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Abstract: The stability of eseroline, the hydrolysis product of physostigmine under
aerobic conditions, was studied by liquid chromatography. A reversed-phase, ion-pair
technique was used to separate eseroline from its degradation products. The degradation
of eseroline in phosphate buffer solutions of pH 6.91, 7.40, 7.98, 8.41 and 8.94 appears to
follow first-order kinetics; the rate constant increased with an increase in pH. The
degradation appears to follow specific base catalysis.
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Introduction

Physostigmine, a carbamate-type acetylcholinesterase inhibitor, is used for the reduction
of intra-ocular pressure in glaucoma and for antagonizing the central anticholinergic
syndrome and the cardiac arrhythmias produced by overdosage or an unusual reaction to
anticholinergic drugs [1]. Some clinical investigations [2-7] have suggested that
physostigmine may improve the memory of patients with Alzheimer’s disease, a
deficiency of functional cholinergic neurons in the central nervous system.

The degradation of physostigmine in aqueous solution is reported to be by hydrolysis
of the ester linkage to produce a colourless compound, eseroline, which is then oxidized
to a red compound, rubreserine, as shown in Fig. 1. Further conversion to other more
intensely coloured products is reported to occur [8—10]. The appearance of colour in a
liquid preparation of physostigmine as a criterion to evaluate the extent of decom-
position [11] is not reliable since the presence of eseroline does not discolour the
solution. The use of an antioxidant should prevent the formation of the red compound,
rubreserine, but would have no effect on the hydrolysis of the parent compound.
Yamazoe et al. showed that by high-performance liquid chromatography (HPLC) under
anaerobic conditions, physostigmine degraded without discolouration of the solution
[12]. Therefore, the presence of eseroline in even a colourless solution of physostigmine

*To whom correspondence should be addressed.
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Degradation pathway for rubreserine.

is probable if the decomposition progresses according to Fig. 1. This colourless
compound, eseroline, may be produced also via enzymatic hydrolysis in a biological
system [13].

Since the degradation products are at least one thousand times less active than the
parent compound in the inhibition of cholinesterase [14], it is necessary to demonstrate
complete separation of physostigmine from both eseroline and rubreserine in order to
obtain accurate quantitative results in both stability tests and biological studies on
physostigmine. The reported stability studies [15-21] of physostigmine in solution have
focused primarily on the disappearance of physostigmine. Very little information is
available on the presence of eseroline in an aged solution of physostigmine or in a
biological sample containing physostigmine. Somani et al. developed an HPLC method
which effected good resolution of physostigmine and eseroline; however chromatograms
of rat plasma and brain extract after intramuscular doses of physostigmine (650 wg/kg)
showed no peaks for eseroline [22]. The extreme instability of eseroline was observed by
the authors of the present work during the synthesis, crystallization and recrystallization
procedures; such difficulty of purification was also reported by Coyne et al. [23].
Preliminary findings by the authors indicated that the rate of disappearance of eseroline
in solution appeared to be pH dependent; the rate increased as the pH of the media
increased. The objective of the present study was to investigate the degradation rate of
eseroline as a function of solution pH under aerobic conditions.

Experimental

Equipment

The liquid chromatograph was a modular system consisting of a Micromeritics
(Norcross, GA) Model 750 solvent delivery system, a Rheodyne (Cotati, CA) Model
7125 injector, a Varian (Walnut Creek, CA) Model UV-50 detector, a Varian Model
CDS111 data system and a Varian Model 9176 recorder. All pH measurements were
made using a Fisher (Pittsburgh, PA) Accumet pH meter Model 620 with a combination
electrode; a Mettler (Highstown, NJ) M-5 microbalance was used for weighing all
samples of eseroline for the stability tests.
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Reagents and chemicals

All reagents were used without further purification. Sodium phosphate monobasic
U.S.P. (Mallinckrodt, St. Louis, MO), sodium phosphate dibasic purified (Fisher,
Fairlawn, NJ) and sodium phosphate tribasic A.C.S. (Matheson Coleman and Bell,
Norwood, OH) were used for the preparation of phosphate stock solutions. Physostig-
mine sulphate (Sigma, St. Louis, MO) and sodium hydroxide, U.S.P. (Amend,
Irvington, NJ) were used for the synthesis of eseroline and rubreserine. The sodium salt
of 1-heptanesulphonic acid (HPLC grade) and methanol (HPLC grade) were purchased
from Fisher Scientific (Fairlawn, NJ). Ether, benzene and petroleum ether were all
A.C.S. grade. All aqueous solutions were prepared in double-distilled water.

Chromatographic conditions

A reversed-phase 300 X 4-mm i.d. column (Waters Assoc., Milford, MA), packed
with 10-pm Bondapak C,4 preceded by a Waters guard column packed with a 40-pm
Bondapak C;3 (Whatman, Clifton, NJ), was used for all stability analyses. A reversed-
phase 250 x 4.1-mm i.d. column packed with Versapack C,g (Altech Assoc., Deerfield,
IL), preceded by the same guard column, was used for the simultaneous separation of
eseroline, rubreserine and physostigmine.

The chromatographic mobile phase was prepared by mixing an aqueous solution of
0.005 M sodium phosphate monobasic and 0.02 M sodium heptanesulphonate (pH 4.78)
with methanol (1:1, v/v). The aqueous portion of the mobile phase was filtered through a
0.45-pwm membrane filter (Millipore, Bedford, MA) and degassed under vacuum prior
to the addition of methanol. The mobile phase used with the Versapack C,z column was
similar but with a ratio of aqueous phase to methanol of 2:3, v/v.

The detector was set at 247 nm and 0.02 a.u.fs. for all determinations. This
wavelength is the M\, for physostigmine sulphate and is near the A, for eseroline,
which is 243 nm. All studies were carried out at ambient pressure and room temperature
maintained thermostatically at 23 + 2°C.

Synthesis of eseroline and rubreserine
Eseroline and rubreserine were synthesized according to the methods of Eilis [24]. The
results from the elemental analyses* are as follows:

Rubreserine monohydrate Eseroline

CI3H18N203 CI3HISON2

Theory (%) Found (%) Theory (%) Found (%)
C 62.38 62.46 71.52 71.66
H 7.25 7.26 8.31 8.34
N 11.19 11.18 12.83 12.76

Their melting points were in good agreement with those recorded by Ellis [24]. The
UV-visible absorption spectrum for synthesized rubreserine coincided with that
reported by Ellis [24]. The UV spectrum for synthesized eseroline is shown in Fig. 2.

*Performed by Atlantic Microlab Inc., Atlanta, GA, USA.
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UV adsorption spectrum for eseroline.
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Degradation studies

Three 0.001 M stock solutions of sodium monobasic, dibasic and tribasic phosphate
each were prepared. From these stock solutions, five 0.001 M phosphate buffer solutions
with pH values ranging from 6.91 to 8.94 at increments of approximately 0.5 pH unit
were prepared with the aid of a pH meter. Each stock solution was filtered through a
0.45-pm membrane filter (Millipore, Bedford, MA) and degassed under vacuum.

Accurately weighed samples of eseroline (1.000 + 0.100 mg) were transferred to 100-
ml volumetric flasks. The flasks were filled to volume with 0.001 M phosphate buffer
solutions of the desired pH, which were prepared from the degassed stock solutions. No
further attempts were made to eliminate oxygen from the solutions or the flasks.
Quadruplicate samples of 1 mg of eseroline in 100 ml of each of the 0.001 M phosphate
buffer solutions (pH 6.91, 7.40, 7.98, 8.41 and 8.94) were prepared and analysed by
HPLC. Dissolution was assisted by ultrasonic agitation and manual shaking of the
stoppered flasks containing the solutions. The flasks remained stoppered during the
entire course of study except momentarily during sample withdrawal.

The time when dissolution appeared to be complete was recorded as zero time. The
time recorded for each injection was the interval between zero time and the injection
time. This practice was continued until the eseroline peak became unresolved from an
adjacent unknown peak. Eseroline is sufficiently stable at the pH of the mobile phase
and degradation was essentially terminated when the injection was made. The injected
samples were accurately measured with a 20-pl loop on the injector. The mobile phase
flow-rate was set at 1' ml/min for all sample solutions except those of pH 8.94, for which
the flow-rate was 2 ml/min. Since the rate of degradation of eseroline was very rapid at
pH 8.94, a greater flow-rate was necessary in order to obtain at least four chromatograms
for each of these solutions before the peak of eseroline became undetectable.
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Results and Discussion

The liquid chromatographic separation of eseroline from rubreserine and other
degradation products was achieved using a C;g stationary phase and a mobile phase of
methanol and phosphate buffer (pH 4.78). The mobile phase was buffered at an acidic
pH so that the basic compounds were present as the protonated species; the pK, of the
aliphatic amino-group of physostigmine is 8.08 [25]. The low apparent pH of the mobile
phase was also necessary to prevent any on-column degradation of eseroline. Preliminary
studies had shown essentially no degradation for eseroline under conditions of similar
acidity. Separation of a mixture of eseroline, physostigmine and rubreserine under
similar chromatographic conditions is shown in Fig. 3. The mobile phase used in this
study was adapted from Hsieh er al. [26], modified by the addition of the ion-pairing
reagent 1-heptane-sulphonic acid. This resulted in enhanced resolution of physostig-
mine, eseroline and rubreserine. The capacity factors (k') for these compounds are 1.40,
0.93 and 0.40, respectively. These low capacity factors made the kinetic study for
eseroline at high pH possible by eluting the compounds in a short period of time with
adequate resolution.

The linearity of the detector response to eseroline was checked for the range of 20-200
ng. The correlation coefficient, 0.9998, indicated a linear relationship between peak area

0.001A.U.
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Figure 3

Liquid chromatographic separation of a mixture of
rubreserine (peak a), eseroline (peak b) and
physostigmine (peak c). Flow rate: 1 ml/min.
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and amount injected. The precision of the chromatographic procedure was measured on
different days; the relative standard deviation (RSD) ranged from 0.07 to 0.25%.

The HPLC separation of eseroline from its degradation products in a test solution of
pH 7.98 is shown in Fig. 4 in which peak a has the same retention time as that of the
synthetic sample of rubreserine. Other degradation products were not identified. The
appearance of several unknown products from the degradation of physostigmine was also
described by Yamazoe et al. [12]. Peak b (one of the unidentified compounds) was
observed at all pH levels. The amount of this compound present in samples appeared to
be pH dependent. Thus, in solutions of pH 6.91, peak b was not detected up to 20 h after
zero time and then only as a small shoulder on peak a. Similarly, at pH 7.40 and 7.98,
peak b was relatively small compared with peak a and remained almost constant in peak
height throughout the study. At pH values greater than 8, peak b was much more
pronounced than at lower pH values and its height increased rapidly with time as shown
in Fig. 5. Peak b was undetectable in the chromatograms obtained from the test solutions
of all pH values one month after the degradation study, but peak a (possibly rubreserine)
was still detectable. In addition, the presence of some unknown peaks that were eluted
prior to the solvent front was observed.

Figures 6 and 7 are the semilogarithmic plots of the percentage of the remaining
eseroline as a function of time for the pH values studied. Since the injections of the
eseroline solutions at the same pH value were not carried out to exactly the same
schedule, only the results from one solution of each pH were plotted in these figures. The
reaction appeared to follow first-order kinetics. Such kinetics can be described by
equation (1):

C = Cpe ™. (1)
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Figure 4

Liquid chromatographic analysis of eseroline degradation in a phosphate buffer solution of pH 7.98. Flow rate:
1 ml/min. Reaction times: A, 14.90 min; B, 24.96 min; C, 34.45 min; D, 44.07 min; E, 53.40 min. Peaks: a,
rubreserine; b, unknown; and c, eseroline.
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Figure 5
Liquid chromatographic analysis of eseroline
degradation in a phosphate buffer solution of pH
8.96. Flow rate: 2 ml/min. Reaction times: A, 2.65 c
min; B, 7.47 min; C, 12.00 min; D, 16.68 min. Peaks:
a, rubreserine; b, unknown; and ¢, eseroline. b
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In equation (1), C and C, are the concentrations of eseroline at time ¢ and time zero,
respectively, and k is the apparent first-order rate constant.

In Figs 6 and 7, the effects of pH of the buffer solutions on the slopes of the regression
lines and, in turn, on the degradation rate constant are clearly shown. The plots for pH
8.41 and 8.94 show only 3 points each but each of the slopes for these lines were obtained
from 4 points with an additional point that represented less than 10% eseroline
remaining.

Least-squares analysis was performed on the individual plot for each test solution to
obtain k, the rate constant for the disappearance of eseroline in solution. The mean and
standard deviation of the rate constant were then calculated for each pH studied. The
results are listed in Table 1.

Figure 8 is the semilogarithmic plot of rate constant versus pH of solution. The
regression equation of this plot is log £ = 1.05 pH — 10.04 with a correlation coefficient
of 0.974. The slope of this regression line is 1.05 which indicates that this reaction may be
subject to specific base catalysis in which the hydroxide ion is the catalyst [27]. The rate
law for such a reaction contains a term that involves the concentration of hydroxide ion
in the reaction solution [27]. According to the reaction scheme in Fig. 1, the degradation
of eseroline is an aerobic reaction; therefore no special efforts were made to eliminate air
from the reaction flasks.
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Apparent first-order disappearance of eseroline in
0.001 M phosphate buffer solutions of pH 7.40 (@),
pH 7.98 (W), pH 8.41 (O) and pH 8.94 () at 23 +
2°C.
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Table 1
Degradation rate constants of eseroline as a function of pH at 23 + 2°C

Rate constant k

mean + SD Correlation coefficient
pH (min™!) mean * SD
6.91 9.76 x 107* + 1.71 x 107* 0.993 + 0.008
7.40 7.90 x 107% £ 0.542 x 107* 0.982 £ 0.004
7.98 2.56 x 1072 £ 0.272 x 1072 0.984 + 0.018
8.41 8.03 x 1072 £ 0.669 x 1072 0.990 + 0.004
8.94 153 x 1072 + 1.41 x 1072 0.982 + 0.014

0.1 1

k (min'")

Figure 8
Plot of log rate constant versus pH for the

disappearance of eseroline at 23 * 2°C. 01

The stability of eseroline at pH 7.40 is of special interest since this is also the pH of
human plasma. In buffer solutions of low ionic strength the half-life of eseroline is 87.7
min, calculated from its degradation rate constant at pH 7.40. In a biological system, the
presence of other factors such as metabolism, can be expected to result in a more rapid
degradation. Therefore, this calculated half-life represents a maximum; the half-life may
be much shorter in a complex biological system.

The pH values of liquid pharmaceutical preparations of physostigmine are in the acidic
range. The half-life of eseroline in 0.001 M phosphate buffer solutions of pH 6.91 is 14.8 h
calculated from its degradation rate constant. However, because its half-life is expected
to be longer than 14.8 h in more acidic solutions, the stability of eseroline at pH less than
6.91 was not studied. Yamazoe ez al. [12] found that physostigmine solutions of pH 5.3
degraded to about the same extent under both aerobic and anaerobic conditions at
100°C; anaerobic conditions retarded only the discolouration and not the degradation of
physostigmine solutions. Since very small amounts of rubreserine can discolour the
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solution (0.5 wg/ml, slight discolouration; 1 wg/ml, distinctly pink [28]), the retardation
of discolouration under anaerobic conditions reported by Yamazoe et al. suggests that
the degradation of physostigmine may stop at eseroline under these conditions.
Examination of the UV absorption spectrum of a solution of physostigmine salicylate
degraded under anaerobic conditions showed an increase in absorbance near 240 nm [12]
(Amax Of the synthesized eseroline was 243 nm), and an unknown degradation product
was detected by HPLC but was not observed in solutions under aerobic conditions [12].
In order to identify by chromatography this unknown degradation product reported by
Yamazoe, some preliminary work was carried out in this laboratory. Physostigmine
salicylate solution (1 mg/ml) buffered at pH 5.3 was flushed with nitrogen and autoclaved
for 15 min, then analysed by HPLC. The resulting chromatogram showed a peak which
had the identical retention time as that of synthesized eseroline. This peak was not found
in the chromatogram obtained from an unbuffered aqueous solution of physostigmine
sulphate stored at room temperature under aerobic conditions for 5 months. Therefore,
the presence of eseroline in weakly acidic physostigmine solutions is possible especially
under anaerobic conditions or in the presence of antioxidants. A stability-indicating
assay for physostigmine in dosage forms should be demonstrated to be capable of
separating and determining physostigmine in the presence of both eseroline and
rubreserine.

Conclusions

Eseroline, the hydrolysis product of physostigmine, is unstable in aqueous solution
under aerobic conditions. The degradation rate constant in solution is pH-dependent and
increases greatly with increasing pH. The reaction appears to follow first-order kinetics
and to be subject to specific base catalysis.

Under aerobic conditions, eseroline has a half-life of 87.7 min in 0.001 M buffer
solutions of pH 7.4 and is expected to have a much shorter half-life in biological systems
owing to the possible combination of metabolism and pH-dependent degradation
pathways. Its half-life is 14.8 h in 0.001 M solutions buffered at pH 6.91 and is expected
to be longer in more acidic solutions such as ophthalmic or injectable solutions of
physostigmine salicylate, especially in the presence of antioxidants. Therefore, the
presence of eseroline in biological samples is less likely than in pharmaceutical
preparations. In developing a stability-indicating assay for physostigmine, there may be a
need to take eseroline into consideration.

Acknowledgement: The advice in the interpretation of kinetics from Dr William R. Ravis is greatly
appreciated.

References

{1] A. G. Gilman, L. S. Goodman, T. W. Rall and F. Murad, in Goodman and Gilman’s The
Pharmacological Basis of Therapeutics. 7Tth Ed., p. 127. Macmillan, New York (1985).

[2] K. L. Davis, R. C. Mohs and J. R. Tinkelberg, N. Engl. J. Med. 301, 946 (1979).

[3] O. Muromoto, M. Sugishita, H. Lugita and Y. Toyokura, Arch. Neurol. 36, 501-503 (1979).

[4] J. W. Ashford, S. Soldinger, J. Schaeffer, L. Cochroan and L. Jarvik, Am. J. Psychiar. 138, 829830
(1981).

[5] B. H. Peters and H. S. Levin, Ann. Neurol. 6, 219-221 (1979).

[6] L. J. Thal and P. A. Fuld, N. Engl. J. Med. 308, 720 (1983).

[7] L. J. Thal, P. A. Fuld, D. M. Mesur, N. S. Sharpless and T. Davies, Ann. Neurol. 13, 491-496 (1983).



LC DETERMINATION OF ESEROLINE DEGRADATION 393

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

S. Ellis, O. Krayer and F. L. Plachte, J. Pharmacol. Exp. Ther. 79, 309-319 (1943).

H. Hellberg, Svensk Farm. Tid. 53, 637-643 (1949).

V. Parrdk, O. Mohelska and F. Machovitova. Pharm. Zentralhalle 100, 503-511 (1961).
USPXXI/NFXVI, p. 835. United States Pharmacopoeial Convention, Rockville, MD (1984).

K. Yamazoe, K. Suzuki, H. Morita, I. Kawakage and K. Fujii, Byoin Yakugaku 9, 307-311 (1983).
R. Whelpton, J. Chromatogr. Biomed. Appl. 272, 216-220 (1983).

B. A. Hemsworth and G. B. West, J. Pharm. Sci. 59, 118-120 (1970).

S. Ellis, F. L. Plachte and O. H. Straus, J. Pharmacol. Exp. Ther. 79, 295-308 (1943).

H. W. Hind and F. M. Goyan, J. Am. Pharm. Assoc., Sci. Ed. 36, 33-40 (1947).

H. Hellberg, Svensk Farm. Tid. 53, 658-665 (1949).

S. Riegelman and D. G. Vaughan, J. Am. Pharm. Assoc., Pract. Pharm. Ed. 19, 474-477 (1958).
R. Fagerstrom, J. Pharm. Pharmacol. 15, 479-482 (1963).

G. Fletcher and D. J. G. Davies, J. Pharm. Pharmacol. 20, 1085-113S (1968).

I. Christenson, Acta Pharm. Suec. 6, 287-298 (1969).

S. M. Somani and A. Khalique, J. Anal. Toxicol. 9, 71-75 (1985).

W. E. Coyne and G. R. Paterson, Can. Pharm. J. Sci. Sect. 94, 45-49 (1961).

S. Ellis, J. Pharmacol. Exp. Ther. 79, 364-372 (1943).

D. W. Newton and R. B. Kluza, in Principles of Medicinal Chemistry (W. O. Foye, Ed.), 2nd Ed., p. 906.
Lea and Febiger, Philadelphia (1981).

[26] J. Y. K. Hsieh, R. K. Yang and K. L. Davis, J. Lig. Chromatogr. 5(9), 1691-1695 (1982).
[27] A. Martin, J. Swarbrick and Arthur Cammarata, Physical Pharmacy, 3rd Ed., pp. 378-380. Lea and

Febiger, Philadelphia (1983).

[28] M. Kneczke, J. Chromatogr. 198, 529-533 (1980).

[First received for review 9 May 1986; revised manuscript received 14 November 1986]



