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Purpose. O-(N-alkylamido)methyl esters of penicillin G were studied
as a new class of prodrugs.

Methods. Their hydrolysis in aqueous buffers containing 20 % (v/v)
of acetonitrile was investigated by HPLC.

Results. A U-shaped pH-rate profile was seen with a pH-inde-
pendent process extending from pH ca. 2 to pH ca. 10. This path-
way is characterised by Kinetic data that are consistent with a uni-
molecular mechanism involving rate-limiting iminium ion formation
and penicillinoate expulsion. Penicillin G and the corresponding
amide are the ultimate products detected and isolated, indicating
that B-lactam ring opening is much slower than ester hydrolysis. The
O-(N-alkylamido)methyl esters of penicillin G displayed similar in
vitro antibacterial activity to penicillin G itself.

Conclusions. Compared to the penicillin G derivatives, the much
higher stability of the O-(N-methylbenzamido)methyl benzoate, ac-
etate and valproate esters (which gave rise to a Bronsted 8,, value
of ca. -1) suggests that tertiary N-acyloxymethylamides may be use-
ful prodrugs for carboxylic acid drugs with pK, >4.

KEY WORDS: O-amidomethylation; penicillin G; carboxylic acids;
prodrugs; hydrolysis kinetics; mechanism of hydrolysis; antibacte-
rial activity.

INTRODUCTION

The double prodrug concept has been widely used for
improving the physicochemical properties of a large number
of drugs containing carboxylic acid and NH-acidic functional
groups (1). A common strategy is to prepare acyloxymethyl
derivatives of the type I. Drugs such as triazenes (2), amides
(3), peptides (4), hydantoins (5) and uracils (6) have been
well studied, though only a few examples are described in
which the amide is used as the pro-moiety (7). For these, (eg.
IT) decomposition is rapid at pH 7.4 and proceeds through a
base-catalysed elimination mechanism (8).

Recently, we reported that the corresponding rertiary
N-acyloxymethylamides III are significantly more stable (8).
Therefore, O-(N-alkyl)amidomethylation is a potential ap-
proach for prodrug development of drugs that contain free
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carboxylic acid groups, especially those that have their ther-
apeutic effectiveness greatly reduced after oral administra-
tion. This is the case for several B-lactam antibiotics, which
are poorly absorbed from the gastrointestinal tract and un-
suitable for oral administration. Some «-(acyloxy)alkyl es-
ters of neutral B-lactam antibiotics are also poorly active
orally because of their low aqueous solubility. The introduc-
tion of a basic a-amino group into the acyl pro-moiety in-
creases the water-solubility but generally reduces in vitro
stability (9). Unfortunately, esterification at the C-2 carbox-
ylic acid group of penicillins generally increases the rate of
alkaline p-lactam hydrolysis (10), therefore contributing to
the reduction of in vitro stability.

Following our development of a new general synthetic
method that allows the direct coupling of the R'"CONR?CH,
moiety to an R*CO,H drug (11), here we report upon the
hydrolysis and in vitro antimicrobial activity of O-(N-
alkyl)amidomethyl esters of penicillin G IV-VIL. This study
is directed towards: 1) uncovering the mechanism of chem-
ical hydrolysis of O-(N-alkyl)amidomethyl penicilloates; 2)
assessing the extent of competitive B-lactam ring opening,
and 3) evaluating the suitability of O-(N-alkyl)amidomethyl
esters as prodrugs for B-lactam antibiotics. The data are
compared with the O-(N-methylbenzamido)-methyl esters of
benzoic, IX, acetic, X, and valproic acids, XI. The struc-
tures of the compounds used in this study are contained in
Figure 1.

MATERIALS AND METHODS

Apparatus

Melting points were recorded on a Buchi 510 capillary
melting-point apparatus and are uncorrected. The 'H-NMR
spectra were recorded on a Bruker MSX-300 spectrometer.
Readings of pH were made on a Crison micropH 2002 pH-
meter at the temperature of study. High-performance liquid
chromatography (HPLC) was carried out using a system
consisting of a Shimadzu LC-9A pump, a Shimadzu SPD-
6AV variable-wavelength UV detector or a Shimadzu SPD-
MB6A diode-array detector, a 20 pL. Rheodyne loop injection
valve and a Merck LiChrosorb RP-8 column with 5 pm par-
ticles.

Chemicals

Penicillin G was purchased from Sigma. All other chem-
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Fig. 1. Structures of the O-amidomethyl esters used in the current study.

icals and solvents were of reagent grade, except buffer
substances and HPLC solvents which were analytical grade
and LiChrosolve (Merck) grade, respectively. Column
chromatography was performed using silica gel 60 mesh
70-230 (Merck). The substrates IV-XI were synthesized as
described previously (11). The following are new com-
pounds:
2'-[(N-Ethoxycarbonylmethylbenzamido)methyl]-
(28,5R,6R)-3,3-Dimethyl-7-oxo-6-phenylacetamido-4-thia-1-
azabicyclo[3.2.0]heptane-2-carboxylate (VIII): cream gum,
1H-NMR, &;: 1.33 GH, t, J = 7 Hz, CH,), 1.43 (3H, s,
C;-CH,), 1.46 (3H, s, C;-CH,), 3.65 (2H, s, PhCH,), 4.25
(2H, q, J = 7 Hz, CH,), 4.29 (2H, s, NCH,CO0), 4.38 (1H, s,
C,-H), 5.40 (1H, dd, J = 11 Hz, NCH,0),5.43(1H, dd, J =

11 Hz, NCH,0), 5.46 (1H, d, J = 4 Hz, C;-H), 5.76 (1H, dd,
J = 4and 9 Hz, C,-H), 6.01(1H, d, ¥=9 Hz), 7.20-7.67 (5H,
m). Found: C, 60.0; H, 5.58; N, 7.49. Calculated for
C,sH;;N;,0,8: C, 60.8; H, 5.61; N, 7.59.
2'-[(N-Methylbenzamido)methyl ethanoate. (X): oil;
'H-NMR, &;: 2.03 (3H, s, CH,CO), 3.06 3H, s, N-CH,),
5.24 2H, s, NCH,0), 7.30-7.36 (5H, m, Ph). Found: C, 63.5;
H, 6.25; N, 6.68. Calculated for C,,H,;NO,: C, 63.8; H,
6.28; N, 6.76.
2'-[(N-Methylbenzamido)methyl-2-propylpentanoate.
(XI): oil; 'TH-NMR, 8: 0.97 (6H, t, J = 6 Hz, CH,), 1.36
(4H, sext., J = 6 Hz, CH,CH,), 1.42-1.73 (4H, m, CH,CH),
2.43-2.52 (1H, m, CH), 3.20 (3H, s, N-CH,), 5.33 (2H, broad
s, NCH,0), 7.35-7.83 (5H, m, Ph). Found: C, 69.9; H, 8.50;
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N, 4.75. Calculated for C;;H,sNO,: C, 70.1; H, 8.59, N,
4.81.

Kinetic Studies

All kinetic experiments were carried out in aqueous
buffers (sodium hydroxide, borate, phosphate, acetate, chlo-
roacetate and hydrochloric acid) containing 20%(v/v) of ace-
tonitrile, with an ionic strength maintained at 0.5 M (Na-
ClO,). A 20 pl aliquot of a 10 M stock solution of substrate
in acetonitrile, was added to 10 ml of the appropriate ther-
mostatted buffer solution. At regular intervals, samples of
the reaction mixture were analysed by HPLC using the fol-
lowing conditions: detector wavelength, 230 nm; mobile
phase, methanol-water containing 0.04 M tetrabutylammo-
nium phosphate (55:45 to 60:40%) for compounds IV-VIII,
or acetonitrile-water containing 0.2 M sodium acetate buffer
(55:45 to 70:30%) for compounds IX-XI.

Antimicrobial Susceptibility Tests

The minimum inhibitory concentration (MICs) of peni-
cillin G and of compounds IV and VI-VIII were determined
by the Agar Dilution Method (Mueller-Hinton) using a mul-
tipoint inoculater. The plates were incubated in aerobic at-
mospheres at 37 °C for 48 hours. MICs were recorded as the
lowest concentration completely inhibiting visible bacterial
growth. The range of concentrations used for all the com-
pounds was 2.24x107'° - 0.5 x10°® mol ml™. The following
reference bacterial organisms were used: Pseudomonas
aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC
10031, Escherichia coli ATCC 25992, Salmonella typhimu-
rium ATCC 43971, Shigella dysenteriae ATCC 13313, Serra-
tia marcescens NCTC 1377, Staphylococcus aureus ATCC
25923 and Streptococcus faecalis ATCC 10541. The follow-
ing bacterial organisms belong to the collection of the Fac-
ulty of Pharmacy: B-lactamase producing Klebsiella pneu-
moniae, B-lactamase producing Escherichia coli, Salmonella
enteritidis, Shigella flexneri, and Proteus mirabilis.

RESULTS AND DISCUSSION

Kinetics of Hydrolysis and pH-Rate Profiles

The pH-rate profiles for the hydrolysis of the esters of
penicillin G I'V-VIII exhibit a broad U-shape (Figure 2), in-
dicative of the presence of acid-catalysed, base-catalysed
and pH-independent processes (Eq.(1)).

Kops = kKo + ky+[H*] + kyo-[OH] )

The apparent first-order rate constant, k,, for the pH-
independent process was determined from the pH-rate pro-
file, while the catalytic second-order rate constants, ky;+ and
Kyo-, Were obtained from the plots of k,; versus [H*] and
[OH ], respectively. The values of these rate constants for
the O-amidomethyl esters of penicillin G IV-VIII, and for the
benzoate, IX, acetate, X, and valproate, XI, esters are listed
in Table 1.

Apart from the relative positions of the plateau regions,
these profiles are analogous to those of simple acyloxyme-
thylamides, eg. compound IX (8). Thus, amidomethyl deriv-
atives of penicillin G behave as typical acyloxymethyla-
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Fig. 2. pH-rate profiles for the hydrolysis of compounds VII (O),
VIII (@) and IX (A) in aqueous buffers containing 20% of acetoni-
trile (at 20 °C).

mides, albeit with enhanced reactivity. The source of this
enhanced reactivity is discussed below.

A striking feature of these pH-rate profiles is the unusu-
ally broad plateau extending from pH ca. 2 to pH ca. 10.
This contrasts markedly with simple ester hydrolysis, which
usually exhibits specific base catalysis at ca. pH 6-7. More-
over, the pH-rate profiles of the penicilloates observed here
differ significantly from those of the hydrolysis of penicillins,
which either have no significant spontaneous reaction (eg.
penicillin G) or have only small plateaus around neutral pH
(eg. cyclacillin) (10). The apparent first-order rate constants
for the pH-independent reactions for these latter penicillins
are ca. 1077 s at 30 °C, several orders of magnitude smaller
than the values ca. 107 s! obtained for the derivatives IV-
VIII at 20 °C.

pH-Independent Region. The hydrolysis of the esters
IV-VIII in the pH-independent region liberates penicillin G
and the corresponding tertiary N-hydroxymethylamide XII
in quantitative yield.

O CH,0H
Ly
R,—C—N
\R2

X1l

Figure 3a depicts a reaction profile for the decomposi-
tion of compound VI at pH 7.4. Over the timescale of the
hydrolysis reactions, neither the decomposition of penicillin
G to penicilloic acid (through B-lactam ring opening) nor
decomposition of the hydroxymethylamide to the corre-
sponding secondary amide, were detected. The rate of for-
mation of the N-hydroxymethyl derivative, XII, follows
first-order kinetics and is identical to the rate of decompo-
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Table I. Second-Order Rate Constants, ky+ and kyo-, for Acid and Base-Catalysed Pathways and Pseudo First-Order Rate Constants, K,
for the pH-Independent Hydrolysis at 20°C, Half-Lives at 37°C in pH 7.4 Phosphate Buffer and Lipophilicity Parameters of Derivatives

Iv-X1
Compound 10% kyy+/M ™1™ 102 kgyo-M~1s7! 10° k /s 1 t,,,/min (pH 7.4) log P°
v — —_ 518 14 1.00
A\ — — 176 14 1.77
VI — —_— 89.8; 89.0°; 21.5%; 50.5¢; 141; 2818 2¢ 2.48
VII 2.78 238 91.1; 136*; 65.5%; 38.8/; 13.4%; 6.82° 24 1.11
VIII 1.92 1460 1.66 23 1.60
IX 1.18 3.25 7.72 7 0.79
X 12.7 19.6 3.85 10 -0.22
XI 0.127 2.60 0.361 57 3.00

“From reference 11.
bp, octanol-water partition coefficient (calculated).
in D,0.

410°C.

€15°C.

f25°C.

£30°C.

20% dioxane.

30% dioxane.

J40% dioxane.

¥50% dioxane.

'60% dioxane.

sition of the substrate. In contrast, due to the slower rate of
hydrolysis of the O-benzamidomethyl acetate X (Figure 3b),
small amounts of N-methylbenzamide can also be detected
alongisde the N-hydroxymethylamide.

The pH-rate profiles with broad plateaus, the high val-
ues of the apparent first-order rate constants for the pH-
independent process and the quantitative formation of pen-
icillin G clearly indicate that the source of reactivity of the
O-amidomethyl derivatives IV-VIII is neither B-lactam ring
opening nor conventional ester hydrolysis. What then is the
mechanism of the hydrolysis?

The three potential mechanisms that could be operating
in the solvolysis of any tertiary N-acyloxymethylamide are
shown in XIII. Of these, path a would be expected to be
independent of, or slightly retarded by, electron-donating R
substituents, path b should be largely retarded by electron-
donating R groups while path ¢ should be enhanced by the
electron-donating R substituents.

H H
PhCH,CONH:

o)
» c
0 DRI R
0O CH;
a
(13 b
H,0
X1

The k,, values for the compounds IV-VI clearly increase
with the increased electron donation of the R group (as re-
flected by Taft o* values), which is consistent with path c,
unimolecular ionisation of the substrate to generate both the
penicilloate anion and an acyliminium ion (Figure 4). Further
evidence in favour of path ¢ comes from the following ob-
servations:

1. The absence of buffer catalysis (data not shown) con-
trasting with the decomposition of penicillin G itself, which
is catalysed by buffers and is characterised by a Bronsted
value of 0.39 consistent with general-base catalysis (10).

2. The temperature dependence for the reaction of com-
pound VI reveals an entropy of activation, AS™, of -9.6 J K™!
mol™! and an enthalpy of activation, AH™, of 86.5 kJ mol™!
(Table I). The value of AS™ is small and well within the range
observed for unimolecular ionisation reactions (12).

3. The rate constants for compound VII are solvent de-
pendent (Table I), and log k, values correlate (Eq.(2)) with
the corresponding Winstein-Grunwald Y parameter (a mea-
sure of the ionizing power of the solvent).

log k, = 0.60Y — 4.63
(n=5,1r=0.99,s = 0.055) )

The value of the slope, 0.6, is slightly lower than the
range normally observed for unimolecular ionization pro-
cesses (0.7-1.0), but this could be attributable to the good
leaving group ability of the penicillinoate anion (pK, = 2.7)
which is better able to disperse the developing negative
charge. A similar effect has been observed elsewhere (13).

4. The solvolysis of the ester VI proceeds slightly faster
in H,O than in D,0, giving a solvent kinetic isotope Ky,o/
Kp,o effect of 1.01. This value is consistent with an Syl
iomzation process being the rate-limiting step, and contrasts
sharply with that for the hydrolysis of the p-lactam ring in
penicillins, 4.5 (10).
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Fig. 3. a) HPLC product analysis for the hydrolysis of the O-ami-
domethy! penicilloate VI at pH 7.4 phosphate buffer containing 20%
of acetonitrile at 20°C; (O), ester; (@), penicillin G; (A), N-hy-
droxymethylamide; b) HPLC product analysis for the hydrolysis of
the O-amidomethyl acetate X at pH 7.4 phosphate buffer containing
20% of acetonitrile at 20°C; (O), ester; (@), N-hydroxymethylamide;
(), amide.

The greater reactivity of the O-(N-methylbenzamido)-
methyl esters of penicillin G IV-VIII over those of simple
carboxylic acids IX-XI can also be accomodated by the
mechanism depicted in Figure 4. The observed rate con-
stants for compounds V, IX, X and XI follow a Bronsted
relationship with the pK, of the carboxylate leaving group
(Eq.(3)).

log k, = —1.06 pK, + 0.29
(=412 =091,s = 0.37) 3)

The Bronsted B,, value of ca. -1.0 indicates that the
reactivity of these esters is highly dependent on the nu-
cleofugacity of the carboxylate, a trend expected for the Sy1
mechanism of solvolysis of tertiary N-acyloxymethylamides
via iminium ion formation. Furthermore, the fact that peni-
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cillin G is included in this correlation clearly shows that
B-lactam ring opening is not a major pathway is the hydro-
lysis of compounds IV-VIII.

Acid and Base-Catalysed Regions. Compounds 1V-VII
are too reactive to study in the acid and base-catalysed re-
gions of the pH-rate profiles. Nevertheless, product analysis
reveals that in both regions the major product is penicillin G.
This is also true for the less reactive compound VIII. Under
acidic conditions (eg. pH 3) the co-product is the corre-
sponding N-hydroxymethylamide while in basic media (eg.
pH 11) rapid formation of the secondary amide from the
hydroxymethylamide is observed. For compounds IX-XI,
the rate data in Table I reveal that, as the steric crowding in
the carboxylate moiety is increased, the value of kg~ di-
minishes, as expected for nucleophilic attack of OH- at the
ester carbonyl group.

In vitro Antibiotic Activity. The in vitro antibiotic ac-
tivities of compounds IV and VI-VIII against a range of
Gram positive and Gram negative bacteria (Table II) show
that, in general, the esters have a similar activity profile to
penicillin G. This is particularly true of compounds IV, VI
and VII. Compound VIII, however, appears to be at least 4
times less active than penicillin G and the other derivatives,
which can be ascribed to the much greater chemical stability
of this prodrug at pH 7. The in vitro activity data thus appear
to correlate with the reactivity in the pH-independent region
of the pH-rate profile, but there is no obvious correlation
between either antibiotic activity or chemical reactivity with
the log P values of these compounds (cf Tables I and II).

H
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H H
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Fig. 4. Mechanism for the hydrolysis of O-amidomethyl esters of
penicillin G.
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Table II. In vitro Activity of O-Amidomethyl Penicillinoates IV, VI-VIII and of Penicillin
G Against Several Bacteria

MIC x 10~ */umol 17!

Bacteria v VI VII VIII Penicillin G
P. aeruginosa ATCC 27853 >500 >500 >500 >500 >500
K. pneumonia® >500 >500 >500 >500 >500
K. pneumonia ATCC 10031 125 250 125 250 62
E. coli* >500 >500 >500 >500 >500
E. coli ATCC 25922 62 125 125 250 62
S. typhimurium ATCC 43971 2 4 2 16 4
S. enteritidis 16 31 16 62 8
S. flexneri 62 62 62 125 31
S. dysenteriae ATCC 13313 31 16 31 62 16
S. marcescens NCTC 1377 >500 >500 >500 >500 >500
P. mirabilis 8 16 8 31 8
S. aureus ATCC 25923 <0.2 <0.2 <0.2 4 <0.2
S. faecalis ATCC 10541 16 31 31 31 16
¢ B-lactamase producing bacteria.
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