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Abstract

The enzymatic, thermodynamically controlled synthesis of amoxicillin in aqueous solution was measured in order to
study the feasibility of a‘solid-to-solid’ conversion. In aqueous solution, however, the synthetic yield of amoxicillin remains
lower than the amoxicillin solubility. Therefore, a ‘ solid-to-solid’ synthesis of amoxicillin in aqueous solution is not feasible.
Synthetic yields in enzymatic condensation reactions can often be improved by adding organic solvents in monophasic
systems. Addition of cosolvents is calculated to improve the apparent equilibrium constant of amoxicillin synthesis
considerably, but probably not the synthetic yield, due to solubility restrictions of the reactants. © 1998 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Amoxicillin is one of the mgor B-lactam
antibiotics, with sales of US$2200 million as a
bulk-formulated drug in 1994 [1]. Traditionally,
semisynthetic B-lactam antibiotics are produced
by chemical modification of the basic penicillin
structure. However, enzymatic procedures may
offer important advantages over the conven-
tional chemical transformations. For example, it
can be performed in a one-step reaction with
high yield and high specificity, under mild reac-
tion conditions [2-5].

* Corresponding author.

The most frequently applied strategy for en-
zymatic synthesis is a kinetically-controlled re-
action, in which an activated acyl donor is
coupled to an antibiotic nucleus. High yields on
nucleus are achievable, but part of the activated
acyl donor hydrolyses is not coupled to the
nucleus, so recycling and reactivation of the
acyl donor is necessary, leading to costly extra
process steps. In addition, hydrolysis of the
product may occur [3]. A simpler strategy for
enzymatic synthesis would be a direct condensa-
tion of antibiotic nuclel and non-activated acyl
donors in a thermodynamically-controlled reac-
tion, which avoids these processes of recycling
and reactivation. This strategy can only be ap-
plied successfully if conditions for a favorable
equilibrium position can be found. The enzyme
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does not influence the position of the equilib-
rium, but only the rate at which the equilibrium
is established. In water, however, hydrolysis of
the antibiotic may be favored to synthesis, be-
cause of unfavorable thermodynamics. To shift
the reaction equilibrium towards synthesis one
may add moderate to high concentrations of
water-miscible organic solvents [6,7] and /or in-
crease the substrate concentration up to the
solubility level or even higher, which gives a
suspension of substrate. In favorable cases the
concentration of the product that is formed ex-
ceeds its solubility. Then a suspension of solid
substrates can be converted into a suspension of
solid products. This situation, to which we refer
asthe *solid-to-solid’ process, has been achieved
for several enzymatic reactions [2,8].

The purpose of this paper is to describe the
thermodynamics of the synthesis of amoxicillin
in order to study the feasibility of the *‘ solid-to-
solid’ concept. The thermodynamic condition
for a ‘solid-to-solid’ conversion to occur is that
the ratio of dissolved concentrations (i.e., the
apparent equilibrium constant, K,,) is larger
than the ratio of solubilities (Ry):
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where ¢; is the actual concentration of species i
and § its solubility.
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2. Materials and methods

2.1. Materials

Immobilized penicillin G acylase (EC
3.5.1.11) from Escherichia coli, 6-aminopeni-
cillanic acid (6-APA, 98.5% pure) and amoxi-
cillin trihydrate (Amox, 98.9% pure) were do-
nated by Gist-brocades (Delft, Netherlands). p-
( p-)Hydroxyphenylglycine (HPG) was a kind
gift of DSM (Geleen, Netherlands).

2.2. Solubility measurements

Solubility measurements of Amox, 6-APA
and HPG were performed as described by Gude
et a. [9].

2.3. Reaction equilibrium measurements in
water

Equilibrium measurements of the synthesis
and hydrolysis of amoxicillin were performed
by approaching equilibrium from both direc-
tions of reaction at pH 5.0, 5.6 and 6.0 using a
pH-stat (Impulsomat 614, Dosimat 665, and pH
meter 691 of Metrohm). For each experiment a
solution was prepared in 0.1 mol |~ potassium
phosphate buffer (pH 5.65) with an excess of
APA and HPG to obtain saturation, and 0 mol
Amox |~ (hydrolysis experiments), or 0.6 X
1073 mol Amox |1 (synthesis experiments at
pH 5.6 and 6) or 23X 10"2 mol Amox |1
(synthesis experiments at pH 5.0). Equilibration
and filtration were performed as described for
the solubility experiments. The pH was adjusted
using 1.0 mol | ~* agueous NaOH or HCI.

Reactions were performed in a thermojack-
eted reaction vessel at 25°C by addition of 5.0
ml of 0.11 g ml~* enzyme stock solution (in 0.1
mol | ! potassium phosphate buffer, pH 5.65).
Generaly, reactions were carried out for ap-
proximately 20 to 44 h. For calculation of K,
the ratios of concentrations were averaged for
the flat region of the Amox curve in the synthe-
sis experiments and for the corresponding re-
gion in the hydrolysis experiments.

2.4. Analysis

APA, HPG and Amox were identified and
analyzed by HPLC using a Waters System with
a Zorbax SB-C,4 4.6 X 75 mm 3.5-um column,
thermostated at 33°C, and a Waters 996 PDA
detector at 230 nm, a Waters 910 Wisp 10-ul
injector, and using a Waters 590 pump with a
flow of 1 ml min~% Prior to analyss, the
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samples were diluted with eluens. The eluens
was composed of 8 mmol |~ tetrabutylammo-
nium bromide, 10 mmol I~* Na,HPO, and
15% (v /v) acetonitrile. It was brought to pH
6.60 with H;PO,.

3. Results and discussion

3.1. Reaction equilibria in water as a function
of pH

Precise determination of the equilibrium con-
stant for the synthesis of Amox from APA and
HPG is difficult because of chemical degrada-
tion of these compounds during equilibration
and because of the low equilibrium concentra-
tion of Amox. We carried out the reactions in
duplicate or triplicate, starting from composi-
tions close to either side of the equilibrium. In
order to minimize chemical degradation, the
amounts of enzyme were maximized. Yet,
degradation was not completely excluded during
these experiments and an equilibrium was not
reached. For the Amox concentration profile
this was hardly visible in some examples, and a
reasonable correspondence between the concen-
tration in hydrolysis and synthesis experiments
was obtained (Fig. 1), but for APA the degrada-
tion amounted up to 15% (data not shown).
Still, in this dynamic state the equilibrium con-
stant could be determined from the ratio of
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Fig. 1. Equilibrium measurement of amoxicillin at pH 6.0 and
25°C. Equilibrium was achieved from both directions of reaction.
Concentrations of APA and HPG are not displayed.
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Fig. 2. Apparent equilibrium constants for the synthesis of amoxi-
cillin in water and a 50% (w,/w) DMF mixture as a function of
pH at 25°C. Experimental values for synthesis (@) and hydrolysis
(m), and predicted values of Ky o ( ) and Kgpp org X
1072 in 50% (w/w) DMF mixture (——). K, =

[Amox] /[APA]IHPG]. Calculated ratio of solubilities Rgaq (- - )

and Rg g (----). Experimental value of Rg oy (2).

concentrations, because the pseudo-first order
rate constants for the enzymatic reaction were
much higher than for the chemical degradation
according to blanks and literature data [10].

As shown in Fig. 2, there is a reasonable
correspondence between equilibria achieved
from either synthesis or hydrolysis experiments,
except for pH 5.1. Nevertheless, results from all
experiments were used for further calculations.
The apparent equilibrium constant can be mod-
eled as a function of the dissociation of the
reactants and the pH-independent equilibrium
constant of a reference reaction (K, ) [11]. We
have used a reference reaction for the synthesis
of amoxicillin, which involves cationic APA,
anionic HPG and zwitterionic Amox:

APA*+HPG = Amox ™+ H,O

Using the dissociation constants of the reactants
(Table 1), the experimental values of K, (see
Fig. 2) the average value of K, is 623 |
mol ~*.

Using this value of K4, K, is calculated
as afunction of pH (see Fig. 2, modd line) [12].
The measured values support the model, be-
cause experimental K,,-values decrease with
increasing pH according to the prediction. How-
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Table 1
Effect of DMF on the apparent pK,-values of APA, HPG and
Amox at 25°C

Compound PK g app Solvent
Water 50% (w,/w) DMF

APA PKaapa1 25 3.9

PK,ara2 49 4.8
HPG PKanpe1 22 3.6

PKahre2 9.2 9.2
Amox PKaAmox1 29 4.5

pKa,Amon 7.4 75

Experimental results were measured by Diender et al. [12].

ever, the K,,,-values observed in this work are
an order of magnitude smaller than the values
for ampicillin hydrolysis reported by Svedas et
al. (1980) [11] and Blinkovsky and Markaryan
(1993) [13]. They gave values of K, of 158 |
mol ~* at pH = 4.5, 78 | mol ~* at pH = 5.0 [11]
and 55 | mol~! at pH =55 [13], al at 25°C.
Ampicillin is an antibiotic very similar in struc-
ture to amoxicillin. We had expected the appar-
ent equilibrium constant of amoxicillin and
ampicillin to be approximately equal. The low
value of K,,, observed for amoxicillin has im-
portant implications for the feasibility of the
‘solid-to-solid’ reaction, as will be shown be-
low.

3.2. Solid-to-solid process

In order to study the feasibility of a *solid-
to-solid’ conversion of amoxicillin in water, the
solubilities in water of the reactants and product
were determined as a function of pH. Results of
these solubility measurements are represented in
Fig. 3.

A study of the feasibility of the ‘ solid-to-so-
lid" conversion of amoxicillin based on the equi-
librium constant reported for ampicillin [13] and
the solubilities of Fig. 3 may suggest that ‘ solid-
to-solid’ conversion could be successful. How-
ever, our experimental equilibrium concentra-
tions of amoxicillin in water (e.g., Fig. 1) are an
order of magnitude lower than its solubility

(Fig. 3), so the ‘ solid-to-solid’ conversion should
not occur. Also, preliminary results by others
indeed showed no ‘solid-to-solid’ conversion in
water (L.M. van Langen and R. Sheldon, per-
sonal communication). This conclusion seems
valid in the whole pH range from 4 to 8,
because the calculated value of Rg is aways
larger than K., (Fig. 2). Schroén et al. [14]
describe similar results for cephalexin.

As mentioned in Section 1, one may add
moderate to high concentrations of water-misci-
ble organic solvents to shift the reaction equilib-
rium towards synthesis. The addition of organic
cosolvents lowers the water activity, and stabi-
lizes the neutral forms of dissociating groups of
the substrates (mainly carboxylic acid groups)
[15]. To predict enzymatic reaction equilibriain
monophasic water-organic solvent mixtures we
recently developed a mode that uses reaction
equilibria in water and apparent pK -values of
the reactants in different water—cosolvent mix-
tures as input parameters [12]. This model con-
firms the high yields that have been found for
thermodynamically controlled synthesis of peni-
cillin G from APA and phenylacetic acid in
water—dimethylformamide (DMF) mixtures, and
can aso be used to predict the synthetic yield of
amoxicillin in this water—cosolvent mixture. In
Table 1 the apparent dissociation constants of
the amoxicillin-related reactants in water and a
50% (w/w) DMF mixture are presented, which

300 30
250
% 200 20
% z
& 150 ,/ e
- . E
© M <
z 100 + R J 10 ©
%) A
" //
0 ; ; 0
3 4 5 6 7 8
pH

Fig. 3. Experimental solubilities of Amox (a), APA (m) and
HPG (#) in water as afunction of pH at 25°C. The full curves are
fits according to the model of Gude et a. [9].
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we used to calculate Ky, o USiNg the model
[11] and K, =623 1 mol ~*. It is calculated that
K ap increases nearly afactor 100 in 50% (w /w)
DMF mixture compared to water (Fig. 2). How-
ever, this does not mean that ‘solid-to-solid’
conversion will occur, because the solubilities
of the substrates and the product will also change
in the water-organic solvent mixtures. In a mix-
ture with DMF, the solubilities of Amox, APA,
HPG are much lower than in water, overall
leading to an increase of Rg in Eq. (1), that
counteracts the increase of K,,, (see Fig. 2).
Thus a ‘solid-to-solid’ conversion of amoxi-
cillin is expected not to be feasible in a water-
cosolvent mixture, but this can be tested only if
an enzyme is available that is and remains
sufficiently active under such conditions.

4. Conclusions

In aqueous solution the equilibrium constant
of the enzymatic synthesis of amoxicillin from
APA and HPG is much lower than was ex-
pected from extrapolated literature data on
ampicillin synthesis. Therefore, a ‘solid-to-so-
lid conversion in water is not feasible. The
presence of an organic cosolvent, e.g., 50%
(w/w) DMF mixture is calculated to improve
the equilibrium constant considerably by a fac-
tor of nearly 100. However, it is expected that,
due to solubility restrictions in the DMF—water
mixture, also here the ‘ solid-to-solid’ concept is
not feasible.
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