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A preparative scale synthesis of a dimer of serotonin (5-HT) is described. DHBT or 5,50-dihydroxy-4,40-bi-
tryptamine was prepared in good yields using methanol in the presence of copper(II) chloride and air at
room temperature. Exclusion of air resulted in no DHBT. Neither 5-HT hydrochloride nor N-BOC-pro-
tected 5-HT yielded DHBT under identical reaction conditions, evidence that the primary amino group
of 5-HT plays a critical role in the dimerization reaction. The atropisomers of DHBT can be resolved by
chiral capillary electrophoresis.

� 2015 Elsevier Ltd. All rights reserved.
5-Hydroxytryptamine (5-HT, serotonin, Fig. 1a) occurs naturally scale synthesis of DHBT. We report here the convenient synthesis

in central and peripheral nervous systems, where it plays a key role
in the regulation of body temperature, appetite, alcoholism, drug
abuse, sleep, and emotional states, as well as in cognition including
memory and learning.1–4 Previous studies have indicated that 5-HT
forms higher order structures in a faulty oxidative environment
that could deplete serotonin levels and cause certain types of men-
tal disorders including depression,5 schizophrenia,6 and
Alzheimer’s disease.7,8 Studies on 5-HT oxidation products have
suggested that 5-HT dimer, 5,50-dihydroxy-4,40-bitryptamine
(DHBT, Fig. 1b) is potentially neurotoxic and contributes to neu-
rodegenerative diseases.9–12 Following an early report by
Eriksen’s group on a non-enzymatic oxidation of 5-HT by using
inorganic CuSO4 oxidant,12 Wrona and Dryhurst proposed an elec-
trochemical oxidative pathway of 5-HT to DHBT by coupling of
phenoxy radicals.13 They further reported that DHBT is the major
nitrogen-centered radical to induce the generation of C(4)–C(40)
and N(1)–C(40) dimers in the course of this initial autoxidation pro-
duct of 5-HT at physiological pH and temperature.5,9 Jones and his
colleagues studied the formation of DHBT induced by low concen-
tration of Cu2+ ion (1 mmol/L). They showed that DHBT had only a
minor toxic effect on the neuronal cell model PC12, suggesting that
reactive oxygen species are primarily responsible for the observed
toxic effect.11 Heuther et al. showed that 5-HT is oxidized to DHBT
in the presence of peroxidase and hydrogen peroxide.14 The major
product was isolated and analyzed by mass spectrometry.

Apart from the foregoing studies on the formation and neuro-
toxicity of DHBT, no further work has appeared on preparative
of DHBT using copper(II) chloride in methanol in the presence of
air. We find that both air (molecular oxygen) and the primary
amino function of 5-HT are essential for good yields. As expected,
DHBT is found to exhibit atropisomerism. The atropisomers are
resolved by chiral capillary electrophoresis.

DHBT was obtained by the approach shown in Scheme 1. In situ
1H NMR spectroscopy studies were used to monitor the formation
of dimer. The optimum amount of copper(II) chloride and added
base were determined in a similar manner reported by Jones et al.11

No significant difference between 0.625 and 1.25 equiv of Cu2+

on yield of DHBT was observed, but 1.8 and 2.5 equiv resulted in
significantly lower NMR yields. Thus preparative scale synthesis
of DHBT was accomplished in the presence of 1.25 molar
equivalents of copper(II) chloride dihydrate in methanol,
which provided the highest isolated yield. The respective DHBT
mbering
xyindole.
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Scheme 1. Cu(II) induced oxidative coupling reaction of 5-HT.

Figure 4. Capillary electrophoresis of 5-HT and DHBT atropisomers. 50.0 lm i.d., bare
injection: 50.0 mBar/1 s; BGE: 80 mM taurodeoxycholate in 20.0 mM tris, pH = 8.0; norm

Figure 2. Effect of base added on the conversion of 5-HT to DHBT after 1 h of
reaction time as monitored by 1H NMR spectroscopy.

Figure 3. Atropisomers of DHBT attributed to slow rotation about 4-40 carbon–
carbon bond.
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dihydrochloride salt was readily purified by Sephadex LH-20
column chromatography (pH 2) in 45% yield.

When addition of base was omitted, no DHBT was isolated.
Indeed, addition of one equivalent of base caused an immediate
reaction to occur with the formation of a black suspension, and
led eventually to the color change of the reaction mixture to red-
dish. This finding led us to consider that the primary amino group
was indispensable for the Cu2+-induced oxidative formation of
DHBT. To study this finding systematically, we varied the amount
of base to neutralize 5-HT�HCl before adding copper(II) chloride
dihydrate (Fig. 2), and then measured the NMR yield after one
hour. Addition of 1.0 and 1.5 equiv base gave similar NMR yields,
but the highest isolated DHBT yield was obtained when 5-HT�HCl
was neutralized with 1.0 equiv of base.

To further investigate the influence of the primary amino func-
tion, BOC-protected 5-HT (Fig. 1c) and 5-hydroxyindole (Fig. 1d),
which lack the primary amino function, were considered under
the same reaction conditions shown in Scheme 1. In situ 1H NMR
spectroscopy in methanol-d4 did not reveal formation of dimer
for either substrate, but rather the disappearance of some reso-
nances was observed from an otherwise unchanging spectrum.
The results are interpreted as hydrogen/deuterium exchange of
H-4 of Boc-protected 5-HT (complete in 1.5 h) and both H-3 and
H-4 of 5-hydroxyindole (complete in <5 min and 1 h, respectively)
in the presence of Cu2+ ion. Exchange did not take place in the
absence of Cu2+ ion. These results indicate that, while aryl
H–D exchange is promoted by Cu2+, the aminoethyl group
(–CH2CH2NH2) is essential to the Cu2+-induced oxidative coupling
of 5-HT under the conditions studied.

Copper-mediated or -catalyzed oxidative couplings have been
extensively studied for the synthesis of biaryl compounds.
Cupric-amine complexes in particular have been studied as
attractive oxidants for the coupling reaction, for instance the
oxidative coupling of phenols15 and naphthols.16,17 In the oxidative
coupling of 5-HT, the primary amino function is critical for
achieving high yields of DHBT. The amino group may coordinate
to Cu2+ to form Cu2+–5-HT complexes, which contributes to the
black colored suspension mentioned above, and facilitates
the oxidative coupling of two 5-HT molecules within the coordina-
tion sphere of Cu2+.

Under aerobic conditions, DHBT could be observed by in situ 1H
NMR spectroscopy using either methanol-d4 or D2O as solvent.
When the reaction was performed under anaerobic condition, no
DHBT formed. Oxygen may serve to reoxidize Cu1+ to Cu2+, thus
fused silica capillary, 32.5 cm total length, 24.0 cm to detector; detection 214 nm;
al polarity, 10 kV. Sample was injected during the course of the reaction.
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allowing for a catalytic cycle.18,19 However, if the sole role of oxy-
gen were to turnover Cu1+ to Cu2+, then some product should form
in the absence of oxygen since a stoichiometric amount of Cu2+ is
used. The fact that no DHBT forms in the absence of oxygen sug-
gests a more complex mechanism involving oxygen.

Many biaryl compounds similar in structure to DHBT are known
to exhibit atropisomerism, a type of stereoisomerism, which
results from steric hindrance rotation along a bond axis.20–23

DHBT is predicted as a pair of enantiomeric atropisomers with chi-
rality arising from hindered rotation about the biaryl C4–C40 bond
(Fig. 3). Consistent with this prediction, the chiral separation of
DHBT enantiomeric atropisomers was successfully achieved by
capillary electrophoresis with sodium taurodeoxycholate (STDC)
as chiral selector (Fig. 4). After a systematic study, a buffer
system composing of 80 mM STDC in 20.0 mM Tris at pH = 8.0
was adopted to generate nearly baseline resolution for DHBT
enantiomeric atropisomers. This technique could be used for
monitoring conversion of 5-HT to DHBT during the course
of the reaction. The NMR spectrum also supports the existence of
atropisomers of DHBT; the four hydrogens of the ethylamino
group are diastereotopic by virtue of the chiral axis and reveal
distinct, baseline-resolved resonances in the 600 MHz 1H NMR
spectrum.
Conclusion

We have demonstrated a preparative procedure for DHBT in
methanol induced by Cu2+ under oxygen. The coupling condition
is simple and the work-up is straightforward. The primary amino
function of 5-HT is essential for good yields under the experimen-
tal conditions. We hypothesize that Cu2+ ion coordinates to a 5-HT
through the amino function, and that coupling occurs in the coor-
dination sphere of the metal. DHBT atropisomers are also resolved
using chiral capillary electrophoresis.
Supplementary data

Supplementary data (experimental, in situ 1H NMR spec-
troscopy, mass spectrometry, capillary electrophoresis) associated
with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.tetlet.2015.04.127.

References and notes

1. Lesch, K.-P.; Bengel, D.; Heils, A.; Sabol, S. Z.; Greenberg, B. D.; Petri, S.;
Benjamin, J.; Müller, C. R.; Hamer, D. H.; Murphy, D. L. Science 1996, 274, 1527.

2. Heath, M. J. S.; Hen, R. Curr. Biol. 1995, 5, 997.
3. Walther, D. J.; Peter, J. U.; Bashammakh, S.; Hortnagl, H.; Voits, M.; Fink, H.;

Bader, M. Science 2003, 299, 76.
4. Sambeth, A.; Riedel, W.; Tillie, D.; Blokland, A.; Postma, A.; Schmitt, J. J.

Psychopharmacol. 2009, 23, 56.
5. Wrona, M. Z.; Dryhurst, G. Bioorg. Chem. 1990, 18, 291.
6. Woolley, D. W.; Shaw, E. Proc. Natl. Acad. Sci. U.S.A. 1954, 40, 228.
7. Wrona, M. Z.; Dryhurst, G. Chem. Res. Toxicol. 1998, 11, 639.
8. Brownrigg, T. D.; Theisen, C. S.; Fibuch, E. E.; Seidler, N. W. Neurochem. Res.

2011, 36, 467.
9. Wrona, M. Z.; Goyal, R. N.; Turk, D. J.; Blank, C. L.; Dryhurst, G. J. Neurochem.

1992, 59, 1392.
10. Huether, G.; Fettkotter, I.; Keilhoff, G.; Wolf, G. J. Neurochem. 1997, 69, 2096.
11. Jones, C. E.; Underwood, C. K.; Coulson, E. J.; Taylor, P. J. J. Neurochem. 2007, 102,

1035.
12. Eriksen, N.; Martin, G. M.; Benditt, E. P. J. Biol. Chem. 1960, 235, 1662.
13. Wrona, M. Z.; Dryhurst, G. J. Org. Chem. 1987, 52, 2817.
14. Heuther, G.; Reimer, A.; Schmidt, F.; Schuff-Werner, P.; Brudny, M. M. J. Neural

Transm. Suppl. 1990, 249–257.
15. Feringa, B.; Wynberg, H. Tetrahedron Lett. 1977, 18, 4447.
16. Feringa, B.; Wynberg, H. Bioorg. Chem. 1978, 7, 397.
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