
[R]/[S]. The rate of loss of temocillin is defined by:

−
d[TEM]

dt
=kSUM[TEM]= ( fRkdr+ fSkds)[TEM]

(13)

where fR= [R]/[TEM] and fS= [S]/[TEM]. A first-
order plot for [TEM], [R] or [S] will be linear with

4. Discussion

4.1. Competing rates of degradation and
epimerization

The concentration of temocillin remaining in
solution as a function of time is [TEM]= [R]+
[S]. Scheme 2 illustrates three cases for the hydrol-
ysis kinetics of a mixture of R and S isomers
where krs and ksr are the first-order rate constants
for interconversion of the two isomers and kdr and
kds are the degradation rate constants for the R
and S isomer, respectively. The first-order rate
constant for epimerization of R to S or S to R is
kepi=krs+ksr (Bird et al., 1984). If kdr:kds, a
first-order plot for [TEM], [R] or [S] will be linear

Scheme 2. Three cases illustrating first-order hydrolysis of R
and S isomers in a mixture. The rate constant krs represents
conversion of R to S and ksr represents S to R. The rate
constant for degradation of the R isomer is kdr and of the S
isomer is kds. The epimerization rate constant is kepi=krs+
ksr.
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a negative slope defined as:

−slope= fRkdr+ fSkds (14)

In case 2, all rate constants (krs, ksr, kdr, and
kds) represent competing processes. If kdr and kds

are sufficiently different from each other, and fR

or fS does not approach unity, the loss of temocil-
lin is described by a biexponential equation,

[TEM]= [C1]e−at+ [C2]e−bt (15)

where C1 and C2 are the initial values associated
with each exponential and the apparent rate con-
stants, a and b, are complex functions that cannot
be solved for krs, ksr, kdr, or kds (Gibaldi and
Perrier, 1982).

4.2. Shelf-life definitions

The shelf-life for temocillin in aqueous solution
was defined as the time during which its concen-
tration equaled or exceeded 90% of its initial
concentration [TEM0]. When hydrolysis is first
order, shelf-life is commonly calculated from
T90= − ln 0.90/k (Connors et al., 1985; Connors,
1990; Carstensen, 1995). Fig. 1 illustrates the mis-
interpretation of shallow biexponential data as
first order. The true time (Ttrue) at which [TEM]
becomes 90% of [TEM0] cannot be explicitly
solved for biexponential loss (Eq. (12) or Eq.
(15)). However, Ttrue can be observed from the
temocillin time course simulated with Eqs. (16)–
(18).

d[R]
dt

=ksr[S]−krs[R]−kdr[R] (16)

d[S]
dt

=krs[R]−ksr[S]−kds[S] (17)

[TEM]= [R]+ [S] (18)

The Ttrue and T90 values may or may not agree
depending on the relative values for krs, ksr, kdr,
and kds.

4.3. Shelf-life calculations based on temocillin
first-order loss (kSUM) and the time-course for the
sum of the isomers

Eqs. (16)–(18) were used to simulate typical

sampling protocols for [R], [S] and [TEM] as a
function of time. Each simulation provided ten
assays spaced to provide changes of ~0.1[C0] per
sampling interval. The values for krs, ksr, kdr, and
kds were systematically varied to examine their
influence on the Ttrue and T90 values. The experi-
mentally observed kS values were usually similar
to or somewhat larger than kR. This observation
was simulated in Scheme 2 by assigning values for
kds that were ]kdr. The relative values of krs and
ksr for a mixture of 68% R isomer and 32% S
isomer were defined by ksr= (Keq)(krs)=
(2.125)(krs) (Bird et al., 1984).

The kepi/kdr ratios were varied to represent all
potential kinetic situations from case 1 to 3 by
gradually increasing the ratio from 0 (case 1) to
3000 (case 3). The kds/kdr ratio was varied from 1
to 4 for each kepi/kdr ratio. All simulations with
these selected krs, ksr, kdr, and kds values provided
[TEM] data that were adequately described by a
first-order plot with residual errors B8%. These
conditions produced first-order plots with less
curvature than the example shown in Fig. 1.

The calculated T90 values were equal to or
greater than the Ttrue values depending on the
relative values for krs, ksr, kdr, and kds. The degree
(D%) to which T90 overestimated Ttrue was calcu-
lated from:

D%=
100%× (T90−Ttrue)

Ttrue

(19)

Fig. 5 illustrates several trends for the D% values.
Case 3 provided linear first-order plots with no
residual errors and slopes defined by Eq. (14).
Therefore, D% was zero (T90=Ttrue) for case 3
independent of the kds/kdr. When kdr was equal to
kds (i.e. the kds/kdr ratio=1), D% was zero (T90=
Ttrue) independent of the kepi/kdr values.

For the remaining simulations, D% was greatest
when temocillin data had the most biexponential
character. For each kepi/kdr ratio, biexponential
character increased as the kds/kdr ratio increased
from 1 to 4 as shown in Fig. 5. For any fixed
kds/kdr ratio, the biexponential character increased
as kepi/kdr decreased and the kinetics approached
that of case 1. Consequently, as illustrated in Fig.
5 when kds/kdr=4, D% increased from 0% for
kepi/kdr=3000 (case 3) to 30% for kepi/kdr=0
(case 1).
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Fig. 5. The percent overestimate (D% in Eq. (19)) that results
from using T90= − ln 0.90/kSUM instead of the actual time
(Ttrue) for 10% loss of total drug in a mixture of R and S
isomers. The D% values are shown as a function of degrada-
tion rate constant ratios for the S and R isomers (kds/kdr). The
epimerization constant was altered to produce five different
kepi/kdr ratios equal to 0 (�), 3 (�), 6 (
), 30 (
), and 3000
("). The [R], [S], and [TEM] time-courses for this analysis
were generated with Eqs. (16)–(18) to simulate the cases in
Scheme 2.

cause kepi=krs+ksr. These kepi values were 30–
400 times greater than the kSUM values calculated
under these conditions with Eq. (11). This rules
out cases 1 and 2 because kSUM cannot be less
than the smaller of kdr and kds. Therefore, kepi

must be at least 30–400 times greater than the
smaller of kdr and kds. This ratio is sufficiently
large to cause the hydrolysis kinetics for the
temocillin isomer mixture to behave like case 3.
This case results in similar slopes for first-order
plots of total temocillin or either isomer. Most of
the observed kR and kS values were similar to one
another. Furthermore, the relative R and S values
were constant and time-independent at each tem-
perature from 25°C (68% R, 32% S) to 60°C (60%
R, 40% S).

The predicted rate constants at 30°C in 0.2 M
phosphate buffer (pH 6.5) and 0.1 M phosphate
buffer (pH 7.5) were 4.20×10−5 and 3.85×10−5

min−1, respectively. These rate constants differ by
B8% because they are in the pH-independent
region. The experimentally determined kSUM val-
ues at 30°C (4.21×10−5 min−1 at pH 6.5 and
3.79×10−5 min−1 at pH 7.5) differed from pre-
dicted values by 0.2 and 1.6%, respectively.

Fig. 6. The predicted shelf-life (T90= − ln 0.90/kSUM) as a
function of temperature for an aqueous temocillin solution in
the pH-independent range, 6.5–7.5, in the presence or absence
of phosphate buffer. The T90 (1.890.1 days) at 30°C (�) was
experimentally verified at pH 6.5 and 7.5.

4.4. Temocillin shelf-life predictions

There were no differences between the experi-
mental temocillin T90 and Ttrue values. Therefore,
temocillin shelf-life was predicted with T90= −
ln 0.9/kSUM. This can be rationalized based on
Fig. 5. The largest experimentally observed kS/kR

ratio was 1.4 (Table 2, 0.09 M phosphate, pH 5.4
at 60°C). At this kdr/kds ratio, the total range for
D% in Fig. 5 is 0–2% from case 3 to case 1. This
difference is too small to be experimentally
observable.

Simulated data for [R], [S], or [TEM] were
described by case 3 when kepi] (30)× (kdr) (Fig.
5). Bird et al. (1984) studied temocillin epimeriza-
tion at pH 5 and 7, by initiating reactions with
each isomer at 25 and 37°C. The values for kepi

were the same with either starting material be-
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The maximum stability for an aqueous
temocillin solution occurred in the pH range,
6.5–7.5 (Fig. 3). Phosphate buffer did not acceler-
ate hydrolysis. Therefore, the shelf-life was pre-
dicted from T90= − ln 0.90/kSUM by using Eq.
(11) to calculate kSUM. Fig. 6 shows the predicted
shelf-life as a function of temperature in the pH
range 6.5–7.5 where typical values were 1.8 days
(30°C), 3.5 days (25°C), 12 days (15°C), and 44
days (5°C).
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