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Summary

Fluorescence and phosphorescence spectra of physostigmine (eserine)
are determined and compared with those reported for the phenyl carbamate
pesticides Matacil and Zectran. The conversion of physostigmine to rubres-
erine is studied in the presence of nucleophilic reagents and inhibitors. Spec-
tral characteristics of rubreserine and adrenochrome are compared with
particular reference to the adrenolutin reaction. The fluorometric estimation
of physostigmine is described.

1. Introduction

The alkaloid physostigmine (eserine) which occurs in the Calabar bean
(Physostigma venenosum) is well known as an inhibitor of acetylcholin-
esterase [1, 2). The drug has found application as a miotic agent in
myasthenia gravis, and in anticholinesterase therapy. Physostigmine also
appears to facilitate memory recall, and as such shows promise in the treat-
ment of Alzheimer’s disease [3].

The molecular structure of physostigmine (I) (Fig. 1) is derived from
the p-amino-N-methylcarbamate grouping which is present in the pesticides
Matacil (II, R = H) and Zectran (II, R = Me) [4]. This grouping determines
the electronic excited state parameters of physostigmine as well as the
intrinsic biological activity of the molecule.

Physostigmine is unique among the carbamates in its susceptibility to
oxidative hydrolysis to give the scarlet derivative rubreserine (III) [5]. This
reaction is a potential source of instability in pharmaceutical solutions of
physostigmine. Rubreserine itself possesses a striking resemblance to the red
compound adrenochrome (V) which is a primary oxidation product of
adrenaline [6].

The estimation of physostigmine in biological fluids is currently a
problem [7]. It is feasible to perform spectrophotometric determination
utilizing the rubreserine conversion but this method lacks sensitivity.
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Fig. 1. Chemical structures of physostigmine (I), Matacil and Zectran (II), rubreserine
(II1 and IV) and adrenochrome (V and VI).

With these points in mind we have undertaken a study of the lumines-
cence spectra of physostigmine, rubreserine and adrenochrome, The data
obtained provide a basis for the fluorometric estimation of physostigmine,
and allow a comparison of the spectral properties of rubreserine and adreno-
chrome in solution to be made.

2. Experimental details and materials

The spectroscopic techniques and corrections were as described in our
earlier papers [8]. Physostigmine was supplied as a crystalline free base by
BDH. Adrenochrome (free base) was obtained from Sigma, London. Rub-
reserine was prepared by the method of Robinson [9].

3. Results

Spectral measurements were made in neutral ethanol and HCl—ethanol
(pH 2). Certain additional spectra were recorded in dimethyl sulphoxide
(DMSO).

3.1. Absorption spectra

3.1.1. Physostigmine

The absorption spectrum of physostigmine (I) in neutral ethanol (Fig. 2
and Table 1) shows well-defined peaks at A,,,, values of 253 and 313 nm.
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Fig. 2. Absorption spectrum of physostigmine. Curve 1, in neutral ethanolic solution and
curves 2 - 5, at increased concentrations after the addition of M/50 KOH: curve 2, 5 min;
curve 3, 10 min; curve 4, 15 min; curve 5, 70 min.
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Fig. 3. Absorption spectrum of rubreserine in ethanolic solution.

This spectrum is shifted somewhat to shorter wavelengths in acidic (HCI)
ethanol [10].

In aqueous alkali (pH 12) solutions of physostigmine a cherry-red
colour rapidly develops as a result of the formation of rubreserine (III and
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IV) (Fig. 1). The spectra of these solutions (Figs. 2 and 3) display absorption
peaks at Ay, values of 2563, 312 and 476 nm [5]. The emergence of the 476
nm peak, from which the red colour originates, provides a convenient means
of following the rubreserine conversion (Fig. 2). The reaction takes place in
the dark; it is suppressed in the absence of oxygen or in the presence of
ascorbic acid.

3.1.2. Adrenochrome

The absorption spectrum of adrenochrome (V and VI, Fig. 1) (c<f.
ref. 5) in neutral ethanol (Fig. 4 and Table 2) shows peaks at A,,,, values of
220, 302 and 485 nm. This spectrum is virtually unchanged on acidification,
but is markedly altered in basic solution. When ethanolic or aqueous solu-
tions of adrenochrome were made alkaline (pH 12) by adding sodium
hydroxide, the red colour rapidly changed to yellow and a transient green
fluorescence developed. These solutions were unstable and quickly became
brown in colour. The reactions involved are due to the well-known conver-
sion of adrenochrome to adrenolutin (VII) (Fig. 5) and its subsequent oxida-
tion products [11, 12]. In order to record the absorption spectrum of
adrenolutin itself, it is necessary to prevent destructive oxidation of the
adrenolutin molecule. This can be achieved by excluding oxygen or by
adding ascorbic acid [11]. The spectrum measured at pH 12 in the presence
of ascorbic acid revealed weak absorption in the blue region (Ap.x = 396 nm)
and this is attributable to the presence of the yellow adrenolutin [11].

Adrenochrome solutions in DMSO showed the characteristic absorption
bands of adrenochrome at A, ., values of 305 and 490 nm, the latter band
being shifted slightly to the red. This spectrum was changed on the addition
of the base potassium tert-butoxide, with some weakening of the band at
490 nm and the development of a shoulder at 365 nm (Fig. 6).
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Fig. 4. Absorption spectrum of adrenochrome in neutral ethanolic solution.
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Fig. 5. Chemical structures of adrenolutin (VII}, N-methyl-trihydroxyindole (VIII), the
peroxy transition state (IX), rubreserine (X) and N-methy! carbamate anion (XI}).
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Fig. 6. Absorption spectrum of adrenochrome in DMSO (curve A) and in DMSO after the
addition of potassium tert-butoxide (curve B).

3.2. Emission spectra

3.2.1. Physostigmine

The fluorescence spectrum of physostigmine in neutral ethanol reveals
strong emission at A, = 364 nm (Fig. 7, Table 1) with a quantum yield ¢;
=10.17. The spectrum of physostigmine in acidic (HCl) ethanol is essentially
the same. At 77 K the fluorescence peak is weaker and is shifted (normally)
towards the blue.

The phosphorescence spectrum of physostigmine (Fig. 7) has a strong
emission band (An.x = 425 nm) with a triplet lifetime of 3.7 s (Table 1).

These emission parameters are characteristic of the 7—#* transitions of
the p-aminophenyl esters related to the carbamates Matacil (Table 1) and
Zectran [4]. The fluorometric estimation of physostigmine in solution is
easily achieved by measuring the singlet emission intensity at 364 nm
(Fig. 7). This methed is effective down to physostigmine levels of 0.1 ug
ml~! (Fig. 8).
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Fig. 7. Emission spectra of physostigmine in neutral ethanolic solution at 298 K (curve
A) and at 77 K (curve B),
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Fig. 8. Fluorescence intensity of physostigmine concentration in ethanol at 298 K,
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3.2.2. Adrenochrome

The fluorescence spectrum of adrenochrome in neutral ethanol reveals a
weak emission at A,.x =340 nm (¢ = 2.6 X 1073) with a broad band at
about 490 nm (Fig. 9, Table 2). The latter corresponds to the faint blue—
green fluorescence observable from the solution under a BTL 3560 UV lamp.
In HCl-acidified ethanol, the peak at 340 nm increases in intensity (¢; =
4.3 X 107?) and the visible emission disappears (Fig. 10). Similar results were
found in aqueous solution.

Low temperature (77 K) emission spectra (Table 2) revealed similar
fluorescence bands at very low quantum yields. No definitive phosphores-
cence was detectable.
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Fig. 9. Emission spectra of adrenochrome in neutral ethanolic solution at 298 K (curve A)
and 77 K (curve B).
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Fig. 10. Emission spectra of adrenochrome in acidic ethanolic solution at 298 K (curve A)
and at 77 K (curve B).
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In alkaline ethanol (NaOH, pH 12) no fluorescence was evident, as a
result of the rapid oxidative degradation of the adrenochrome molecule,
With ascorbic acid present to inhibit oxidation {13], alkaline solutions of
adrenochrome developed the yellow colour of adrenolutin and displayed a
characteristic green fluorescence (An.x = 500 nm) (Fig. 11) after acidifica-
tion with acetic acid. The intensity of the fluorescence peak increased with
the initial pH of the buffered alkaline solutions over the pH range 7 - 12. The
pH dependence of the fluorescence spectra of these solutions is shown in
Fig. 12. It is evident that the adrenochrome fluorescence band (An.x = 340
nm) disappears as the initial pH of the solution is increased to pH 11.

Solutions of adrenochrome in DMSO showed characteristic adreno-
chrome emission bands in the A, regions of 340 and 490 nm (Fig. 13). The
spectrum was markedly changed on the addition of potassium tert-butoxide.
The fluorescence bands at 340 and 490 nm disappeared and a prominent
emission peak appeared at A, = 555 nm with a distinct shoulder at 611
nm. Under the 3560 UV lamp the solution displayed a weak orange fluores-
cence consistent with this longer wavelength emission.
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Fig. 13. Emission spectra at 298 K of adrenochrome in DMSO (curve A) and after the
addition of potassium tert-butoxide (curve B).

4. Discussion

The conversion of physostigmine to rubreserine [7] proceeds very rapid-
ly in solutions of potassium tert-butoxide in DMSO. This is significant in view
of the remarkable ability of DMSO to act as an oxygen carrier in the
perhydroxylation of indoles [14] (cf. refs. 15 - 18) and other unsaturated
systems [19 - 22]. The reactive intermediate appears to be the oxygen
radical anion (O,7), which arises from electron transfer to molecular oxygen
from the butoxide anion with spin relaxation. In the present case we suggest
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that the oxidative hydrolysis of the physostigmine molecule is the result of
the production of the peroxy transition state (IX) and finally rubreserine (X)
and carbamate (XI) (Fig. 5) in the attack by the nucleophilic oxygen radical
anion at the ester carbonyl. The primary role of the reaction medium in this
process is to generate oxygen radical anions from the molecular oxygen
present in the solution.

It has been clearly shown in the comprehensive studies of Russell and
coworkers that the effectiveness of oxygen in promoting oxidation reactions
in basic media increases with the nucleophilic strength of the base anion.
This principle seems to apply to the rubreserine reaction, as has been illus-
trated in our experimental data (Fig. 14). The rates of rubreserine formation
in basic ethanolic solution measured spectrophotometrically at A, .x = 490
nm are plotted for the three basic anions OH™, "OC(Me); and imidazolyl .
The rate of reaction increases in the order hydroxyl < tert-butoxyl <
imidazolyl. The high reactivity of the imidazolyl anion is consistent with the
strongly nucleophilic character of the imidazole nucleus.

The close similarity between the rubreserine and adrenochrome mole-
cules is evident from a comparison of their structural formulae (III and IV)
(Fig. 1). This is reflected in the absorption spectra of the two compounds
(Figs. 3 and 4) which reveal identical bands arising from the common red
ortho-quinonoid chromophore. The structures of these aminochromes may
be depicted by the dipolar forms IV and VI (Fig. 1) which probably contrib-
ute significantly in the excited state. In the ground state, the quinonoid
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Fig. 14. Rates of rubreserine formation in aqueous ethanol in the presence of M/50 Na—
imidazole (curve 1), potassium-tert-butoxide (curve 2) and KOH (curve 3); concentra-
tion of physostigmine, M/50,
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character of these molecules is seen in their susceptibility to reversible reduc-
tion by reagents such as hydrogen sulphide, sulphur dioxide and ascorbic
acid {14, 23 - 26] to give colourless leuco compounds.

The significant structural difference between rubreserine and adreno-
chrome is the presence in the former of a tetrahydropyrrolidindole ring sys-
tem with an angular methyl group at position 3. As a result there is no
available hydrogen at position 3 for internal rearrangement. Adrenochrome,
however, possesses the requisite 3-hydrogen atom. Consequently adreno-
chrome can rearrange by internal hydrogen transfer to give the trihydroxy
indole (VIII, Fig. 5) [27, 28]. This isomerization is promoted by making the
solution alkaline, when subsequent acidification with acetic acid yields the
highly fluorescent adrenolutin (VII). Rubreserine cannot rearrange in this
way, and remains unchanged under such conditions.

The spectral characteristics of adrenolutin, manifest in the yellow
colour (AL.x = 396 nm) and intense green fluorescence (An.x = 500 nm) of
its solutions, are not easily reconciled with the classical structure VII. We
are inclined to attribute the green emission to a contributing dipolar excited
state of the molecule represented by the indolinium cation (Fig. 15) (XII).
A similar green fluorescence (AL« = 520 nm) is associated with protonated
5-oxyindoles in their cationic form {29, 30].

sy
0" o) )
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Fig. 15. Chemical structures of adrenclutin zwitterion (XII) and the anionic form (XIII).

e

Owing to the presence of identical absorption bands (Amax = 476 nm) in
the visible region of the spectra of rubreserine and adrenochrome, which is
associated with the red colour of these compounds, we decided to search
for complementary fluorescence bands in the orange region. In the event no
emission was detectable. It is evident that the high dipolar character of the
excited states involved favours efficient radiationless deactivation of the
singlet levels in solution.

The yellow fluorescence (AL .x = 555 nm) which is observable in the
basic red solutions of adrenochrome in DMSO-potassium tert-butoxide
appears to arise from the dissociated anionic form of the molecule (XIII).
Rubreserine, which lacks the ionizable hydroxyl group at position 3, shows
no fluorescence in this medium.

5. Conclusions
The absorption and emission spectra of physostigmine possess charac-

teristics similar to the spectra of the phenyl carbamates Matacil and Zectran.
It is inferred that similar excited states are involved.
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Physostigmine differs from Matacil and Zectran in its susceptibility to
oxidative hydrolysis. In basic media this process converts physostigmine into
the red quinonoid product rubreserine through the absorption of oxygen.
Rubreserine resembles adrenochrome in its essential spectroscopic charac-
teristics, but unlike adrenochrome it does not rearrange in alkaline solution.
Rubreserine shows only feeble UV fluorescence and affords no visible
fluorescent emission in solutions of DMSO—tert-butoxide. These differences
are ascribed to the absence of the hydrogen atom at position 3.

In view of the non-fluorescent character of rubreserine, fluorometric
analysis of physostigmine cannot be performed by using its conversion to the
aminochrome. However, the fluorescence of physostigmine itself in the UV
region can be utilized to give a direct estimation. Our results show that this is
achievable down to levels of about 0.1 ug ml™ 1.

References

. K. Myers, Biochem. J., 62 (1956) 556.

D. O’Brien, Mol. Pharmacol., 4 (1968) 121.

S. Levin and B. H. Peters, Ann. Neurol.,, 15 (1984) 210.

. P. Semeluk, I. Unger and J. B. Addison, J. Lumin., 17 (1978) 211.

Ellis, J. Pharmacol.,, 79 (1943) 364.

. A. Heacock, Chem. Rev., 59 (1959) 181.

Whelpton, J. Chromatogr,, 272 (1983) 216.

Savory and J. H. Turnbull, J. Photochem., 24 (1984) 355, and papers cited therein.

Robinson, J. Pharm. Pharmacol., 17 (1965) 89.

. H. Jackson and A. E. Smith, J. Chem. Soc., (1964) 5510.

Lund, Acte Pharmacol., 5 (1949) 121,

12 J. Harley-Mason, J. Chem. Soc., (1950) 1276.

13 A. Lund, J. Chem. Soc., (1950) 233.

14 N. Sugivama, M. Akutagawa and H. Yamamoto, Bull. Chem. Soc. Jpn., 41 (1968)
936.

15 G. E. Philbrook, J. B. Ayers, J. F. Garst and J. R. Totter, Photochem. Photobicl., 4
(1965) 869.

16 F. McCapra, D. G. Richardson and Y, C. Chang, Photochem. Photobiol, 4 (1965)
1111.

17 C. A. Mudry and A. R. Frasca, Tetrahedron, 29 (4) (1973) 603.

18 N. A. Evans, Aust. J. Chem., 24 (1971) 1971,

19 G. A. Russell and A, G. Bemis, J. Am. Chem. Soc., 88 (1966) 5941,

20 E. R. Talaty and G. A. Russell, J. Am. Chem. Soc., 87 (1965) 4867.

21 H. R. Gersmann, H. J. W. Nieuwenhuis and A. F. Bickel, Tetrahedron Lett., (21)
(1963) 1383.

22 E. J. Bailey, D. H. R. Barton, J. Elks and J. F. Templeton, J. Chem. Soc., (1962)
1578.

23 A. H. Salway, J. Chem. Soc., 101 (1912) 978.

OCO~ITH U WNH
PrEREROOTIRY

24 D. E. Green and D. Richter, Biochem. J., 31 (1937) 596.

25 D. Richter and H. Blaschko, J. Chem. Soc., (1937) 601.

26 R. A. Heacock and B. D. Laidlaw, Nature, 182 (1958) 526.

27 E: M. Trantner and T. R. Bradley, Aust. J. Sci. Res., Ser. B, 4 (1951) 303.

28 H. Sobotka, N. Barsel and J. D. Chanley, Fortschr. Chem. Org. Naturst., 14 (1957)

217.
29 8. Udenfriend, H. Weissbach and C. T. Clark, J. Biol. Chem., 215 (1955) 337.
30 J. W. Bridges and R. T. Williams, Biochem. J., 107 (2) (1968) 225.



