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4-Hydroxybenzothiazole amino acids 1a and 2a are specific
structural markers of pheomelanins, the characteristic sulfur-con-
taining pigments of red human hair.!~> They can be obtained in
small amounts by direct oxidative degradation of red hair*® by a
process that is at the basis of innovative microanalytical methodol-
ogies for pheomelanin determination in biological tissues.®’ The
generation of 4-hydroxybenzothiazole compounds from pheomel-
anin degradation reflects the biogenetic origin of the pigments
from tyrosine (or dopa) and cysteine via tyrosinase-catalyzed con-
version to 5-S- and 2-S-cysteinyldopa conjugates (Scheme 1).8°
Oxidative cyclization of the latter gives 4-hydroxybenzothiazine
intermediates,'®!! from which 4-hydroxybenzothiazole-contain-
ing units would be generated via a ring-contraction process.*!2
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The biomedical interest of 4-hydroxybenzothiazole amino
acids is related to the familiar association between the red-haired
pheomelanic phenotype and elevated susceptibility to actinic
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damage, premature aging and skin cancers, including mela-
noma.'>! The possibility that pheomelanins may act as potent
UV photosensitizers, generating on degradation toxic radical spe-
cies,'® has stimulated intense investigations of the photophysical
and photochemical behaviour of the 4-hydroxybenzothiazole sys-
tem as a model for pheomelanin photodegradation.'®!” Studies of
metal-binding properties of 4-hydroxybenzothiazoles have also
been reported.'®2° Despite their pivotal importance for studies
of pheomelanin phototoxicity and for prediction of UV suscepti-
bility, 4-hydroxybenzothiazole amino acids have never been
investigated because of the lack of practical, operationally simple
protocols for their preparation in sufficient amounts for analytical
and photochemical studies. Available syntheses of the 4-hydrox-
ybenzothiazole system are lengthy and require several steps
(from six to eight to obtain 1a or 2a).2°~22 This is a most critical
gap since compounds 1a and 2a appear to be selective markers
for red-haired individuals®® at higher risk for skin cancer, and
the current lack of straightforward synthetic routes has impeded
their use for routine population screenings, and for genetic and
epidemiologic correlation studies. For biomedical research pur-
poses, synthetic procedures for analytical marker preparation
should in fact be facile, cheap and easily executable even by
non-chemists.

Prompted by the urgent and increased demand for these mark-
ers, and capitalizing on recent advances in the mechanisms of phe-
omelanin synthesis,> we have explored the feasibility of the
biosynthetic pathway leading to 4-hydroxybenzothiazole amino
acids as a practical access route to 1a and 2a as well as to their
decarboxylated derivatives 1b and 2b. Herein, we report the suc-
cessful achievement of this goal.
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Scheme 1. Biogenetic origin of pheomelanins from i-tyrosine and L-cysteine via
tyrosinase-catalyzed conversion to 5-S- and 2-S-cysteinyldopa conjugates and
generation of 1a and 2a from pigment degradation.

The protocol to 1a involves a rationally devised sequence of
enzymatic and chemical steps that have been elaborated into a

remarkable one-pot procedure. The reported methodology in-
volves (i) oxidation of L-dopa and L-cysteine in 0.05 M phosphate
buffer (pH 7.4) with mushroom tyrosinase; (ii) treatment of the
mixture with potassium ferricyanide/zinc sulfate and then (iii)
acidification and oxidation with sodium persulfate. HPLC purifica-
tion eventually gives the desired compound in pure form (57%
yield) (Scheme 2, route a).>> By a simple additional operation, that
is (iv) heating of the final mixture at 90 °C for 1.5 h, the decarbox-
ylated derivative 1b can be obtained instead in similar (55%) yield,
after HPLC purification.?*

Three critical steps underpin the synthetic methodology: (a) the
enzymatic conversion of L-dopa to dopaquinone followed by the
addition of L-cysteine to give 5-S-cysteinyldopa (the prevalent iso-
mer); (b) the ferricyanide-promoted oxidative cyclization of 5-S-
cysteinyldopa to a benzothiazine intermediate stabilized by Zn?*
ions and (c) the persulfate-induced oxidative ring contraction of
the benzothiazine-Zn?* complex 3 to give 1a. (Scheme 3).!2

Consistent with the proposed mechanism is an alternate proce-
dure to 1a/b which has been developed in the course of this study
based on the oxidation of 5-S-cysteinyldopa, prepared following a
reported procedure,?> according to the above steps (ii) and (iii)?®
(and iv,?” if appropriate) to give the products in quite similar yields
(Scheme 2, route b).

The successful conversion of L-dopa and L-cysteine to 1a/b re-
flects a careful choice of oxidation methods and sequential opera-
tion times that have been optimized within the one-pot protocol
after a thorough and careful screening of oxidizing systems and
experimental conditions. Thus, for example, commercially avail-
able mushroom tyrosinase proved to be the most efficient oxidiz-
ing system for in situ conjugation of L-cysteine to L-dopa,?® but
was ineffective in promoting subsequent oxidation of cysteinyld-
opa. On the other hand, ferricyanide was effective on the latter step
but not in the initial conjugate formation.

The crucial experimental expedient favouring efficient benzo-
thiazole formation is the addition of Zn?* which is known to stabi-
lize 3-carboxy-4-hydroxybenzothiazines by forming a chelate
complex, such as 3, as evidenced by the typical absorption maxi-
mum at around 390 nm.>!! Thus, in the presence of Zn*, the key
benzothiazine intermediate can be accumulated in suitable
amounts for the oxidative ring contraction. The latter step was effi-
ciently achieved by using persulfate combined with acid conditions

OH while other oxidants or reaction media proved to be much less
OH NH, effective. Interestingly, the acid-promoted ring contraction of a
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intermediate is the key step in a strategically similar synthesis of
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1b as the precursor. This was made possible by the facile synthesis re-
cently described for this melanogen.?® As expected, oxidation of 2-
Scheme 2. Reagents and conditions: (i) tyrosinase, O,; (ii) K3Fe(CN)s/ZnSOy; (iii) S-cysteinyldopa as in Scheme 2, route b, furnished the desired 2a/b
Na,S,05/HCI; (iv) 90 °C,1.5 h. in similar yields (52-57%).
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Scheme 3. Proposed route of formation of 1a from benzothiazine-Zn?* complex 3.
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Besides providing an expedient access to predictive markers of
skin cancer and melanoma, the reported methodologies feature
several aspects of chemical interest. The proposed route to 1a/b
is efficient, applicable up to a hundred milligram scale, environ-
mentally sound (use of organic solvents or toxic reagents is
avoided) and attractive for routine preparation of small standard
samples. By executing sequential oxidation and, where appropri-
ate, decarboxylation steps in a single pot and including only a final
purification step, this procedure avoids time-consuming isolation
of intermediates, including the labile benzothiazines, with signifi-
cantly decreased operating costs. Although the protocol depends
on an enzymatic step which, however efficient, may limit its scala-
bility, it provides a simple unprecedented means of constructing a
naturally occurring benzothiazole skeleton from two commercially
available amino acids. Use of biologically relevant Zn?* for the sta-
bilization and further manipulation of in situ generated 3-carboxy-
4-hydroxybenzothiazine compounds is also a chemical highlight of
this study.
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