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Abstract
The increase in appeal of IRMS for forensic investigations has been reflected in the number of
forensic applications; which includes questioned documents, explosives and illicit drug
profiling. Differences in isotopic abundances can be the result of variations in chemical
processes and reaction conditions. The intelligence obtained through this analysis can be
advantageous for law enforcement having both strategic and tactical value.
In this study, stable isotope ratio analysis was used to measure the carbon, nitrogen and
hydrogen of two illicit drug types, namely designer cathinones and ephedrine, and assessed for
its provision for strategic and tactical intelligence.
Following an observed increase in novel psychoactive compounds, IRMS was applied to the
analysis of synthetic cathinones. Measurement of δ13C, δ15N and δ2H by EA/TC-IRMS showed
sufficient variation allowing for the discrimination between samples. Variation in isotope
profiles of the precursor material was the primary reason for differences with kinetic factors
influencing the final isotope ratios, particularly where δ15N were concerned. IRMS was found
to be useful when tactically comparing synthetic cathinones and discriminating between
different synthetic batches.
A novel method for the synthesis of ephedrine from N-methylalanine and benzaldehyde has
received interest recently in peer-reviewed literature and online forums. Ephedrine
synthesised from N-methylalanine was profiled using IRMS to develop its isotopic profile, thus
furthering the capability of IRMS analysis currently employed at the NMI. δ13C of ephedrine
was recorded between -29.7 and -38.4‰, with values depleted below -32‰ not previously
recorded. δ2H fell between -39 and +335‰, primarily dependent on the source of
benzaldehyde. The forensic intelligence obtained from the isotopic profile of ephedrine can be
used both strategically and tactically, with the combination of a depleted δ13C and enriched
δ2H unique to ephedrine synthesised from N-methylalanine. The δ15N, despite care taken to
control conditions, fluctuated between synthetic batches and ranged from -24.3 and +10.1‰,
proving to be useful in the tactical comparison of samples. These results satisfy the aims of the
profiling and intelligence programs, providing an advantage to law enforcement as seizures
manufactured via this route can be identified and monitored.
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Chapter 1:
1.1

Introduction

Illicit Drug Overview

The illicit drug market is perpetually changing, often in response to the demand of the
consumers as well as legislative controls which have the ultimate aim of limiting the abuse of
these substances. For a majority of cases the drugs themselves are not illicit, but their use is
subject to control. This restriction results in illicit activities including the production, trafficking
and consumption of these substances. For reporting purposes, the drugs are separated into
five major drug groups: Amphetamine Type Substances (ATS); cannabis; heroin and opioids;
cocaine; and miscellaneous. The number of ATS seizures (which includes methylamphetamine)
was recorded at an all-time high for the 2013-14 reporting period, with the weight of these
seizures the second highest on record1.
In the most recent Illicit Drug Data report1 released by the Australian Crime Commission (ACC),
ATS constitute 28.8% of the number of total illicit drug seizures, the highest number on
record1. The proportion of the Australian population using methylamphetamine remains
steady at 2.1% with the proportion of frequent users increasing to 15.5% in 2013 from 9.3% in
20101. Although the use of crystalline methylamphetamine (ice) has increased, the use of its
powdered form (speed) has decreased. Since the release of these figures, the Federal
Government has since established an Ice Taskforce to fight the recreational use of ice2.
Methylamphetamine is a high volume drug and is regularly seized at the border and submitted
for analysis. The Australian Illicit Drug Intelligence Program (AIDIP) is a joint program run
between the Australian Federal Police (AFP) and the National Measurement Institute (NMI),
which

involves

the

profiling

of

seized

illicit

drugs

such

as

heroin,

cocaine,

3,4-methylenedioxymethamphetamine (3,4-MDMA) and methylamphetamine seized at the
national border. More recently a second Federal Government initiative; the Enhanced National
Intelligence Picture of Illicit Drugs (ENIPID) program was established and involves the analysis
of street-level seizures. Analysis of purity, organic and inorganic impurities and chirality may
provide insight into the synthesis of a particular sample, providing evidence of potential
synthetic routes, reagents and precursor material (including pre-precursor materials). This
intelligence can be compiled to create a specific ‘drug profile’ which may be useful in aiding
operational decisions.
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According to the Illicit Drug Data Report1, 70% of the analysed methylamphetamine samples
were synthesised from ephedrine or pseudoephedrine which has also been subject to control
due to its large role in ATS manufacture. The importation of ephedrine and pseudoephedrine
can be used as an indication of the clandestine manufacture of methylamphetamine. Seizures
of ephedrine and pseudoephedrine have been prevalent at the border; the 2012-2013 period
had the highest number of detections and the third highest weight of ATS precursor materials
recorded in the last decade, totalling 1700.4 kg3. A major problem is the diversion of licit
substances with legitimate industrial uses for use in manufacturing of illicit substances. The
sale and manufacture of illicit substances are mostly multi-national operations, usually run by
organised crime syndicates who take advantage of legislative differences between countries.
Spanning across borders and many jurisdictions, it is difficult for authorities to gain an upper
hand on the complex multinational webs that are cast by these crime syndicates.
Organised crime is more ‘faceless,’ with the internet and the ‘dark-web’ becoming a catalyst
for the evolution of new drug markets. Starting in 2008, a trend towards newer novel
substances was observed. This saw an increase in the appearance of new synthetic compounds
which were being used recreationally and offered as ‘legal’ alternatives to their controlled
analogues. One of the more prevalent groups within this class can be classified by their
similarity in structure to Cathinone, a psycho-stimulant found naturally in the khat plant. Also
referred to as β-ketophenethylamines, their rise in popularity was accredited to a decline in
purity of more conventional recreational drugs4. Their accessibility, as well as the development
of the internet as a platform for exchange, led to the significant increase of new compounds in
the market. Experimenting with chemical structures, chemists have been preparing new
substances with the intention of circumventing the legislation whilst still preserving the
pharmacological effect. Reported amongst other novel substances, synthetic cathinones
account for the highest amount of seizures since the 2008-2009 period in its reporting group1.
The fast paced nature of the market has been challenging for scientists. With substances
sporadically appearing on the market, validated analytical methods and certified reference
materials may not be available. The limited choice in synthesis pathways to yield synthetic
cathinones has meant that the intelligence gained from their analysis is limited. The bulk
manufacture of a halogenated intermediate to produce a cathinone is the most practical and
efficient option of synthesis, but removes the individuality of the sample that is advantageous
when tactically comparing samples. Large scale manufacturing, as well as the increased purity
of illicit drugs, has meant that analysts have turned to more sensitive analytical methods to
2
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discriminate between samples5. Isotope Ratio Mass Spectrometry (IRMS) is used increasingly in
the forensic field due to its ability to measure small changes in isotopic composition compared
to a standard. This highly sensitive technique is used to compare high purity drug samples to
make inferences about similar sources6-14.

1.2

Novel Psychoactive Substances

Towards the end of the 2000’s, the increase in the number and demand of so-called ‘designer
drugs’ has been observed. Also referred to as “Novel Psychoactive substances” (NPS), many of
these novel substances had previously legitimate uses but were subject to abuse in the 1980’s.
Newer compounds have arisen as chemists designed new compounds that fall outside of
control but still retain the psychoactive properties of their parent compound. For clandestine
manufacturers, the importance lies in circumventing legislation rather than the
pharmacological risks to the users. This has led to the creation of a diverse, resilient and
uncontrolled market.
The term ‘NPS’ was developed as a way of classifying new substances that didn’t belong in
other classification group for reporting purposes. NPS refers to any substance which causes a
psychoactive effect. A psychoactive effect as stated in federal legislation15, refers to
a) a stimulation or depression of the

central nervous system, resulting in

hallucinations or in a significant disturbance in, or significant change to, motor
function, thinking, behaviour, perception, awareness or mood; or
(b) causing a state of physical or psychological addiction.
NPS can be separated into five different subgroups, classified by their similarity to a certain
compound, and include tryptamines, piperazines, phenethylamines, synthetic cannabinoids
(refer to Figure 1.1) and synthetic cathinones (refer to Figure 1.2). The namesake compounds
of the NPS are all controlled substances due to their harmful effects which led to a legislative
response. Clandestine manufacturers specially alter these substances to circumvent
amendments to existing legislation which, as the result of the influx of new substances, were
expanded to include analogues of the controlled substances already scheduled. Modifications
such as the replacement of cyclic structures with other cyclic structures, addition of certain
groups such as cyclic diethers, alkoxy or alkyl groups including up to 6 carbons on residual
chains classifies that substance as an analogue. A list of modifications which legally classifies a
novel substance as an analogue of another can be found in Chapter 9.1, Section 301.9 of the
3
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Criminal Code Act 199515. The analogue legislation still lends itself to debate and is assessed on
a case-by-case basis. The legislation regarding NPS and synthetic cathinones is further
discussed in Section 1.2.1.3.
The compounds featured in Figure 1.1 have potent psychoactive effects and lend themselves
easily to modification which is why they have been targeted by chemists. Marketed as ‘legal
highs’, they were sold as alternatives to more traditional recreational drugs. The major
problem with legal highs is the unregulated market in which they exist. Products can be
labelled ‘not for human consumption’ to avoid drug control and fall outside of food
regulations. Sometimes referred to as ‘bath salts’ or ‘plant feeder,’ the labels usually include
information on how many ‘plants’ (number of servings) can be ‘treated’ with the substance.
Products are usually branded to indicate the active constituents they contain. Despite this,
they are misleading, often containing other compounds (usually an uncontrolled substitute) or
an unspecified mixture of compounds with some just found to contain only diluents (mainly
caffeine)16-19. There is no consistency amongst suppliers or products, with different ratios of
substances recorded across a variety of products marketed under the same ‘brand’ name18.
R1

R2

N

N

R4

CH3
NH

R1

N

R3

R5

O

R4

R3
R2

R1

N
H

R3
H3C

R2
Piperazine

Tryptamine

O

2C-phenethylamine

OH
OH

O

H3C

CH3
H3C

H3C

CH3

O

Synthetic Cannabinoids CP 47-497 and JWH-250

Figure 1.1: Parent compounds by which classification of new novel psychoactive substances
are made. Areas labelled Rx show where modification can occur. Examples of synthetic
cannabinoids have been included as structures are quite varied.
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The European Monitoring Centre for Drugs and Drug Addiction (EMCDDA)’s Early Warning
System (EWS) has been set up as a response to these substances and monitors new
compounds as they appear in the European drug market. The EWS reported 81 substances in
2013, steadily increasing from 41 in 2010, 49 in 2011 and 74 in 201220. As reported in the Illicit
Drug Data Report 2012-133, of the NPS seizures analysed in the reporting period, 44.6% of
seizures were found to contain a synthetic cathinone. Despite some interest shifting to other
emerging novel substances such as synthetic cannabinoids, synthetic cathinones are still
prevalent in the market.
O

R3

O
NH2
CH3

(1)

N

NH2
CH3

R2

R1

(2)

R4

(3)

Figure 1.2: Cathinone (1) compared to amphetamine (2). The generic carbon skeleton of
cathinone (3) showing the areas where substitution can occur to create new analogue
substances.

1.2.1 Synthetic Cathinones
1.2.1.1 Definition of ‘Synthetic Cathinone’
Synthetic Cathinones are based on their namesake alkaloid ‘Cathinone’ (1). Also referred to as
‘designer’ cathinones or β-keto amphetamines, these structures are similar to amphetamine
(2), only differing by the addition of a ketone group on the β-carbon.
The novel substances of interest to this thesis are based on the structure (3) featured in
Figure 1.2. It is this backbone which is used to differentiate synthetic cathinones from the
other novel substances. A synthetic cathinone is defined by the appearance of a phenyl group
(which can be substituted (R1)), a β carbonyl group and a modification of the methyl chain (R2)
or amine group (R3). With chemists experimenting with structures to circumvent new
amendments to legislation, structures are no longer reminiscent to their namesake alkaloid
cathinone (1). In some cases the structures have been altered so much that the βketone
remains as the only trace of its family.
With structures evolving to avoid updated legislation, it is important to define the parameters
of what is considered a ‘Synthetic Cathinone’ as these are usually reported together with the
5
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high volume of unknown drug analogues referred to under umbrella terms such as NPS and
‘Drug Analogue and New Psychoactive Substances’ (DANPS) in major drug reports1, 21.
1.2.1.2 History and Current Trends
Cathinone (1) is the active alkaloid in the leaves of the khat plant (Catha edulis), responsible
for the psychotropic effects experienced when chewing the fresh leaves of the shrub. This
custom, just like the plant, is native to areas of the Horn of Africa and the Arabian Peninsula
and has been ingrained in the culture of these areas for centuries22,23. In 1928, the first
cathinone derivative, methcathinone (4) was synthesised which then led to the first synthesis
of 4-methylmethcathinone (5) in 192924,25. Their similarity in structure to amphetamine (2), not
only led to the development of cathinone derivatives as antidepressants and appetite
suppressants, but also to the widespread abuse of these substances in the 1970’s22.
O

O
NH

NH

CH3

CH3

(4)

CH3

CH3

H3C

(5)

Methcathinone (4) was used as an antidepressant from the time of its reported synthesis,
through to the 1940’s in Russia. From then it was used recreationally, spreading through the
Soviet Union and finding popularity in America in the 90’s22,26. The history of cathinone (1)
from its extraction from khat through to the widespread abuse of synthetic varieties has been
explored in a number of reviews22,26,27.
The recreational use of synthetic cathinones restarted in the late 2000’s, with the promotion
of 4-methylmethcathinone (also referred to as: ‘mephedrone,’ 4-MMC, MCAT or meow meow,
(5)) as a legal substitute to more traditional party drugs such as 3,4-MDMA and cocaine. Their
availability online and in select shops saw their popularity rise rapidly in a short amount of
time. It is thought that the decreasing purity of more traditional party drugs such as ecstasy or
cocaine led to a spike in interest in alternative options, such as synthetic cathinones 4. The use
of 4-MMC (5) was most popular in the United Kingdom (UK) where seizures increased from 20
in the beginning of 2009 to 600 in the second half of the year, equalling 88% of synthetic
cathinones seized in the same period28. Similarly in Australia, synthetic cathinones had the
largest number of seizures in the DANPS category in the 2008/09 period and accounted for
35.1% of the weight of DANPS reported in 2010/11 (the second highest group)3.
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The popularity of 4-MMC (5) also saw an influx of related compounds in the market, all
popular due to their perceived psycho-stimulant affects, comparable to cocaine and
amphetamine (2). Some of the more prevalent substances have been included in Figure 1.3. In
an European two year study over 2008/2009 of the availability of information and accessibility
of synthetic cathinones on the web; 4-MMC (5), 3,4-methylenedioxypyrovalerone (3,4-MDPV;
21), and naphyrone (22) were some of the more popular and searched substances out of 414
substances detected by the project29. Online availability as well the unprecedented media
attention contributed to the global ‘legal high’ popularity. Reports of psychosis induced
‘zombie attacks’30,31 attributed to the abuse of these substances, attracted attention to the
legal status of these psychoactive drugs, not only to potential users, but also to authorities and
the need to respond to the perceived epidemic. The UK was first to schedule this drug in April
2010, with most European Union members following suit shortly after. In Australia, 4-MMC (5)
is controlled under the Commonwealth Criminal Code Act 199515, and is a prohibited import
under Customs (Prohibited Imports) Regulations Act 195632.
O

O

O

N

N

O

O

NH

O

CH3

O
CH3

(21)

CH3

(22)

CH3

(23)

The use of generic definitions in legislation also saw the restriction of methcathinone (4)
analogues such as 3,4-MDPV (21), naphyrone (22), and butylone (23) and revealed the
resilience of the new legal high market. The attempted control of one novel psychoactive
compound led to the appearance of others specifically designed to avoid legislative control19.
The diversity and resilience of the market was reflected by the EMCDDA’s EWS which saw the
number of classification groups rising from 4 in 2012 to 10 in 2013, a response to the
legislative control of novel substances20. The appearance of new synthetic cathinones in the
market has remained steady despite the drop in number since 2010 where it constituted the
highest proportion of psychoactive drugs recorded by the EWS20.
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Figure 1.3: Structures of some of the more popular substituted synthetic cathinones which
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Pentedrone

(19)
Pentylone

have appeared in the illicit drug market since 2008.
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1.2.1.3 Australian Legislation regarding Synthetic Cathinones
The sale, importation and use of cathinone (1) and methcathinone (4) were included in the
Criminal Code Act 199515 in the early 1990’s. Substances that could be proved to be a risk to
public health have been scheduled under the Commonwealth Poisons Standard (Standard for
the Uniform Scheduling of Medicines and Poisons (SUSMP)33. Newer synthetic cathinones were
not covered by any legislation and highlighted the sluggish response of the legal system to the
perpetually changing market. In attempts to keep up with the illicit drug market, interim bans
were enforced under the Competition and Consumer Act 2010 during the second half of 20133.
Legislation added to the SUSMP resulted in the control of analogue substances, in addition to
specific cathinones that were listed. Substances which are modified in ways listed in Chapter
9.1, Section 301.9 of the Criminal Code Act 199515 are, by default, controlled substances also.
The Psychoactive Substances and Other Measures Act 201534, assented in March 2015, makes
it an offence to import or be in possession of a substance which is a serious drug alternative or
produces a psychoactive effect.
One of the problems faced in the courtroom was proving that a certain substance was a direct
analogue of another as defined by legislation. In September 2015, a new bill was assented
which removes the responsibility of the court to prove that a substance has a psychoactive
effect. The Crimes Legislation Amendment (Psychoactive Substances and Other Measures) Act
2015 shifts the onus to the importer of a chemical substance to prove that the seized material
has a legitimate use with those found to mimic the effects of an illicit substance to face
harsher penalties35. With this legislation, it means that substances would automatically fall
under the legislation until they are proved otherwise, removing the loopholes chemists were
taking advantage of.
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1.2.1.4 Synthesis of Synthetic Cathinones
Synthetic cathinones have been engineered to bypass current legislation that criminalises
them as they appear on the market. The cathinone structure (3) (Figure 1.2) lends itself easily
to modification which can occur at any or all of the RX groups to create new novel compounds
which were once not covered by law. Despite some of the larger and more obscure structures,
the synthesis of synthetic cathinones is relatively simple.
Simple structures such as methcathinone (4) and N,N-dimethylcathinone (9) can be
synthesised by the oxidation of ephedrine (24) and pseudoephedrine (32) and their analogues
(depicted in Figure 1.4)36,37. Through this method the chirality of the amine is preserved
through to the synthetic cathinone. As with cathinone (1) the S- enantiomer has a greater
pharmacological effect compared to the R- enantiomer, which would in theory increase the
appeal of this method of synthesis38.
O

OH
CH3
HN

CH3

KMnO4
HN

CH3

CH3

Figure 1.4: The stereo-selective synthesis of (S)-methcathinone (4) via the oxidation of
ephedrine (24).
Despite being one of the more talked about methods online, there are a few downfalls for the
clandestine manufacture of simple cathinone structures. Ephedrine (24) and pseudoephedrine
(32) are heavily controlled and monitored by law enforcement. Whilst there are many options
by which ephedrine (24) can be clandestinely synthesised (to be discussed in Section 1.3.3) the
possession of ephedrine (24) in amounts required to synthesise a substantial amount of
methcathinone (4) is an indictable offence. Also, if using the procedure depicted in Figure 1.4,
there is a risk of manganese poisoning without sufficient purification40.
Another novel route of stereo-selective synthesis is outlined in the supplementary material of
Gregg et al.38. Through the use of protective groups, both S- and R- enantiomers are produced
in different syntheses. At NMI, experience shows that whilst the methods to stereo-selectively
synthesise cathinone derivatives exist, manufacturers are not concerned about the resolution
of different isomers. The chiral analysis of a range of synthetic cathinones submitted to NMI
revealed all of them to be a racemic mix.
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Most cathinones can be easily synthesised in no more than four steps and only requires basic
chemistry knowledge. The choice of starting material is heavily dependent on the desired
product. Any substituted benzaldehyde or propiophenone is appropriate, with some of the
more common structures being piperonal (25), benzaldehyde (26), propiophenone (27),
fluoro- substituted and methoxy- substituted structures (28-30) (Figure 1.5).
O

O
O

O

H

H

NH 2

O

(26)

(25)
Piperonal

(27)
Propiophenone

Benzaldehyde
O

O

H

O

H
NH 2

F

H 3CO

F

(28)
3-f luorobenzaldehyde

(29)
4-f luorobenzaldehyde

(30)
4-methoxypropiophenone

Figure 1.5: Substituted benzaldehydes and propiophenones typically used for synthesis of
synthetic cathinones.
Synthesis from a substituted benzaldehyde is a four step reaction to form the cathinone base.
The benzaldehyde undergoes a Grignard reaction with a magnesium chloride/bromide reagent
consisting of the desired amount of carbons. After oxidation to the ketone, the structure is
halogenated on the β carbon in an acidic environment, before reaction with an amine, of
which an SN2 reaction yields the base oil of the desired compound40-43 (Figure 1.6).
O

OH
O

MgCl

R2

R2

2) H2O

PCC

R1

R2

Br2

R1

O

R3 NH

R2

R4

Br

H+

silica gel

1)Ether, N2

R1

O
R2

R1

R1

R3

Figure 1.6: Four step synthesis scheme for synthetic cathinones from a ring-substituted
benzaldehyde.
The synthesis can be further simplified by starting from the propiophenone (step 2, Figure 1.6).
A variety of substituted propiophenones can be purchased and attract little attention from
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authorities. The synthesis is reduced to two steps, following the same procedure to yield the
desired cathinone base37,44-47. Regardless of which point the synthesis begins, the end result is
a high purity substance in a 50:50 racemic isomeric mix unless measures are taken to control
this.
1.2.1.5 Analysis of Synthetic Cathinones
The analysis of these synthetic cathinones has been particularly difficult due to the large influx
of novel compounds in a short period of time. Being a perpetually changing market, it is
difficult to obtain the relevant reference materials and validate methods of analysis to identify
new compounds. Some of the ‘first generation’ synthetic cathinones have been around long
enough to develop standards and validate profiling techniques. Typical identification of
synthetic cathinones is by Gas-Chromatography Mass Spectrometry (GC-MS). Literature for the
identification of some of the more prevalent cathinone exists as an example; 4-MMC (4)44,45,
3,4-methylenedioxy derivatives19,40-42,48, fluoro substituted cathinones19,45,47 and simpler
analogues of cathinone36,37.
The fad-driven and experimental nature of synthetic cathinone’s in the illicit drug market has
resulted in many compounds appearing only sporadically, and the time spent on developing
analysis methods and reference materials may not be viable. Some of the more novel
substances, which sporadically appear on the market or new unknown substances can be
identified by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, in conjunction with
other methods (such as mass spectrometry) without a certified reference material17,49. More
recently, studies have looked into the application of electrochemical methods of identifying
and quantifying new synthetic cathinones in mixtures50.
The impurity profile of a drug sample can act as a ‘fingerprint’ for a particular synthetic batch
with the presence (and amounts) of precursor material, by-products and impurities used to
confirm or exclude linkages between samples. As mentioned previously, there are a limited
number of options to synthesise synthetic cathinones, of which yield high purity products23.
Therefore it is expected that the organic impurity profile will provide limited discrimination
amongst synthetic cathinones of the same type due to the similarities between syntheses of
different batches. The precursor material will almost always be a ring substituted
propiophenone or related structure which is halogenated and reacted with the desired
amine23. The limited intelligence gained by this analysis can be supplemented by the use of
other, more sensitive methods of analysis.
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One such method which can provide that point of difference is Isotope Ratio Mass
Spectrometry (IRMS). The use of IRMS has gained momentum in the forensic field, being
applied to drug analysis over the last 20 years. IRMS detects the small differences in isotope
composition which could be used to differentiate synthetic cathinones synthesised from
different precursor sources and different synthetic batches. It is of interest to investigate the
extent to which IRMS can be of advantage from a tactical perspective and its ability to provide
linkage evidence between drug samples7,12,51.
Part way through this work, a pilot study investigating the link between precursor material and
the resulting 4-MMC (5) was published. Nic Daeid52 profiled different 4-MMC (5) samples
synthesised with two different sources of propiophenone (27). Focusing on the reproducible
isotopic fractionation between the resulting synthetic cathinone and the propiophenone (27),
different synthesis batches of 4-MMC (5) synthesised with the same precursors could not be
discriminated using carbon and hydrogen stable isotope ratios. 4-MMC (5) synthesis employing
different precursor sources could be discriminated from one another.
In the case of 4-MMC, the addition of the methylamine is small and its contribution to the
carbon and hydrogen stable isotope ratios is minimal52. An investigation into the effect of
different precursor materials (including larger amine additions) was conducted to determine
the impact on the stable isotope composition of synthetic cathinones. The nitrogen isotopes
were also investigated as they have been beneficial when discriminating between synthetic
batches of 3,4-MDMA8-53.

1.3

Methylamphetamine

The NMI regularly profiles methylamphetamine (31) through the previously mentioned AIDIP
and ENIPID programs. Border seizures of methylamphetamine (31) constitute a large part of
the program and no doubt will be the focus when the Federal Government’s Ice Taskforce is
fully implemented.
Programs like this must be ready to identify shifts in the illicit drug market. Being able to
identify changes and responding to detected changes are paramount to the effectiveness of
these programs. A trend observed in the methylamphetamine (31) market is an increase in
purity of samples seized at the border5. Being almost of pharmaceutical grade, the organic
impurity profile, which is somewhat individual to a particular synthetic batch, is not as
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discriminatory as it may be for samples of lesser purity5. IRMS could discriminate between
different batches of methylamphetamine (31) based on different precursor sources
The ability of the isotopic profile of methylamphetamine (31) to confirm or exclude links
between samples has been explored previously5,12. The carbon, nitrogen and hydrogen stable
isotope ratios of methylamphetamine (31) have been shown to be representative of its
precursor material and can be used to classify samples according to its route of synthesis.
There are three main classification groups based on the synthesis of ephedrine (24). They are:
natural, semi-synthetic or fully-synthetic, referred to in many publications5,9,11,13,14,51,54 and will
later be discussed in Section 1.5.2.2. Methylamphetamine (31) synthesised from phenyl-2propanone (P-2-P) can also be distinguished from ephedrine (24) based syntheses using carbon
stable isotope ratios10.
Publications by Painter and Pigou55 and Andrighetto et al.56 have highlighted a new, novel
route of synthesising ephedrine (24), with the potential to be abused for the clandestine
manufacture of methylamphetamine (31). In light of these publications and the submission of
several border seizures of N-methylalanine, the ability of the current profiling methods,
particularly IRMS, to discriminate between ephedrine (24) synthesised from N-methylalanine
from other preparations was investigated.

1.3.1 Synthesis of Methylamphetamine
Due to its chiral centre, methylamphetamine (31) exists in two enantiomeric forms,
d-methylamphetamine

and

l-methylamphetamine.

The

more

desirable

isomer

is

d-methylamphetamine due to its greater pharmacological effect and potency. The chiral
composition of a methylamphetamine (31) sample provides insight into the starting material
and any attempts to resolve the isomers. The synthesis of methylamphetamine (31) generally
occurs from one of two main precursor materials: either P-2-P or ephedrine
(24)/pseudoephedrine (32)54.
Synthesis from P-2-P can occur via two main pathways (refer to Figure 1.7). The first referred
to as the Leuckart pathway, is a Leuckart-Wallach reaction in which formic acid is added to
yield N-formylmethylamphetamine which is subsequently reduced. The second synthetic
pathway is a reductive amination employing methylamine and a reducing agent of choice. An
enantiomeric mix of methylamphetamine (31) suggests a P-2-P based reaction. Also note that
the presence of P-2-P in trace amounts is not a definite indicator of the starting material, as
P-2-P can be produced as a by-product in other methods of manufacturing
14
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methylamphetamine (31) employing ephedrine (24)/pseudoephedrine (32) in the presence of
an acidic environment57.
Cl
N
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NH
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OH
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NAGAI
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HYPO
O
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MOSCOW

NH

H3PO2/I2
I2, Red P, H2O
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MeNH
-H2O

N
Al/Hg*
*

Reductive Amination

Figure1.7: Synthesis of methylamphetamine (31) from phenyl-2-propanone and ephedrine
(24)/pseudoephedrine (32).
The manufacture of methylamphetamine (31) from ephedrine (24)/pseudoephedrine (32)
involves the elimination of the hydroxyl group. As a result, many possible routes of synthesis to
methylamphetamine (31) exist most of which are included in Figure 1.7. There are three
iodine/phosphoric based routes: ‘Moscow’, ‘Nagai’ and ‘Hypo’, all of which form an
iodine-ephedrine intermediate which is reduced to methylamphetamine (31) in the presence
of phosphorus and a hydrogen source in situ. The ‘Emde’ route involving the reaction of
ephedrine (24)/pseudoephedrine (32) with thionyl chloride is a two-step process in which a
chlorinated intermediate undergoes a reduction using a metal catalyst.
The majority of methylamphetamine (31) found in Australia is manufactured from ephedrine
(24) or pseudoephedrine (32)1. The d-methylamphetamine can be synthesised from (-) or
l-ephedrine or (+) or d-pseudoephedrine, with the ratios affected by mechanistic and
stereochemical influences58. It is also through these mechanisms that route-specific byproducts are formed. Extensive reviews have been conducted on the different organic
impurities that appear in methylamphetamine (31) manufacturing and can be used to identify
the route of synthesis employed59-62.
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1.4

Ephedrine

1.4.1 History and Current Trends
Ephedrine (24) was first discovered as the active alkaloid in the Ma Huang or Ephedra sinica
plants in the Ephedra genus used for centuries in Chinese medicine63. Ephedrine (24) is just
one of six alkaloids present in the nodes of the Ephedra plant and was first isolated in 188564.
Ephedra is indigenous to parts of China and central Europe. Plants originating from Europe
differ from those from Asia in that the main alkaloid extracted is not ephedrine (24) but
pseudoephedrine (32)65,66.
HO
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NH CH3
H
CH3

(1S, 2R)-ephedrine
(+)-ephedrine
d-ephedrine

HO
H

NH CH3
H
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(-)-ephedrine
l-ephedrine

NH CH3
H
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CH3
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(1S,2S)-pseudoephedrine
(+)-pseudoephedrine
d-pseudoephedrine

(1R,2R)-pseudoephedrine
(-)-pseudoephedrine
l-pseudoephedrine

(24)

NH CH3
H

(32)

Figure 1.8: Stereoisomers of ephedrine (24) and pseudoephedrine (32)
Both ephedrine (24) and pseudoephedrine (32) have two optically active enantiomers and
have legitimate medicinal applications (Figure 1.8). Ephedrine (24) is used for the treatment of
acute asthma attacks and allergies due to it’s vaso-constrictive properties66. Its stimulant
effects on the central nervous system and thermogenic effects enhance weight loss and
endurance67. Pseudoephedrine (32) is the active component in cold and flu tablets and is
found more commonly in the market due to it’s longer duration of effects and lower potency68.
Whilst smaller doses mimic the effects of adrenaline, larger doses have a depressor effect
leading to hypertension and, at the extreme level, strokes67.
Ephedrine (24) and pseudoephedrine (32) have been a point of discussion for government and
law enforcement due to their central role in the manufacture of ATS. Ephedrine (24) provides
an easy stepping stone to the production of amphetamine (2), cathinone (1) (Section 1.2.1.4)
and particularly methylamphetamine (31) (see Section 1.3.1).

1.4.2 Legal Status of Ephedrine
A majority of ephedrine (24) is licitly manufactured in China and India but much is diverted for
illicit purposes1. In Australia, in 2006, pharmaceuticals containing lower doses of ephedrine
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(24)/pseudoephedrine (32) was rescheduled from a Schedule 2 to Schedule 3 drug and only
available over the counter, with those containing larger doses made Schedule 4 and
prescription only. Project STOP, an initiative funded by the Federal Government, is a nationwide, real-time database where the sale and refusal of sale of pseudoephedrine (32) products
in 79.2% of Australia pharmacies is recorded3. This, along with the monitoring of seizures of
ephedrine (24)/pseudoephedrine (32) at the border has resulted in a plateau of clandestine
laboratories in Australia3. A possible reaction to this is clandestine chemists experimenting
with pre-precursors in order to circumvent the attention of authorities resulting in the
clandestine manufacture of ephedrine (24).

1.4.3 Synthesis of Ephedrine
An overview of synthetic schemes is presented in Figure 1.9. It includes the more common
synthetic pathways, used for the industrial synthesis of ephedrine (24) (Routes B, D and F), as
well as some more novel routes that have been published (Routes A, C, E, F(i), G and H). The
early history of ephedrine (24) is discussed in a number of reviews64,67-70. There are three main
ways in industry in which ephedrine (24) are produced.
As previously mentioned, ephedrine (24) was first isolated from plants of the Ephedra genus
(Route B). The extraction from powdered Ma Huang is discussed in Manske and Holmes70 and
Chou69, as a series of liquid/liquid extractions yielding ephedrine (24) and pseudoephedrine
(32). The separation of each is also discussed.
A semi-synthetic pathway is also used to synthesise ephedrine (24) (Route D). Benzaldehyde
(26) and pyruvic acid can be fermented in the presence of pyruvate decarboxylase to yield
L-phenylacetylcarbinol (L-PAC), which then undergoes a reductive amination to ephedrine (24).
A step by step procedure for the clandestine manufacture of ephedrine (24) via this method is
described by Uncle Fester71 using Brewer’s yeast for fermentation.
The last of the industrial syntheses is a fully synthetic pathway from propiophenone (27)
(Route F). The propiophenone (27) is halogenated at the β-carbon before undergoing a
nucleophilic substitution with methylamine. The subsequent reduction of the carbonyl results
in racemic ephedrine (24). Ephedrine (24) used in illicit drug manufacturing is mostly diverted
from industrial sources with the majority of ATS synthesised from ephedrine (24) made by
these three pathways. Since the regulation and control of the importation, transportation and
storage of ephedrine (24) in 2006, novel methods of synthesising ephedrine (24) may increase
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as clandestine chemists look to the importation of pre-precursors to circumvent the attention
of authorities.
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1.4.3.1 Synthesis of N-methylalanine
A search for ‘Ephedrine (24) synthesis’ on the internet brought attention to discussion boards
focused on another novel method. There were a few internet forums discussing the synthesis
of N-methylalanines from alanine and its conversion to ephedrine (24). Whilst there was no
indication on these boards that the synthesis had been successful, a paper released by Painter
and Pigou55 exposed this as another potential route to ephedrine (24). Border seizures of
N-methylalanine have also been submitted to NMI in 2014.
Previously the purchase of N-methylalanine could be an expensive exercise, i.e. 1 gram of
N-methyl-L-alanine is priced at $11072, compared to L-alanine priced at $2073 which would
yield an equivalent amount of N-methylalanine. With the increased number of online
marketplaces, N-methylalanine itself can be easily sourced from chemical companies around
the globe particularly from China. Easily accessible and cheap, N-methylalanine can be
purchased in sizes ranging from 100 grams to tonne amounts with quoted prices ranging
between US$185- $285 for 1 kg74.
Despite sourcing it easily online, N-methylalanine can also be synthesised from alanine.
Alanine is readily available from retail shops as it is used as a supplement for muscle growth.
Step 1 of Route G (Figure 1.9) outlines its synthesis using formaldehyde and zinc75. One user of
the Sciencemadness forum76 references this method, also outlining a clandestine procedure
for the synthesis of N-methylalanine based on one published by Uncle Fester71. Following both
the clandestine instructions and Painter and Pigou’s paper55, N-methylalanine was not
successfully synthesised in the laboratory, nor were there any actual accounts of successful
syntheses posted online. As experienced in the laboratory and described by Painter and
Pigou’s paper55, this reaction favours the dimethylation of alanine and methods of separating
the compounds from one another are challenging.
An alternate route to N-methylalanine was published by Andrighetto et al.56 outlining a three
step synthesis from alanine via the addition of a protecting group on the amine (Route H,
Figure 1.9). Using di-tert-Butyl dicarbonate (Boc2O), the Boc protection group protects the
amine, ensuring that methylation can only occur once. The protecting group is then easily
removed by an acidic environment. The addition and removal of the Boc protecting groups is
simple, cheap and high yielding. The protected N-methylalanine can also be bought from the
same online marketplaces as the N-methylalanine for approximately the same price.
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1.5

Profiling of Illicit Substances

As mentioned previously, the NMI regularly profiles seizures at the national border and those
seized domestically as part of the ENIPID and AIDIP programs. ATS, heroin and cocaine are
subject to different chemical analyses where these chemical ‘signatures’ are used to build a
profile of a particular sample as outlined by Collins et al.77.
In summary, methylamphetamine (31) profiling consists of six different chemical signatures.
GC-MS is used to determine the organic impurity profile where the presence of certain byproducts is used to determine the route of synthesis and precursor material of
methylamphetamine (31). NMR spectroscopy is used for purity determination and capillary
electrophoresis (CE) for chiral composition. Liquid chromatography interfaced with an
evaporating light scattering detector (LC-ELSD) is used to quantify diluents and Ultra
Performance- Liquid Chromatography (UPLC) to quantify adulterants used to cut the
methylamphetamine sample (31). Lastly, the inorganic composition of a sample is analysed by
inductively coupled plasma-mass spectrometry (ICP-MS), which is useful in determining
whether catalysts were employed in particular reactions.
This information is processed and used as forensic intelligence, where inferences about the
samples origin, precursor materials, synthetic route etc. are made, giving insight into the
chemical background of the sample. Intelligence can also be gathered based on the physical
characteristics of a particular sample i.e. colour, packaging, or aberrations on a pill press.
Forensic intelligence can be an important tool for law enforcement as the information
collected through the chemical analysis of samples can help aid the investigative process or
used when making decisions about resources78-80. The intelligence can be used to create links
between samples or cases, in which trafficking or distribution channels may be uncovered.
Particularly where distribution can span over a number of different jurisdictions, the use of
intelligence has shown to be useful when combating underground drug crime, especially
overseas81. The potential for this approach in Australia has been discussed, but currently the
primary purpose of drug profiling is evidential support for the judicial system78,79.
Furthermore, profiling illicit drugs allows for the monitoring of trends and detection of changes
in manufacturing methods if they occur in the market. The nature of the illicit drug market is
very dynamic and the nature of policing and legislative processes are generally reactive. Timely
analysis of samples and current forensic intelligence gives law enforcement the best chance in
the war against drugs.
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Regardless of the use, two types of intelligence exist according to the way the information is
used and the required outcomes of the analysis.
Strategic intelligence refers to the information gathered from a particular sample. This
information refers to both the physical and chemical characteristics. Similarities in colour and
packaging are just as important as the chemical analysis, especially when considering
distribution channels. The chemical analysis centres on the composition of the sample i.e.
addition of adulterants and purity; and the origin i.e. synthetic route and precursor source.
Tactical intelligence involves the comparison of strategic intelligence and looks at the
similarities and differences between samples. Differences in profiles are used to eliminate links
between samples and cases, whilst similarities may be a result of a common origin.
A profiling method which provides both strategic and tactical intelligence is IRMS. The analysis
of stable isotope ratios of methylamphetamine in particular, reveals the origin of precursor
employed as well as being an effective comparative analytical tool.

1.5.1 Isotope Ratio Mass Spectrometry (IRMS)
Elements exist in forms where the number of protons and electrons remain the same but differ
in the amount of neutrons. The relative abundance of the isotopes i.e. the number of heavy
isotopes vs. light isotopes, can be indicative of differences in the environments in which the
element exists.
These differences are measured by an Isotope Ratio Mass Spectrometer, where the isotopic
composition of an element is measured and reported in relative terms to an international
standard as parts per thousand or parts per mille (‰). The isotope ratios are recorded as delta
values (δ) as calculated by the equation below.
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As the likelihood of two unrelated samples having similar stable isotope profiles decreases
with each addition of another element, IRMS has great discriminatory power and has become
a focal point in modern day forensic science82,83.
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1.5.1.1 Natural Abundance of Stable Isotopes
The natural abundance of each stable isotope is not new information and can be found in most
publications discussing stable isotopes. Table 1.1 lists the natural abundance of the three
elements that are the focus of this thesis84. A full list of elements and their natural abundance
has been compiled by De Bievre and Taylor85. Other common isotopes ratios which are
commonly evaluated are oxygen and sulphur, as well as heavier elements like strontium.
Table 1.1: Average of the natural isotopic abundance of Hydrogen, Carbon and Nitrogen
Element

Major isotope
1

Minor Isotope

H= 99.985%

2

Carbon

12

C= 98.89%

13

Nitrogen

14

N= 99.63%

15

Hydrogen

H= 0.015%
C= 1.11%

N= 0.37%

1.5.1.2 Reference Standards
i)
International Reference Standards
International reference standards have been chosen to standardise the scale against which the
differences are reported amongst laboratories. The three international scales applicable to this
study are;
x

Vienna Peedee Belemnite (VPDB) for 13C/12C;

x

Atmospheric Nitrogen (Air) for

x

Vienna Standard Mean Ocean Water (VSMOW) for 2H/1H (also used for 18O/16O).

15

N/14N and;

Pee Dee Belemnite (PDB) was the original reference standard from which carbon stable
isotope ratios were calculated. Since its exhaustion, its use has been discontinued and all
measurements are to be made in relation to VPDB86,87. Results of 13C/12C should be reported on
a scale defined by the δ13C of NBS-19 (+1.95‰) and LSVEC (-46.6‰) to provide a generic
system in which δ13C can be compared between laboratories 87-89.
Reported as ߜ 15N, nitrogen values are expressed in relation to atmospheric nitrogen (N2). The
nitrogen found in atmospheric air is used as the zero point for nitrogen stable isotope analysis,
as the isotope ratio is stable and the source is plentiful. A number of reference materials have
been made in lieu of actual atmospheric nitrogen, as the nitrogen itself cannot be removed
from the air without fractionation88. For this reason, secondary reference materials such as
those tested by Bolke et al90 have been analysed across the length of the scale and their
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uncertainties estimated. Reference materials must be chosen to encompass the values of the
samples to be measured.
The hydrogen and oxygen stable isotopes are measured in relation to VSMOW. VSMOW is a
physical reference material based on Standard Mean Ocean Water (SMOW), a hypothetical
value based on the hydrogen and oxygen stable isotope values of NBS-188. It is recommended
that 2H/1H stable isotopes are reported on a scale where Standard Light Antarctic Precipitation
(SLAP) is -428‰, relative to VSMOW86,87 .
ii)

In-House Laboratory Standards

In-house standards exist to reduce the reliance on rare and expensive primary reference
materials. They are used within the analysis for the normalisation and quality assurance of the
data88.
The actual standards can vary amongst laboratories with the following points taken into
consideration when choosing a standard:
x

Homogeneity

x

Consistent isotope composition over time

x

Easily replaced when exhausted

x

Ease of use

x

Isotopic composition comparable to the sample. For GC-C-IRMS, must have a
similar structure to the analyte of interest.

Quality assurance was maintained through the repeat analysis of a working standard, a highpurity methylamphetamine (31) check sample. Prior to this study, repeat analysis and validity
tests have determined that the material satisfies all the points listed above. Regular analysis of
the reference materials, acetanilide and C-36 alkane for carbon/nitrogen and hydrogen
analysis respectively allows for the normalisation of data for inter-laboratory comparison
despite different working standards.
1.5.1.4

Isotopic Fractionation

The processes responsible for the changes in stable isotope composition can be classified into
two main categories. The kinetic/primary isotope effect refers to changes which occur by the
breaking and forming of bonds. Heavier isotopes, as implied by their name, have a greater
mass than their lighter counterparts. This mass discrimination in chemical compounds is due to
the difference in vibrational energy levels between the isotopologues. As the heavier isotopes
form tighter bonds with other molecules, they require more energy to break and therefore will
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react more slowly than the lighter isotopes which form longer and weaker bond lengths84. For
example: H2—H2 > H2—H1 > H1—H1 when referring to the energy needed to break the bond
between the atoms.
The second type of fractionation effects are the thermodynamic/secondary isotope effects in
which no bonds are formed or broken. Rayleigh effects are the most common, and refer to
changes in isotopic composition because of the removal of a portion of its contents84. This
happens in distillation and evaporation processes where the lighter constituent is more readily
removed due to its lower activation energy, leaving the heavier isotopes behind.
In relation to the final result, the calculated delta values which are more negative or
‘depleted’, have a greater composition of the lighter isotope when compared to the standard.
Conversely, those which have a positive value are more ‘enriched’ in the heavier isotope.
1.5.1.5

Instrumentation

The relative abundances of isotopes are measured by IRMS, whose detailed history of
development is explored by Meier-Augenstein78. A schematic of the IRMS instrumentation is
given in Figure 1.10.
A
Reference Gases
N2/CO2 or H2
B

C

D

E

F
He dilution

Elemental Analyser

Interface

Isotope Ratio Mass
M
Spectrometer

Figure 1.10: Schematic of an EA-IRMS for the analysis of carbon and nitrogen stable isotope
ratios. Components include: A) Autosampler, B) Combustion furnace, C) Reduction furnace,
D) Perchlorate Trap, E) GC column, the interface, and the IRMS consisting of an F) ion source
and G) Faraday cups.
The abundances of 13C/12C and 15N/14N are measured via Elemental Analyser-IRMS (EA-IRMS).
The EA is responsible for the conversion of the sample to its simple gases. It consists of an auto
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sampler (A) which introduces the sample into the combustion furnace (B). The sample is burnt
exothermically in a stream of oxygen and oxidised in the presence of nickel converting the
sample into N2, NOX, CO2, O2 and H2O82. Helium carries the gases into the reduction furnace (C)
where NOx is reduced to N2 and excess O2 is removed in the presence of copper. Water is
removed by a magnesium perchlorate trap (D). The following open-split interface allows for
the introduction of reference gases and dilution of sample gases. The N2 and CO2 are passed
onto a GC column (E) and separated allowing for their analysis in one run. Only a small part of
the analyte enters the IRMS, where it is ionised by an ion source (F) and the isotopes separated
to be collected by the Faraday cups (G). The Faraday cups are sensors positioned to collect the
respective ions of each isotope.
Thermal conversion-IRMS (TC-IRMS) for measurement of 2H/1H analysis is a simpler process,
with the samples first being introduced to the furnace by the auto sampler. Here they undergo
high pressure pyrolysis in a TC reactor with a glassy carbon lining and silver wool packing. The
sample is converted into CO and H2 simple gases, to be separated on a GC column so that the
relative abundance of oxygen and hydrogen isotopes can be measured in one run. The analyte
is diluted in the interface, before entering the IRMS.
The intensity of the signals collected by the Faraday cups are sent through to specialised
software which calculates the delta values.

1.5.2 Forensic Applications of IRMS
Different applications of IRMS to varying aspects of forensic science are regularly being
explored in the industry, especially as a method of comparison and discrimination. IRMS and
its role in Forensic Science have been discussed in two major reviews in recent years by
Benson et al.82 exploring pre-2006 and more recently Gentile et al.83.
IRMS has a large role in the food and beverage industry. Meier-Augenstein84 includes an
overview of some of the applications of IRMS to food items. Cases of authenticity can be
tested via the multi-element stable isotope analysis and are based on the differences in
isotope ratios between natural products compared to synthetically produced alternatives91.
The addition of adulterants can be investigated92, alongside claims of origin93,94. A review of
multi-element IRMS was published by Kelly et al.95, providing a good overview of current
literature discussing the stable isotope analysis of food provenancing and of other
commodities such as meat, beer and wine.
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Stable isotope analysis has also been employed to authenticate pharmaceuticals and to
uncover sources of counterfeit medicines. It is reported that counterfeit medicines account for
approximately 10% of the pharmaceutical drug market with that figure set to rise84. In
response to the globalisation of drug markets and the black market trade of pharmaceuticals
over the internet, sources of pharmaceuticals can be investigated and grouped according to
different methods of synthesis using carbon, nitrogen, oxygen and sulfur stable isotopes
ratios96,97. This information can be compared to the isotope profile of the pharmaceutical in
question to determine its legitimacy.
The investigation of the origin of wildlife can be undertaken through the stable isotope
analysis of hair or tissue samples. Used to monitor food intake and migration patterns of wild
animals98, it can also be used to monitor the illegal trade of animals and animal products84.
Differences in the carbon, nitrogen and strontium stable isotope ratios can help distinguish
between animals poached from the wild and those raised legally in captivity based on the
changes of isotope ratios over time. Those in captivity will have less variation due to a
controlled and constant source of food, whilst those in the wild will vary greatly due to
different sources and availability of food and water84.
Recent studies have also looked into applying stable isotope ratios to human
provenancing99,100. With a few example cases outlined by Gentile et al.83., the stable isotopes
of human tissue, hair or nails, cross referenced with prior intelligence can aid in uncovering
leads for investigations101. Unlike other applications, the stable isotope ratios must be
interpreted within the context of the case83. Large sources of uncertainty exist, which is why
human provenancing using stable isotopes has only been used where other evidence methods
have failed to provide intelligence in an investigation.
More forensically oriented applications of IRMS include the isotope profiling of explosives and
other pieces of physical evidence. Gentile et al.83 once again provides an in-depth critical
review on the application of stable isotope profiling to different types of explosives. Benson et
al.822 cover in depth the analysis of ignitable fluids and explosives using IRMS. The combination
of carbon, nitrogen, hydrogen and oxygen can, for the most part, differentiate between
sources of explosives, such as pentaerythritoltetranitrate (PETN) and triacetone triperoxide
(TATP)102. Whilst some discrimination between sources was possible, influenced by the
different synthetic processes used by countries, there is some overlap meaning that the
discrimination between samples using IRMS analysis is limited103.
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Determining whether a piece of evidence originates from a particular source is one of the main
aims of analysing physical evidence. The sensitivity of IRMS and the variability of isotope ratios
has lent itself to the inference of source with researchers now looking into the comparison of
different physical evidence types. Isotopic analysis has been conducted on plastic bags104, pen
inks105, paper106, tape backing107 and matches108 amongst other items. Discrimination was
achieved due to differences in manufacturing methods or, in the case of natural resources
such as the paper and matches, the natural variance due to geographical source of materials.
1.5.2.1

Drug Analysis using IRMS

One of the major forensic applications of IRMS is the analysis of drug samples. IRMS is used for
the analysis of sports doping and for the analysis of illicit drug seizures.
The analysis of urine samples using Gas Combustion-Combustion-IRMS (GC-C-IRMS) is used to
confirm the administration of steroids in sports doping cases. If a sample has steroid
concentrations outside of expected concentrations it is subject to GC-C-IRMS analysis. The 13C
isotope in exogenous urinary steroids (synthetic) is generally more depleted than endogenous
urinary steroids (biosynthesised)109.
IRMS is commonly applied to the analysis of illicit drug seizures. The ability of IRMS to infer the
common origin or synthetic pathway of two seizures applies not only cultivated and semicultivated drugs but is also applied to fully synthetic substances.
A conventional application of IRMS is the determination of geographical origin of plant
material; this lent itself to the analysis of cultivated drugs such as cannabis using stable isotope
analysis. Much literature has been published on the differences in carbon and hydrogen stable
isotopes of cannabis between geographical locations110-113 and indoor vs. outdoor
cultivation111. Nitrogen stable isotope ratios are used to infer fertiliser sources. This, along with
the climate influence creates isotope profiles unique to a cultivation batch.
IRMS is also used in the analysis of semi-cultivated drugs such as heroin and cocaine114. The
isotope profile of these drugs is a result of environmental factors and the synthesis process.
Not only are they used to determine geographical provenance, but fractionation effects
experienced in the synthesis are specific to a reaction. This means that two samples which
have identical isotope profiles are said to originate from the same synthetic batch. This
forensic intelligence is used by law enforcement to identify main areas of cultivation as well as
to understand trafficking patterns.
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The focus has shifted to the analysis of fully synthesised drugs such as 3,4-MDMA.
Fractionation effects as a result of precursor material, processes and reaction conditions have
been shown to be unique to individual synthetic batches of 3,4-MDMA. The nitrogen and
hydrogen values were found to be specific to synthetic batch and synthetic pathway
respectively and corresponded with intelligence links made by physical examination of the
samples 7,8,53,115.
With the success of using IRMS to analyse high volume drugs, investigations into IRMS analysis
of newer novel drugs of abuse have been increasing. Carbon and nitrogen stable isotope
values of benzylpiperazine (BZP) and trifluoromethylphenylpiperazine (TFMPP) were a point of
discrimination between production batches due to differences in precursor source and could
be used as intelligence to link seizures6,116. The reproducible discrimination of high purity
industrial batches of gamma-butyrolacteone (GBL) has been demonstrated by Marclay et. al117.
The application to synthetic cathinones has only briefly been addressed in literature, but had
shown promise with Nic Daeid et al52 showing discrimination between samples synthesised by
different precursor sources.
1.5.2.2

Analysis of Ephedrine, Pseudoephedrine and methylamphetamine using IRMS

As discussed by Collins and Salouros5, the purity of methylamphetamine (32) seizures has
increased dramatically with some seizures being described as being ‘pharmaceutical grade’.
The organic impurity profile amongst other methods of analysis77 was relied upon to
distinguish between different seizures. Trace amounts of precursor material, by-product or
route markers could provide intelligence and be used to link seizures based on similar chemical
profiles. The absence of distinguishing features means that analysts must turn to other
methods to discriminate at a more sensitive level. The measurement of the carbon, nitrogen
and hydrogen stable isotope ratios using IRMS have shown to be sensitive enough to
discriminate between seizures when other methods of profiling may not.
At NMI, IRMS is routinely applied to ephedrine (24) and methylamphetamine (31) samples
submitted for analysis. The synthesis of methylamphetamine (31) from ephedrine (24) does
not affect the carbon and nitrogen stable isotope ratios51 and therefore its isotopic profile is
reminiscent of the industrial methods used to synthesise the ephedrine (24)9,11,13. The isotope
profile of ephedrine (24) varies extensively, and can be used to discriminate between samples
where other methods may not.
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Ephedrine (24) can be synthesised by one of four industrial methods and is classified into three
main groups dependent on the type of synthesis route employed, whether it is via a natural,
semi-synthetic or fully synthetic pathway. The careful measurement of the carbon, nitrogen
and hydrogen stable isotope ratios allows for the classification of ephedrine (24) and
methylamphetamine (31) based on the route of synthesis of the ephedrine (24) as outlined in
Table 1.2.
The carbon and nitrogen isotope ratios of cultivated plants are influenced by the climatic
conditions in which they are grown such as nitrogen content in the soil, humidity and
precipitation. Therefore the extraction of ephedrine (24) from plants of the Ephedra genus has
a larger range of values compared to those that are synthesised in the laboratory, due to
natural variation and geographical influences. The route of carbon fixation in the
photosynthetic pathway employed by the plant influences the range of carbon values. This is
why naturally derived ephedrine (24) and those originating from pyruvic acid have overlapping
carbon isotope profiles, as Ephedra and sugar beet both utilise C4 photosynthetic pathway84.
The most discriminating factor is the extremely depleted hydrogen values, a result of the
Rayleigh processes that affect the isotopic profile of the plant’s water supply.
Table 1.2: The δ13C, δ15N and δ2H values used for the classification of
methylamphetamine (31) and ephedrine (24)/pseudoephedrine (32) based on synthetic
origin of the precursor employed.
Carbon (‰)

Nitrogen (‰)

Hydrogen (‰)

9,11,13,14

9,11,13,14

11,14

-31.1 to -26.0

-2.2 to 10.6

-193 to -151

-23.7 to -22

2.4 to 7.3

-74 to 243

-27.5 to -25.3

-4.1 to -2.8

75 to 148

Fully Synthetic

-30.2 to -25.9

-16.6 to -3.7

-84 to -45

Phenyl-2Propanone (11)

-39.7 to -30.6

-

-

Natural
Semisynthetic:
Molasses
Semisynthetic:
Pyruvic Acid

There are two semi-synthetic pathways to ephedrine (24), one from pyruvic acid and the
second from molasses. The starting material is fermented before it is reacted with
benzaldehyde (26) to produce L-PAC and reductively aminated to produce ephedrine (24). As
previously mentioned, carbon values are influenced by the photosynthetic pathway of the
plant. Differences in carbon values between each semi-synthetic pathway can be explained by
this process. Sugar beets (responsible for pyruvic acid) operate via a C4 pathway whilst sugar
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cane (responsible for molasses) operates via a C3 pathway. Plants that process carbon dioxide
using the C4 pathway are naturally more enriched in the heavier isotope resulting in a more
positive δ13C value. The hydrogen value of the semi-synthetic pathway is quite variable and is
totally dependent on the benzaldehyde (26) employed in the industrial synthesis. Natural
sources of benzaldehyde (26) have a negative hydrogen value whilst those synthesised
through the catalytic oxidation of toluene have positive values up to +777‰91. Matsumo et
al.118 studied the 2H distribution in ephedrine (24) and pseudoephedrine (32), discovering a
large deuterium concentration on the benzylic hydrogen, most likely the result of a synthetic
benzaldehyde (26) synthesised from the catalytic oxidation of toluene. Despite experiencing an
overall depletion in the ephedrine (24) synthesis, the

enriched deuterium values are

conserved through to the methylamphetamine (31)11. Methylamphetamine (31) samples with
a positive hydrogen can be assumed to be synthesised via a semi-synthetic pathway.
Ephedrine (24) can also be synthesised via a fully synthetic pathway from propiophenone (27).
This involves the halogenation of propiophenone119 (27) followed by an amination with
methylamine and reduction using sodium borohydride36. The sources of carbon and nitrogen
are fully synthetic components and are reliant on the source of precursor used in synthesis.
The carbon source in the synthetic pathway is primarily the propiophenone (27), with only one
carbon added by the methylamine. The carbon and hydrogen stable isotope ratios are not
sufficient to distinguish synthetically produced ephedrine (24) from both naturally or semisynthetically derived ephedrine (24)9. The nitrogen values are the most distinctive, a result of
the methylamine used in synthesis. The depleted nitrogen isotopes are a result of the
purification process of the methylamine. With each distillate fraction, isotope separation
occurs, resulting in a fraction that is more depleted than the one preceding it due to
thermodynamic fractionation13. As the source of nitrogen for both semi-synthetic and
synthetically produced ephedrine (24) is methylamine, further distinction can be made using
carbon isotope ratios in which the synthesised compounds are more depleted in 13C due to the
limitations enforced by reaction kinetics.
Toske et al. 10 compared the carbon stable isotope ratios of methylamphetamine (31) samples
synthesised via P-2-P with those synthesised via ephedrine (24). The carbon stable isotope
ratios of methylamphetamine synthesised from P-2-P were found to be more depleted
than -30.4‰ and could be used in conjunction with the organic impurity profile to classify a
sample as being synthesised from this precursor.
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1.6

Aims and Objectives

The main focus of this research concerns the application of IRMS to profile illicit drug samples.
The project was split into two main research areas:

1.6.1 Isotopic profiling of Synthetic Cathinones
The objectives of isotopically profiling Synthetic Cathinones were:
1. To develop a profiling method for cathinone designer drugs.
2. To investigate whether stable carbon, nitrogen and hydrogen stable isotope ratios of
cathinone designer drugs can provide information which is of value for tactical
intelligence.
These objectives were met by:
x

Determining the carbon, nitrogen and hydrogen stable isotope ratios of seized
synthetic cathinone samples using IRMS.

x

Evaluating the discriminating power of IRMS data and determine its significance in
providing tactical intelligence

x

Synthesising a range of cathinone designer drugs using materials sourced from a range
of suppliers and determining the stable isotope ratios of these materials to assess the
following scenarios:
o

If the same precursors and methods are used to make the same designer drugs
are the isotope ratios comparable?

o

How are the isotope ratios of the final product affected by the addition of
different amine groups to the same precursor material?

x

Assessing the value of the isotopic profiling of designer cathinone drugs for providing
tactical intelligence

1.6.2 Isotopic profiling of Ephedrine synthesised from N-methylalanine
The objectives of profiling ephedrine synthesised via N-methylalanine were:
1. Developing an IRMS profile of ephedrine synthesised from N-methylalanine
2. Expanding the knowledge base concerning IRMS analysis of ephedrine and its
application to methamphetamine profiling.
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These objectives were met by:
x Synthesising multiple batches of N-methylalanine via the t-BOC protection with
subsequent

methylation

and

de-protection

of

the

tert-butoxycarbonyl-N-

methylalanine intermediate.
x

Synthesising multiple batches of ephedrine via the condensation of previously
synthesised N-methylalanine (from alanine) and benzaldehyde.

x

Determining the carbon, nitrogen and hydrogen isotopic ratios of the synthesised
ephedrine using IRMS.

x

Determining the profile of synthesised ephedrine from N-methylalanine with particular
focus on its:
o

Chirality

o

Isotopic profile

x

Completing an isotopic survey of different sources of N-methylalanine.

x

Assessing the differences in isotopic composition of N-methylalanine when
synthesised with different sources of alanine, benzaldehyde and methyl iodide.

x

Assessing whether the carbon, nitrogen and hydrogen stable isotope ratios of
ephedrine synthesised N-methylalanine differ from:
o

Previously reported industrial methods

o

Batch to batch using the same source of N-methylalanine

o

Using different sources of precursor materials;

It is intended that this information be used in the classification of future ephedrine
samples synthesised via this route through IRMS profiling.
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2.1

Materials

i)

Solvents, Reagents and Precursors
x

Alfa Aesar (Gymea, NSW, Australia)

Propiophenone (99%; Product #: A15140; Lot #: 10158905), 4-Methylpropiophenone (94%;
Product #: B21673; Lot #: 10174765), 3,4-Methylenedioxypropiophenone (98%; Product #:
A14465, Lot #: 10119432) and Methylamine (40% w/w; Product #: L00894; Lot #: 10155850-Source III).
x

BDH Laboratory Supplies (Poole, England)

Methyl iodide (Product #: 885853R; Lot # 3690613 334),Tetrahydrofuran (99%).
x

BOC gases, Sydney, Australia

Helium (>99.99%), oxygen (>99.5%).
x

Cambridge Isotope Laboratories Inc. (Andover, MA, USA)

Deuterium oxide (99%, Product #: DLM-4-100, Lot #: 12K-463), Dimethyl sulfoxide-d6
(Product #: DLM-10-25, Lot #: 13B-030).
x

Chemsupply (Gilford, SA, Australia)

Ammonia Solution (32%).
x

Fluka (Steinheim, Germany)

Pyrrolidine (≥99%; Product #: 83240; Lot #: BCBL0538V-Source II), Di-tert-butyl dicarbonate
(≥98%, Product #:34660, Lot #: BCBK7066V), Benzaldehyde (≥99%, Product # 12010, Lot
#:1366836) and N-methyl-L-alanine (≥98%, Product #: 02676, Lot #: BCBK7064V).
x

IVA Analysentechnik (Meerbusch, Germany)

Tin and silver capsules (3.3mm x 5mm).
x

Lancaster Synthesis (Morcambe, England)

Sodium Hydride (60% w/w dispersion oil; Product #:231-587-3, Lot #: FA008376).
x

Mallinckrodt Analytical (Derbyshire, UK)

Dimethylsulfoxide (99%; Lot # 2969KDEL-P).
x

Merck (Kilsyth, Vic, Australia).

Acetone, dichloromethane, diethyl ether, ethyl acetate, glacial acetic acid (100%),hydrochloric
acid (36%) and methanol.
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x

Microsolv (Eatontown, USA)

DEA custom injection buffer.
x

Santa Cruz Biotechnology
N-methyl-D,L-alanine hydrochloride (Lot #: C0315)

x

Shanghai Riche International Co., Ltd. (Shanghai, China)

N-methyl-D,L-alanine (98%).
x

Sigma Aldrich (Castle Hill, NSW, Australia)

Benzaldehyde (≥99.5%, Product #: 418099, Lot #: 06396HMV and 99696DJ), Dimethylamine
hydrochloride (99%; Product #: 126365; Lot #’s: 04719DD-Source I and MKBH4690V-Source
III), Ethylamine (98%; Product #:282831; Lot #: 09412KD), Methylamine solution (40%; Product
#: 426466; Lot #: 05431AO-Source II), Methylamine hydrochloride (Product #: 101120039;
Lot #: BCBF4536V-Source I), Pyrrolidine (≥99.5%; Product #: 398238; Lot #: DV09342CS-Source
I, 99%; Product #: 1001245003; Lot #: SHBBO33V- Source III), Methyl Iodide (≥99%, Product #:
67692, Lot #: SHBD5209V; 99%, Product #: I8507, Lot #’s: STBF2417V and 35H3425), Bromine
(99.99%), L-Alanine (≥98%, Product #A7627, Lot #: BCBF7865V; ≥99%, Product #: 05130, Lot #:
BCBL0498V), D,L-alanine (Product #: A7502, Lot # SCBF9256V), 1,4-Dioxane (≥99.%, Product #:
360481, Lot #: 00647LE), Trifluoroacetic acid (99+%, Product #302031, Lot #: 63796JD; 99.0%,
Product #: T6508, Lot #: SHBF5114V N-methyl-DL-alanine (Product #:M0506, Lot #
BCBK1659V).
x

UNIVAR Ajax Finechem (Seven Hills, NSW, Australia)

Dimethylamine (26%; Product #: 1029, Lot#: 31877- Source II), Iodomethane (Product #: 269,
Lot #: 0811415), Sodium hydroxide pellets and sodium sulfate.
x

VWR Chemicals (Murarrie, QLD, Australia);

Benzaldehyde (Product #: 418099, Lot #: 99696DJ), Isopropylalcohol.
x

Wuhan Hengheda Pharm Co., Ltd. (Hubei, China)

N-methyl-D,L-alanine.

ii)

Standards
x

Sigma-Aldrich

N-Methylhomoveratrylamine.HCl (98%).
x

BOC gases (Sydney, NSW, Australia)

Carbon dioxide (≥99.5%), Nitrogen (>99.99%), Hydrogen (>99.99%) and Helium (99.999%).
x

Environmental Isotopes Pty Ltd (Sydney, NSW, Australia)

NBS 19 (National Bureau of Standards)
x

University of Tokyo
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l-Alanine.
x

Indiana University

Acetanilide, C36 alkane, phenanthrene and icosanoic acid methyl ester.
x

National Measurement Institute (North Ryde, NSW, Australia)

Maleic Acid (Product #: QNMR010, Lot #: 10_Q_02), l-ephedrine.HCl, d-ephedrine.HCl,
l-pseudoephedrine.HCl, d-pseudoephedrine.HCl, N-homoveratrylamine, Methcathinone HCl,
Ethylcathinone.HCl, N,N-dimethylcathinone.HCl, 3,4-methylenedioxymethylcathinone.HCl,
3,4-methylenedioxyethylcathinone.HCl, 3,4-methylenedioxy-N,N-dimethylcathinone,
4-methylmethcathinone.HCl, 4-methylethylcathinone.HCl,
4-Methyl-α-pyrrolidinopropiophenone.HCl, methylephedrine.HCl, phenethylamine,HCl.

2.2

Synthesis

2.2.1 Synthesis of Synthetic Cathinones
2.2.1.1 Synthesis of precursor material1,2
Propiophenone (3,4-methylendioxy- and 4-methyl-; 10 g) in glacial acetic acid (25 mL) was
stirred whilst an equimolar amount of bromine in glacial acetic acid (15 mL) was added dropwise to the reaction mixture. Once added, the reaction was left to stir at room temperature for
6 hours (8 hours for 3,4-methylenedioxypropiophenone reactions).
The reaction mixture was then concentrated under nitrogen to half volume and added slowly
to iced water (100 mL) whilst stirring, keeping the temperature below 20°C. Sodium hydroxide
solution (25% w/v) was used to basify the mixture to pH 10, taking particular care to maintain
the temperature below 20°C.
Dichloromethane (DCM) (3 x 100 mL) was used to extract α-bromopropiophenone,
3,4-methylenedioxy-2-bromopropiophenone and 4-methyl-2-bromopropiophenone as base
oils with the excess DCM evaporated under vacuum. Confirmation was achieved by dissolving
a small amount of the oil in chloroform and analysing this by GC-MS. A small amount of
starting material was also dissolved in chloroform as a comparison. Brominated compounds
were identified by the analysis of mass spectra: having the expected major ions, mass ion and
characteristic quadruplet of ion fragments representative of the four isotopic forms of
bromine. The retention time and mass spectra were also compared to the NMI’s in-house
library and a certified reference material to identify the brominated intermediate.
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2.2.1.2 Synthesis of synthetic cathinones2,3
The appropriate brominated propiophenone oil (1 g) from Section 2.2.1.1 was dissolved in
DCM (10mL). A 10 molar equivalent of an amine (methylamine, ethylamine, dimethylamine
and pyrrolidine) was added and stirred at room temperature for 21 hours (24 hours for
3,4-methylenedioxy-2-bromopropiophenone reactions).
Amine sources in hydrochloride form (HCl) were converted into their free base by preparing
the 10 molar equivalent of amine HCl into a 4 M solution in 10mLs of water (H2O). A molar
equivalent of sodium hydroxide pellets was added to the amine HCl and this solution added to
a stirring 2-bromo- substituted propiophenone in DCM.
Hydrochloric acid (25% v/v, 3 x 15 mL) was added, separated and the aqueous layers
combined. DCM (2 x15 mL) was used to remove unreacted precursor material and impurities.
Concentrated ammonia solution (≈40 mL) was used to adjust the pH of the reaction mixture to
10. The resultant cathinone was extracted with DCM (4 x 20 mL) and the excess DCM
evaporated under vacuum to yield the cathinone as a base oil.
The identity of each cathinone was confirmed by GC-MS, by the comparison of retention time
and mass spectrum of the oils to a certified reference material and matches to NMI’s reference
library.
2.2.1.3 Preparation of synthetic cathinone hydrochloride salts
The product obtained from Section 2.2.1.2 was dissolved in isopropanol (5mL) and the mixture
cooled in an ice bath. Concentrated hydrochloric acid was used to acidify the reaction to pH 3
before diethyl ether (20 mL) was added and the salt formation encouraged by scratching the
side of the reaction vessel with a glass rod. The precipitate was filtered and washed with
acetone.

2.2.2 Synthesis of Ephedrine
2.2.2.1 Synthesis of Precursor material
i)

Synthesis of N-(tert-butoxycarbonyl) alanine4

Alanine (L-alanine or D,L-alanine; 15 g) was added to a stirring mixture of 1,4-dioxane (330 mL)
and water (165 mL). A molar equivalent of di-tert-butyl dicarbonate (Boc2O) was added in one
addition and the pH adjusted with 10% NaOH (w/v in H2O) to pH 10. The reaction mixture was
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left to stir at room temperature for 24 hours. The pH was monitored over the course of the
reaction and maintained at pH 10 with the addition of 10% NaOH solution.
Ethyl acetate (2 x 100 mL) was added, separated and removed and the mixture adjusted to pH
2 using 2 M hydrochloric acid. The aqueous layer was extracted with ethyl acetate (3 x 50 mL).
The ethyl acetate was filtered through sodium sulfate (Na2SO4) and evaporated under vacuum
yielding the title compound as a white solid. The identity was confirmed by the analysis of the
compound’s mass spectra and 1H NMR spectra. Yield: 96%. m/z: 44 (49), 57 (100), 59 (52), 116
(4) 144 (23) 189 (MI).
1

H NMR: δ 12.40 (br s, 1H, -OH), 7.11 (d, 1H, 3JHH=7.56 Hz, -NH), 3.92 (m, 1H, CH), 1.38 (s, 9H,

t-Bu), 1.22 (d, 3H,3JHH= 7.3 Hz, -CH3).
ii)

Synthesis of N-(tert-butoxycarbonyl)-N-methylalanine5

Boc-L-alanine (2 g) was stirred in THF (20 mL) on an ice bath under inert conditions to which a
10 molar equivalent of methyl iodide was added in one addition. To this, a 10 molar equivalent
of sodium hydride 60% dispersion mineral oil was slowly added and the mixture left to stir at
room temperature for 24 hours.
Upon completion, Milli Q water (100 mL) was added to quench the reaction and diethyl ether
(200mL) used to wash the reaction mixture. Using 5 M HCl, the aqueous layer was adjusted to
pH 3. The Boc protected N-methylalanine was extracted using chloroform, dried through
Na2SO4 and the solvent evaporated under vacuum to yield a clear oil which solidified into a
white solid upon standing. Yield: 98%. m/z: 41(30), 45(7), 57(100), 58(75) 102 (68), 158 (6) 203
(MI).
1

H NMR: δ 4.55/4.28 (s, 1H, CH), 2.74 (s, 6H, N-CH3), 1.38 (s, 18H, t-But), 1.29 (d, 6H,

3

JHH=7.41, -CH3).
iii)

Synthesis of N-Methylalanine4

Boc-N-methylalanine was dissolved in DCM before 20% of the DCM volume of trifluoroacetic
acid (TFA) was added drop-wise over a length of time. The mixture was left stirring for 24
hours at room temperature before the DCM was removed under vacuum. To the resulting
brown oil, DCM was added and evaporated (80mL x 2) until the N-methylalanine would not
dissolve in the organic layer.
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Excess DCM was added once again and the solid filtered from the liquid layer. Clean DCM was
added and removed until N-methylalanine was yielded as a white solid. Yield: 100%.
N-methylalanine was identified through NMR spectroscopy and the comparison to a purchased
standard of N-methylalanine.
1

H NMR: δ 8.46 (br s, small peak observed OH), 3.73 (q, 1H, 3JHH=7.23, CH), 2.50 (br s, 1H,

N-CH3), 1.31 (d, 3H, 3JHH= 7.32 Hz,-CH3).
2.2.2.2 Synthesis of Ephedrine6
N-methylalanine (1 g) was dissolved in dimethylsulfoxide (DMSO) (10 mL) and left stirring at
room temperature for 5 minutes before a 2.5 molar equivalent of benzaldehyde (26) was
added drop wise to the reaction mixture. After 30 minutes heat was applied and the reaction
heated at 130°C for 1 hour.
After this time, 5% acetic acid (v/v; 10.3 mL) was added and the reaction refluxed for 3 hours.
The reaction was then removed from heat and allowed to cool to room temperature. DCM (3 x
50 mL) was added and the aqueous layer set aside. To the DCM layer, water acidified to pH 3
with HCl was added and used to re-extract the title compound (3 x 100 mL). The aqueous
layers were combined and washed with DCM before being adjusted to pH 12 using 10% NaOH
aqueous solution. The ephedrine (24) was extracted with DCM and removed under vacuum to
yield the ephedrine (24) as a waxy white powder.

2.3 Profiling of Synthetic Cathinones and Ephedrine samples
2.3.1 Quantification using Gas Chromatography-Flame Ionisation Spectroscopy
(GC-FID)
2.3.1.1 Sample Preparation
i) Synthetic cathinones
Sample material (as a hydrochloride salt; 20mg) was accurately weighed and deionised water
(25 mL) added. To a Pyrex® tube was added: the sample solution (250 μL), phenethylamine
(PEA) internal standard stock solution (0.1mg/mL in H2O, 250 μL), pH 12 phosphate buffer
(2 mL) and toluene (2.5 mL) and extracted for 30 minutes. The mixture was then centrifuged
for 5 minutes at 2500 rpm. The toluene layer was then transferred to a screw cap GC vial and
acetic anhydride (30 μL) dispensed before analysis.
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ii) Ephedrine
Ephedrine (24) base (3-4 mg) was weighed into a 5mL volumetric flask and made to the mark
with toluene. To a Pyrex® tube was added: the sample solution (250 μL), methylephedrine
standard in (0.1 mg/mL in H2O; 250 μL), pH 12 phosphate buffer (2 mL) and toluene (2.25 mL).
The mixture was mixed for 20 minutes, then centrifuged for 5 mins at 2500 rpm. The toluene
layer was transferred into a GC vial where 35 μL of N-trimethylsilylimidazole (TMSI) was added
before analysis.
2.3.1.3 Quantification by GC-FID
Purity was determined by an Agilent Technologies 7890A gas chromatograph fitted with a
flame ionisation detector (FID). Helium was used as a carrier gas with constant flow
(1.2 mL/min) separating the samples on a HP-5 column (0.32 mm i.d. x 30 m, 0.5 μm) fitted
with a deactivated, fused silica retention gap (1 m x 0.25 mm i.d.)
Samples were analysed with the following GC parameters: The temperature of the injection
port was set to 280°C with the temperature program starting at 50°C (1 minute) before being
increasing at a rate of 20°C per minute to 270°C (3 minutes). An injection port liner with glass
wool packing was used for all 1 μL injections made in splitless mode.
Purities were calculated via the analysis of a five point calibration curve created via a range of
dilutions of a standard stock solution. The standard stock solution was created by dissolving a
known amount of the certified reference material into a volumetric flask and making to the
mark with water creating an approximate 1 mg/mL solution. 20, 40, 60, 80 and 100 μL of the
standard stock solution was distributed for each level of calibration and extracted into 1mL of
toluene with 100 μL of 0.1 mg/mL solution of PEA dissolved in water as the internal standard.
The percentage of the respective cathinones and ephedrine (24) as a free base was calculated
using Agilent Technologies GC Chemstation B.03.02 software, as calculated from the input data
and the calibration curve (reported as % m/m).

2.3.2 Identification of Synthetic Cathinones and Ephedrine by GC-MS
2.3.2.1 Sample Preparation
i) Synthetic Cathinone samples
Approximately 1 mg of sample material was weighed into a 4 mL vial to which 1 mL of
deionised water was dispensed. Concentrated ammonia was used to basify the mixture, and 2
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mL of chloroform added and extracted for 15 minutes. The vials were then centrifuged for 5
minutes at 2500 rpm before 200 μL of the chloroform layer was dispensed into a GC vial and
800 μL of clean chloroform added to create an approximate 0.1 mg/mL solution. Certified
reference standards were also prepared in this manner.
ii) Ephedrine samples
Approximately 1 mg of ephedrine (24) base was dissolved in DCM (1mL). Then, 100μL of the
DCM containing the ephedrine (24) sample and 900μL of clean DCM was added to a GC vial for
analysis.
2.3.2.2 Identification using GC-MS
An Agilent Technologies 6890 GC system interfaced with an Agilent 5973N MS detector was
used to analyse the prepared samples. Samples were separated on a HP-5MS column
(0.32 mm i.d. x 30 m, 0.5 μm) fitted with a deactivated, fused silica retention gap
(1 m x 0.25 mm i.d.). Helium, used as the carrier gas, on constant flow mode was set at
1.2 mL/min.
The injection port was set at 280°C and oven set to 90°C (1 minute) and programmed to
increase at 8°C per minute to 300°C (10 minutes). The MS interface, set at 300°C, scanned a
mass range of 30 to 500 amu. An injection port liner with glass wool packing was used for all
1 μL injections made in splitless mode.
Data was acquired using 3D-CE Chemstation Rev B.03.01. The identification of compounds was
made by the comparison of retention time and MS chromatographs of the analysed samples to
a certified reference material.

2.3.3 Chiral analysis of Ephedrine by CE
2.3.3.1 Preparation of reagents for analysis
i) Injection Solvent
The Drug Enforcement Agency’s (DEA) injection solvent concentrate (250 mL) was added to 5 L
volumetric flask and made to the mark with water. To a 2 L volumetric flask was added 400 mL
of methanol and made to the mark with the diluted concentrate previously mentioned.
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ii) Internal standard
N-methylhomoveratrylamine hydrochloride (200 mg) was accurately weighed out into a
100 mL volumetric flask and made to the mark with injection solvent (prepared in part i) to
create an approximate 2 mg/mL solution.
iii) Standard solution
Certified standards of d-ephedrine, l-ephedrine, d-pseudoephedrine and l-pseudoephedrine
were made into separate standard solutions by accurately weighing 10 mg of each into a
volumetric flask and made to the mark with injection solvent. To create the working standards
analysed throughout the sequence, 1 mL of each standard (including the internal standard
prepared in part ii) was added to a 10 mL volumetric flask and made to the mark with injection
solvent made in part i).
2.3.3.2 Sample preparation
Sample material (4 mg) was weighed into a Pyrex® tube and dissolved in 5 mL of CE injection
solvent prepared in Section 2.3.3.1 part i). The sample solution (80 μL) was added to a CE vial
along with 30 μL of the internal standard solution and 890 μL of plain injection solvent.
Alongside the samples, blank samples were also prepared in the same manner.
2.3.3.3 Chirality determination by CE
Samples were analysed by an Agilent Technologies 7100 capillary electrophoremeter with
photodiode array detector. Separation is achieved using an Agilent HPCE standard capillary
(i.d. 50 μL x 56 cm) using a DEA custom chiral buffer (ordered through MicroSolv) with an
applied voltage of 30 kV at 15°C. A run time of 20 minutes allowed for the separation of
d-ephedrine,

l-ephedrine,

d-pseudoephedrine,

l-pseudoephedrine

and

N-methylhomoveratrylamine. The standard working solution was analysed every 5 samples.
Compounds were detected by a photodiode array detector (190 nm -400 nm) with the
detection wavelength set at 195 nm.
Data was acquired and reprocessed using Agilent 3D-CE Chemstation software version B.03.01
to determine the percentage of each enantiomer in relation to the standard.
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2.3.4 Stable Isotope Ratio Analysis of Synthetic Cathinones and Ephedrine
samples using IRMS
2.3.4.1 Sample Preparation
i) Synthetic Cathinones
For the measurement of δ13C and δ15N by EA-IRMS, between 0.5 and 0.6 mg of solid sample
material was measured into tin foil capsules. The cups were folded and stored in a 96 well
plate until analysis.
The analysis of δ2H via TC-IRMS called for 0.15-0.21 mg of sample material to be weighed into
silver foil cups. The cups were also stored in 96 well plates.
For the EA-IRMS analysis of liquids, between 0.8 and 1 μL of amine solutions and 0.3-0.4 μL of
liquid precursor materials was dispensed into tin cups, crimped and immediately subject to
analysis. For TC-IRMS analysis, between 0.4 and 0.6 μL of solutions and 0.1-0.2 μL of liquid
precursors was dispensed into silver cups and immediately analysed.
ii) Ephedrine)
For carbon and nitrogen analysis, between 0.6 and 0.7 mg of sample material was weighed out
into tin capsules, crimped and stored in a 96 well plate until analysis. Hydrogen analysis saw
0.20-0.25 mg of sample material weighed into silver cups, crimped and stored in a 96 well
plate which was placed in a desiccator until analysis.
2.3.4.2 Stable Isotope Ratio Mass Spectrometry
i) Instrumentation
Samples were loaded into a ThermoScientific Flash Elemental Analyser (EA) 1112 with dual
combustion and thermal conversion (TC) capabilities. Connected to a ConFlo IV interface and
Delta V Plus Mass Spectrometer, samples were analysed by continuous flow. Data was
acquired using ISODAT 3.0 (Version 2.84) (ThermoScientific, Bremen, Germany).
ii) δ13C and δ15N by EA-IRMS
Before each sequence acquisition, zero enrichments of CO2 and N2 reference gases were
performed, involving the pulse of these gases through the instrument and the measurement of
the δ values, using one of the peaks as a ‘standard’. This was followed by a jump calibration to
monitor the transition between m/z 28 and 29 to m/z 44, 45 and 46 for the analysis of δ13C and
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δ15N in the same run. The standard deviation of nine 20 second gas pulses was determined to
be less than 0.2% for N2 and CO2.
A typical δ13C and δ15N analysis commenced with the analysis of two blank tin cups to show the
system was void of contamination. The sequence was bracketed by the analysis of a duplicate
of both acetanilide standard and high purity methylamphetamine (31) control. The
methylamphetamine (31) control was also run every fourth sample in triplicate.
The sample was introduced to the combustion chamber, operated at 980°C where it was burnt
in a stream (250 mL/min) of high purity oxygen. The oxidised sample was then reduced in the
presence of copper, and water removed by a magnesium perchlorate trap. The resulting N2
and CO2 then entered the post reactor GC column for separation (85°C). Ultra high purity
helium set at 100 kPa enabled a total run time of 650 seconds. The precision of δ13C and δ15N
measurements were predetermined to be 0.2‰ and 0.4‰ respectively by the laboratory.
iii) δ2H by TC-IRMS
Zero enrichment was performed before analysis, with the standard deviation of nine 20
second pulses determined to be 0.5%. From this, the H3+ factor (3.39‰/nA) was also
determined. The precision of measurements was calculated to be 4‰.
A standard analysis consisted of a triplicate of C36 alkane bracketing the analysis, followed by
the triplicate analysis of methylamphetamine (31) check. The methylamphetamine check was
analysed in triplicate every four samples. In one acquisition cycle, no more than 114 capsules
were analysed before the crucible was emptied.
For analysis, samples were introduced to the TC reactor which consisted of an alumina ceramic
outer containing a glassy carbon tube packed with glassy carbon granulate and silver wool
packing. The furnace operated at 1450°C and GC column at 85°C. Helium pressure was set at
330 kPa for a 300 second run time.
2.3.4.3 Estimation of Measurement Uncertainty
The estimation of the measurement uncertainty is required to determine whether the stable
isotope ratios of the synthetic cathinone or ephedrine (24) samples are comparable or distinct.
The uncertainty was estimated according to GUM uncertainty framework7,8 using the precision
and bias estimated in previous work2,9,10. The expanded uncertainty (U) for δ13C, δ15N and δ2H
measurements were estimated to be ±0.4‰, ±0.5‰ and ±4‰, respectively. The estimates
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were determined to be fit-for-purpose based on the range of values recorded for the
methylamphetamine (31) control (n=1100) analysed every four samples.
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Chapter 3: IRMS Analysis of Synthetic
Cathinones
Part of this research has been included in the following publication:
Collins, M., Doddridge, A. and Salouros, H. Cathinones: Isotopic profiling as an aid to linking
seizures. Drug Testing and Analysis. 2015. Early View. First published online: 5/10/2015.

3.1
Survey of the carbon, nitrogen and hydrogen stable isotope ratios of
seized cathinone samples
3.1.1

Introduction

Stable isotope ratio mass spectrometry has been shown to be useful as a comparison tool for
semi and fully synthetic illicit substances, drawing on the similarities the stable isotope
abundances of samples to make conclusions about a common origin (synthetic batch)1-3 or
precursor source4-6. The application of IRMS to 4-MMC has been briefly explored once before,
showing that different precursor sources with varying stable isotope abundances will produce
results with different isotopic profiles7.
With a limited amount of information available concerning the stable isotope analysis of
synthetic cathinones, a population study was undertaken to see whether the stable isotope
ratios of synthetic cathinones have sufficient variation to be useful as a comparison tool.
To understand and assess the potential for IRMS to be applied to synthetic cathinones, 74
samples of 3, 4-MDMC from 21 different seizures, 37 samples of 4-MMC from 19 different
seizures and 22 3, 4-MDPV samples from 9 different seizures were subject to EA/TC-IRMS and
their carbon, nitrogen and hydrogen stable isotope ratios measured (refer to Section 2.3.3).
These samples were submitted to NMI’s AFDL between 2008 and 2014 by the AFP and subject
to identification by GC-MS and quantification by GC-FID prior to analysis by IRMS. These
cathinones were chosen as they were previously encountered by the laboratory and a high
number of them were readily available for analysis.
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The main aim of this section was to measure and assess the value of intelligence provided by
the analysis of the carbon, nitrogen and hydrogen stable isotope ratios and its ability to
discriminate between samples of unknown origin.3.1.2 IRMS analysis of seized Synthetic
Cathinones
The stable isotope analysis of synthetic and semi-synthetic drugs is a relatively new focus of
investigation. Differences in isotopic ratio in synthetic and semi-synthetic drugs can be a result
of stoichiometry, precursor source1,2 and processes3. A large variation of delta values across
the three synthetic cathinones exists, suggesting that the final results are representative of
individual syntheses, rather than a common synthetic pathway.
The δ13C isotope abundances range between -32.8 and -26.1‰, δ15N between -16.6 and -3.2‰
and δ2H between -152 and +72‰. The individual results (the average of triplicate analysis)
were separated by drug type and presented in Tables 3.1-3.3. The simple transcription of these
results into a three dimensional graph (Figures 3.1-3.3) provides clear visual discrimination of
samples which are clearly unrelated. By plotting the carbon, nitrogen and hydrogen stable
isotopes results can easily be interpreted. Graphs similar to Figures 3.1-3.3 are useful aid when
comparing the stable isotope ratios.
The measurement uncertainty estimation described in Section 2.3.3.3 is used to discriminate
between samples. For carbon stable isotope analysis the measurement uncertainty is ±0.4‰,
for nitrogen analysis it is ±0.5‰ and for hydrogen analysis the measurement uncertainty is
±4‰. When the difference in isotope ratios is less than the measurement uncertainty, the
samples cannot be distinguished from one another.
It is not unreasonable to assume that samples whose carbon, nitrogen and hydrogen stable
isotope ratios are within the uncertainty may originate from a common source. For example,
five samples of 3,4-MDMC comprising Seizure 3 have δ13C values between -29.2 and -29.5‰,
δ15N between -5.2 and -5.6‰ and δ2H between -10 and -15‰ (Table 3.1, Figure 3.1). In
another example, ten samples of 3,4-MDPV (Table 3.3, Figure 3.3)) also had a small range of
stable isotope ratios, with δ13C values between -28.8 and -28.5‰, δ15N between -6.5
and -6.9‰ and δ2H between -147 and -139‰. Failure to discriminate between these samples
is not surprising, as the chance that samples comprising the same seizure will have a greater
likelihood of originating from the same chemical batch, than those which comprise different
seizures.of the
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Table 3.1: δ13C, δ15N and δ2H stable isotope values of selected 3, 4methylenedioxymethcathinone (3, 4-MDMC) samples (‰). The reported values are the
mean value of triplicate analysis.
Seizure
#

Sample
#

δ13CVPDB
(±0.4‰)*

δ15NAir
(±0.5‰)*

δ2HVSMOW
(±4‰)*

Seizure
#

Sample
#

δ13CVPDB
(±0.4‰)*

δ15NAir
(±0.5‰)*

δ2HVSMOW
(±4‰)*

1

1

-28.5

-8.6

-25

11

4

-32.6

-11.0

-40

2

-28.6

-8.7

-27

5

-32.7

-10.9

-39

3
1

-28.5
-28.9

-10.5
-11.7

-29
-23

6
7

-32.3
-32.3

-10.6
-11.8

-41
-29

1

-29.3

-5.5

-12

8

-30.5

-9.3

-28

2
3

-29.4
-29.2

-5.6
-5.5

-12
-13

9
1

-32.4
-32.8

-10.8
-10.9

-14
-15

4

-29.5

-5.4

-15

1

-31.0

-11.2

-12

5

-29.5

-5.2

-10

2

-31.0

-11.1

+2

1

-29.5

-7.4

+50

3

-31.0

-11.2

-7

2

-29.4

-6.9

+46

4

-30.7

-12.1

-4

3

-28.7

-11.3

-27

5

-31.1

-10.6

+2

4

-28.5

-11.2

-33

6

-31.0

-11.3

+1

5

-28.5

-10.1

-28

7

-31.0

-11.1

-6

6

-29.3

-11.1

-15

8

-30.9

-11.0

+3

1

-30.2

-6.8

+20

9

-31.0

-11.2

+3

2
3
1
1
2
1
1
2

-30.1
-30.2
-29.9
-29.9
-30.3
-26.6
-29.8
-29.8

-6.8
-6.8
-6.7
-7.4
-7.7
-11.9
-5.6
-5.8

+24
+20
+31
+39
-1
-14
+10
+15

10
1
1
2
1
1
2
1

-30.5
-31.9
-30.9
-31.4
-29.0
-27.0
-26.6
-28.4

-12.2
-11.7
-11.2
-11.4
-10.6
-12.0
-12.0
-14.1

-1
-21
-38
-36
-9
-16
-8
-68

3

-30.1

-5.9

+12

1

-30.6

-9.3

-34

4

-29.8

-5.7

+12

2

-30.6

-9.3

-36

5

-29.9

-5.9

+16

3

-30.6

-9.4

-36

6

-30.0

-5.9

+9

4

-30.6

-9.4

-38

7

-31.1

-7.0

+1

1

-30.6

-7.1

-27

8

-31.3

-6.5

-21

2

-30.5

-9.5

-35

2
3

4

5

6
7
8
9

10
11

12
13

14
15
16
17
18
19

20

9

-32.3

-9.9

-33

3

-30.6

-9.3

-47

10

-32.2

-9.7

-38

4

-30.4

-9.5

-34

11
1

-32.2
-32.3

-9.8
-10.0

-33
-34

5
6

-30.8
-30.8

-7.1
-7.2

-18
-21

1

-32.6

-10.3

-35

7

-30.6

-9.2

-38

2
3

-32.5
-32.4

-10.9
-10.8

-42
-45

8
1

-29.0
-31.0

-10.6
-7.2

+1
+72

21
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Table 3.2: δ13C, δ15N and δ2H stable isotope values of selected 4-methylmethcathinone (4MMC) samples (‰).The reported values are the mean value of triplicate analysis.

Seizure Sample δ13CVPDB
δ15NAir
δ2HVSMOW
#
#
(±0.4‰)* (±0.5‰)* (±4‰)*
1
1
-28.7
-7.8
-66
2
-30.4
-7.2
-50
2
1
-29.3
-6.3
-48
3
1
-26.8
-6.3
-58
4
1
-30.5
-7.1
-83
2
-30.6
-7.4
-74
5
1
-28.6
-2.7
-14
6
1
-30.1
-8.3
+11
2
-29.3
-11.6
-47
-30.4
-7.4
3
-83
7
1
-29.2
-3.3
-24
8
1
-29.2
-4.0
-28
2
-29.1
-3.2
-71
3
-4.1
-26
-29.4
4
-4.0
-25
-29.4
-28.5
5
-8.4
-9
9
1
-29.9
-11.3
-53
10
1
-29.1
-3.1
-26
11
1
-31.2
-10.8
-37
2
-28.9
-8.6
-44
12
1
-27.6
-4.5
-28
13
1
-28.7
-5.6
-5
2
-28.7
-4.8
-1
14
1
-30.7
-10.9
-29
15
1
-28.4
-6.4
-8
16
1
-28.5
-6.5
-9
2
-28.4
-6.4
-10
17
1
-28.4
-6.2
-8
2
-28.3
-6.2
-9
3
-5.7
-8
-28.2
4
-5.4
+4
-28.6
-28.3
5
-5.2
-7
18
1
-28.4
-7.7
+1
2
-29.3
-5.1
-19
19
1
-28.7
-4.2
-2
2
-26.1
-4.5
-75
-26.3
3
-3.7
-78
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Table 3.3: δ13C, δ15N and δ2H stable isotope values of selected 3, 4methylenedioxypyrovalerone (3, 4-MDPV) samples (‰).The reported values are the mean
value of triplicate analysis.

Seizure #

Sample #

1
2
3
4

1
1
1
1
2
3
4
1
1
2
1
2
3
4
5
6
7
8
9
10
1
1

5
6
7

8
9

δ13CVPDB
δ15NAir
(±0.4‰)* (±0.5‰)*
-30.5
-9.4
-29.5
-4.3
-29.4
-16.6
-29.4
-4.1
-29.5
-4.5
-3.6
-28.9
-30.8
-4.1
-29.3
-16.6
-29.9
-9.7
-30.6
-5.4
-28.6
-6.8
-28.6
-6.7
-6.8
-28.5
-6.7
-28.5
-6.9
-28.6
-6.8
-28.8
-6.6
-28.6
-6.5
-28.5
-6.6
-28.5
-28.5
-6.7
-31.3
-10.1
-31.1
-10.1
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δ2HVSMOW
(±4‰)*
-62
-116
-36
-113
-152
-122
-62
-35
-70
-140
-145
-147
-147
-143
-142
-141
-139
-146
-144
-144
-92
-86
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Figure 3.1: Multivariate representation of δ13C, δ15N and δ2H of 3,4-methylenedioxymethcathinone (3,4-MDMC) seized between 2009 and 2014.
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Figure 3.2: Multivariate representation of the δ13C, δ15N and δ2H of 4-methylmethcathinone (4-MMC) seized between 2009 and 2014.
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Figure 3.3: Multivariate representation of the δ13C, δ15N and δ2H of 3,4-methylenedioxypyrovalerone (3,4-MDPV ) seized between 2009 and 2014
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Knowing this information, links between operationally unrelated samples which have all three
stable isotope ratios within measurement uncertainty can be made. As an example, the stable
isotope ratios of 3,4-MDPV Seizure 2 are indistinguishable from half of the samples of Seizure
4 (Table 3.3, Figure 3.3). 3,4-MDMC Seizure 19, consisting of four samples whose δ13C value
is -30.6‰, and have δ15N and δ2H between -9.3 and -9.4‰ and -34 and -38‰ respectively, are
indistinguishable from four of the eight samples comprising Seizure 20. They have δ13C, δ15N
and δ2H values between the ranges of: -30.4 and -30.6‰, -9.2 and -9.5‰ and -34 and -38‰
respectively, with one of the samples having a hydrogen stable isotope ratio of -47‰, 1‰
outside of measurement uncertainty. Despite being seized at different events, the chance of
randomly having the same stable isotope ratios is small, with the chance decreasing with the
addition of each element. Having all three elements within measurement uncertainty could be
reason to believe that the samples share a common origin.
Even samples which share operational information, may not share a common source.
3,4-MDMC Seizure 9 is an example of this in which the eleven samples submitted under the
same seizure can be separated into four different subgroups dependent on the carbon,
nitrogen and hydrogen stable isotope ratios (refer to Table 3.1, Figure 3.1). The first group of
six samples have δ13C values ranging from -30.0 and -29.8‰, δ15N from -5.6 to -5.9‰ and δ2H
from +9 to +16‰. These differ from another three samples which have δ13C values
between -32.3 and-32.2‰, δ15N between -9.9 and -9.7‰ and δ2H between -38 and-33‰. The
remaining two samples can be completely distinguished from all other samples in this seizure
group. This information is useful as the intelligence provided from this analysis may aid in an
operational sense, allowing links between samples to either be established or ruled out.
Synthetic cathinones with similar chemical profiles could be distinguished by differences in
isotopic abundance which are related to precursor source1,5. Seizures 18 and 21 in Table 3.1
(Figure 3.1), 3, 5, 9 and 10 in Table 3.2 (Figure 3.2) all consist of one sample whose stable
isotope ratio data distinguishes them from the rest of the population. Despite limited
background knowledge of a samples synthetic history, stable isotope ratios of these synthetic
cathinones can be used to confirm that all these samples originated from completely different
synthetic batches to others in this survey.
It is the experience of NMI’s AFDL, that most synthetic cathinone samples submitted for
analysis are high purity and racemic. A limited number of synthetic routes producing high
purity products restrict the amount of strategic intelligence gained from profiling designer
cathinones. Stable isotopes of precursors have shown to provide discrimination between
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synthetic drugs synthesised from different sources1,5,6. Having access to a quick discriminating
tool would be beneficial for analysts to discriminate between synthetic batches of cathinones.
Used as corroborative evidence alongside organic impurity profile, IRMS has the potential to
be a quick method of analysis for the confirmation or exclusion of links between seizures.
The carbon, nitrogen and hydrogen isotope ratios have shown enough variability between
seizures to be useful for forensic intelligence purposes. Understanding the influences on the
final stable isotope ratios of the synthetic cathinones is important in the interpretation of
results. This was the rationale behind synthesising a range of synthetic cathinones in Section
3.2.

3.2

Synthesis and stable isotope analysis of Synthetic Cathinones

3.2.1 Introduction
The application of IRMS to illicit drugs has been discussed in Section 1.5.2.1, with no stable
isotope ratio studies conducted on synthetic cathinones. In the early stages of this research
Nic Daeid et al.7 published a paper focussing on the synthesis of 4-MMC and the fractionation
that occurs between precursor and product. Different batches of 4-MMC were synthesised
using two different propiophenone sources and the carbon and hydrogen isotope ratios of the
propiophenone compared to the resultant 4-MMC. This indicated that the carbon and
hydrogen stable isotopes could be used to distinguish between 4-MMC synthesised from
different precursor materials. The carbon, nitrogen and hydrogen stable isotope ratios of
methcathinone were also explored by Salouros et al.9, but only as an intermediate in the
synthesis of methylamphetamine via ephedrine synthesised from propiophenone9.
As previously discovered, the range of carbon, nitrogen and hydrogen stable isotope ratios
spanned a large range, and varied enough to provide discrimination between most samples.
Whether these variations are a result of precursor materials or fractionation experienced
within the synthetic process is important when deciding how this data can be used as forensic
intelligence.
The aim of this was to investigate the carbon, nitrogen and hydrogen stable isotope ratios of
synthesised designer cathinones to aid in the interpretation of isotopic profiles when
comparing two samples.
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3.2.2 Synthesis of synthetic cathinones
The synthesis of ten synthetic cathinones is described in Section 2.2.1. The halogenation of
three substituted propiophenones and their subsequent reaction with different amines yielded
a variety of synthetic cathinones. Each cathinone was identified by GC-MS by the comparison
of retention time and mass spectrum to a certified reference material.
There was no certified reference material available for 4-methyl-N,N-dimethylcathinone.
Instead, the two synthesised compounds were sent for quantitative NMR (qNMR) analysis. The
interpretation of the proton NMR spectrums and mass spectrum confirmed the synthesis of
4-methyl-N-N,dimethylcathinone and determined it to be sufficiently pure for analysis by
EA-IRMS. Appendix 2 contains the NMR data and interpretation.
Yields were between 72-83% of the HCl salt of the desired compounds, with the purities
(determined by GC-FID) all greater than 93%. As purities above 95% are considered to be high,
all synthesised compounds were deemed suitable for IRMS analysis.

3.2.3 Stable Isotope Analysis of Synthesised Synthetic Cathinones
The ultimate goal of illicit drug profiling is to ascertain any characteristic features from a single
sample through its chemical analysis such as synthetic pathway or reagents. Similar features
are used to identify possible links between samples which may be used to provide information
to law enforcement to assist in the investigation of serious and organised crime.
The ease of synthesis of these compounds make them a viable option for large scale industrial
synthesis, especially of the halogenated intermediate which can be later separated into
portions and reacted with the appropriate amine to afford a variety of different synthetic
cathinones. To assess the viability of using the carbon, nitrogen and hydrogen stable isotopes
of synthetic cathinones to provide linkage evidence between batches, a bulk of halogenated
propiophenone (from three different substituted propiophenones) was synthesised and split
into smaller amounts, to be reacted with different amine sources. Three sources of
methylamine, one source of ethylamine, three sources of N,N-dimethylamine and three
sources of pyrrolidine were used. This resulted in 32 synthesised compounds subject to IRMS
analysis and their carbon, nitrogen and hydrogen stable isotopes compared. The results have
been tabulated in Table 3.4.
Synthesis of the intermediate products showed no change in carbon isotope ratios between
propiophenone and 4-methylpropiophenone and their halogenated counterparts. As the
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addition of the halogen does not entail any structural changes to the carbon skeleton, this
result was expected and also coincides with the results obtained by Nic Daeid et al7.
Initial observation of the carbon, nitrogen and hydrogen stable isotope ratios of the synthetic
cathinones reveal a large variation in all three stable isotopes as seen in Section 3.1 (refer to
Table 3.4). The carbon stable isotope ratios ranged between -34.5 and -25.2‰, the nitrogen
between -16.7 and +10.4‰, and hydrogen had the largest range between -154 and +12‰. As
mentioned previously, samples are considered chemically unrelated if they are outside of
measurement uncertainty (±0.4‰ for δ13C, ±0.5‰ for δ15N and ±4‰ for δ2H). As a result, most
of the synthesised cathinones can be distinguished from one another using a combination of
the three light stable isotopes. Despite the limited pool of precursor sources, a large variation
in delta values exists for each element. In this case, the stable isotope profile of the product
cannot be narrowed down to just precursor influence but are also a result of kinetic
fractionation during their synthesis.
The extent of kinetic effects was examined by the depletion or enrichment of the nitrogen
value of the desired cathinone in relation to the amine source. The reaction involves an S N2
nucleophilic substitution between the β-brominated substituted propiophenone and desired
amine. The reaction rate differences between the heavy and light isotopes play a large part in
the nitrogen value of the desired cathinone. The nitrogen isotope ratios of a majority of the
synthesised cathinones were more depleted when compared to the amine source. With the
lighter isotopes expected to undergo the reaction with a lower activation energy barrier it is
understandable that the synthetic cathinone experiences a depletion in comparison to the
amine source. Methylamine Source III and dimethylamine Source II with δ15N of 6.1 and 4.9‰
respectively produced compounds with δ15N between -8.0 and -1.5‰. This result is expected
and coincides with the results recorded by Salouros et al.9 as well as Nic Daeid et al7.
With nitrogen isotopes ratios being so varied, it can be concluded that nitrogen is certainly
influenced by kinetic fractionation effects within individual syntheses. Being so sensitive,
samples which have identical isotope profiles within measurement uncertainty including
nitrogen values may be a result of the same synthetic batch. To test this theory, two batches of
4-methyl-2-bromopropiophenone were synthesised under the same conditions. This resulted
in two batches of 4-methyl-2-bromopropiophenone with an identical isotope profile. When
the precursor was reacted with the different amine sources, replicated syntheses produced
cathinones with differentiable isotope profiles based on the nitrogen stable isotope ratios. For
example, when both synthesised 4-methyl-2-bromopropiophenone were reacted with
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methylamine Source I and II, the carbon and hydrogen stable isotopes could not be
differentiated. Based on the δ15N of -3.0 and -4.7‰, the samples can be separated according
to production batch. If replicating reaction conditions in a laboratory environment results in
discriminating nitrogen isotope ratios, samples with identical nitrogen stable isotope ratios
synthesised in a clandestine environment, where there is minimal quality control, would, be
more likely to have originated from the same production batch.
However, care must be taken when interpreting these results. Whilst a majority of the
replicates could be discriminated, just under half of the cathinones could not. For example,
dimethylamine Source III produced 4-methyl-N,N-dimethylamine (11) with the following
profile: δ13C= -30.3‰, δ15N= +0.8‰ and δ2H= -64‰ (refer to Table 3.4). When reacted with
the second batch, the resultant 4-methyl-N,N-dimethylamine (11) had the following profile:
δ13C= -30.2‰, δ15N= +0.3‰ and δ2H= -67‰. All stable isotope ratios fall within measurement
uncertainty and cannot be differentiated. All three 4-MePPP (14) synthetic cathinones
synthesised from Batch 1 cannot be differentiated from those in Batch 2 which were
synthesised with the same pyrrolidine source.

3.3

Conclusions

To study the carbon, nitrogen and hydrogen stable isotope ratios of a range of synthetic
cathinones, ten different synthetic cathinones were successfully synthesised from bulk
amounts of in-house halogenated α-bromopropiophenone,
3,4-methylendioxy-2-bromopropiophenone and 4-methyl-2-bromopropiophenone. As the
halogenation of the substituted propiophenone did not involve a structural change to the
carbon skeleton, carbon isotope ratios were conserved throughout their synthesis.
Setting out with the goal to investigate the application of light element stable isotope analysis
of synthesised cathinone analogues, it was found that there was substantial variation in
isotope profiles to discriminate between different synthetic batches of the same cathinone.
The comparison of carbon, nitrogen and hydrogen stable isotope ratios of the synthesised
compounds allowed the majority of cathinones to be distinguished from one another despite
being synthesised from the same pool of precursors. Where carbon and hydrogen results failed
to differentiate, nitrogen isotope ratios could be used to determine that two samples
originated from different synthetic batches.
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It is proposed that the large variability in nitrogen isotope ratios was the result of kinetic
influences within individual syntheses. The sensitivity of the nitrogen atom to small
fluctuations in the reaction vessel results in meaningful tactical intelligence which would be
particularly useful for comparing clandestinely manufactured synthetic cathinones where
quality control is low and there is a larger degree of variability.
However, as previously stated, some caution is required. These results must be used with
caution as there are some instances where synthetic cathinones synthesised with the same
precursor materials and using the same reaction conditions can produce two isotope profiles
identical within measurement uncertainty.
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Table 3.4: The δ13C, δ15N and δ2H of propiophenone and amine precursor sources, their halogenated intermediates and synthetic cathinones.

3,4-methylenedioxypropiophenone

Propiophenone
13

13

δ CVPDB= -26.5‰
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Methylamine

Dimethylamine

Pyrrolidine

3,4-methylenedioxy-2bromopropiophenone

4-methyl-2bromopropiophenone I

4-methyl-2bromopropiophenone II

δ CVPDB= -27.5‰
2
δ HVSMOW=39‰

δ CVPDB= -27.5‰
2
δ HVSMOW=39‰

13

13

δ CVPDB= -32.4‰

13

δ15NAIR

δ13CVPDB

δ2HVSMOW

δ15NAIR

δ13CVPDB

δ2HVSMOW

δ15NAIR

δ13CVPDB

δ2HVSMOW

δ15NAIR

δ13CVPDB

δ2HVSMOW

δ15NAIR

δ13CVPDB

δ2HVSMOW

-4.6
8.2
6.1
-11.9
1.1
4.9
0.1

-45.8
-42.4
-38.2
-26.5
-46.8
-29.0
-44.4

-84

-10.5
-16.7
-8.0
-9.8
3.5
-3.2

-28.1
-25.2
-26.7
-26.2
-29.9
-27.2

-55
-26
-30
-69
-78
-86

-4.3
10.4
-2.8
-10.4
1.0
-2.7

-30.0
-30.6
-29.8
-28.1
-31.5
-28.9

7
12
-4
-16
-31
-16

9.3

-36.3

-3.0
-2.7
-1.5
-8.6
1.5
-4.1
0.8
0.4
-0.5
-0.5

-29.2
-29.0
-29.0
-27.3
-30.9
-28.5
-30.3
-31.8
-33.8
-34.2

-38
-43
-35
-57
-60
-69
-64
-94
-154
-118

-4.7
-4.0
-4.1
-13.0
2.6
-3.3
0.3
0.1
-1.1
-0.6

-29.0
-28.5
-28.5
-27.2
-30.5
-28.0
-30.2
-30.9
-33.6
-33.2

-43
-42
-49
-56
-62
-76
-67
-94
-154
-117

-93

-83
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Ethylamine

Source*
I
II
III
I
I
II
III
I
II
III

13

δ CVPDB= -27.5‰

δ CVPDB= -29.4‰,
2
δ HVSMOW=53‰

α-Bromopropiophenone
Amine

4-methylpropiophenone

13

δ CVPDB= -26.5‰
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Chapter 4: IRMS Analysis of
Ephedrine synthesised from
N-methylalanine
4.1

Introduction

The control of ephedrine (24) coupled with the role it plays in ATS manufacture has the
potential to encourage those inclined to turn to other measures to have access to it. This
access

may be gained through the diversion of legitimate supplies or importation of

pre-precursors and its clandestine manufacture. Searching the internet forums, there was
some discussion of the synthesis of ephedrine (24) from the uncontrolled amino acid
N-methylalanine. This synthesis involves an Akabori-Momotani reaction, which is the
condensation of an α-amino acid and aromatic aldehyde. In this case the amino acid
N-methylalanine is reacted with the aromatic aldehyde benzaldehyde (27) to yield high purity,
racemic ephedrine (24) and pseudoephedrine (32).
Stable IRMS is used to analyse methylamphetamine (31) and ephedrine (24) to provide
strategic intelligence about the synthetic origin of ephedrine (24) (see Section 1.5.2.2). It was
sought to see whether IRMS has the ability to distinguish between ephedrine (24) produced by
industrial means from that produced by the novel synthetic route mentioned above. The
tactical intelligence available from the carbon, nitrogen and hydrogen stable isotope ratios was
assessed and the ability of these isotope ratios to provide inter-batch discrimination when the
same precursor sources and different precursor sources are used was also investigated. The
ability to pre-emptively profile this synthesis scheme provides an advantage to law
enforcement as this intelligence could be used to detect and monitor a change in the
manufacturing market if it were to occur.
The overall aim of this section was to compile a working stable isotope profile of ephedrine
(24) synthesised from N-methylalanine. The first step was determining the range of carbon,
nitrogen and hydrogen stable isotope ratios of ephedrine (24) when synthesised from
N-methylalanine. Various precursor sources were sourced online and used to synthesise
thirty-seven different batches of ephedrine (24). Both N-methylalanine and benzaldehyde (27)
with varied isotopic compositions were employed and the ephedrine (24) base yielded subject
to isotopic analysis by IRMS. These results are recorded in Table 4.1.
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The isotopic composition of the thirty-seven different synthetic batches of ephedrine (24)
ranged between -38.4 and -29.9‰ for carbon, -24.3 and +10.1‰ for nitrogen and -39 and
+335‰ for hydrogen. This data is represented in Figures 4.1 to 4.3. Each data point represents
a different synthetic batch of ephedrine (24) with the data series linking batches employing the
same precursor materials. The differences between batches can be attributed to both the
isotope profiles of the precursor material and kinetic fractionation (in the case of the nitrogen
isotope ratios). The contributors to each element are varied and are discussed below.

4.2 Contributors to the stable isotope ratios of Ephedrine synthesised
from N-methylalanine.
4.2.1 Carbon
Whilst covering a relatively small range, the

13

C/12C values were quite depleted when

compared to ephedrine (24) synthesised by other methods. Carbon stable isotope ratios of the
synthesised ephedrine (24) ranged between -29.7‰ and -37.9‰. Natural and synthetic
ephedrine’s (24) are known to have carbon stable isotope ratios more enriched from -32‰ so
classification cannot be made based solely on a depleted carbon value1-3. However, the NMI
has not encountered methylamphetamine (31) synthesised from ephedrine (24) with a carbon
isotope profile more depleted than -32‰, nor have they been encountered by other
authors1,2,4,5. Methylamphetamine (31) with carbon stable isotope ratios more depleted than
this are typical of a preparation from P-2-P6.
As ephedrine (24) hasn’t been previously encountered with such a depleted carbon isotope
profile, the contributions to the final carbon stable isotope ratios were investigated.
Isotope analysis of N-methylalanine by IRMS revealed that it typically has a carbon ratio more
depleted than -31‰ (refer to Table 4.1, Figure 4.1). The more depleted the carbon isotope
ratio of one starting material is, the more depleted the ephedrine (24) will be when compared
to one synthesised from another precursor that is more enriched. As an example, two sources,
Online Source 1 and 2 (refer to Table 4.1) were purchased online from a lightly controlled
online marketplace sourced from two different chemical manufacturing companies. These two
N-methylalanine sources were the most enriched in this study, having carbon isotope ratios of
-31.5‰ and -31.4‰. They produced ephedrine (24) with carbon isotope ratios
between -29.7‰ and -32.9‰. The most depleted N-methylalanine source, a standard
purchased from Sigma-Aldrich, had a carbon value of -50.8‰ and produced ephedrine (24)
with the most depleted carbon isotope ratios at -33.6‰ and -37.9‰ (as seen in Figure 4.1).
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Differences in the ratio of

13

C to

12

C between batches of ephedrine (24) are attributed to

differences in isotopic composition of the starting material, N-methylalanine. Sources of
benzaldehyde (27) were also subject to isotope profiling (refer to Table 4.2) revealing little to
no variation in carbon isotope profiles and therefore would have a comparable contribution
regardless of the benzaldehyde (27) source employed. In addition to this, there was no
systematic fractionation and ephedrine (24) cannot be linked to a specific N-methylalanine
source. For example, Online Source 1 and Online Source 2, differentiable by the nitrogen stable
isotope profile, are isotopically identical (within measurement uncertainty) when only carbon
is considered. Both these sources produced ephedrine (24) covering a similar range of carbon
isotope profiles, which were inside and outside of measurement uncertainty of their own
carbon profile (refer to Figure 4.3).
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Table 4.1: The δ13C, δ15N and δ2H of ephedrine (24) synthesised from N-methylalanine and
benzaldehyde (27), including precursor materials.
N-methylalanine
source

Online Source
Batch 1
δ13C = -31.5‰
δ15N = -8.7‰
δ2H = -78‰

Online Source
Batch 2
δ13C = -31.4‰
δ15N = -6.0‰
δ2H = -69‰

Benzaldehyde
source

Ephedrine/
Pseudoephedrine
Synthesis Batch #

Batch 1
Fluka
Lot #1366836
δ13C = -25.1‰
δ2H = -52‰

1
2
3
4
5
6
7
8
9
10
11

-6
-2.1
-10.8
-3.1
-4.3
-0.1
-7.2
-1.0
0.4
-1.5
-5.2

-31.3
-30.8
-33.1
-30.9
-32.4
-30.9
-31.5
-30.8
-30.7
-29.9
-30.1

-60
-60
-77
-58
-79
-62
-66
-62
221
252
238

12
13

-1.7
-3.6

-30.9
-30.8

178
169

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

-0.4
-14.4
-12.2
3.1
0.9
-0.6
-4.3
0.8
-0.5
-9.6
-6.1
-0.8
1.7
5.9
3.6
4.8

-31.2
-32.9
-31.2
-30.9
-31.0
-31.1
-31.0
-30.9
-30.9
-29.9
-30.0
-30.4
-29.7
-29.7
-30.9
-30.5

-59
-72
-70
-56
-54
-59
-63
-53
-58
205
207
231
257
258
184
184

30
31

-14.5
-24.3

-30.7
-30.9

161
149

32
33

-2.3
10.1

-38.4
-37.9

-55
-39

Batch 1

34

-8.5

-37.7

-96

Batch 2

35

-3.7

-34.7

335

Batch 4

36

2.3

-34.9

125

Batch 1

37

-9.9

-32.2

-66

Batch 2
Sigma
Lot #06396HMV
δ13C = -25.3‰
δ2H = +613‰
Batch 3
Sigma
Lot #99696DJ
δ13C = -26.3‰
δ2H = +552‰
Batch 1

Batch 2

Batch 3

Sigma-Aldrich
δ13C = -50.7‰
δ15N = -0.7‰
δ2H = -12‰
Fluka
δ13C = -43.3‰
δ15N = -4.7‰
δ2H = -155‰
Seizure 1
δ13C = -31.6‰
δ15N = -9.1‰
δ2H = -90‰

Batch 4
VWR
Lot #290WR
δ13C = -25.6‰
δ2H = +539‰
Batch 1

75

Ephedrine/
Pseudoephedrine (‰)
δ15N
δ13C
δ2H

Key for
Figures
4.1 to 4.3

●

●
●

●

●
●
●
●
●
●
●
●
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Table 4.2: δ13C and δ2H of different benzaldehyde sources.

δ13CVPDB δ2HVSMOW
(‰)
(‰)

Supplier

Prod #

Lot #

Source 1

Fluka

12010

1366836

-25.1

-52

Source 2

Sigma-Aldrich

418099

06396HMV

-25.3

+613

Source 3

Sigma-Aldrich

418099

99696DJ

-26.3

+552

Source 4

VWR

20863291

#290WR

-25.7

+539

4.2.2 Nitrogen
The nitrogen isotope ratios were sensitive to changes in reaction conditions as shown by the
large variation in the nitrogen stable isotope ratios (refer to Table 4.3, Figures 4.1 and 4.2).
Where other elements were able to provide linkage between batches due to precursor
materials, the nitrogen isotope ratios removed any correlation due to their widespread
variance.
The 15N/14N ratio of ephedrine (24) was variable even when the same precursor materials were
employed and when care was taken to control reaction conditions. As an example, six of the
eight synthetic batches of ephedrine (24) produced using N-methylalanine Online Source 1 and
Benzaldehyde Source 1 have identical (within measurement uncertainty) carbon and hydrogen
isotope profiles with δ13C between -31.5 and -30.8‰ and δ2H between -58 and -66‰. Each of
the synthetic batches can be distinguished from one another based on the nitrogen isotope
ratios ranging between -7.2‰ and -0.1‰. Synthesis Batch 4 (δ13C =-30.9‰, δ2H=-58‰)and
Synthesis Batch 6 (δ13C =-30.9‰, δ2H=-62‰) have identical carbon and hydrogen isotope
ratios within measurement uncertainty. The two can be differentiated by their nitrogen stable
isotope ratios of -3.1‰ and -0.1‰ respectively.
The source of nitrogen in the ephedrine (24) is the N-methylalanine and experiences varying
degrees of fractionation which can be used to differentiate a majority of synthetic batches
from one another. It can almost be seen to be synthetic batch specific. This information is
useful from a tactical perspective and can be used to discriminate between samples which
have originated from different synthetic batches. One possible explanation for such big
differences is the mechanism suggested by Painter and Pigou7.
Painter and Pigou7 published possible mechanisms for the Akabori-Momotani reaction from
their experiences in the laboratory based on by-products encountered in their syntheses. A
Variation in nitrogen stable isotope ratios can be explained by the mechanisms listed in the
paper. The reaction involves a nucleophilic addition between the benzaldehyde (27) and the
N-methylalanine in which kinetic fractionation can explain the variation in the nitrogen stable
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isotope ratios. Despite care being taken to control reaction conditions, small fluctuations that
naturally occur in the reaction vessel are enough to cause significant differences which results
in the inter-batch variation of nitrogen isotope ratios in the ephedrine (24) molecule.
Route specific by-products were encountered and identified by Painter and Pigou allowing
them to propose a new mechanism by which ephedrine (24) is synthesised from
N-methylalanine7. Future work could include the synthesis of the ephedrine (24) produced in
this way to methylamphetamine (31) and the analysis of its organic impurity profiles by GCMS. Potentially the organic impurity profiles may contain route-specific marker compounds
which are created from these by-products when synthesising methylamphetamine (31). This
could provide strategic intelligence which could be used for the classification of
methylamphetamine (31) by this preparation, in conjunction with other profiling techniques.
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Table 4.3: δ13C, δ15N and δ2H of purchased N-methylalanine and those synthesised from
alanine

Alanine Source

Methyl Iodide
Source

N15AIR

C13VPDB

H2VSMOW

Key for
Figures
4.5 to 4.7

Online Source 1

-

-

-8.7

-31.5

-78

-

Online Source 2

-

-

-6.0

-31.4

-69

-

-

-

-0.7

-50.8

-12

-

-

-

-10.7

-31.2

-80

-

-

-

-4.7

-43.3

-155

-

Seized Sample 1

-

-

-9.1

-31.6

-90

Seized Sample 2

-

-

-9.2

-31.6

-79

-3.6

-37.1

-90

●

-2.6

-42.8

-121

●

-0.9

-37.6

-120

Purchased standards

Stable Isotope Ratios (‰)
N-methylalanine
Source

Sigma Aldrich
N-methyl-D,L-alanine
Batch: BCBK1659V
Santa Cruz
Biotechnology
N-methyl-D,Lalanine.HCl
Batch: C0315
Fluka
N-methyl-L-alanine
Batch: BCBK7064V

-

Synthesised N-methylalanine via (BOC)2O

Synthesis Batch 1

Synthesis Batch 2

Sigma-Aldrich
L-Alanine
Batch: BCBF7865V
δ13C= -18.7‰
δ15N= 1.2‰
δ2H= -138‰

UNIVAR Laboratory
Methyl Iodide
Batch: 811415
δ13C= -53.9‰
Sigma-Aldrich
Methyl Iodide
Batch: 35H3424
δ13C= -80.7‰

●
Synthesis Batch 3

Synthesis Batch 4

Synthesis Batch 5

Synthesis Batch 6

Sigma-Aldrich
D,L-Alanine
Batch: SCBF9256V
δ13C= -14.7‰
δ15N= -0.7‰
δ2H= -54‰

Sigma-Aldrich
Methyl Iodide
Batch: SHBD5209V
δ13C= -57.1‰

Sigma-Aldrich
L-Alanine
Batch: BCB0498V
δ13C= -19.9‰
δ15N= -7.6‰
δ2H= -148‰

-2.1

-38.1

-116

-2.9

-36.5

-59

●
-2.5

-36.0

-64

-8.4

-38.5

-123

●

Synthesis Batch 7

-9.5

78

-38.7

-124
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4.2.3 Hydrogen
Batches of ephedrine (24) synthesised in this study can be classified into two main distinctive
groups based on the hydrogen stable isotope ratio which are clearly seen in Figure 4.2.
Butzenlechner et al.8 studied benzaldehyde (27) and the application of hydrogen isotope
analysis in the inference of its source. This publication investigated the synthetic processes
used to synthesise benzaldehyde (27) and the effect it has on the deuterium and hydrogen
levels of the final product. They revealed that the catalytic oxidation of toluene pathway yields
benzaldehyde (27) with a greater amount of deuterium and the natural extraction or
hydrolysis of benzal chloride yields products with depleted deuterium levels (or enriched
hydrogen isotope levels).
Studies focusing on semi-synthetically derived ephedrine (24) from benzaldehyde (27) found
the enriched deuterium was passed on to the ephedrine (24) and subsequently the
methylamphetamine (31) synthesised from it2,3. NMR analysis reveals that it is the benzylic
hydrogen that is conserved through to the ephedrine (24) and is responsible for the
enrichment of the final product4.
This was also the case in this study. Ephedrine (24) synthesised from sources of benzaldehyde
(27) enriched in deuterium also had deuterium enriched stable isotope ratios. This means that
within the reaction of N-methylalanine and benzaldehyde (27) to form ephedrine (24), the
mechanism conserves the benzylic hydrogen through to the final product. Therefore it is
possible to determine the industrial source of the benzaldehyde (27) employed in synthesising
the ephedrine (24) via the careful measurement of the hydrogen stable isotopes of the
ephedrine (24) itself.
Conversely, ephedrine (24) synthesised using benzaldehyde (27) with a depleted hydrogen
isotope ratio produced ephedrine (24) with depleted hydrogen isotope ratios. Benzaldehyde
Source 1 (δ2H=-52‰) produced ephedrine (24) between -52 and -86‰. Benzaldehyde Sources
2, 3 and 4 with deuterium levels between +539‰ and +613‰ produced ephedrine (24) with
enrichments between +169 and +258‰. Enriched deuterium isotope ratios are typical of
semi-synthetic synthesis of ephedrine (24). The conversion of N-methylalanine to ephedrine
(24) means that enriched deuterium levels can be achieved via a fully-synthetic pathway.
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Figure 4.1: Bivariate representation of the δ13C and δ15N stable isotope ratios of ephedrine (24) synthesised from varying sources of N-methylalanine
and benzaldehyde (27)
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Figure 4.2: Bivariate representation of the δ13C and δ2H stable isotope ratios of ephedrine (24) synthesised from varying sources of N-methylalanine
and benzaldehyde (27)
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Figure 4.3: Bivariate representation of the δ15N and δ2H stable isotope ratios of ephedrine (24) synthesised from varying sources of N-methylalanine
and benzaldehyde (27).

Chapter 4: IRMS of Ephedrine synthesised from N-methylalanine

Enriched deuterium levels and a depleted carbon isotope ratio is a unique profile for
ephedrine (24) synthesised from N-methylalanine. Figure 4.4 and 4.5 depict the data aquired
from this study compared to data accumulated through the routine isotope profiling of
ephedrine (24) and methylamphetamine (31) by the NMI AFDL*. The comparison of ephedrine
(24)/psuedoephedrine (32) based methylamphetamine (31) to the results of the ephedrine
(24) synthesised from N-methylalanine in Figure 4.4 show the discrimination achieved via the
carbon and hydrogen stable isotope profiles. As previously stated, ephedrine (24) synthesised
using a benzaldehyde (27) with enriched deuterium levels can be distinguished from other
ephedrine (24) preparations. Those synthesised from a depleted source of benzaldehyde (27)
overlap with natural and synthetic sources of ephedrine (24) with a carbon isotope profile
around -31‰.
When ephedrine (24) synthesised from N-methylalanine is compared to P-2-P derived
methylamphetamine (32) (refer to Figure 4.5), a clear distinction can be made between the
two when an enriched benzaldehyde (27) source is used. When a depleted benzaldehyde (27)
is used, there is a clear overlap. For this reason, stable isotopes should be used in conjuntion
with other profiling methods (such as the organic impurity profile) to provide this
discriminationand not be used alone.
It must be noted that the carbon and hydrogen stable isotopes also have sufficient variation
between synthetic batches. The scope of these variations are not as extensive as the variation
experienced by the fluctuating nitrogen isotope profile. The nitrogen isotopes of ephedrine
synthesised from N-methylalanine are more sensitive to reaction kinetics which has also been
reported in other isotopic studies on illicit drugs9,10.
Not only does the isotope profile provide some strategic insight into the route of synthesis,
through the comparison of carbon and hydrogen elements, but also some tactical value
through the comparison of its nitrogen isotope profile.

*

The information portrayed in Figures 4.4 and 4.5 was provided purely for the purposes of comparison
and interpretation of results. It remains the property of NMI AFDL.
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Figure 4.4: The δ13C and δ2H of ephedrine (24) synthesised from N-methylalanine compared to the data accumulated by NMI by the routine profiling of ephedrine
(24) based methylamphetamine (31) seizures analysed by IRMS. This information portrayed in this graph was provided purely for the purposes of comparison and
interpretation of results. It remains the property of NMI AFDL.
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Figure 4.5: The δ13C and δ2H of ephedrine (24) synthesised from N-methylalanine compared to the data accumulated by NMI by the routine profiling of P-2-P
based methylamphetamine (31) seizures analysed by IRMS. The information portrayed in this graph was provided purely for the purposes of comparison and
interpretation of results. It remains the property of NMI AFDL.
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4.3

Contributions to the stable isotope ratios of N-methylalanine

The depleted carbon isotope ratio of ephedrine (24) was linked to the depleted carbon isotope
ratios of the N-methylalanine employed in its synthesis (See Section 4.2.1).
The source of the carbon depletion was investigated by synthesising N-methylalanine from
alanine. The synthesis of N-methylalanine proved more difficult than anticipated (as discussed
in Section 1.4.3.1). Through the use of a protecting group, high purity N-methylalanine was
synthesised in equimolar amounts to the alanine employed. The N-methylalanine was profiled
in the same way as ephedrine (24) in the previous section. Various batches of N-methylalanine
were synthesised using the same and different sources of precursor material in an attempt to
understand the contributors to the isotope ratios of the N-methylalanine.
Three different batches of alanine were sourced. Alanine is a non-essential amino acid,
naturally occurring as the L-alanine isomer but can also be purchased as a mixed D,L-alanine or
pure D-alanine. For this experiment two batches of L-alanine and one of D,L-alanine were
sourced and their isotope profiles compiled. D-alanine was not sourced due to price
constraints but is also not as freely available on the market as the other two forms. All three
alanine sources had enriched nitrogen isotope profiles. Hydrogen values are varied but may be
attributed to synthetic route as L-alanine have similar values and the D,L-alanine is quite
enriched in comparison.
When comparing alanine to N-methylalanine synthesised from it, the molecule undergoes a
depletion (refer to Figure 4.3) in 13C and the source of this carbon depletion investigated. All
three alanine sources had enriched carbon isotope ratios between -19.9‰ and -14.7‰. It is
during the methylation process that the alanine endures a large depletion. This spurred the
investigation into the carbon isotope profile of the methylating agent, methyl iodide. Different
batches of methyl iodide were sourced and subject to carbon EA-IRMS (refer to Table 4.4).
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Table 4.4: δ13C of different methyl iodide sources.
Supplier

Product #:

Lot #:

Source 1

UNIVAR

269

811415

δ13CVPDB
(‰)
-53.9

Source 2

Sigma

67692

SHBD5209V

-57.1

Source 3

Sigma

I8507

35H3425

-80.7

Source 4
Source 5
Source 6
Source 7

BDH Laboratory Supplies
Sigma
Indiana University11
Indiana University11

285853R
I8507
-

3690613 334
STBF2417V
-

-39.7
-45.6
-54.6
-54.8

The methyl iodide sourced for the study are 13C depleted, similar to IRMS standards of methyl
iodide sold by Indiana University11 (refer to Table 4.4). The extent of

13

C depletion of the

precursor source contributes to the carbon isotope ratios of the resulting N-methylalanine. A
source of methyl iodide with a more depleted carbon isotope ratio resulted in N-methylalanine
with a relatively more depleted carbon value. A bulk amount of L-alanine (δ13C= 18.7‰) was
protected and then split into smaller batches and reacted with three different sources of
methyl iodide. A methyl iodide batch with a carbon value of -80.7‰ yielded N-methylalanine
with a depleted carbon value of -42.8‰. This resulted in one of the more carbon depleted Nmethylalanine sources in this study. The same BOC protected alanine batch was also
methylated using two other sources of methyl iodide which had depleted carbon isotope ratios
of -53.9‰ and -57.1‰ resulting in N-methylalanine having carbon isotope ratios of -37.1‰
and -37.6‰ respectively.
Figures 4.6 to 4.8 are a graphical representation of the stable isotope ratios of the synthesised
N-methylalanine samples (see Table 4.3). N-methylalanine was synthesised using different
combinations of methyl iodide and alanine sources with the aim of comparing the isotope
profiles of the N-methylalanine.
N-methylalanine synthesised using the same source of alanine and methyl iodide have similar
carbon and hydrogen stable isotope ratios (Figure 4.8). When reaction conditions are
maintained, different batches of N-methylalanine have comparable carbon and hydrogen
results which could be used to draw links between common precursor materials. This can be
seen in each duplicated reaction. Synthesis Batch 2 and 3, 4 and 5, 6 and 7 have carbon and
hydrogen profiles within measurement uncertainty. For example, both L-alanine sources have
similar carbon profiles (δ13C= -18.7‰ and -19.9‰). When reacted with the same methyl iodide
source (δ13C= -57.1‰), all four δ13C for each synthetic batch fell between a small range,
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-37.6‰ and -38.7‰. However, each batch can be differentiated based on its nitrogen isotope
(as seen in Figure 4.6).
As with the previous results, the nitrogen isotope ratios were variable enough to remove
correlation between synthetic batches which employed the same precursor materials. One
explanation for this variation could be kinetic fractionation (see Section 4.2.2). Kinetics and
small differences in the reaction vessels would be the most obvious explanation for inter-batch
variation. As before, the sensitivity and resulting variability of nitrogen ratios meant that the
carbon and hydrogen stable isotope ratios were the most useful combination for the
comparison of N-methylalanine, as there was some correlation in carbon and hydrogen
isotope profiles when the same precursor materials were used.
Figure 4.6: The δ13C and δ15N of N-methylalanine synthesised from alanine.
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Figure 4.7:The δ15N and δ2H of N-methylalanine synthesised from alanine.
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Figure 4.8: δ13C and δ2H of N-methylalanine synthesised from alanine.
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4.4

Chiral profiling of Ephedrine synthesised from N-methylalanine.

Chiral profiling of methylamphetamine (31) is used to determine the isomeric compositions of
samples submitted to NMI AFDL. This can be used as intelligence for a specific batch of
methylamphetamine (31) giving insight to the precursor material employed whether it be
ephedrine based (24) or P-2-P based, as well as revealing any attempts to resolve the isomers
of methylamphetamine (31). It is due to this intelligence that the natural composition of
ephedrine (24) synthesised from N-methylalanine was determined by CE.
Table 4.5 shows the chiral composition of the thirty-seven batches of ephedrine (24)
synthesised from N-methylalanine. What this revealed was that the synthesis of ephedrine
(24) from N-methylalanine yielded ephedrine (24) to pseudoephedrine (32) in an
approximately 60:40 composition. However there were a few reactions which had
compositions with ratios that were greater, one with a 90:10 composition of ephedrine (24) to
pseudoephedrine (32) and another with a 70:30 composition. These results are in agreement
with Pigou7.
What is of most interest is the percentage of l-ephedrine and d-pseudoephedrine to
d-ephedrine and l-pseudoephedrine which is used to calculate a theoretical yield of
d-methylamphetamine to l-methylamphetamine. As discussed in Section 1.3.1, the
d-methylamphetamine is the most desired isomer due to its potency and pharmacological
effect. Every reaction yielded ephedrine (24) and pseudoephedrine (32) in an isomeric mix that
would result in racemic methylamphetamine (31). This result assumes that no attempts to
resolve the ephedrine (24) and pseudoephedrine (32) isomers had occurred between the
ephedrine (24) synthesis and the final methylamphetamine (31) synthesis.
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Table 4.5: Chiral composition determined by CE of the ephedrine (24) synthesised from
N-methylalanine. Batch # corresponds to the batches recorded in Table 4.3.

Ephedrine (%)
Batch #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
AVERAGE

d21.9
28.2
22.4
27.0
18.5
29.9
30.0
29.0
22.6
25.0
24.5
27.4
28.5
24.5
26.7
29.0
31.1
31.1
29.7
24.8
29.4
26.3
25.8
25.7
34.8
26.1
25.9
27.4
28.5
29.8
28.3
23.5
29.4
24.5
40.1
23.5
28.2
27.3

l22.1
28.5
22.8
27.2
18.8
29.3
30.2
29.4
23.8
25.3
24.9
27.4
28.9
24.7
28.5
29.5
31.9
31.3
30.4
25.2
29.5
26.9
26.3
26.3
35.2
26.5
26.4
27.4
28.9
29.8
28.7
23.7
30.1
25.2
42.7
23.4
28.7
27.7

Pseudoephedrine (%)
d30.3
23.1
29.1
24.5
33.1
21.7
21.2
22.0
28.6
26.6
27.3
22.8
21.8
26.7
23.3
22.3
20.2
19.2
23.4
26.3
21.8
24.7
25.3
25.2
15.4
25.2
25.2
22.8
21.8
20.8
22.1
26.9
21.4
26.7
8.9
27.3
23.1
23.7
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l25.7
20.2
25.8
21.4
29.6
19.1
18.6
19.6
25.0
23.1
23.3
22.4
20.8
24.2
21.5
19.3
16.7
18.4
16.6
23.7
19.3
22.1
22.6
22.8
15.1
22.0
22.4
22.4
20.8
19.6
20.9
25.9
19.0
23.5
8.4
25.7
20.9
21.3

Predicted
methylamphetamine (%)
d52.4
51.6
51.8
51.6
51.9
51.0
51.4
51.4
52.4
51.9
52.2
50.3
50.7
51.3
51.8
51.8
52.1
50.5
53.8
51.5
51.3
51.6
51.6
51.5
50.6
51.7
51.7
50.3
50.7
50.6
50.8
50.6
51.5
51.9
51.6
50.7
51.8
51.5

l47.6
48.4
48.2
48.4
48.1
49.0
48.6
48.6
47.6
48.1
47.8
49.8
49.3
48.7
48.2
48.2
47.8
49.5
46.2
48.5
48.7
48.4
48.4
48.5
49.9
48.2
48.3
49.8
49.3
49.4
49.2
49.4
48.4
48.0
48.5
49.2
49.1
48.6
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4.5

Conclusions

Thirty-seven different batches of ephedrine (24) were successfully synthesised from
N-methylalanine and benzaldehyde using the Akabori-Momotani reaction using a range of
precursor materials with varying isotopic compositions. It was found that the ephedrine (24)
had varying nitrogen isotopic compositions that were almost batch specific and could be
explained by the kinetic fractionation brought about from mechanistic factors that were
discussed in Painter and Pigou’s7 paper. These small differences are advantageous from a
tactical perspective, as they can be used to discriminate between synthetic batches even when
synthesised using the same precursor materials.
The carbon isotope ratios of ephedrine (24) prepared from N-methylalanine were the most
unique, ranging from -29 to -50‰. A carbon isotope profile for ephedrine (24) based
methylamphetamine (31) more depleted than -32‰ has not been encountered by the NMI
AFDL nor has been recorded by other authors1,2,4,5. The extent of depletion was dependent on
the carbon isotope profile of the N-methylalanine, with those with greater depletion yielding
ephedrine (24) with a more depleted profile.
The hydrogen isotope ratios of ephedrine (24) were dependent on the source of benzaldehyde
(27) used. Sources of benzaldehyde (24) with depleted hydrogen isotope ratio resulted in
ephedrine (24) with a depleted hydrogen isotope ratio and couldn’t be fully distinguished from
natural and other fully synthetic preparations. Methylamphetamine (31) with this isotopic
profile also overlap with P-2-P based methylamphetamine, in which case, other profiling
methods such as the organic impurity profile should be used in conjunction with stable isotope
analysis. Sources of benzaldehyde (27) enriched in deuterium produced ephedrine (24) also
enriched in deuterium.
Ephedrine (24) with an enriched deuterium level and a depleted carbon isotope ratio (more
depleted than -32‰) can be fully distinguished from other preparations based on stable
isotope ratios. This combination of isotopes provide the most useful strategic intelligence and
could be used to classify methylamphetamine (31) synthesised via ephedrine (24) prepared
from N-methylalanine.
The source of depleted carbon isotope ratios of N-methylalanine molecule was investigated by
synthesising it using precursor sources with varying isotopic profiles. Different combinations of
alanine and methyl iodide were used to yield eight different batches of N-methylalanine via a
three step procedure. As the carbon profile of the alanine was enriched, the source of
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depletion was isolated to the methylation step. The more depleted the methyl iodide source
was, the more depleted the carbon profile of the N-methylalanine was. The isotope profile of
different synthetic batches of N-methylalanine was similar when using the same combination
of precursor sources. The carbon and hydrogen stable isotope ratios in particular had the most
correlation and could be used to link different synthetic batches based on precursor sources.
Ephedrine (24) was profiled using CE to determine the isomeric composition of the
preparations from N-methylalanine. It was determined that a majority of syntheses resulted in
batches of ephedrine (24) with 60:40 ephedrine (24) to pseudoephedrine (32) mixes. The
isomeric mix was used to calculate the theoretical yield of methylamphetamine (31) which
revealed that it would always yield a racemic methylamphetamine.
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Further Research
Whilst completing the work in this study a few areas of further research were identified.
1. Synthesising methylamphetamine from the ephedrine produced from N-methylalanine
and analysing its organic impurity profile. This could potentially uncover route-specific
marker compounds, which could be used in conjunction with the isotopic profile to
infer the synthesis of ephedrine form N-methylalanine. In addition, this analysis could
lead to further studies in the isolation and characterisation of new marker compounds
if present.
2. The comparison of N-methylalanine synthesised using Boc/methyl iodide to
formaldehyde/zinc could be another area of research. This work found that the methyl
iodide was primarily responsible for the carbon depletion of the N-methylalanine
molecule. If N-methylalanine can be synthesised without methyl iodide, would its
isotopic profile differ from the methyl iodide based reaction? The synthesis using
formaldehyde and zinc proved to be difficult so the first step would be the
optimisation of the reaction before the analysis could be undertaken.
3. The synthesis of ephedrine from N-methylalanine was conducted under controlled
conditions. The impact (if any) of altering synthesis parameters on the isotopic profile
of ephedrine is another potential area of study. As the isotope ratios of ephedrine
varied under controlled conditions, significant differences would be expected between
experimental and control groups.
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Appendix 1: Confirmation of Boc-protected alanines by
NMR Spectroscropy
1

H NMR spectrum of N-Boc-alanine

1

H3C

O

CH

O

NH

CH3
H3C

3

4

O

OH 5

2 CH
3
H
1
2
3
4
5

Assignment
-CH3
t-Bu
CH
-NH
-OH

Proton Shift
1.22, d, 3H,3JHH= 7.3 Hz
1.38, s, 9H
3.92, m, 1H
7.11, d, 1H, 3JHH=7.56 Hz
12.40, br s, 1H
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Appendix 1: Confirmation of Boc-Protected alanines by NMR Spectroscropy

1

H NMR spectrum of N-Boc-N-methylalanine

1

H3C

OH

N

CH3

CH3

O

3

2 CH
3

H
1
2
3
4

O

CH

O

H3C

4

Assignment
-CH3
t-But
N-CH3
CH

Proton Shift
1.29, d, 6H, 3JHH=7.41
1.38, s, 18H
2.74, s, 6H
4.28, s, 1H 4.55, s, 1H

Peaks are split, integrate for double and in some cases duplicated due to the presence of both
isomeric forms i.e N-Boc-N-Methyl-D,L-alanine.
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1

H NMR spectrum of N-methylalanine

1

2 H3C
H
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-CH3
N-CH3
CH
OH

H3C 3
CH
NH

O
OH 4

Proton Shift
1.31, d, 3H, 3JHH= 7.32 Hz
2.50, br s, 1H
3.73, q, 1H, 3JHH=7.23
8.46, br s, small peak observed

98

Appendix 2: Confirmation of 4-methylN,N-dimethylmethcathinone by NMR
spectroscopy
1

H NMR spectrum of 4-methyl-N,N-dimethylmethcathinone
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-CH3
Ar-CH3
N-(CH3)2
CH
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N

6

4

CH3

CH3

Proton Shift
1.60, d, 3H, 3JHH= 7.30 Hz
2.42, s, 3H
2.95, d, 6H,
5.17, q, 1H, 3JHH= 7.18 Hz
7.42, d, 2H, 3JHH= 7.95 Hz
7.89, d, 2H, 3JHH= 8.35 Hz
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