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Summary 

The kinetics of hydrolysis of metronidazole monosuccinate in aqueous solution at 
pH 1.5-10 and 60*C has been investigated. The decomposition was monitored by a 
high-performance liquid chromatographic method capable of determining the mono- 
succinate ester and the parent metronidazole simultaneously. At any given pH the 
reactions displayed strict first-order kinetics and were subject to specific acid-base 
catalysis; no general acid-base catalytic effect by various buffer substances was 
observed. Maximal stability was observed at pH 3-6, where the degradation rate was 
independent of pH indicating that intramo~~ular catalysis by the terminal carboxy- 
late ion on the ester group is not involved in the hydrolysis reactions in this pH 
range. The lack of intramolecular catalysis is suggested to be due to the poor leaving 
ability of the strongly basic metronidazole alkoxide ion. 

The rates of conversion of the ester to metronidazole at 37OC in 80% human 
plasma and in 0.05 M phosphate buffer pH 7.40, respectively, were found to be 
nearly identical, I,,, - 580 h, revealin,g that the degradation in plasma proceeds in 
the absence of enzymatic catalysis. 

IntWuctian 

Considerable attention has been focused on the potential u,se of macromolecular 
compounds as carriers or delivery systems for drugs and enzymes. Recently. the 
objectives which may be achieved using this approach have been extensively re- 
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viewed by Poznansky and Cleland (1980). A means to improve as well as to control 
the rate of release of the active substance from the conjugate in vivo may be the 
incorporation of an appropriate spacer arm between the drug and the carrier. In our 
preliminary work on dextrans as carriers for various drugs in a prodrug manner we 
have examined the potential of using aliphatic dicarboxylic acids as spacer arms (to 
be published). The experiments have included an in vitro stability study of 
metronidazole monosuccinate (I) in aqueous solution and in plasma. pH-rate 
profiles for hydrolysis of various monosuccinate esters have been reported including 
hydrocortisone (Garrett, 1962), methylprednisolone (Anderson and Taphouse, 1981), 
acetaminophen (Rattie et al., 1970), substituted phenols (Gaetjens and Morawetz, 
1960) and chlorzoxanzone (Johansen and Bundgaard, 1981). To our knowledge, 
however, this paper is the first describing the degradation kinetics in the pH range 
2-10 of a succinic acid monoester derived from a simple aliphatic alcohol with 
basicity close to that of ethanol. In addition, the potential utility of monosuccinate 
esters as water-soluble prodrug candidates for drugs containing an alcoholic func- 
tional group is discussed. 
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Materials and Methods 

Metronidazole was obtained from Dumex. Copenhagen. The solvents used in the 
mobile phase were of chromatographic gracle. All other chemicals and buffer 
substances were of reagent grade. 

Appurutus 
HPLC analysis was carried out using a Waters Associates Model 6000A 

constant-flow pump equipped with a Pye Unicam PU 4020 variable wavelength 
detector and a Rheodyne Model 7125 injection valve with a 20 ~1 I:oop. Readings of 
pH were done with a Radiometer Type pH M 26 meter at the temperature of study. 
Melting points were taken in capillary tubes and arc not corrected. 

A suspension of metronidazolc (1.7 g, 10 mmoles) and succinic anhydride (2.5 g. 
25 mmoles) in 20 ml of concentrated acetic acid was reftuxed for 8: h. Upon cooling 
it white precipitate of succinic acid was formed and filtered off. The filtrate was 
evaporated to dryness in vacua, and after addition of 20 ml of wiuer the monosuc- 
cmate ester crystallized out. Recrystallization from ethanol--water gave crystals, m.p. 
106--107DC (reported m.p. 109OC (Cosar et at.. 1966)). 



HPLC analysis 

The monosuccinate ester and the parent metronidazole was determined by using a 
reversed-phase high-performance liquid chromatographic procedure. A column, 250 
x 4 mm, packed with LiChrosorb RP-8 (7 pm particles) was eluted with a mobile 
phase consisting of methanol-O.02 M phosphate buffer pH 7.0 (3 : 7 v/v). The Row 
rate was 1.5 ml - min-’ and column effluent was monitored at 320 nm. tinder the 
conditions the capacity factors of the ester and metronidazole were 0.8 
respectively. Quantitation of the compounds was done from measuremen 
peak heights in relation to those of standards chromatographed under the 
conditions. 

Kinetics in aqueous solution 

The buffers used were hydrochloric acid. formate, acetate. phosphate. borate and 
carbonate solutions. A constant ionic strength (p) of 0.5 was maintained for 
buffer by adding a calculated amount of potassium chloride. The reaction S&J 
were kept at a constant temperature of 60 f 0.2OC except in the studies 
influence of temperature on the reaction rates. The reactioils were initia 
adding 50 ~1 of a stock solution of the monosuccinate ester in methanol to 10 mf of 
the appropriate buffer to give a final concentration of about 7 x IO-’ M. Ail buffer 
sol&ions were preheated to the temperature of study. At suitable intmals ahquots 
were withdrawn and anafyzed immediately. 

Pseudo first-order rate constants were calculated from the slopes of the rithm 
of the concentration of intact monosuccinate ester versus time plots us linear 
regression. For the slow reactions in the pH range 3-6 the rate constants mere 
derived using the initial rate method (Connors. 1973). At constant pH and tempera- 
ture the formation of metronidazole was found to be a linear function of the initial 
concentration of the ester indicating first-order degradation kinetics. In some kinetic 
runs the observed first-order rate constant was determined by use of both s 
and the obtained values agreed within + 3%. 

Kinetics in human piasma 

An accurately weighed amount of metronidazde m~nosucc~n~te was di 
80% human plasma pre-equilibrated at 37 OC to give a fin 
250 pg - ml *_ ‘. The solution was kept in a water bath of 37*C and at 
intervals 500 ~1 samples were removed and d~~~teini~ with 1500 ptt of 
Th.s mixture was vortexed and centrifuged for 2 mm at 
methanol layer was nssayed for metronidaaale by HPLC. 
rate constant was determined by use of the initial rate method. 

By potentiometric titration at 60*C and p ti+i 0.5 the 
ester was determined to bc IO I .a Iot which compares well with 
other monosuccinate esters (Gaetjens and Morawetz 1 :A 
1981). 
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Results 

Kinetics of hydrolysis of metronidazole monosuccinate 
The kinetics of hydrolysis of mtitronidazole monosuccinate was studied in aque- 

ous buffer solutions over the pH range IS-10.0. With the buffer concentration 
varying from 0.05 to 0.20 M it was observed that the rates of hydrolysis of I were not 
subject to catalysis by any of the buffer substances used in the kinetic studies. 

The pH dependence of the buffer-independent first-order rate constant (k,,,) for 
degradation of the monosuccinate ester at 60°C and p = 0.5 is shown in Fig. 1. At 
pH < 2 and pH > 8 the pH-rate profile shows two straight-line portions with slopes 
of -0.98 and 1.0, respectively, while an almost pH-independent plateau is observed 
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between pH 3 and 6. This profile shape is characteristic of degradation reactions 
susceptible to specific acid-base catalysis obeying the general rate law: 

k hyd = kHaH + k0 + kOHa~H 

where au and aoH refer to the hydrogen ion and hydratide ion 
k, and ko, are the second-order rate constants for specifii 
catalysis, respectively, and k, is the first-order rate constant for 
water catalyzed degradation. The activity a,, was calculated ia 
Harned and Hamer (1933). The smooth curve in Fig. 1 was calculated from Eqn, t 
and the following values for the rate constants (60°C and p = 025): 

k,, = 1.63 x lo-‘M“ smin-’ 

k,= 3.96 X low5 min-’ 

k ou = 11.6 M_‘smin-’ 

The good agreement observed between the calculated and the experimentaS 
demonstrates that the rate expression, Eqn. 1, adequately desxi 
kinetics. 

The effect of temperature on the rate of hydrolysis in 
phosphate buffer solution (pH 7.40 and p = 0.5) in the . F 

Arrhenius-type plot an apparent activation energy. E,, of 87.3 W-m-d- ’ w 

calculated. 

De,qradation of I in human plusmu 

The rate constants for hydrolysis c! 1 in 
solution (pH 7.40) at 37OC are presented in 1. the latter rate 
calculated from the Arrhenius equation, The results show tha 
of I in plasma and in 0.05 M phosphate buffer‘ pH 7.4X is 
magnitude indicating that the hydrolysis reaction in phtsma p 
enzymatic catalysis. 



Discussion 

The previously reported pH-rate profiles for hydrolysis of monosuccinate esters 

do all exhibit a sigmoid curvature in the pH region near the pK, value of the 

individual monosuccinate ester, Mechanistically this kinetic behaviour has been 

interpreted as being due to intramolecular attack of the terminal carboxylate ion on 

the ester group. Intr~ole~ular catalysis by the neighbouring succinate anion 
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(Scheme 1) can proceed either in the form of general base catalysis of attack of water 

on the ester bond (II) or in the form of a nucleophilic mechanism leading to an 

intermediate formation of succinic anhydride (III). The latter mech,anism has been 

shown to be involved in the hydrolysis of various phenyl monoesters of succinic acid 

(Bruice and Pandit, 1960; Gaetjens and Morawetz, 1960). 
The U-shape of the pH-rate profile of metronidazole monosuccinate suggests 

that intramolecular catalysis by the terminal carboxylate ion is not involved in the 

hydroIysis reactions in the pH range 3-6. This is supported by the fact that the rate 

constants for hydrolysis of the butyrate, the valerate and the monosu~~inate esters of 

metronidazole at neutral pH are aImost identical as shown in Table I. For the sake 
of comparison it should be noted that the degradation rates of I in acid and alkaline 

solutions are of the same order of magnitude as described for ethyl monosuccinate 

(HoIba and Rievaj, 1973; Khalil and Hanna, 1978). Previously it has been shown 

that the efficiency of intramole~ul~ catafysis depends strongfy on the basicity of the 

leaving group. For substituted phenyl monosuccinate esters the rate of intramolecu- 

lar catalyzed hydrolysis was increased significantly by introduction of electron 

withdrawing groups in the para-position (Gaetjens and Morawetz, 1960). Thus, the 

tack of intramolecular catalysis in the degradation of I is most likely explained by 

the fact that the metronidazole alkoxide ion is a strongly basic leaving group. The 

pK, value of the hydroxy group might be expected to be about the same as that of 

ethanol, i.e. 15.9 (Ballinger and Long, 1960). In comparison to metronidazole 

monnsuccinate the aliphatic monosuccinnte esters of hydrocortisone (Garrett, 1962) 

and of methylprednisolone (Anderson and Taphouse. 1981) degrade much faster in 

the pH range 3-- 7 due to intram~~Ie~uIar catalysis. This difference in reactivity is 

presumed to be a refIection of the less basic character of the leaving groups of the 

two latter compounds. The apparent pK, of the C-17 side-chain of methylpredniso- 



lone and hydrocortisone is near 11 due to enolization (Hansen and Btlnd 
1979). The present study together with the previous reports on stability of IIEMEX)%UC- 
cinate esters indicates that the susceptibility to undergo intramolecular catalyzed 
hydrolysis by the terminal carboxylate ion is strongly dependent on the b&city of 
the hydroxy group. 

Hydrolysis of monosuccinate ester prodrugs in u&to and in phma 
Dicarboxylic acid monoesters of several drugs have been synthesixed with tk 

purpose of developing water-soluble prodrugs suitable for parenteral administratkn, 
Although salts of monosuccinate esters of various drugs, e.g. corticostcrgids and 
chloramphenicol, have been marketed. only few experimental data with t to 
enzyme-mediated cleavage of such esters in viva and in plasma are availa the 
literature. It has been shown (Melby and St. Cyr, 1961) that parenteral administered 
21-monosuccinate esters of prednisolone and hydrocortisone produced p 
of the parent steroids, but the bioavailability of the compounds from the corres 
ing ester prodrugs was not accessed. The results indicate. however, that the 21- 
succinate esters to some extent might be excreted unchanged in the urine after 
parenteral administration. In case of chloramphenicol-3-monosuccinate pharmaa- 
kinetic studies have revealed an excretion of unhydrolyzed prodrug after intraverlaus 
injection corresponding to about 30% of the doss (Kauffman et al.. 1981; Mabata 
and Powell, 1981; Burke et al., 1982). In vitro experiments have S-II that the 
metabolic organs and particularly the liver were capable to reIeasc the parent 
chloramphenicol from the prodrug ester, while plasma enzyme-catalyzed hydrolysis 
was found to be negligible (Schmidt and Wmel, 1965). This IacL of enzyme cataiysi, 
of hydrolysis of the monosuccinate ester is in accordance with the results of the 
present study and the findings of Johansen and Bundgaard (1981) iu the stability 
study of chlorzoxazone monosuccinate. Apparently plasma enzymes have no signifi- 
cant influence on the degradation rate of the hitherto inve&gated monosuccinate 
ester prodrugs. Reports indicating that charged polar compounds in general are 
either not attacked by or are poor substrates for non-specific plasma carboxyl- 
esterases (Krisch. 1971) reflect that the observations mentioned above might be 
expanded to encompass other monosuccinate ester derivatives. 

In the design of ester prodrugs with the express pup of improving the 
water-solubility of the hydroxy compound several properties of the prodrug ester 
have to be considered. Fundamentally. the ideal prodrug candidate suitable for 
parenteral administration must pos.sess a reasonable stability in aqueous solution in 
vitro together wilh an ability to regenerate the active drug rapidly and quantitatively 
after entering the body. Although the formation of sucvinic acid monoesters of 
hydroxy compounds dQes provide a desired improvement in water soJubility. the 
available data for degradation of such ester prodrugs in vivo and in plasma su 
that alternative types of water-soluble ester derivatives also should be taken 
consideration. In this connection phosphate esters are freely soluble and 
vitro at physiological pH 7.4 and in the past, several phosphate ester prl>d 
been used in preparing porenteral dosage forms of various drugs ml 
alcoholic hydroxy group (Stella, 1975; Sinkula and Yalkowsky, 197s: C’ho ct aI.. 
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1982). A third and perhaps the most promising type of water-soluble ester deriva- 

tives is esters with an ionizable amino function in the acid portion (Nudelman et al., 
1974; Kawamura et al., 1971; Kigasawa et al., 1979; Fogt et al., 1980; Johansen and 
Bundgaard, 1981; Kovach et al., 1981; Bundgaard et ai., 1984a; Bundgaard et al., 

1984b). 
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