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Abstract

Many tryptamine derivatives are known to induce altered states of consciousness and are increasingly of interest in forensic and neurobi-
ological studies. The analytical chemistry of certain synthetic routes to the tryptamines is discussed and likely side products and impurities
identified, where literature reports are available. Recent examples from the authors’ laboratory are presented to highlight future prospects and
implications for analytical procedures. The aim of this review is to provide the analytical chemist with the foundation chemistry and some
analytical targets to be able to undertake direct characterisation of products and intermediates. These might become available from interdiction
of clandestine operations in a forensic environment or during the synthesis of the tryptamines for investigative neurobiological and clinical
procedures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of the active agents by, for example, monoamine oxidases and

even the knowledge of which are the active agents and the
The tryptamines and related compounds derived from sub- site of their interaction. LSD—tartrate has a significant hal-
stituted indoles play a fundamentally important role in human lucinatory effect on man from the level ef50.g and yet
existence. 5-Hydroxytryptamine, serotonin, is one of the most recreational doses of tryptamines as reported by Shulgin and
important signalling hormones in the body and influencing Shulgin[3] and on the internet, may be in the tens-milligram
its receptor sites, the 5-HT receptdi$, has a dramatic ef- range. The influence of impurities in poorly purified drugs
fect on our perception of reality. Since ancient times, soci- cannot therefore be discounted, particularly, with so little un-
eties have used naturally occurring tryptamines and relatedderstanding of their modes of action. It is well documented
compounds for their psychotropic effects, imparting altered that monoamine oxidase inhibitors (MAQI) affect the activity
states of consciousness for religious and recreational use. Irof these recreational drugs. It is less well known whether by-
present society, state legislators have taken over control ofproducts such as the tetrahyddecarbolines are themselves
possession and use of these materials with a more or lespsychoactive as well as being MAOI, or whether they and
libertarian attitude, depending upon their particular national other substance act as potentiators for the principal drugs.
social mores. One predictable consequence of prohibition by legislation
Recent studies since the 1950s and a greater understands the creation of a clandestine trade in the substances for
ing of brain chemistry, has underlined the importance of which a market exists. The corollary of this is the inability
tryptamines and their relatives, not only in the signalling to exercise quality control over the illegally prepared sub-
processes as such but also in helping us to understand thesstances. Charitable, and more recently liberally minded state
processes and perhaps control or rectify unusual conditionswelfare authorities have introduced schemes for rudimentary
that resultin disorders such as schizophrenia or disease statesn-site quality control of recreational drugs in a commend-
such as Parkinson’s and Alzheimer’s. able effort to minimise death and injury due to impure illicit
One thing is abundantly clear from reading the literature, drugs. There is a powerful need for as long as the albeit il-
however, the subject is still only fragmentarily and poorly legal market is supplied with drugs prepared without quality
understood, because of the great complexity of the humancontrol, to provide information about the principal drugs and
brain. The chemical signalling compounds that control our their impurities to the clinical welfare and drug rehabilitation
brain processes influence many receptors of different typescommunity. Equally so, the information will be invaluable to
at the same time, and compete with other compounds tothose studying the brain chemistry, in a domain where legal
achieve that complex and transient equilibrium. Thus, the and ethical considerations make experimentation and human
serotonin receptors 5-HT extend to more than a dozen typestrials most difficult. As reviewed by Nichols, however, this
[1], with the 5-HTa being possibly, but not uniquely most may change due to recent developments in clinically rele-
important in influencing our perception of reality. The re- vant research areas where some of these compounds have
cent and detailed review by Nicho]g] on the pharmacol-  found their niche as neurobiological todl]. Not least is
ogy of hallucinogens, with particular reference to LSD and the information valuable to police agencies, where chemi-
the simpler tryptamines, serotonin, dimethyl-, diethyl- and cal profiling of illegal drugs can lead to identification of the
dipropyl tryptamines, psilocin (4-HO-DMT), 5-MeO-DMT  synthetic route, and potentially, the source and maker of the
and mescaline (3,4,5-trimethoxyphenethylamine) is an ex- drugs.
cellent and perceptive insight into the current understanding  The recent well-researched text edited by Lg#gwith
of these compounds in their influence on the brain. contributions from recognised experts in this field, has given
The work reviewed by Nichols and his insight reveals a comprehensive overview of the forensic aspects of the his-
clearly the imperfections in our understanding of the interac- tory, pharmacology and illegal manufacture of hallucinogens.
tive processes going on in the brain. Factors include the rate oflt is noteworthy that whereas their review of the subject is ex-
transfer across the blood—brain barrier, the rate of metabolismpansive, the analysis of tryptamines and their derivatives is
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little represented, principally because the topic has been onlytrobenzenes via the Leimgruber—Batcho and related synthe-
partly developed. Earlier work on the phenethylamine deriva- ses, to name but a fej®], is beyond the scope of this re-
tives has demonstrated just how useful can be the analysis ofview. Starting with substituted indoles in a pure form still
by-products and impurities in tracing sources of illegal drugs. offers considerable scope for complexity of products in reac-
The aim of the present authors’ research programme is to pro-tions. Indole and 5-MeO-indoles are characterised by being
vide that missing information and capability to the clinical electron rich at the 2- and 3-position and susceptible to elec-

and forensic community to enable their research. trophilic attack. This property forms the basis of most routes
fromindolesto the tryptamines but other processes may occur
in parallel.

2. Chemistry of tryptamines Although it is beyond the scope of this present paper

to provide a detailed review on the chemistry of substi-

The chemistry of psychotropic alkylaryl amines was re- tuted tryptamines and derivatives, a few examples of com-
viewed by Freeman and Aldgs]. Briefly, the principal struc- ~ mon synthetic routes are used to highlight basic key ele-
tural feature that gives rise to the psychoactive (mood chang-ments that are relevant in the context of this review. Also,
ing) effects of the tryptamines is the indolealkylamine moiety. a certain insight into the complexity of side-product forma-
A numbered structure of tryptamine is givenkig. 1 The tion in tryptamine chemistry can be found in investigations
effect is maximal with ethyl and propyl as the side chain in where non-hallucinogenic tryptamine derivatives of com-
the 3-indole position. Amine substitution with methyl, ethyl mercial interest are involved, such as melatonin (5-M¢O-
and propyl in any combination, modifies the effect of the sub- acetyltryptamine), tryptophans or Sumatriptan (a methylsul-
stance, particularly, with respect to its oral activity. The C-2 fonamide derivative of DMT) and derivatives.
and alkylN-substituted higher homologues of tryptamine are
unaffected by monoamine oxidase. The hallucinogenic prop-
erty of the substance is enhancedbandp-directors in the 3. The Speeter and Anthony Route
6-carbon ring.

The methoxy group is most significant and the 4- and 5-  The method of Speeter and Anthdt] is still considered
positions of the indole nucleus are the most impor{&ht to be one of the most important preparative synthetic meth-
Hydroxyl substitution in the ring gives unpredictable proper- ods for psychoactive tryptamindsi§. 2A) [5]. Acylation of a
ties with some compounds being hallucinogenic, whilst oth- (substituted) indolel) with oxalyl chloride yields the indole-
ers have no psychoactive activity. Halogen substitution in the 3-glyoxalylchloride ) that is reacted with an amine to give
6-carbon ring may lead to greater biological activity in the an indole-3-glyoxalylamide3). The subsequent reduction
tryptamines as it does in the phenethylamines. with lithium aluminium hydride (LAH) produces the desired

A methyl on thex-carbon of tryptamine renders the amine tryptamine (e.g4). LAH is a powerful reducing ageiii1]
orally active, probably by blocking the action of monoamine that usually enables a facile and complete reduction of these
oxidase. There is some indication that methyl at the 2- amides. Several exceptions, however, have been recognised
indole carbon is acting likewise. Increased lipid solubil- depending on the reaction conditions. For instance, during
ity may also be a contributory factor by enhancing trans- an investigation of the synthesis of psilocybin and psilocin
fer across the blood—brain barrier membrane, thus 5-MeO- derivatives, it was noted by Troxler et al. that the reduction
2 N,N-trimethyltryptamine is orally activi3]. Based on hu-  of 4-benzyloxyindole-3-yN,N-dimethylglyoxalylamide in
man self-experimentation, it has recently been argued, how-THF also yielded a significant amount of the incompletely re-
ever, that all known psychoactive tryptamines, including 5- duced3-hydroxy derivative). Complete reduction was then
MeO-DMT and 5-HO-DMT (bufotenin), do possess oral ac- achieved in boiling dioxanfl2]. This observation is rather
tivity with the exception of DMT[6-8]. interesting since thesg-hydroxy derivatives are normally

In considering synthetic routes to the tryptamines, the known to be synthesised by the reductioriNat-substituted
chemistry of starting materials and intermediates needs alsoamides[13,14], which is attributed to the substituted indole
to be considered. This may permit prediction of by-products nitrogen not facilitating elimination of th@g-hydroxy group.
and impurities that could themselves be biologically active  Interestingly, som@-hydroxylated tryptamines have been
or psychoactive. The chemistry of substituted amines andfound to have significant pharmacological effects, such as
derivatives, common precursors to indoles via the Fischer, hypotension[13—15] The presence of-hydroxylated by-
Sugasawa and Bischler syntheses, and from substituted niproducts can contribute to the formation of dimeric com-

poundqd13]. This is attributed to the instability of these com-

4 . o_NH, pounds in the presence of aqueous acids where deep red so-
3 B lutions can also be observed. Literature search on the ana-

| 2 Iytical chemistry of this issue revealed the presence of only

7 7a H1 one study by Crookes et al. where the synthesis of DMT

4 was investigatedi16]. The reduction of indole-3-yN,N-
Fig. 1. Tryptamine molecule. dimethylglyoxalylamide3 in THF was found to yield dimeric
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Fig. 2. The Speeter and Anthony route and some examples of the generation of side products. (A) Synthesis of dimethyltptarditie (formation of
dimeric side products(+ 7) during acidic workug16]. (B) Compound (N-1-ethyl3-OH-DMT) after treatment with aqueous HCI where the observed dimeric
product was speculated to be compo®{d3]. (C) Two side productslQ+ 11) have been characterized in the first step in the synthesis of BDMT]. (D)
Synthesis of tetramethylene tryptamine, i.e. (3-[2-pyrrolidinylethyllind@2 and diethyltryptamine (DET)2B. Incompletely reduced side products have
beenidentified]3A + 13B). Tryptopholl4was also identifieflL8]. (E) The reduction of aN-unsubstituted indole-3-yl-glyoxalylamidé, yielding tryptamine

16, has been found to result in the formation of side prod¥d22]. (F) The reduction of indole-3-yN-methylglyoxalylamidel8 to N-methyltryptaminel9.
Quenching of the excess LAH with ethyl acetate (EtOAc) was found to reshHgthylation that produced-ethyl-N-methyltryptamine20[28].

products after acidic workug-{g. 2A). A significant amount mixture of two other isomeric dimef&6]. The main compo-
(8—10%) of 3-hydroxy-DMT 5 was found after 1 h at re- nentofthis mixture was determined to be most likely difher
flux. This derivative was treated with a 9 M excess of DMT WhenN-1-ethyl3-OH-DMT 8 was exposed to aqueous HCI,
in methanol and an excess of 3M aqueous HCI. Analysis Heinzelman and Szmuszkovicz reported that the coloured,
revealed the presence of 76% of dinkand 18% of 3:1 dimeric acid transformation product showed increased
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hypotensive activity in hypertensive rats, when compared to 4. Routes from 3-(nitrovinyl)indoles
the monomef13]. Based on UV and IR data the structure of
this dimer, formed by self-condensation, was speculatedtobe A common route of synthesis of psychoactivasubstitu-

9 but attempts to characterise this compound unambiguouslyted tryptamine derivatives, such asmethyltryptamine or
failed (Fig. 2B) [13]. 5-MeO-a-methyltryptamine, is based on the reduction of 3-
One of the few examples of forensic investigations on a (nitrovinyl)indole precursors2@) that derive from the con-

synthetic route to a psychoactive tryptamine was published densation of 3-formylindole®1 with 1-nitroalkanes using
by Gielsdorf et al[17] where DMT was synthesised by this  weakly basic catalysts (Henry reactiofjd. 3A) [13,29,30]
synthetic route. Only few experimental and analytical de- This reduction is generally known to proceed smoothly but
tails were given but two side-products were found by GC- the choice of reducing agent can have an influence on the
EIMS during the first synthetic step. They were identified as product formation. When working on the synthesiscegub-
indole-3-glyoxylic acetic acid methyl est&f and indole-3-  stituted serotonin derivatives, for example, 5-benzyloxy-3-
carboxylic acid methyl estdrl (Fig. 2C) based onthe EImass  (hydroxymethyl)indole has been isolated after the reduction
spectrum. This may indicate an involvement of methanol dur- with LAH, which was confirmed by elemental analyf3$)].
ing the procedure. During the next step, a third compound was|t has been suggestg@l] that incomplete reduction of 3-
found but not identified. 7]. Cowie et al., using TLC, NMR,  formylindoles that have been carried over to the nitrovinyl
IR and EIMS, synthesised tetramethylene tryptamine (3-[2- stage will result in the formation of 3-(hydroxymethyl)indole
pyrrolidinylethyl]indole) 12A and diethyltryptamine (DET)  compounds Z3). Correspondingly, it has been shown that
12B. Both approaches yielded the hydroxy-derivatit@# N-1-substituted 3-(hydroxymethyl)indoles are stable to hy-
and13B but the position of the hydroxy-group was assigned drogenolysis with LAH[32]. Whether this carryover of the
to the a-carbon Fig. 2D) [18]. This group also identified  aldehyde was responsible or not is difficult to decide, since
tryptophol (indole-3-yl-ethanol}4 as an impurity and at-  the reduction of 3-formylindole is normally known to yield
tributed its presence to the glyoxalylchlori@e being car- skatole24 (3-methylindole) as the major prody@3]. Nev-
ried over to the reduction stefi8]. Recent work in this  ertheless, the instability of 3-(hydroxymethyl)indoles in hot
laboratory identified the presence of 5-methoxytryptophol alkali, water and acids and its impact on colour-formation
as an impurity during the synthesis of 5-methdxyN- is well known [33]. This may have certain implications
diisopropyltryptamine (5-MeO-DIPT) that resulted directly when acidic workup procedures are involved. For exam-
fromthe LAH reduction. The incompletely reduced hydroxy- ple, 3-(hydroxymethyl)indole3), also known as indole-3-
derivative was also identified but the hydroxy group has been carbinol (13C), is known to produce a wide range of polymeric
assigned to be on th&position[19]. Interestingly, some 5-  products under acidic conditions and three representative
substituted tetramethylene tryptamine derivatives reappearecexamples are shown ffig. 3A (25-27) [34]. Some of these
recently in a new series of tryptamines that show high affin- polymeric compound<2@+ 25) are investigated as potential
ity for cloned human 5-Hig/1p receptors, which were in-  anti-cancer drug§35]. A validated reversed-phase HPLC-
vestigated in connection with the treatment of migraine UV-fluorescence method for the detection of [B&nd some
[20]. of these compounds in mouse plasma has recently been pub-
The LAH reduction of mono- or unsubstituted glyoxaly-  lished [36]. A complete reduction of I3C during the LAH
lamides has been recognised to be more complicated, possireduction would yield skato4[33]. The reduction of the ni-
bly due to the formation of complexes between LAH and the trovinylindoles does not always give acceptable yields, since
hydrogen atom(s) attached to the nitrogen aftéh13,21] it was found to give significant amounts of skatole deriva-
For example, the so-called glycolamid&g (B-hydroxy- tives[31]. Skatole itself is considered to be a pneumotoxin
acetamides) have been found during the reduction of non-that exerts its toxic effects via cytochrome P450-mediated
substituted glyoxalylamided§) (Fig. 2E) as determined by  pjoactivation, potentially resulting in carcinogenic activity
melting point- and elemental analy§2?] and UV, IR and [37].
NMR, respectivelff23]. Alemany et al. reported on unstable Interestingly, it has been recently reported that nitro-
HBr salts of certain monoalkylated tryptamines and sug- vinylindoles 28 can undergo Michael addition with 3-
gested the formation of certain mono- or polymeric decom- ynsubstituted indoles, indicating sufficient nucleophilicity
position productg24]. It has long been recognised that the to yield dimeric 2,2-bis(3indolyl)nitroethane29 [38]. This
decomposition of excess LAH at the end of the reduction mjcrowave-assisted reaction was also found to take place
can play a significant role in the presence of products and solvent free using TLC-grade silica gel, even at room tem-
by-products. The use of certain esters, such as ethyl acetaterature, where the acidic properties of the silica gel were
(EtOACc), can result in the alkylation of the amif@5—27] sufficient enough for catalysi§ig. 3B) [38]. Further inves-
For exampleN-methyltryptamine derivatived @) have been  tigations resulted in the discovery of unsymmetricaB2
found to be converted thi-ethyl-N-methyltryptamines20) derivatives 80) and symmetrical '33’-derivatives 29+ 31)
by the addition of EtOAc during the LAH reaction of \hen nitrovinylindoles were refluxed with indoles in acetoni-
amide18 (Fig. 2F). Detailed analytical data were not given trile in the presence gfara-toluenesulfonic acidgt TSOH)
[28]. as the catalyst in the Michael additioffig. 3C). When



680 S.D. Brandt et al. / Journal of Pharmaceutical and Biomedical Analysis 36 (2004) 675-691

(A) 0
NO. NH
T H N 2 2 OH
—C T =L nrt—0CIr I nm = ]
N LAH N N N
H N N H H H
23 24

21

H+
23 — | | |
N N
H

H 25

X NO,
©\j/\/ /,\—/©/ silica gel, solvent free,

microwave irradiation

28 (1eq) R (2eq)
R = H or alkyl
R'=H or CH3
X=HorBr
(©)
(1eq)
+
R" X
) p-TsOH, ACN
R 'T‘ reflux
R (2eq)
R =H or alkyl
R'=H or CHs
R"=H or CH3
X =HorBr
(D)
28 + | |
N p-TsOH, ACN N
R reflux a3
32

N N N
H H HCO,NH, + Pd/C H 35

Fig. 3. Some reactions of nitroalkene derivatives. (A) A common routedobstituted tryptamine derivatives. 3-Formylinddleundergoes condensation with
1-nitroalkanes to yield 3-(nitrovinyl)indo22. Some examples are known where skatole (3-methylin@dland 3-(hydroxymethyl)indol23 (13C) derivatives

are formed during the reduction of the nitrovinylindole intermediate with L&Biforms complex polymeric compounds under acidic conditions. Only two
dimers @5, 26) and one cyclic tetrameR{) are shown34]. (B) Nitrovinylindoles 8) have been shown to undergo Michael addition that yield dimeric
2,2-bis(3-indolyl)nitroethane®9 under microwave irradiatiof88]. (C) Formation of unsymmetricaBQ) and symmetricalZ9+ 31) dimers after refluxing

28 with indoles under acidic conditions wiffara-toluene sulfonic acidg-TsOH). (D) N-acetyltryptamine32) was found to dimerise when refluxed wiz8
under similar conditions. (E) A reduction of 2,2-bis{Bdolyl)nitroethane34 to its ethylamine counterpaBt [38,39]

nitrovinylindole28 was refluxed witiN-acetyltryptamine32 tryptamines, similar reductions of dimeric impurities ap-
under similar conditions a dimeric compouB8 was ob- pear conceivable. The reduction of these dimeric com-
tained Fig. 3D) [39]. These findings suggest that forma- pounds leads to 2,2-bis(indolyl)ethylamines that exhibit po-
tion of similar compounds as by-products cannot be com- tent biological activities[40]. A reduction of 2,2-bis(3
pletely excluded under similar reaction conditions. Since indolyl)nitroethane34 to its ethylamine counterpa8s did
nitrovinylindoles are reduced to afford thesubstituted not work with LAH but reduction occurred with Pd/C and
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Ry
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Ri=H, R =HorMe

Fig. 4. An example of the gramine-nitroalkane routextmr B-substituted
tryptamines. Gramine derivati\d6 is used for the alkylation of a variety of
nitroalkanes in order to give the corresponding 3-(2-nitroalkyl)ind @&} (
which, in turn, can be reduced to the desired tryptamine (not shown). The
use of nitromethane or nitroethane leads to dialkylated din38)441].

ammonium formate as the hydrogen transfer ageigt GE)
[39].

5. Routes involving 3-(2-nitroalkyl)indoles

As mentioned above, the aldehyde-nitroalkane route
is based on a convenient condensation of an indole-3-
aldehyde with a variety of nitroalkanes. Another common
approach is based on the alkylation of nitroalkanes with
gramine (3-(aminomethyl)indole derivativ8$é to yield 3-
nitroethylindoles37 which, in turn, are reducef1]. Both

the aldehyde—nitroalkane and the gramine—nitroalkane route

are useful for the synthesis@f or 3-substituted tryptamines.
One major factor that has an influence on the purity of the
target molecules is dialkylation to gi\88, mostly when ni-

tromethane or nitroethane are alkylated due to there being

two active hydrogens. These form dimeric compour88 (
(Fig. 4), which would then be reduced to their dimeric amine
counterpartf41]. Several modifications have led to minimis-
ing the formation of the dimeric side product, e.g. by the use
of sodium instead of NaOH as the proton acceptor and exces
of nitroalkang12] or using gramineN-oxide in the presence

of sodium ethoxidg42]. A mild approach is based on the
nucleophilic displacement of the quaternised aminofunction
of gramine with the anion of nitroethane. A modified pro-
cedure, originally used by Heath-Brown and Phildd],
with sodium methoxide and dimethyl sulfate was used where
the amount of the dimeric nitromethane derivative could be
reduced to 5%44]. The dimeric by-product was isolated by

column chromatography and characterised by EIMS, elemen-

tal analysis and NMR. The use of LAH for the reduction of

nitroethylindoles is common although some researchers de-

tected significant amounts of skatole derivatives in this route
as well, although, details were not givg3i].
6. Chiral tryptamines

One might expect the different chiral isomers of the
substituted tryptamines to have differing psychotropic ef-
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fects, particularly, in view of the well-documented behaviour
ofthe chiralisomers of amphetamines. Much lessis published
for the tryptamines, however, what is known does support
that thesis. Shulgin and Shulgin comment that in their ex-
perimentation withw-methyltryptamine th&isomer, which

is dextro-rotatory, was 3—4 times more potent thanRhe
isomer[3]. This absolute configuration is the same as for the
more potent of the isomer pairs of amphetamine, metham-
phetamine and 3,4-methylenedioxymethamphetaniiwe (
stasy.

An early report by Nichols pointed out thatmethyl-
tryptamine and its 5-MeO and 4-HO congeners were orally
active in humans, and that in general tBg+) enan-
tiomers were more potent than tfRe(—) enantiomers in
both animal and human experimerb]. In a more re-
cent paper, Hong et al., in a study of animal discrimina-
tive stimulus properties af-ethyltryptamine optical isomers,
compared the hallucinogenic- with the stimulant- properties
of the isomers. They concluded that the stimulant nature
of a-ethyltryptamine resides primarily with its-)-isomer
whereas the hallucinogenic character rests principally with
the (+)-enantiomd#6]. It would seem possible therefore that
some effort could be made by recreational drug chemists, to
synthesise one isomer in preference to another, to achieve the
desired effect.

The synthesis of racemic mixtures of chiral tryptamines
can be accomplished by many of the methods described in
the literature, but the synthesis of single enantiomers is less
extensive. One approach is to synthesise the racemic mixture
and then separate the chiral isomers, the other is to synthesise
directly the specific chiral isomer.

In order to prepare single isomers from racemates, a
resolution step is required with some chiral influence that
can differentiate and resolve the enantiomers. Crystallisation
with a chiral derivatising agent is one such approach on a
preparative scale. The resolution éf)fa-methyltryptamine
AMT) has been accomplished via tartrate spdfg]. It was
ound that the £)-AMT enantiomer has the same configu-
ration as that of £)-amphetamine. The fractional crystalli-
sations of {)-a-ethyltryptamine (AET) and=)-7-methyl-
AET were achieved witlb-camphor-10-sulfonate salts from
isopropanol, and dibenzoyHartrate salts from ethanol, re-
spectively, by Hester et g48]. The resolution of the chiral
isomers of 7-benzyloxy-AMT provided intermediates for the
synthesis of an adrenalirigs-agonist[49]. Resolution was
achieved by fractional crystallisation with,O-di-p-toluoyl
L-(2R,3R)-tartaric acid and enantiomeric purity was deter-
mined on a Chiralpak AD chiral HPLC column.

Enzymatic resolution has also been used in the context
of AMTSs. Kitaguchi et al. found that the enzynsebtilisin
could be used to resolve the enantiomersieF-AMT [50].
Resolution was achieved by amidation of AMT with 2,2,2-
trifluoroethyl butyrate. Subtilisin was used as a stereoselec-
tive catalyst. The enzyme shows enantioselectivity for the
Sisomer of AMT and the reaction resulted in the formation
of Samides.
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Repke reported the first asymmetric synthesisSdi) 7. Effect of acids on tryptamines
and R-(—)-AMT from ethyl p- and L-tryptophanatd51].
A five-step synthesis starting from ethg@tryptophanate It is well known that acids have a major influence on
gave R-AMT. The stereochemistry of the chiral centre re- indole- and tryptamine-chemistry, for instance, via the acid-
mained intact during the sequence but the Cahn, Ingold andcatalysed formation of dimers and polym¢sg].
Prelog priorities changedH NMR using a europium shift Indole-like starting materials or side-products form dimers
reagent established the enantiomeric purity to be greater tharpr trimers @8-50) during acidic workup procedures depend-
97%. Analysis was carried out using the indole C-2 proton ing on the experimental conditions, as reviewed by Smith
and optical rotation data were also given. The levo-rotatory (Fig. 6A and B)[57]. It was concluded that polymerisation
isomer was found to have the same configuration as levo-did not appear to go beyond the trimer stage. Any amorphous
amphetamine (Rp1]. material produced was attributed to the process of autoxida-
In 1988, Nichols et al. prepared the pure enantiomers of tion [57]. Evidently, the use of acids does not only play its
a series of 4-, 5- and 6-hydroxy and alkoxy AMTSs via the role during workup stages. Berman et al. reported on triflu-

formation of aryl-2-propanone$ig. 5) [52,53] The proce- oroacetic acid-induced dimerisation of indole-3-acetic acid
dure involved an indole/nitropropane condensation to give 51 to give 52 (Fig. 6C) [58]. In certain instances, the in-
40 followed by formation of the indolyl-2-propanone$1j dole nitrogen can act as a nucleophile. For example, Chen et

by treatment with sodium methoxide and titanium Il chlo- al., when working on the synthesis of an indole acetic acid
ride in an ammonium acetate buffer. Reductive amination of derivative54, observed the formation of dimeric and trimeric
the intermediate indole-2-propanones with optically pgwe  impurities 65+ 56, Fig. 6D) [59]. A 3-hydroxy-methylindole
methylbenzylamine43A and43B) using sodium cyanoboro-  derivative53was converted to its carboxy counterpadtvia
hydride afforded four diasterecisomedSA-D) [52]. Cen- an indole acetonitrile intermediate. The alcohol was refluxed
trifugal chromatography of the diastereoisomers and catalytic with a mixture of NaCN, NaOH, EtOH and water, followed
debenzylation resulted in the optically pure AMES@nd by acidification. The separation of the desired prodidias
47). The condensation with-methylbenzylamine proved to  sodium salt) from both impurities was achieved with column
be problematic as the main product was a carbazalg the chromatography on SP-207 resin. The structure of both im-
result of a base-catalysed dimerisation. Melting point, NMR purities was elucidated by NMP9].
and exact mass were obtained. Anotherimpurity was anoxin- ~ Sumatriptan %7), a methylsulfonamide derivative of
dole @42) and many other impurities generated from this step DMT, is a 5-HTig/;1p receptor agonist that is used for
were not formally identified. For exampl®;debenzylation the treatment of migraing20]. Xu et al. investigated the
of the 4-benzyloxy enantiomers led to an unexpected sidestability of Sumatriptan succinate under the influence of
reaction: reduction of the benzenoid ring that resulted in the environmental stress conditions, such as oxidation, UV
formation of a dihydroindolone. irradiation, heat, acid and base. Degradation product struc-
Optical purity of the AMTs46 and47 was established  tures were proposed based on collision-induced dissocia-
by chiral HPLC-UV (napthoylamide derivatives on a 4.6 mm tion studies by LC-ESI-triple quadrupole-MS—MSq. 6E)
i.d. Pirkle phase) with 7% ethanol in hexane at 254 nm. No [60].
impurity was detected and the optical purity was taken as  Another example is the utilisation of acids during the in-
greater than 98%. dolisation step of the Fischer indole synthd8it], a conve-
Ezquerra et al. synthesiseda-trimethyltryptamine  nient route that is used for the synthesis of many tryptamine
stereoselectively resulting in the formation of two of the four derivativeq5]. The chemistry related to Sumatriptan and its
possible diastereoisomdEs!]. The method involved anucle-  congeners may serve as an example. Phenylhydras@es
ophilic aziridine ring-opening reaction of substituted “lower condense with ketones or aldehydes to yield phenylhydra-
order” indole magnesium bromides witk-boc-protected  zone derivatives59) that undergo rearrangements to the ap-
aziridines. The substituted-tryptamine hydrochloride salts re- propriate tryptamine derivativesQ) in the presence of pro-

sulted after removal of the botlutoxycarbonyl) groufb4]. tic or Lewis acids Fig. 7A) [61]. This one-pot approach,
~ (p)-(+)-6-Methoxy-methyltryptamine was synthesised however, has also resulted in acid-induced degradation fol-
in an involved procedure from pf-(+)-pulegone [55]. lowed by the formation of di- or multimeric by-products

Japp—Klingemann coupling of the pulegone with the diazo- (61-63) under these condition&ig. 78-D). Structure eluci-
nium salt ofm-anisidine followed by Fischer cyclisationgave  dations of these were performed to a different extent by IR,
a diester. Hydrolysis, decarboxylation and Curtius degrada- NMR and exact mass measuremg6&-64] The main 2,5-
tion yielded the tryptamine derivative. bisindole Sumatriptan impurity@) that occurs during a typ-
Itis clear that these synthetic routes to optically pure com- ica| Fischer indolisation has recently been synthesised. Con-
pounds are not trivial, and it seems unlikely that they would gjtions were utilised that are frequently used during general
be usedinclandestine SyntheSiS. |fenzymatic processes COUIerptamine Syntheses] such as a|ky|ati0n in an acidic environ-
be employed, the story might be different. Although none has ment (ig. 7€) [65]. The use of 3-substituted phenylhydra-

been reported yet, a recent patent on the two-step enzymatigones can result in isomeric mixtures of 4- and 6-substituted
synthesis of tryptamines from indoles points the W&6]. tryptamineg66].
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Fig. 5. (A) Condensation of substituted indol@8)(with 2-nitropropane. (B) Treatment of resulting indole-3-nitropropad&s With sodium methoxide in
methanol followed by titanium Il chloride affords the indole-3-acetodd}. (C) Condensation of the indole-3-acetones WtfandS-«-methylbenzylamine
enantiomers43A+ B) gives the diastereocisometSA-D. (D) CatalyticN-debenzylation with Pearlman’s catalyst at 50 psi of hydrogen resigtaimdR-AMT
(46+47). Oxindoles 42) and carbazolesié) were identified as by-products of the condensation of indole-3-acetonesamitithylbenzylamine43A + B).
These impurities were formed by enamine oxidation and base catalysed dimerisations, respectively.
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Gaseous HCI, with indolé in an aprotic solvent, causes the formation of a dimer HCl4&dinly [57]. (B) 3-Substituted indole$a form 2,2-dimers50in

the presence of acids7]. (C) Indole-3-acetic acié1 has been shown to dimerise@ in the presence of trifluoroacetic acid at room temperd&gg (D)
Indole nitrogen can act as a nucleophile under these conditions. 1. NaCN, ExOrb#2. NaCN, NaOH, EtOH—0. Formation of dimeb5and trimer56

have been observgd9]. (E) Degradation of Sumatript&i¥ under several stress conditions. In addfiboxides and several hydroxylation products have been
observed60].
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A common approach, as exemplified in the synthesis of diate imine or iminium salt that was formed via acidification
several triptan-type tryptamines from hydraz6t is based and elimination of water. The presence of acid and aldehydes
on the reductive alkylation of the non-alkylated ethylamine (formed from the acetal), depending on the conditions, can
side-chain with CHHO/NaBH, [67] or CH,O/NaCNBH; [68] give rise to unwanted Pictet—Spengler cyclisations that yield
in acidic media to afford the dimethylated derivatigby; tetrahydrog-carboline derivatives7) (Fig. 87A) [69], but no
These reducing agents enabled the reduction of an interme-analytical data oi67 were given. Pictet—-Spengler reactions,
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Fig. 7. Formation of several dimeric side products during the Fischer indole synthesis. (A) Simplified Fischer indole synthesis that is comnfonly used
the production of tryptamine derivatives. Phenylhydrazis8 ¢ondense with ketones or aldehydes to yield phenylhydrazone derivéi@ethét undergo
rearrangement to the appropriate tryptami6@) {n the presence of protic or Lewis acifil]. (B) The use of a hydrazine and an acetal for indolisation. A
dimeric side productq1) was observe{2] (C) Formation of a multimeric side produ&2) using a two-phase indolisation proced{68]. (D) 1,1-bis(indol-
2-yl)-4-dimethylaminobutane by-produd@3) [64]. (E) Synthesis of a main Sumaptriptan impuri4) that is typically found during the conditions of the
Fischer indole synthes|§5].

however, are also known to occur in non-acidic, aprotic media but no details were reported. A similar pathway was also
[70,71] The presence of electron-donating substitutents on expected for 4-substituted derivatids].

the benzene ring can have an effect on the nucleophilicity It has been shown that the complex formation of certain
of indole C-2. For example, 6-OH- and 6-MeO-tryptamine carbonyl condensation products can lead to dramatic conse-
hydrochlorides, but not their 5-substituted counterparts, were quences. The dimeric 2-(3-indolylmethyljtryptophan71
converted into their corresponding tetrahyg-@arbolines (IMT, Fig. 9A) has been identified as one major case-
when left in aqueous acetone at room temperature at pH 4.7associated contaminant in biotechnically manufactured
[13]. Asimilar phenomenon was briefly mentioned during the tryptophan70 (L-Trp) that was involved in the outbreak
conversion of 6-HQx-ethyltryptamine free basé®) into its of the eosinophilia-myalgia syndrome (EMS) in 1982].
creatinine sulfate sal6) in aqueous acetoné9) (Fig. 8B) IMT was found to be formed under acidic and alkaline
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Fig. 9. (A) Dimeric 2-(3-indolylmethyl)k-tryptophan (IMT) 1) formed under acidic and alkaline conditions during manufadi8e Suggested formation

of this dimeric product via reaction with indole-3-carbinol (1323 [73]. (B) Depending on pH conditions another dimeric side product was identified’as 1,1
ethylidenebisi(-Trp) (72), representing a 1-substituted dinf@s—77] Melatonin-formaldehyde condensation produ@&+74) [78]. (C) Decarboxylation of
tryptophan 70) in cyclohexanol using 2-cyclohexen-1-one as the catalyst yielding tryptarbif#9].

conditions utilising the reaction betwe&8 and 70, that products {3+ 74) in commercial preparations of melatonin
are typical for down stream processes, such as ion ex-(Fig. 9B) [78].

change purificationKig. 9A) [73] and additional characteri-

sation using LC-MS—-MS was performpgtdl]. Depending on

pH conditions another dimeric case-associated contaminant8. Decarboxylation of tryptophans

was found identified as 1 ®thylidenebisi(-Trp) 72, rep-

resenting a 1-substituted dime¥ig. 9B) [75-77] Interest- Tryptophan and 5-methoxytryptophan are favoured start-
ingly, Williamson et al., applying LC-MS—MS, characterised ing materials for the synthesis of tryptamin@&s, being
equivalent versions of dimeric formaldehyde condensation readily available as dietary supplements. Decarboxylation of



S.D. Brandt et al. / Journal of Pharmaceutical and Biomedical Analysis 36 (2004) 675-691 687

est way to the synthesis of tryptamine. Hashimoto et al.
[79] completed the decarboxylation of tryptophédto give
tryptamine75in a 92% yield. The reaction mixture was gen- (A)
tly refluxed in a stream of nitrogen for a few hours until there
was no more evolution of carbon dioxidég. 9C). They used
cyclohexanol as the solvent but the reaction was accelerated
and a higher yield of amine produced with the addition of
2-cyclohexenone, which was in fact present as an impurity;
they applied this method also to various othesimino acids
including tryptopharv0 that gave 92% yield of tryptamine

75.

Kametani et al[80] used diphenylmethane as the high
boiling solvent instead of cyclohexanol. Other methods in-
clude an inexpensive two-step catalytic decarboxylation with
metal ions by reacting tryptophan with copper acetate or zinc
acetate to form metal chelate compounds that then decar-

boxylate to produce tryptamine hydrochlorif@d]. Takano COOH QOOH
et al. [82] heatedL- or pL-tryptophan at reflux in a small | 02,500 W |
N N COOH
H H
79

tryptophan is by far the simplest and probably the cheap- ©U 0s
— |
H hv H
;

. ) b NH,
amount of tetralin with a catalytic amount of carbonyl com- N Rose Bengal

pound such as pentan-3-one for 8-10 h with vigorous stirring (B) 7';
until no more carbon dioxide was evolved. Good yields of
tryptamine 60-95% were obtained in all of these methods. Fig. 10. (A)Autoxidation of indoleX) results in the formation of compounds
A different approach to decarboxylation of tryptophan has such as indigoq7) or trimer 78 probably via Indoxyl 7€) [84]. (B) Rose
. . .. Bengal sensitised photooxygenationisfryptophan 70) in the presence
also b?en reported and discussed on the Rhodium WEbSII%f acetic acid and subsequent formation of a hydroperoxide deriva@e (
[83] using the natural abundance of carvone (2-methyl-4-(2- [gs.
propene)-cyclohex-2-enone) in spearmint oil as the ketone
catalyst and either xylene or white spirit as the refluxing [60]. Multiple hydroxylations have been shown to result in
solvent achieving 65% yield of tryptamine. It is suggested even more complex autoxidations, depending on experimen-
that dill, caraway (contains carvone) or penny royal (con- tal conditions, such as pH and polarity of solvef&6—88]
tains pulegone, 5-methyl-2-isopropylidene cyclohexanone) Hydroxylated tryptamine derivatives, such as serotonin (5-
natural oils could also be employed as the catalyst. hydroxytryptamine) or 5-hydroxytryptophol were found to
The point to note in all these methods described is the produce dimeric compounds upon photolysis as studied with
range of metals or organic side products that may be presentas C-APCI-MS [89]. Commercial preparations of the dietary
trace constituents in the final product, although the extent of supplement5-HO-Trp have been analysed using LC-MS-MS.
their carry over has not yet been determined in our laboratory. An oxidised product has been identified as Trp-4,5-dione,
which was found to be associated with the occurrence of an
EMS-like casg90].
9. Oxidation of tryptamines and indoles An interesting insight into the reactivity and complex-
ity of tryptamine chemistry was given by Somei when re-
Indoles and tryptamine derivatives are sensitive to light viewing the complex and sensitive chemical behaviour of
and air and consequently, they are susceptible to autoxida-1-hydroxytryptamines and derivatives including the occur-
tion which can result in the formation of indigd@4) and rence of nucleophilic substitution, oxidation, rearrangement,
trimers (78) and complex coloured, polymeric tarry mixtures dimerisation and other types of reactigf4].
(Fig. 1Q4) [84]. Tryptopharv0, for example, after photooxy-
genation was transformed into a 3-hydroperoxide-indoline
derivative {79) (Fig. 1(B) [85]. 10. Future trends
The oxidative behaviour of these compounds depends on
the choice of the oxidising chemical or catalyst and the con-  Several well-known synthetic routes to (psychoactive)
ditions. tryptamines and their implications on possible side-product
When the DMT derivative Sumatript&Y was exposedto  formation have been reviewed. A systematic analytical study
oxidative stress induced by.,B,, six degradation products of the synthetic routes is missing, since most of the pub-
were found using LC-MS and LC-MS-M0] One peak lished tryptamine-related chemistry is focused on prepara-
in the total ion chromatogram was attributed to a side chain tive aspects. Standard techniques such as UV, IR, MS, NMR
N-oxide whereas the remaining ones were found to repre-and elemental- or melting point analysis dominated the early
sent single or multiple oxidation sites on the ring system work several decades ago. These indispensible approaches
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have nowadays been enriched, for example, by high field- Anthony. Four major impurities that occurred during the
and 2D NMR, GC—(EI/CI)-M8 or LC-API-MS* which last synthetic step have been identified and characterised
can simplify and shorten these analytical procedures. by NMR, ESI-time of flight-MS and ESI—triple quadrupole
Some recent findings of the authors’ current research pro-tandem mass spectromef{ty9]. One application of tandem

gramme into the analytical chemistry of synthetic routes to mass spectral information is the determination of compound-
the psychoactive tryptamines for forensic work may serve specific ion transitions that may be used for screening pur-
to exemplify some possible future directions. The psychoac- posesFig. 11shows an example of a possible scenario where
tive 5-methoxyN,N-diisopropyltryptamine has beenrecently these ion transitions are used for a multiple reaction monitor-
synthesised in this laboratory by the method of Speeter anding approach. 5-MeO-DIPT-free base (10 ng) was subjected
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Fig. 11. Screening of synthesised 5-methdkN-diisopropyltryptamine (5-MeO-DIPT) free base for the presence of impurities by multiple reaction monitoring
using LC-ESI-TQ-MS-MS (preliminary results). (A) Starting material of the last synthetic step during the route of Speeter and Anthony, 5-Me®-indol
yl-N,N-diisopropylglyoxalylamide. (B) Product after reduction with LiAJH6-MeO-DIPT. (C) Impurity, 5-HO-DIPT. (D) Impurity, 5-Me®-HO-DIPT. (E)
Impurity, 5-MeO-tryptophol. (F) Impurity, 5-Me@-keto-DIPT. 10 ng of free base B was injected on a ¥50.0 mm, 3u Polaris Cg column (mobile phase:
50:50 ACN:H0, 0.1% formic acid (v/v), isocratically). Retention times, selected ion transitions and collision energies (rf-only quadrupole collisicn cell) a
depicted in the figure. No complete chromatographic resolution but fast analysis time was intended in this MRM approach. Preliminary estimat®ns ind
a range of 0.5-1.5% per impurity, possibly, slightly higher for (D). Further work will provide detailed quantitative estimates of the abundanabaveth
impurities in the free base product.
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to LC-ESI-MS-MS. In a typical Qs study, a triple incompletely reduced impuritie$1D and 11F in the free
quadrupole MS (TQ-MS-MS) is used to scan for a number base product has been confirmed during the screening pro-
of selected fragmentations ;@ set to select the protonated cedure, which may be characteristic for this reduction step.
molecularion [M + HJ of interest which is subsequently dis- For example, the dialkylation of 5-MeO-tryptamine with 2-
sociated in the second (RF-only) quadrupolg) (§s then iodopropane, which could also lead to 5-MeO-DIPT, do not
scans for the characteristic product ion, which is representedshow these two corresponding ion transitions. A selected ion
by the corresponding peak in the chromatogram. This highly transition that monitors the dissociation of a monoalkylated
selective approach not only allows the exact quantification of protonated molecular ion into its product ion may then be
impurities, but the combination of several different ion tran- used as an indicator.

sitions also makes possible unambiguous identification of a  An incomplete reduction of a glyoxalylamide does
synthetic route. As shown iRig. 11, the presence of two  not necessarily result in the formation of the same
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Fig. 12. GC-ion trap-EIMS chromatogram of 5-methd¥yisopropyltryptamine (5-MeO-NIPT) free base and some key impurities in the full scan mode.
(A) Impurity, 2,6-bistert-butyl)-4-methylphenol (BHT), a commonly added antioxidant to solvents, such as THF, by the manufacturer. (B) Impurity, 5-
Methoxyindole. (C) Product 5-MeO-NIPT after reduction of aa with LAH (LiA)Hluring the route of Speeter and Anthony. (D) Impuriylsopropyl-2-(5-
methoxy-1H-indol-3-yl)-acetamide. 10 ng of free base C was injected in a 50:1 split mode. Capillary column: 5% phenyl 0ZZ6GmmCP-Sil 8 CB Low
Bleed/MS(film thickness: 0.25um). Temperature profile: 1 min at 4C, then heat at 50C min~! to 260°C and hold for 14.6 min. Total run time: 20 min.
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impurities.Fig. 12shows a GC-ion trap-EIMS chromatogram equipmentin the authors’ laboratory was purchased under the
(GC-ITMS) after the injection of 10ng 5-methoXy- Scientific Research Infrastructure Fund Initiative; synthesis
isopropyltryptamine (5-MeO-NIPT)1QC) free base. The  of the controlled substances referred to was carried out under
monoalkylated glyoxalylamidaa (Fig. 12 has also been  a Home Office licence.

reduced with LiAlH;, which led to the detection of impu-
rity 12D. This previously uncharacterised compound appears
to be N-isopropyl-2-(5-methoxy-1H-indol-3-yl)-acetamide.
The presence of thew-keto group has been confirmed
by tandem mass spectrometry and 2-dimensional NMR:
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