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Abstract

The pH is a critical factor determining the rate of the degradation of erythromycin A in aqueous solutions. However, the
kinetics of the acid- and base-catalyzed degradation is still uncertain. This study used a sensitive coulometric detection method
to determine concentrations of erythromycin A and its degradation products. To determine the buffer-independent rate constants,
sodium acetate (0.05-0.2 M) and Tris—HCI (0.1-0.5 M) were used in a pH range of 3.5-5.5 and 7.0-9.0, respectively. In acidic
conditions, anhydroerythromycin A appeared to be produced directly through an internal dehydration of erythromycin A-6,9-
hemiketal which simultaneously established an equilibrium with erythromycin A enol ether on the other hand. In weakly alkaline
conditions, hydroxide ion appeared to catalyze the hydrolysis of the lactonyl ester bond of erythromycin A-6,9-hemiketal by
the pseudo-first-order kinetics, and the C23C11 translactonization and internal dehydration reactions subsequently occurred
to form pseudoerythromycin A enol ether. We suggest here a predictive model for reasonable interpretation of the kinetics of
erythromycin A degradation in aqueous solutions, in which the observed rate constant was expressed by the sum of the partial
reaction rate constants for the acid- and base-catalyzed degradation of erythromycin A-6,9-hemiketal as a function of pH in a
range of 3.0-10.0.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tion from human, industrial, and wastewat&o(pin
et al., 2002. Erythromycin A is unstable in acidic and
Erythromycin A is widely used not only in humans, alkaline solutions. The decomposition through an in-
but also in food-producing animals to control bacterial ternal dehydration reaction results in the formation of
diseases and promote animal growothuluri et al., anhydroerythromycin A, erythromycin A enol ether
1998. Among 21 veterinary and human antibiotics, and pseudoerythromycin A enol ether with a low bi-
erythromycin A is most frequently detected from 139 ological activity Kibwage et al., 1985, 1987 #&iese
US stream sites considered susceptible to contamina-and Steffen, 1990; Flynn et al., 1955
With decreasing the pH of aqueous solutions, the
"~ Corresponding author, Tel 1-870-543-7341; solubility of_erythromycm A increases, and the_ rates
fax: 41-870-543-7307. of degradation of erythromycin A and production of
E-mail address: ccerniglia@nctr.fda.gov (C.E. Cerniglia). anhydroerythromycin A are enhanced by the (pseudo)-
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first-order kinetics Nlakagawa et al., 1992; Volmer
and Hui, 1998 In the previous studies of the acid-
catalyzed erythromycin A degradation, two controver-
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2. Materials and methods

2.1. Sandard and sample preparations

sial pathways have been proposed. On one side, ery-

thromycin A enol ether is regarded as an intermediate

in the conversion of erythromycin A to anhydroery-
thromycin A (Atkins et al., 1986; Alam et al., 1995
On the other side, anhydroerythromycin A is produced
directly through an internal dehydration of transient
erythromycin A-6,9-hemiketal which simultaneously
establishes an equilibrium with erythromycin A enol
ether Cachet et al., 1989)

In slightly alkaline conditions, pseudoerythromycins
are produced by the base-catalyzed hydrolysis of
erythromycin A-6,9-hemiketal and followed by the

subsequent dehydration reactions in the rearrange-

ment of the lactonyl ester bond from C13 to C11 and
the formation of pseudoerythromycin A enol ether
(Kibwage et al., 1987a;Cachet et al., 1987, 1989
However, little is known about the kinetics of the
base-catalyzed degradation in aqueous solutions.
From the previous kinetic studies, concentrations
of erythromycin A and its degradation products have
been determined by spectrophotometyk{ns et al.,
1986; Nakagawa et al., 1992liquid chromatogra-
phy/tandem mass spectrometilgm et al., 1995;
Volmer and Hui, 1998 high performance liquid
chromatography (HPLC) with UV detectioiCéchet
et al.,, 1989, 1991 or densitometry of TLC plates
(Lazarevski et al., 1998 These methods are inappro-
priate for the robust and high throughput analyses.
In this study, we used a reversed-phased HPLC with
electrochemical detection, which is known as the
most selective and sensitive method for the determi-
nation of macrolides containing the tertiary amines
in pharmacokinetic and bioavailability investigations
(Marzo and Dal Bo, 1998 The partial degradation
rates were determined with individual erythromycins
A'including erythromycin A, anhydroerythromycin A,
erythromycin A enol ether and pseudoerythromycin
A enol ether at various pH conditions. Because the

Standard solutions of each 5mg of anhydroery-
thromycin A, erythromycin A, erythromycin A enol
ether and pseudoerythromycin A enol ether were pre-
pared in 1 ml of acetonitrile, and stored aR0°C.
Solvents and chemicals used in preparations of
buffers and HPLC mobile phases were of the an-
alytical grades, J.T. Bakers (Philipsburg, NJ), and
water used was deionized (>18W using a Super-Q
Plus water purification system (Millipore, Bedford,
MA).

Fifty microliters of individual erythromycins A
dissolved in acetonitrile were dispensed to 10 ml-test
tubes, and the acetonitrile solvent was evaporated be-
fore addition of 5 ml of aqueous buffer to make the fi-
nal concentration of 5@g mi~1. Buffers consisted of
sodium acetate in a pH range of 3.5-7.0 and Tris—HCI
in a pH range of 7.0-9.0. Concentrations of sodium
acetate buffers were 0.05, 0.1, 0.15 and 0.2M, and
Tris—HClI buffers were 0.1, 0.2,0.3,0.4and 0.5 M. The
test tubes were tightly closed with flanged polypropy-
lene plugs, and were incubated at°Z5on rotary
shaker (150rpm). Aliquots (1QQ) of the samples
taken at 0, 20, 40, 60, 120, 1080 and 2520 min were
immediately mixed with three volumes of cold 0.25 M
ammonium acetate (pH 7.0)-acetonitrile—methanol
(40:50:10, v/viv). Concentrations of erythromycin
A, anhydroerythromycin A, erythromycin A enol
ether and pseudoerythromycin A enol ether were
determined in the presence of an internal standard,
2-hydroxycarbazole (final concentrationp.g mi—1),
as described below in the HPLC-coulometric assay.
The observed rate constantds min~1) for the
degradation of individual erythromycins A were de-
termined from non-linear regression by the first-order
decay kinetics,C; = Coexp(—kops X ), in which
C; and Cy are the compound concentrations at time
t and O, respectively. According to the method of

degradation rates could be influenced by the types Atkins et al. (1986)the buffer-independent rate con-

and the concentrations of buffer componemttkins

et al., 1986; Cachet et al., 198%he buffer concentra-
tions varied to determine the buffer-independent rate
constants and the buffer-catalytic coefficients by the
extrapolation of the plots of observed rate constant
versus buffer concentration.

stant ko, min~1) and the buffer-catalytic coefficient
(Kputter, M~ min~1) were determined from the plot of
the observed rate constants versus molar concentra-
tions of buffer Cpuffer), kobs = ko + kbufter X Chbuffer-

The statistics were reported as the standard errors of
estimates.
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2.2. HPLC with electrochemical detection reanalyzed with a capillary exit voltage 200V

for the fragmentation by in-source collision-induced

Concentrations of individual erythromycins A were dissociation (CID).

determined by a reversed-phase HPLC with elec- The UV and visible absorption spectrometry was
trochemical detection in the presence of an internal performed using an Hewlett Packard 8453 UV-Vis
standard, 2-hydroxycarbazole (final concentration, spectroscopy system (Waldbronn, Germany), and the
2ngmi~1). The chromatographic system consisted absorption maxima and the molar extinction coeffi-
of an ESA solvent delivery module 581, a guard cients (M~tcm™1) of erythromycin compounds were
column packed with @-pBondapak (Alltech As-  determined in methanoh[eoH),
sociate Inc., IL) and a reversed-phase Radial-Pak The 3C NMR spectra of erythromycins A were

Resolve Silica cartridge, jom, 0.8 cm x 10cm (Mil- recorded on a 300.075 MHz Varian NMR spectrome-
lipore, Waters Chromatography) fixed in a Waters ter (Palo Alto, CA) in CDC{ employing proton de-
Radial Compression Module. ESA CoulocH&ri- coupling during data acquisition. Parameters were as

500 electrochemical detector was equipped with an follows: spectral width, 20,000 Hz; 9(pulse, 13us;

ESA Model 5020 guard cell and an ESA Model relaxation delay, 1s; relaxation time, 1.49s.

5010 dual electrode cell (ESA Inc., MA). A 20 of

sample was injected with the ESA Model 545 Au- 2.3.1. Erythromycin A (I)

tosampler equipped with a Rheodyne 7125 injector  Erythromycin A (purity 98.5%) was purchased from

and a 2Qul loop. Potentials of the guard cell, and Sigma (St. Louis, MO). One gram of this compound

the screening and working electrodes were set at 900,was washed with 20 ml of cold water. The white pow-

650 and 850 mV, respectively. The isocratic mobile der was filtered, and dried in vacuo.

phase consisted of acetonitrilie—methanol-0.25M am-

monium acetate (50:10:40, v/viv; pH 7.0), pumped 2.3.1.1. Anal. The UV-spectrum showed a sin-

at a flow rate of 1mimin'. Under these operation gle absorption maximumi[eOH) at 289nm ¢ =

conditions, the compound peaks of erythromycin A, 59M~1cm™1). The ESI-mass spectrum with CID

anhydroerythromycin A, erythromycin A enol ether showed significant ions atv/z 734 [MHT] (base

and pseudoerythromycin A enol ether were detected peak), 576, 558, 158, 116 and 83. TR NMR

at 554+0.01 min, 654+0.10 min, 850+ 0.05 min and spectrum in CDQ showed chemical shifts (ppm) at

115 4+ 0.10 min, respectively, and all of the standard 217.16, 170.92, 78.67, 74.99, 73.00, 72.54, 72.11,

curves constructed with five data points in a range of 70.00, 69.70, 67.71, 65.96, 63.97, 60.71, 60.60, 44.57,

0.5-100ug mI~* showed a good linearity{ > 0.99). 40.25, 39.97, 35.38, 34.48, 33.55, 32.88, 30.00, 23.94,
21.98, 16.57, 16. 45, 16.16, 13.68, 13.35, 11.25,

2.3. pectrometry 11.04, 7.11, 5.74 and 4.24.

Analyses of erythromycin A and its degradation 2.3.2. Erythromycin A enol ether (111)
products were performed on an HP 1090L/M HPLC  One gram of erythromycin A was dissolved in 10 ml
system (Hewlett-Packard, Palo Alto, CA) and an HP of glacial acetic acid, and treated by a method modi-
5989B quadrupole mass spectrometer operated in thefied from Kurath et al. (1971)The 2-h reaction mix-
positive-ion electrospray mode. Full scans were ac- ture was neutralized with 0.5M sodium bicarbonate,
quired fromm/z 50 to 900 at 0.92 scans per second. and extracted three times with equal volumes of ethyl
Components were resolved using a Prodigy ODS3 acetate. Evaporation gave 1.05g of residue. Residue
column, 5um, 20mm x 250mm (Phenomenex, was dissolved in 2 ml of methanol, and placed on ice.
Torrance, CA). The mobile phase was delivered at The product was recrystallized with drops of water.
0.2mlmirm! by a 45min-linear gradient of acetoni- The product was recovered by centrifugation 4C4
trile/water from 20%/80% (v/v) to 80%/20% (v/v) and 12,000« g for 15min, and dried in vacuo.
with constant 3mM ammonium formate. The molec-
ular weight was confirmed as protonated molecules at 2.3.2.1. Anal. The UV-spectrum showed a sin-
a capillary exit voltage of-100V, and samples were  gle absorption maximumafMeOH) at 207nm ¢ =
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6950 M~1cm~1). The ESI-mass spectrum with CID  2.34.1. Anal. The UV-spectrum showed a single
showed significant ions a/z 716 [MH*], 558 (base  absorption maximumafiset) at 208-209 nm«( =
peak), 158, 116 and 83. THEC NMR spectrum 5627 M~tcm?1), which was characteristic of a dou-
in CDCl; showed chemical shifts (ppm) at 174.41, ble bond. The ESI mass spectrum with CID showed
146.79, 97.78, 96.63, 89.80, 80.56, 75.46, 73.36, significant ions atwz 716 [MH*] (base peak), 558,
71.62, 70.46, 68.15, 65.86, 65.43, 63.74, 60.97, 60.75,158, 116 and 83. Th&C NMR spectrum in CDG
60.70 (?), 44.64, 39.90, 38.27, 37.72, 35.52, 35.41, showed chemical shifts (ppm) at 171.13, 144.67,
29.75, 25.52, 21.36, 16.68, 16.36, 16.13, 11.24, 8.68, 98.84, 96.52, 92.56, 81.06, 76.86, 75.49, 73.16, 72.91,

7.02, 6.01 and 3.96. 72.62, 71.52, 67.51, 66.02, 63.97, 60.48, 60.43, 44.48,
41.89, 38.45, 35.47, 33.83, 30.30, 26.74, 21.83, 17.57,
2.3.3. Anhydroerythromycin A (IV) 16.62, 16.56, 16.28, 13.48, 11.55, 10.39, 7.07, 6.39,

One gram of erythromycin A was dissolved in 6.16 and 4.58.

100 ml of dilute acetic acid (pH 3.5), and treated by

a method modified fromWiley et al. (1957) The

overnight reaction mixture was neutralized with am- 3. Results and discussion

monium hydroxide, and extracted three times with

equal volumes of ethyl acetate. Evaporation gave 3.1. Degradation products of erythromycins

0.99g of residue. Residue was dissolved in 2ml of

methanol, and placed on ice. The product was re- Erythromycin A () which had been washed with

crystallized with drops of water. The product was cold water showed two separated compound peaks

recovered by centrifugation at°€ and 12,000« g by the LC/ESI-mass analysis using a Prodigy ODS3

for 15 min, and dried in vacuo. HPLC column. However, it was difficult to separate
the two peaks$ andl| by the used HPLC-coulometric

2.3.31. Anal. The UV-spectrum showed a sin- method. A possible reason is either that only one of

gle absorption maximumxMeOHy at 276 nm ¢ = the two molecule structures mainly exists under the

10.6 M~1cm™1). The ESI-mass spectrum with CID analytical conditions, or that the two compound peaks

showed significant ions avz 716 [MH™], 558 (base completely overlap in a single peak-{ I1) owing to

peak), 540, 522, 158, 116 and 83. THC NMR little difference between their retention times.

spectrum in CDG showed chemical shifts (ppm) By the mass analyses with CID at200V, the

at 174.7, 111.11, 97.93, 89.96, 82.50, 81.42, 77.53, +ESI-mass spectrum of the small peak at 18.2 min had

76.41,73.34,72.81,72.71, 67.89, 64.61, 64.29, 60.88, significant ions (%RA, percent relative abundance) at

60.17, 46.66, 44.44, 40.99, 38.13, 36.44, 35.59, 35.47, m/z 734 (100, [M+H]™), 576 (20), 558 (2), 158 (21),

29.67, 24.35, 23.08, 20.10, 19.48, 16.75, 16.31, 16.31,116 (1) and 83 (1), and the large peak at 18.7 min had

12.90, 11.85, 9.56, 8.84, 7.39 and 6.02. the major ions atwz 734 (100, [M+ H] ™), 576 (41),
558 (4), 158 (10), 116 (2) and 83 (3). The mass spec-
2.3.4. Pseudoerythromycin A enol ether (VII) tra indicated that the large peak was erythromycin A-

One gram of erythromycin A was suspended in 6,9-hemiketall(l) with higher %RA values atVz576
50 ml of 0.1 M ammonium hydroxide, which had been (dehydrocladinose, [M- H]™-158, 41% of the base
adjusted to pH 8.5-9.5 with acetic acid. The suspen- peak) andr/z558 for the loss of water ([M-H] "-158-
sion was incubated at 6C until erythromycin A com- 18, 4% of the base peak) compared with those of the
pletely disappeared during the stirring. The reaction small peak. The relative areas of the small and large
mixture was neutralized with acetic acid, and extracted peaks were accounted for 17.4 and 82.6%, respec-
three times with equal volumes of ethyl acetate. Evap- tively, and the equilibrium constanktq = k1/k_1)
oration gave 0.88 g of residue. The residue was dis- was tentatively calculated at 4.75 from the ratio of
solved in 2ml of methanol, and drops of water were the relative peak areas. The synopsis of the chromato-
added until the solution became amorphous. The amor-graphic and mass spectral data of the compounds
phous product was centrifuged at@ and 12,00 g andll indicated that the 6,9-hemiketdll) structure
for 15 min, and dried in vacuo. was rapidly formed in aqueous solution. This is con-
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Scheme 1. Formation of anhydroerythromycin W) from the /
acid-catalyzed degradation of erythromycinlA ia erythromycin I -+ [I]*

A enol ether [I1) (Atkins et al., 1986; Alam et al., 1995
J‘QO v

istent with th i run (1967}hat th ly-
sistent with the studies d?eru ( 96 ) at the agly Scheme 2. Simultaneous formation of erythromycin A enol ether

cone of ?rythromycm B W?‘S rapldly (_:onverted to the (I''1) and anhydroerythromycin AY) by the acid-catalyzed degra-
6,9-hemiketal structure with a half-life of less than gation of erythromycin A1) (Cachet et al., 1989)

4min in 10~ M methanolic hydrochloric acid, and
that the establishment of equilibrium between ery-
thromycin and the 6,9-hemiketal relies upon the con- A-6,9-hemiketal (1) establishes an equilibrium with
centration of waterPerun et al. (1970uggested that  erythromycin A enol etherl{l) through reversible
a facile reaction between erythronolide B and ery- dehydration—hydration reactions in one hand, and is
thronolide B-6,9-hemiketal occurs even in weakly ba- simultaneously converted to anhydroerythromycin A
sic solutions as well as in agueous and methanolic (1V) by an irreversible dehydration reaction on the
solutions. The conformation studies with rigid 14- other hand $cheme 2
membered macrolides proved that this reaction occurs  Additionally, transient erythromycin A-6,9-hemike-
readily owing to the proximate relationship between tal (I1) appears to undergo the base-catalyzed degrada-
the C6-hydroxyl group and the C9-carbonyl group tion, resulting in the formation of pseudoerythromycin
(Perun et al., 1970; Perun, 1971; Egan et al., 1973 A-6,9-hemiketal Y1) and pseudoerythromycin A
Therefore, it was assumed that there was always equi-enol ether YI1) (Kibwage et al., 1987a;bCachet
librium between erythromycin Alf and erythromycin et al., 1989. Volmer and Hui (1998found that addi-
A-6,9-hemiketal (1) in the acid- and base-catalyzed tional peaks atn/z 734 andnvz 752 were detected at
degradation. high pH, while these peaks were not obtained from
Alam et al. (1995)suggested that erythromycin A the acid-catalyzed degradation of erythromycin A.
in DO is convertedvia the enol ether intermediate  The same authors suggested that these compounds
(I11) to the spiroketal formI{/) by one- and two-  resulted from the hydrolysis of the lactonyl ester
dimensional NMR techniquestkins et al. (1986) bond of erythromycin Al) and the C13— C11
suggested that the tertiary alcohol of erythromycin translactionization at slightly alkaline conditions be-
A-6,9-hemiketal (1) forms a labile carbenium ion at low pH 10. By the base-catalysis, it is assumed that
the C9, and this ion dehydrates readily to form ery- the lactonyl ester bond of compouhldis hydrolyzed
thromycin A enol etherl(l). The same authors sug- to give the carboxylic acid\{) at the Cl-position.
gested that the enol ethétk) structure rearranges eas- The carboxylic acid is readily to esterify with the
ily to form the 9,12-spiroketal /) without build-up of hydroxyl group at C11 to form pseudoerythromycin
an observable intermediate, since the conformation of A-6,9-hemiketal Y1), since the C11-hydroxyl group
erythromycin A () has a proximity between the C12- is the only axial hydroxyl group adjacent to the C1-
hydroxyl group and the C9-carbon atoiagan et al., carbonyl groupRerun, 1971; Ogura et al., 1978 he
1973; Ogura et al., 1981If the internal dehydration  unstable hemiketaMl) might be easily converted to
reaction of compoundl to form compoundl|l and pseudoerythromycin A enol ethe¥Kl) through an
the subsequent structure rearrangement to form com-internal dehydration§cheme 3
poundlV occur rapidly and irreversibly, only a small Provided that in alkaline conditions the C13 C11
amount of erythromycin A enol ethell() remains in translactonization and the internal dehydration reac-
acidic solutions. The proposed reaction pathways are tions occur rapidly and irreversibly, it is difficult to de-

schematized as iBcheme 1 tect the intermediateg and VI during erythromycin
In contrast, Cachet et al. (19895uggested that A (I) degradation.
the acid-catalyzed degradation of erythromycinl} ( Summarized with the degradation of erythromycin

involved two different pathways: i.e. erythromycin A in acidic and slightly alkaline conditions, ery-
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Scheme 3. Proposed pathway of the base-catalyzed degradation of erythromyiginoAfqrm pseudoerythromycin A enol ethevl()

(Kibwage et al., 1987a)b

thromycin A () is convertedvia the 6,9-hemiketal
(I1) to erythromycin A enol etherl(l), anhydroery-
thromycin A (V), and pseudoerythromycin A enol
ether ¥/11), which are isobaric compoundsiwfz 716.
The mass spectra of pure samples of erythromycin A
(I and the isobaric compounds iz 716 are given

in Fig. 1 The loss of 18 indicates the occurrence
of an internal dehydration reaction, [MH— H5O].
The structures of erythromycin Al) and its acid-

and the buffer-catalytic coefficienkya, M~ min—1)

are given inTable 1 In the given pH range, the
observed rate constants for the degradation of anhy-
droerythromycin A were constant.&2x 10~° min—1),

and were not influenced by the buffer concentra-
tions (data not shown). Anhydroerythromycin A may
be degraded to erythralosamine @desosaminyl-
10,11-anhydroerythronolide  A-6,9;9,12-spiroketal)
by the cleavage of dehydrocladinose and an internal

and base-catalyzed degradation products are given indehydration reactiondlynn et al., 195}

Fig. 2
3.2. Acid-catalyzed erythromycin A degradation

When acetic acid was used as a Bronsted acid (HA)
donating hydrogen ion, an internal dehydration of ery-
thromycin A-6,9-hemiketall({) to form anhydroery-
thromycin A (V) was catalyzed by the (pseudo)-
first-order kinetic reaction with hydrogen ion. In this
condition, the production of pseudoerythromycin A
enol ether Y11) was negligibly small. From the acid-
catalyzed degradation of erythromycin B @nd ery-
thromycin A enol etherl(1), the plots of the observed
degradation rate constanigys) versus acid concen-
trations Cna) were analyzed by linear regressions
using the equatiorkops = ko + kna x Cha. The cal-
culated buffer-independent rate constagy; (nin—1)

Table 1

With decreasing one unit of the pH, the rate of ery-
thromycin A () degradation was enhanced by about
one order of the magnitude, indicating a (pseudo)-
first-order in the molar concentration of hydrogen
ion. The acid-catalyzed degradation of erythromycin
A (1) resulted in the rapid production of anhydroery-
thromycin A (V) as the major productFHg. 3A),
whereas the degradation of erythromycin A enol
ether (I1) resulted in the simultaneous formation
of erythromycin A () and anhydroerythromycin A
(IV) under the same conditiorFig. 3B). It seemed
that anhydroerythromycin AlY) was formed di-
rectly through an internal dehydration reaction of
erythromycin A-6,9-hemiketall [) which established
an equilibrium with the enol ethetl(), as suggested
by Cachet et al. (1989)The acid-catalyzed degrada-
tion of compound can be simplified with the con-

Buffer-independent rate constantg)f and the buffer-catalytic coefficient&{s) for the acid-catalyzed degradation of erythromycin A
and erythromycin A enol ether in 0.05-0.2 M sodium acetate buffers a€25

Buffer pH® Erythromycin A Erythromycin A enol ether
10% x ko (min~1) 10 x kya (M~Imin—1) 10% x kg (min~1) 10% x kya (M~Imin—1)
35 11.1+ 1.60 32.8+ 12.0 4.70+ 0.45 29.0+ 3.20
4.0 6.23+ 1.02 10.8+ 7.5 0.55+ 0.22 25.0+ 1.60
4.5 1.29+ 0.69 22.4+ 5.07 0.82+ 0.22 41.0+ 1.60
5.0 0.45+ 0.039 1.91+ 0.29 0.28+ 0.22 28.0+ 0.89
5.5 0.072+ 0.013 0.50+ 0.092 0.30+ 0.057 12.0+ 0.41

a The buffer-independent rate constakg)(and the buffer-catalytic coefficienkya) were estimated from the linear regression of the
plots of observed rate constantgys) vs. molar concentrations of acetic acid buff@yg) in the relationship okops = ko + kna X CHA-
The statistics are reported as the standard errors of the estimates.

b The pH of acetic acid was adjusted to a desired point with 1 M sodium hydroxide.
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Fig. 1. Mass spectra of pure samples of (A) erythromycin A, (B) anhydroerythromycin A, (C) erythromycin A enol ether and (D)
pseudoerythromycin A enol ether with ion-source collision-induced dissociatier2@0 V.

centrations ofl, [land 1V at timet, as follows.With aC
—7=k1XC| —k_1xCy Q)
3
(I: N — [lIC]* L’- IV + HpO aC
i L3} i Sy —”=k1XC| —k_1 xCy| —k2 x Cyy 2)

those concentrations defined under the equations, the or
application of elementary kinetic laws leads to the ¢,y
following differential equations. ot ka x Ci ®)
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Fig. 3. HPLC profiles for acid-catalyzed degradation of (A) erythromycin A and (B) erythromycin A enol ether after 1 h of the incubation
in 0.1 M sodium acetate buffer (pH 3.5) at 25. The compound peaks are quantified in the presence of an internal standard (IS),
2-hydroxycarbazole (final concentrationng mi—1), and are identified with the roman numerals showrFig. 2

By solving the simultaneous equations, the sum of the assumption that there was always equilibrium
partial reaction rates for the degradation of compounds between compoundsand |l in a ratio of 1kj/k_;.
I and Il in equilibrium is equal to the rate of the When the pH of 0.1 M sodium acetate buffers var-

production of anhydroerythromycin A\{) with the ied from 3.5 to 7.0, the observed rate constants for

rate constanty: the acid-catalyzed degradation of erythromycinIA (
ac,  aCy aC)y decreased logarithmicallyTéble 2. _The observed

N T )T T T k2 x Cyy (4) rate constants can be expressed in terms of molar

Provided that there is a facile reaction for the es-

tablishment of equilibrium between compounds Table 2

andll, and that a large quantity of compountis Observed rate constantews, for the degradation of erythromycin

present throughout the course of reaction, the rate A at 25°C

of the acid-catalyzed degradation of erythromycin A 41 M sodium acetafe 0.1M Tris—HCP

() is approximately equal to the rate of formation of

anhydroerythromycin Al{). 16° x kaps (min™?) PH 16° x kaps (min™?)

aC,  ACy ky 35 14.4 7.0 0.015+ 0.002
=Y ko x O =k x — x C (5) 4.0 7.3F 7.5 0.019+ 0.003
ot ot k_1 4.5 3.53 8.0 0.032+ 0.010
. - . . 5.0 0.64 8.5 0.062+ 0.024
In this case, the rate—_hmltlng step is the productlon 55 012 90 0,077+ 0.007
of anhydroerythromycin Al{) through an internal 6.0 0.080+ 0.001
dehydration reaction of the 6,9-hemiketHl)( 6.5 0.049+ 0.010
For estimation of the observed rate constants 70 0.020+ 0.006
(Kobs min_l) for erythromycin A () degradation, a The pH values of 0.1 M acetic acid buffer were adjusted with

the standard curve was constructed with measuring 1M NaOH.
i i i i b The pH values of 0.1 M Tris buffer were adjusted with 1M
the single peak area at 5.5 min using erythromycin A o p /

_ —1
(I) standards (0'5 1009 ml ) AIthOUgh the Iarge ¢ At pH 3.5-5.5, the observed rate constants for the acidic degra-

amounts_ were rap|dly anve_rtEd to erythromyCIn A- dation of erythromycin A were calculated by the equatibps =
6,9-hemiketal (), the estimation of the observed rate iyt (0.1 x kua), using buffer-independent rate constarks énd

was not affected by the quantification method under the buffer-catalytic coefficientsa) given in Table 1
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Fig. 4. A logarithmic plot ofkops vs. [H*] for the determination of the acid-catalytic coefficieks, and the reaction order of hydrogen
ion, a, from acid-catalyzed degradation of erythromycin A to form anhydroerythromycin A at pH 3.5-7.0.

concentration of hydrogen ion: trations of Tris—HCI buffers in a range of 0.1-0.5M
ky had no significant influence on the observed rate

kobs = k2 x P ka x [H*]? (6) constants for the base-catalyzed degradation of ery-
B thromycin A (). In this study, neither erythromycin

where ka is the acid-catalytic coefficient, ana is A-6,9-hemiketal carboxylic acid\) nor pseudo-

the reaction order of hydrogen ion. As the reaction erythromycin A-6,9-hemiketal () was detected,
order, a, is close to one, hydrogen ion catalyzes the probably due to the fast reactions to produce pseu-
internal dehydration reaction of erythromycin A-6,9- doerythromycin A enol etheM] ). Accordingly, the
hemiketal (1) to form anhydroerythromycin A {) by base-catalyzed degradation of erythromycin Acan

the first-order kinetics. In this case, the acid-catalytic
coefficient,ka, corresponds to the catalytic rate co-
efficient of hydrogen ion proposed bAtkins et al.
(1986) Fig. 4 shows the logarithmic plot of the ob-
served rate constants versus molar concentrations of
hydrogen ion. By the extrapolation of the linear curve,
the reaction ordeg, and the acid-catalytic coefficient,
ka, were estimated at.87 4+ 0.064 and 172 4+ 2.2,
respectively.

18

Tris

I+

3.3. Base-catalyzed erythromycin A degradation vl

VA
When the pH of Tris—HCI buffers increased from |—1

7.0 10 9.0, the rates of the production of erythromycin [ 1

A enol ether [I1) and anhydroerythromycin AlY) 0 15 {rnin)

beiﬁme negh%bly Slm?rl]l’ WTlereanthet.rateS 0(1; pSEUdO_ Fig. 5. An HPLC profile for base-catalyzed degradation of ery-
erythromycin A enol € er\( ) production gradually thromycin A after 136 h of the incubation in 0.1 M Tris—HCI (pH

increasedKig. 5). The degradation of compound| 9.0) at 25°C. The quantification and identification of the com-
was negligibly small during the same period. Concen- pound peaks are done as describedrig. 3.
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be simplified with the concentrations bfll andVII
at timet.

i
I ﬁ [M]= L VI + H;O
Ci k—l (_‘3‘1 Cm‘i

whereks implies a rate-limiting step of at least three
reaction steps proposed$theme 3The C13— C11
translactonization involves the two reactions for the
base-catalyzed hydrolysis of the lactonyl ester bond
of erythromycin A-6,9-hermiketal [) at C13 and the
subsequent esterification of the carboxylic aci) (
with the C11-hydroxyl group, resulting in the for-
mation of pseudoerythromycin A-6,9-hemiketsll§.
Pseudoerythromycin A enol ethérI() resulted from
the internal dehydration of transient intermediate
V1. However, it was difficult to determine the rate-
limiting step from the base-catalyzed degradation of
erythromycin A () in this study.

In a similar manner as described in the acid-

73

pseudoerythromycin A enol ethérl) by the pseudo-
first-order kinetics Table 9. The observed rate con-
stants kops, min~?1) for the base-catalyzed degradation
of erythromycin A () can be expressed in terms of the
base-catalytic coefficienkg) and the reaction order
in the molar concentration of hydroxide o,

k
kobs = k3 x k—l = kB[OH_]b (8)

Fig. 6 shows a logarithmic plot of the observed rate
constants versus molar concentrations of hydroxide
ion. By the extrapolation of the linear curve, the re-
action orderp, and the base-catalytic coefficieRg,
were calculated at.887 4 0.038 and 706 x 102,
respectively. The pseudo-first-order reaction kinetics
with the reaction ordert) of less than 1 may be due
to the fact that water molecule participates in the base-
catalyzed hydrolysis of the lactonyl ester bond of ery-
thromycin A-6,9-hemiketall() at C13.

catalyzed degradation, the rate of the base-catalyzed3.4. Prediction of erythromycin A degradation in

degradation of erythromycin Al can be expressed
on an equality with the rate of the production of
pseudoerythromycin A enol ethev(l):
dCy  9Cvy
ot ot
When the pH of 0.1 M Tris—HCI buffers varied from
7.0 t0 9.0, erythromycin Alj was slowly converted to

k1
=k3x C)) =kzx — x (|
k_1

)

terms of the pH of aqueous solutions

The purpose of this study is to present a proper ki-
netic model for prediction of the rates of erythromycin
A (1) degradation in aqueous solutions. When the rate
of erythromycin A () degradation is approximately
equal to the sum of partial reaction rates for the pro-
duction of anhydroerythromycin A1) and pseudo-

0 L] T L} 1
2 4 & 8
- pOH
2 - logyq g
-2
<
g
4
-5 4

Fig. 6. A logarithmic plot ofkyps vs. [OH"] for the determination of the base-catalytic coefficidat, and the reaction order of hydroxide
ion, b, from the base-catalyzed degradation of erythromycin A to form pseudoerythromycin A enol ether at pH 7.0-9.0.
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Fig. 7. Prediction of erythromycin A degradation in terms of the pH of aqueous solutions by the préqmpsdd) Measured data points
were obtained from this study®), Atkins et al. (1986 O), Cachet et al. (1989A) and Volmer and Hui (1998[]).

erythromycin A enol ethe(l1), the predictive kinetic
model can be expressed by the sum of the partial dif-
ferentialEgs. (5) and (7)n terms of molar concentra-
tion of hydrogen ion in aqueous solution:

dC;  9Cry | dCyy Sk
dt o ot obs
+1a Kw )"
ZkAX[H ] +kBX [H_+ (9)

where Ky, is the ion product constant of water, i.e.
Kw =[OH7][HT] = 10714,

The acid- and base-catalytic coefficients (and
ks, respectively) and the reaction orders of hydrogen
ion and hydroxide iong andb, respectively) can be
obtained from the pH-controlled experiments, as seen

By Eg. (10) it is calculated that erythromycin AX
in aqueous solution is most stable at pH 7.3.

4. Conclusion

The results obtained from this study demon-
strate distinct three pathways for the degradation of
erythromycin A () which is likely to establish an
equilibrium with erythromycin A-6,9-hemiketal ()
in aqueous solution. In acidic conditions, the 6,9-
hemiketal (1) seemed to be converted to anhydroery-
thromycin A (V) through an internal dehydration
reaction, and on the other hand there was a re-

in Figs. 4 and 6When the data for the observed rate Versible reaction of the 6,9-hemiketdlY to form

constants for the degradation of erythromycin I (
in agueous solutions were obtained from this study
and other studies dktkins et al. (1986)Cachet et al.
(1989)andVolmer and Hui (1998under similar con-
ditions, the modeEq. (10)provided a good interpreta-
tion of the kinetics of the degradation of erythromycin
A (1) in agueous solutions as a function of pH in a
range of 3.0-10.0Kig. 7).

kobs= 17.2 x 10-9870xPH) 1 (2 70 1078)

% 10(0.387><pH) (10)

erythromycin A enol etherl(l). In slightly alkaline
conditions, erythromycin Alj was decomposed to
pseudoerythromycin A enol ethev(l). The lactonyl
ester bond of erythromycin A-6,9-hemiketal Y ap-
peared to be hydrolyzed by the base-catalysis of hy-
droxide ion, and the reaction was followed by the re-
esterification of the carboxylic aci&/§ with the C11-
hydroxyl group and an internal dehydration reaction
of pseudoerythromycin A-6,9-hemiketal|() to form
pseudoerythromycin A enol ethe¥(l). This study
suggests that the sum of partial reaction rates for the
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