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A simple, rapid and sensitive method for the determination of psilocin and psilocybin is described. This is the first report on the dete
f psilocin and psilocybin using flow injection analysis with acidic potassium permanganate and tris(2,2′-bipyridyl)ruthenium(II) chemilu
inescence. The limits of detection (signal-to-noise ratio = 3) are 9× 10−10 M and 3× 10−10 M for psilocin and psilocybin, respectively.
A concise synthetic route for psilocin in three steps from readily available starting materials is also described. The structures were

n the basis of spectroscopic data.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Psilocin and psilocybin are naturally occurring indoles
seeFig. 1) found in several species of mushrooms[1,2]
t concentrations of up to 0.5% m/m and 2% m/m, respec-

ively [3]. Psilocybin is rapidly dephosphorylated to psilocin
n vivo [4], with the latter compound being structurally related
o the neurotransmitter serotonin (seeFig. 1) which gives
ise to its comparable human metabolism[5]. This molecu-
ar similarity endows psilocin with high affinity for serotonin
eceptors, which blocks the release of the neurotransmitter
hus giving rise to hallucinogenic effects[6]. Both psilocin
nd psilocybin are controlled substances in many countries,
s intentional intoxication from these compounds continues

o be a major problem in USA and Europe[7]. The deter-
ination of psilocin and psilocybin, mostly in mushroom

∗ Corresponding author. Tel.: +61 3 5227 1365; fax: +61 3 5227 1040.
E-mail address:swlewis@deakin.edu.au (S.W. Lewis).

and body fluids, has been previously reported[8–24] utilis-
ing several techniques including thin-layer chromatogra
[8], gas chromatography mass spectroscopy[9–12], high-
performance liquid chromatography[13–20], liquid chro
matography mass spectroscopy[21], capillary electrophore
sis [22,23], ion mobility spectrometry[10] and chemilumi
nescence[24]. The analytical figures of merit (where ava
able) from these studies[8–24] have been summarised
Table 1.

Psilocin is present in the blood of users at low peak con
trations in the order of 5× 10−8 M with an average half-lif
of about 3 h[13]. Consequently, a simple, rapid and se
tive method for quantifying both psilocin and psilocybin
various matrices would be of interest to forensic scien
The chemiluminescence reagents acidic potassium pe
ganate and tris(2,2′-bipyridyl)ruthenium(III) have both bee
used successfully to detect a wide range of analytes inclu
certain types of alkaloids[25,26]. The former elicited intens
chemiluminescence upon reaction with serotonin[27] and it

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structures of naturally occuring indoles.

was reasoned that this was also likely to occur with psilocin
given their structural likeness (seeFig. 1). Moreover, a range
of tertiary amines has exhibited good analytical detectabil-
ity with tris(2,2′-bipyridyl)ruthenium(III)[28], and therefore
psilocybin ought to do likewise.

This paper describes for the first time the determina-
tion of psilocin and psilocybin fromPsilocybe subaerug-
inosa and Hypholoma aurantiacamushrooms using flow
injection analysis with acidic potassium permanganate and
tris(2,2′-bipyridyl)ruthenium(II) chemiluminescence detec-
tion, respectively. Additionally, whilst psilocin was commer-
cially available it was also prohibitively expensive and as
such, small quantities were synthesised for the preparation
of analytical standards[29].

2. Experimental

2.1. Instrumentation

A simple two-line flow injection analysis (FIA) mani-
fold was used, employing a Gilson Minipuls 3 peristaltic
pump (John Morris, Australia) with PVC pump tubing
(1.85 mm i.d., A.I. Scientific Australia) to propel the car-
rier and reagent streams at a flow rate of 2.8 mL/min and
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streams were merged at a T-piece positioned 30 mm from a
flat-coiled PTFE (0.5 mm i.d.) flow cell mounted flush against
the photomultiplier tube window (THORN-EMI 9924BS,
ETP, Australia) which was operated at 900 V, using a sta-
ble power supply (THORN-EMI Model PM28BN). The flow
cell and photomultiplier tube were encased in a light tight
housing and the output was monitored using a chart recorder
(Yokogawa Electric Works Ltd, Tokyo, Japan). Chemilu-
minescence responses were measured manually using peak
height. All pH measurements were made using a Jenko pH
meter (CHK Engineering, Australia).1H and13C NMR spec-
tra were recorded at 300 MHz using a Varian Unity Plus NMR
(Varian, Palo Alto, California, USA). Electrospray ionization
mass spectra were determined in a positive ion mode using a
Micromass Platform II Mass Spectrometer (Micromass, Al-
trincham, Cheshire, UK).

2.2. Reagents

All reagents were of analytical grade unless otherwise
specified and solutions were prepared with high-quality
purified water from a MilliQ system (Millipore, North
Ryde, NSW, Australia). Sodium hexametaphosphate and
orthophosphoric acid were purchased from BDH (Poole,
UK). Potassium permanganate and lead dioxide were from
Ajax Chemicals (Liverpool, NSW, Australia). Tris(2,2′-
b lied
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.8 mL/min for psilocin and psilocybin determinations
pectively. The manifold tubing was PTFE (0.5 mm
hromalytic Technology, Australia) and standard solut
ere injected manually (70�L) using a six-port valve (Up
hurch V.240, Activon, Australia). The carrier and reag

able 1
etection limits reported in the literature for the determination of psil
nd psilocybin

echnique Psilocin
(mol/L)

Psilocybin
(mol/L)

Reference

on mobility spectrometry 1.4× 10−4 [10]

C–MS 2.4× 10−8 [11]

PLC
(i) UV absorption 3.9× 10−6 3.5× 10−6 [16]
(ii) Fluorescence 9.7× 10−6 1.7× 10−6

(iii) Electrochemical 3.7× 10−8 1.7× 10−6

PLC UV absorption 3.9× 10−6 3.5× 10−6 [18]

ontinuous addition of
reagent chemiluminescence

4.8× 10−5 [24]
ipyridyl)ruthenium(II) chloride hexahydrate was supp
y Strem Chemicals (Newburyport, MA, USA). 3-Buty
-ol, tosyl chloride, dimethylamine, trimethylsilyl chlorid
-butyl lithium, iodine, palladium(II) acetate, triphenylph
hine, tetraethylammonium chloride, diisopropylethylam
nd trifluoroacetic acid were purchased from Aldrich (C

le Hill, NSW, Australia).Tert-butyl lithium and boron tri
romide were purchased from APS Chemicals (Seven H
SW, Australia). Dichloromethane (Aldrich) was freshly d

illed from CaH2 prior to use. Diethyl ether and tetrahydro
an (Aldrich) were freshly distilled from Na/benzopheno
efore use. Triethylamine (Aldrich) was dried over KO
silocybin was supplied from the Victoria Police Foren
ervices Centre. Dried mushroom samples ofPsilocybe sub
eruginosaandHypholoma aurantiacawere supplied from

he Royal Botanical Gardens Melbourne, Australia.
Potassium permanganate (0.5 mM) was made up i

arrier solution, sodium hexametaphosphate (0.05%
nd both streams were adjusted to pH 2.0 with orthophos
ic acid (0.1 M). Tris(2,2′-bipyridyl)ruthenium(II) chloride
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(2 mM) was dissolved in sulfuric acid (0.05 M) prior to oxi-
dation with approximately 0.1 g of lead dioxide Stock solu-
tions of psilocin (9× 10−5 M) and psilocybin (3.5× 10−5 M)
were prepared in methanol and working standards were ob-
tained by serial dilution with sodium polyphosphate solution
(0.05% m/v). Mushroom samples were soaked in methanol
overnight and diluted (1:100) with sodium polyphosphate so-
lution (0.05% m/v).

3. Results and discussion

3.1. Synthesis of psilocin

Several routes to psilocin have been reported[30–34];
however, these required either costly starting materials or
extremely toxic reagents. Accordingly, we developed a three-
step synthesis from readily available starting materials (see
Scheme 1), which avoids these limitations[30–34].

3.1.1. Step 1
N,N-Dimethyl-4-(trimethylsilyl)-3-butyn-1-amine (1): 3-

Butyn-1-ol (25.0 g, 357 mmol, 1 eq.) and tosyl chlo-
ride (73.9 g, 392 mmol, 1.1 eq.) were dissolved in dry
dichloromethane (1 L) and dry triethylamine (73.9 mL,
5 ature
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l es,
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was added to the aqueous phase, which was re-extracted with
diethyl ether (3× 150 mL). Fractional distillation of the di-
ethyl ether at 1 atm gave a crude product containing residual
tosyl impurities, which was purified by vacuum transfer to
afford 3-butyn-1-dimethylamine (24.4 g, 251 mmol). The 3-
butyn-1-dimethylamine (9.72 g, 100 mmol, 1.0 eq.) was dis-
solved in diethyl ether (700 mL) under a nitrogen flush and
n-butyllithium (86.7 mL of 1.5 M in hexanes, 130 mmol,
1.3 eq.) was added dropwise over 2 h at−10◦C to 0◦C and
then stirred at 0◦C for a further 2 h. Trimethylsilyl chloride
(20 mL, 150 mmol, 1.5 eq.) was added at 0◦C–10◦C and then
stirred for 2 h. After addition of water (100 mL), the organic
phase was washed with brine (50 mL) and dried over anhy-
drous sodium sulfate, filtered and solvents were removed by
rotary evaporation (20 mmHg, 25◦C). The title compound
was obtained in an 88% yield (14.9 g, 88 mmol) by vacuum
transfer (0.1 mmHg).

1H NMR (300 MHz, CDCl3) 2.58–2.45 (m, 2H),
2.42–2.34 (m, 2H), 2.23 (s, 6H), 0.12 (s, 9H).13C (75 MHz)δ
105.48, 85.24, 58.46, 45.27, 18.83, 0.24. HRMS: calculated
for C9H19NSi [M + H]+ 170.1365. Found 170.1374.

3.1.2. Step 2
N-tert-Butoxycarbonyl-2-iodo-3-methoxyaniline (2): Dry

diethyl ether (800 mL) was added toN-tert-butoxycarbonyl-
3-methoxyaniline (14.8 g, 66.7 mmol, 1 eq.). The suspen-
s had
d
i of
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l
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m ne
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1 mol,
3.9 g, 540 mmol, 1.5 eq.) was added at room temper
nder a nitrogen flush. The reaction mixture was sti
vernight and washed with water (200 mL). The orga
hase was separated and solvents were removed by
vaporation using a 25◦C water bath. The flask conta

ng the crude tosylate was charged with an aqueou
ution of dimethylamine (300 mL of 40% m/m, 2.7 mol
.5 eq.) and the cloudy suspension stirred at room tem
ture overnight. The clear reaction solution was extra
ith diethyl ether (6× 150 mL), and then sodium chlori

Scheme 1. Synthesis of psilocin.
ion was stirred at room temperature until all solids
issolved. The solution was cooled to−75◦C using a dry

ce/acetone bath andtert-butyllithium was added (139 mL
.2 M, 167 mmol, 2.5 eq.) maintaining the temperature

ow −70◦C. The reaction mixture was stirred at−75◦C for
h and allowed to warm to−20◦C. The solution was aga
ooled to−75◦C and quenched by the addition of a solu
f iodine (42.2 g in 600 mL of dry diethyl ether, 167 mm
.5 eq.) via a cannula, ensuring the reaction temperatur
ot rise above−65◦C. The reaction mixture was warm

o room temperature slowly overnight. Aqueous sodium
te (150 mL of 10% m/v) was added and the mixture tra
erred to a separating funnel. The organic phase was
ated and washed with sodium hydrogen carbonate (15
f 5% m/v), brine (150 mL) and dried over anhydrous m
esium sulfate. After filtration and evaporation of the solv

he crude product was purified by column chromatogra
SiO2, diethyl ether and hexane (5:95) to (10:90)] to give
itle compound in 61% yield (14.2 g, 40.7 mmol). The iod
as further purified by recrystallisation from hexane (40
nd the1H and13C NMR data were in agreement with t

iterature[34].

.1.3. Step 3
4-N,N-Dimethyl-1-tert-butoxycarbonyl-2-trimethylsily

-methoxytryptamine (3): A dry flask was charged with
ert-butoxycarbonyl-2-iodo-3-methoxyaniline (3.21 g, 9
mol, 1 eq.), 4-(trimethylsilyl)-3-butyn-1-dimethylami

3.10 g, 18.3 mmol, 2 eq.), palladium(II) acetate (420
.84 mmol, 0.2 eq.), triphenylphosphine (960 mg, 3.68 m



N. Anastos et al. / Talanta 67 (2005) 354–359 357

0.4 eq.), tetraethylammonium chloride (1.52 g, 9.12 mmol,
1 eq.), diisopropylethylamine (3.54 g, 4.8 mL, 27.4 mmol,
3 eq.) and DMF (65 mL) under a nitrogen flush and heated
to 80◦C for 48 h. After cooling, DMF was removed by
rotary evaporation and ethyl acetate (50 mL) and water
(50 mL) were added to the residue. The aqueous phase was
extracted with ethyl acetate (3× 25 mL) and the organic
phase washed with sodium hydrogen carbonate (25 mL
of 5% m/v), brine (25 mL) and solvents were removed
by rotary evaporation. The crude was purified by column
chromatography [SiO2, chloroform, methanol and ammonia
(90:10:1)] to give the title compound as a light brown oil in
69% yield (2.45 g, 6.30 mmol).1H NMR (300 MHz, CDCl3)
7.57 (d,J= 8.0 Hz, 1H), 7.17 (dd,J= 8.0 and 8.0 Hz, 1H),
6.61 (d,J= 8.0 Hz, 1H), 3.92 (s, 3H), 3.23–3.17 (m, 2H),
2.61–2.55 (m, 2H), 2.40 (s, 6H), 1.68 (s, 9H), 0.41 (s, 9H).
13C (75 MHz) δ 154.19, 151.55, 139.27, 135.37, 130.50,
125.40, 120.89, 108.28, 102.84, 83.70, 61.73, 55.15, 45.35,
28.32, 24.75, 2.71. HRMS: calculated for C21H35N2O3Si
[M + H] + 391.2417. Found 391.2415.

3.1.4. Step 4
N,N-Dimethyl-4-methoxytryptamine (4): Trifluoroacetic

acid (15 mL) was added to 4-N,N-dimethyl-1-tert-butoxy-
carbonyl-2-trimethylsilyl-4-methoxytryptamine (1.24 g,
3.10 mmol) at room temperature and stirred for 3 h. Volatiles
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123.94 (CH), 123.36 (CH), 117.69 (C), 109.85 (C), 104.77
(CH), 104.40 (CH), 61.09 (CH2), 43.89 (CH3), 23.62 (CH2).
MS (ESI):m/z, 205 [M + H]+ (100%), 59 (90%). HRMS: cal-
culated for C12H17N2O [M + H] 205.1341. Found 205.1332.
The1H NMR data were in agreement with the literature[34].

The last step was repeated several times to obtain suitable
quantities.

3.2. Analytical reaction conditions

A series of univariate searches were performed to ascer-
tain the chemical and hydrodynamic conditions that afforded
the maximum signal response, corrected for any blank contri-
butions. The parameters investigated were reagent concentra-
tion, pH, flow rate and injection volume while the psilocin and
psilocybin concentrations were maintained at 9× 10−7 M
and 3.5× 10−6 M, respectively.

For the detection of psilocin, the concentration of potas-
sium permanganate was varied from 0.1 mM to 1 mM with
0.5 mM giving the greatest emission; above or below this
value the intensity was significantly diminished. Changing
the sodium hexametaphosphate concentrations in the range
between 0.0% m/v and 1.0% m/v produced an initial steep
rise in response, which reached a maximum at 0.05% m/v
and declined slowly thereafter. Increasing the reaction pH
from 1.5 to 6.0 resulted in the highest chemiluminescence
i sig-
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ere removed by rotary evaporation and dichlorometh
50 mL) was added to the residue. The organic p
as washed with saturated sodium hydrogen carbo
olution (50 mL), and the aqueous phase was extra
ith dichloromethane (3× 25 mL). Solvents were remov
y rotary evaporation and the crude product was pur
y column chromatography [SiO2, chloroform, methano
nd ammonia (80:20:1)] to give the title compound a

ight brown solid in 58% yield (0.40 g, 1.8 mmol). Th
roduct was recrystallised from toluene/hexane to give w
rystals. (m.p. 92◦C–93◦C, literature m.p. 93◦C, [34]. The
MR data were in agreement with the literature[34].

.1.5. Step 5
Psilocin (5): A dry flask was charged withN,N-dimethyl-

-methoxytryptamine (12.0 mg, 55�mol), dichloromethan
5 mL), cooled to−78◦C, and boron tribromide (0.25 mL
M in dichloromethane, 0. 25 mmol) added drop wise.

eaction mixture was allowed to warm to room tempera
nd stirred for 12 h. Volatiles were removed in vacuo and
esidue was dissolved in dichloromethane (5 mL). Sod
ydrogen carbonate (25 mg) and methanol (5 mL) were a

o the solution and stirred at room temperature for 45
he solvent was removed in vacuo and the crude pro
urified by column chromatography [SiO2, methanol, ethy
cetate and ammonia (20:80:2)] to give the title compo
s a white solid in 61% yield (6.8 mg, 33�mol). 1H NMR
300 MHz, CD3OD) 7.06 (s, 1H), 6.92–6.84 (m, 2H), 6.
dd,J= 6.5 and 1.5 Hz, 1H), 3.53 (t,J= 7.5 Hz, 2H), 3.30 (m
H), 2.92 (s, 6H).13C (75 MHz) δ 152.57 (C), 140.89 (C
ntensity being recorded at 2.0 and above this pH the
al rapidly decreased to a plateau at 4.0. The chemica
itions above combined with a total flow rate (through
etector) of 2.8 mL/min and a sample injection volume
0�L gave the best signals and these parameters were

ained throughout the current investigation. Not surprisin
he chemical environment and FIA parameters employe
he detection of psilocin were very similar to those repo
reviously[27] for serotonin with the exception of the sodiu
exametaphosphate concentration that was approximat
rder of magnitude lower in the present study. Given
ssential nature of this reagent for the efficient produc
f chemiluminescence from acidic potassium permanga
xidations of various analytes[26] and the structural sim

arities between psilocin and serotonin[27], it is difficult to
ationalise the significantly reduced concentration of sod
exametaphosphate. Conversely, it should be noted that

he same chemistry for the determination of the drug sal
ol [35] a similarly low level of sodium hexametaphosph

0.1% m/v) yielded the best signal-to-noise ratio. Moreo
s the mechanism by which chemiluminescence is prod

rom acidic potassium permanganate reactions in the
nce of sodium hexametaphosphate is unknown, attem
ccount for these observations would be mere conjectu

With respect to psilocybin detection, varying the tris(2′-
ipyridyl)ruthenium(III) concentration from 0.5 mM up
.0 mM resulted in an initial steep increase in intensity
aximum at 2.5 mM after which a plateau in the response
bserved. A substantial increase in the blank was also

tored as the tris(2,2′-bipyridyl)ruthenium(III) concentratio



358 N. Anastos et al. / Talanta 67 (2005) 354–359

increased over the above range with best signal to background
ratio occurring at 2.0 mM. The emission intensity was also
affected by the reaction pH. The pH range investigated was
from 1.0 to 5.0 with the highest response recorded at 1.5.
Above pH 1.5, the chemiluminescence intensity decreased
swiftly until at pH 5.0 where there was no measurable sig-
nal. The chemical conditions above combined with a total
flow rate (through the detector) of 1.8 mL/min and a sample
injection volume of 70�L gave the best signals and these
parameters were maintained throughout the current investi-
gation. While the tris(2,2′-bipyridyl) ruthenium(III) concen-
tration was similar to that employed previously[28] for an
array of analytes the reaction pH was considerably lower
than we have previously employed with either codeine[36]
or sodium oxalate[37] but comparable to that used for the
determination of ranitidine[35]. This observation most prob-
ably reflects differences in the respective chemiluminescence
mechanisms that are both analyte and environment dependent
[28].

3.3. Analytical performance

Six aqueous standards were prepared over each of the
concentration ranges from 9× 10−11 M to 4.5× 10−6 M
for psilocin and from 1.75× 10−11 M to 1.75× 10−6 M for
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Table 3
Psilocin and psilocybin content of dried mushroom samples using chemilu-
minescence detection

% Psilocin (mg/g) % Psilocybin (mg/g)

Psilocybe subaeruginosa 0.038 1.41
Hypholoma aurantiaca 0.021 0.93

3.4. Analysis of mushroom samples

The methodologies developed herein may be directly ap-
plicable to the determination of these alkaloids in either
mushrooms or extracts thereof. The diluted mushroom ex-
tracts were injected five times and the measured chemilumi-
nescence signals were compared to the calibration function
and the average concentration was calculated (Table 3). The
concentration and detectibility of psilocin and psilocybin are
dependent on several variables. (i) Complete loss of psilocin
and psilocybin will occur if mushrooms are left at room tem-
perature for an extended period of time. (ii) Psilocin is also
prone to oxidation. These preliminary findings will be ap-
plied to a dual chemiluminescent detection system for HPLC
[38], thus facilitating the determination of both psilocin and
psilocybin in body fluids, and the results from this study will
be published in due course.

4. Conclusion

Chemiluminescence can be considered a complementary
method to conventional chromatographic techniques used for
the analysis of psilocin and psilocybin. This present work
has demonstrated a sensitive method based on flow injec-
t r the
d ajor
f cin
a real
s

A

cto-
r with
a the
R sh-
r

R

sen, J.

l-
silocybin. The resultant calibration functions and analy
gures of merit have been summarised inTable 2. The non

inear nature of these types of calibrations has been n
efore [27,35,36]. This behaviour most likely stems fr
hanges in the kinetics of the light production, brought a
y the significant variation in the analyte to reagent r
cross the relatively large calibration range. Not unexp
dly, linearity was approximated within narrower conc

ration ranges, specifically 9× 10−6 M to 4.5× 10−7 M for
silocin and 3.5× 10−8 M to 3.5× 10−10 M for psilocybin.

A comparison of the information presented
ables 1 and 2reveals that detection limits attained
he present investigation are more than competitive
hose achieved with various other techniques. Indeed
gures approach the detectability previously realised
odeine [36], morphine and serotonin[27] using FIA
ith tris(2,2′-bipyridyl)ruthenium(II) and acidic potassiu
ermanganate chemiluminescence detection, respectiv

able 2
nalytical figures of merit for psilocin and psilocybin utilising FIA w
hemiluminescence detection

ompound L.O.D.a (M) Calibration equation r2b R.S.D. (%)

silocin 9× 10−10 y= 3E+ 12x2 + 6E
+ 0.7x+ 41.38

0.9996 2.5c

silocybin 3.5× 10−10 y=−4E+ 16x2 + 3E
+ 0.9x+ 51.58

0.9988 2.9d

a Limit of detection (signal-to-noise ratio = 3).
b n= 10.
c Relative standard deviation (n= 10, 9.0× 10−6 M).
d Relative standard deviation (n= 10, 3.5× 10−6 M).
ion analysis coupled to chemiluminescence detection fo
etermination of these naturally occurring indoles. A m

eature of this work is the selective determination of psilo
nd psilocybin, which can be applied to the analysis of
amples.
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