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Abstract 
 
Driven by forensic intelligence, illicit drug chemical profiling via Gas 

Chromatography-Mass Spectrometry (GC-MS) remains the leading approach 

that forensic scientists and law enforcement agencies pursue in a bid to 

counteract the ever-increasing drug epidemic. An alternative approach for 

forensic drug investigations that delivers intelligence at a more specific level 

than that of chemical profiling is isotopic profiling via Isotope Ratio Mass 

Spectrometry (IRMS). The analysis of selected stable isotopes (18O:16O, 
15N:14N, 13C:12C and 2H:1H, for example) that compose drug molecules has been 

suggested as a credible technique that can aid in forensic drug investigations. 
This research, consisting of four individual projects, was designed to investigate 

the potential of using isotopic profiling for source, synthetic procedure and batch 

linkage or discrimination of selected designer drugs/Novel Psychoactive Drugs 

(NPDs). 

 

The overall aims of this research were to; (i) replicate the clandestine 

manufacture of selected synthetic designer drugs (piperazines and cathinones) 

to enable characterization of specific isotopic compositions indicative of the 

synthetic components of manufacture (precursors, intermediates and products); 

(ii) to investigate the use of IRMS as a potential profiling tool for the linking 

and/or discriminating of authentic designer drug batches; (iii) to generate 

isotopic profiles of selected designer drugs synthesized from differing sources 

of precursors, to investigate distinguishing characteristics between batches and 

identification of possible linkage relationships between precursors and 

corresponding products; (iv) to determine if isotopic profiling via IRMS is a 

valuable and reliable tool for the analysis of piperazine street samples (provided 

by Northern Territory Police) and ultimately whether it can be used to provide 

evidence of origin, synthetic procedure, production batch or chemical 

components. 

 

The collective projects present preliminary analysis of δ13C and δ15N values in 

piperazine analogues; benzylpiperazine hydrochloride (BZP·HCl) and 

corresponding synthetic intermediate (piperazine·HCl), 
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trifluoromethylphenylpiperazine hydrochloride (TFMPP·HCl) and cathinone 

analogues; 4-methylmethcathinone hydrochloride (4MMC·HCl), methcathinone 

hydrochloride (MMC·HCl) and 3,4-methylenedioxy-N-methylcathinone 

hydrochloride (βk-MDMA·HCl). These NPDs were synthesized in-house 

following various clandestine methods adopted from the Internet. Different 

precursor sources and/or synthetic procedures were utilised and manipulated 

for each drug compound and comparison of the resulting isotopic profiles were 

evaluated.  

 

Individual projects 
 
Project 1.  Synthetic procedure discrimination of clandestinely synthesized 

benzylpiperazine via 13C and 15N stable isotopes (Chapter 3). 

Project 2.   Precursor discrimination of the designer drug benzylpiperazine 

using δ13C and δ15N stable isotopes (Chapter 4). 

Project 3. Isotopic profiling of seized benzylpiperazine and 

trifluoromethylphenylpiperazine tablets using δ13C and δ15N stable 

isotopes (Chapter 5). 

Project 4. Isotopic profiling and source discrimination of popular cathinone 

analogues using 13C and 15N stable isotopes (Chapter 6). 

 

Chapter 3 (Project 1) provides a preliminary investigation into the potential of 

using IRMS for discriminating batches of BZP·HCl manufactured from various 

clandestine synthetic procedures. Precursors (piperazine dihydrochloride (PD) 

and piperazine hexahydrate (PH)), intermediate (piperazine·HCl) and product 

(BZP·HCl) samples were analysed and their 13C:12C and 15N:14N stable isotope 

compositions determined. The data revealed clear discrimination between both 

intermediate and product batches manufactured from each of the synthetic 

procedures under investigation. Fractionation patterns were observed between 

precursor-intermediate, precursor-product and intermediate-product pairs that 

allowed identification of the particular method of synthesis. Project 1 served as 

a ʻproof of conceptʼ study revealing the applicability of IRMS analysis for 
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linkage/discrimination investigations relative to the compounds under 

examination in this PhD project.   

 

Project 2, presented in Chapter 4, is the isotopic profiling of BZP·HCl products 

and synthetic intermediates (piperazine·HCl) synthesized in-house from three 

different precursor sources, following a clandestine procedure adapted from the 

Internet. The δ13C and δ15N data revealed that discrimination and correct 

grouping of all the intermediates was apparent. However, discrimination of the 

product samples was not clear-cut and was complicated by fractionation 

encountered as a result of the synthetic procedure (synthesis of the 

intermediate and precipitation of the product (Scheme 1.1, Chapter 1)). Project 

2 highlighted that fractionation (kinetic and thermodynamic) can introduce 

isotopic variation in the resulting products (within source batches), which was 

predominantly observed for 15N. The method of precipitation (addition of 

hydrochloric acid (HCl) saturated ethanol (EtOH) to the reaction mixture), 

common in clandestine settings, proved a significant source of fractionation due 

to the inability to tightly control the concentration of protons available for 

precipitation of the BZP. In a clandestine manufacturing context, where 

synthetic procedures are not tightly controlled, consideration must be given 

when analysing samples of this nature using IRMS.  

 

In Chapter 5 (Project 3), the applicability of IRMS analysis for providing 

information relating to the ʻproduction batchʼ of seized piperazine containing 

tablets provided by the Northern Territory (NT) Police was examined. The 

tablets, containing BZP·HCl and TFMPP·HCl were seized on two separate 

occasions from within the NT region and upon chemical analysis (GC-MS) 

provided no further information relative to the two cases. The analogues were 

isolated from the tablets and upon 13C:12C and 15N:14N examination, two 

possible scenarios regarding potential linkage between the cases were 

formulated. Having conducted isotopic analysis of these seized tablets, vital 

ʻproduction batchʼ information was obtained allowing possible scenarios relative 

to linking/discriminating the two cases, that was unattainable via conventional 

chemical analysis.   
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Chapter 6 (Project 4) investigates the isotopic discrimination of selected 

cathinone analogues synthesized in-house from two different precursor supplier 

sources. The analogues 4MMC·HCl, MMC·HCl and βk-MMC·HCl were 

synthesized following sub-optimal procedures adapted from the literature (which 

are likely conducted in a clandestine environment), thus resulting in incomplete 

synthesis, variable yields (20-30%) and consequentially significant 13C and 15N 

fractionation. However, discrimination of the different sources for the respective 

analogue pairs was achieved for all of the analogues based on the δ15N isotopic 

data. Interestingly, the δ13C data revealed significant fractionation for each 

analogue, but provided minimal discriminating ability overall. Similar to Project 

2, Project 4 15N fractionation was evident as a result of the synthetic procedure, 

N-alkylation of the precursor (propiophenone derivative), and precipitation of the 

product. This study highlighted that although incomplete synthesis of the 

cathinone products and significant fractionation as a result of the synthetic 

procedure were apparent, IRMS analysis was still able to provide discrimination 

of the different source groups via 13C:12C and 15N:14N stable isotopes 

abundances.  

 

The δ13C and δ15N data obtained from the respective IRMS studies presented in 

this thesis clearly show promising linkage or discriminative potential relative to 

the respective source, production batch or synthetic method under examination. 

Certain precursor-product relationships were identified, discrimination of 

different drug batches was apparent, fractionation patterns and occurrences 

were identified and potential causes of fractionation were revealed. The 

controlled piperazine studies (Projects 1 and 2) established the foundation, 

reliability and confidence in this profiling technique and resultantly, isotopic 

profiling was successfully conducted on unauthentic (seized) piperazine 

samples (Project 3).  

 

By exploring the potential of IRMS as an investigative tool for forensic drug 

intelligence purposes, this PhD project provides an extension to the science 

behind isotopic analysis of illicit drugs and contributes novel findings relative to 

isotopic investigation of selected NPDs. Additionally, it highlights an alternative 
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or ultimately a complimentary profiling technique for forensic personnel or 

laboratories to consider for investigative analysis and thus aims to improve our 

ability to harness the rapidly growing NPD epidemic.  
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Figures, Schemes, Tables and Equations 
 

Chapter	  1	  	  

Figures  

Figure 1.1.    Structures of selected synthetic illicit drugs Amphetamine, 

MA and MDMA [2] 

 Figure 1.2.  Designer drug structures: Fly and Bromodragonfly [8]. 

Figure 1.3.  Structures of selected synthetic piperazine derivatives [13]. 

Figure 1.4. BZP party pills. 

Figure 1.5. Structures of synthetic cathinone derivatives 4MMC, MMC 

and βk-MDMA. 

Figure 1.6. Selected psychoactive structural analogues of cathinone 

[31].  

Figure 1.7. A general overview of the natural variation observed in δ13C 

values in selected organic matter (adapted from [88]). 

Figure 1.8. A general overview of the natural variation observed in δ15N 

values in selected organic matter (modified from [67]).  

Figure 1.9. Main components of an IRMS instrument (adapted from 

[67]). 

Figure 1.10. Elemental Analyser interface for IRMS (adapted from [67]). 

Figure 1.11. HCl gas production setup. 

 

Schemes 

Scheme 1.1. Common BZP·HCl syntheses (modified from [28]) [29]. 

Scheme 1.2. TFMPP·HCl synthesis [30]. 

Scheme 1.3. MMC·HCl synthesis via ephedrine (or pseudoephedrine) 

starting material [63]. 

Scheme 1.4. Cathinone analogue synthesis via propiophenone starting 

material [64]. 

Scheme 1.5. Mephedrone synthesis: precursor, intermediate and product 

formation (adapted from NicDaéid et al. [1]). 
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Tables 

Table 1.1. Measured relative abundances of selected isotopes in 

nature (adapted from [80]). 

Table 1.2. The international reference materials against which values 

are calibrated (adapted from [85]). 

Table 1.3. Summary of differences between dual-inlet and continuous 

flow techniques (reprinted from [2]. 

Equations 

Equation 1.1.  Calculation of δ values. 

Equation 1.2.  Fractionation factor (α). 

Equation 1.3.  Fractionation factor (α) relative to δ values. 

Equation 1.4.  Enrichment factor (ε). 

Equation 1.5.  Theoretical delta value. 
 

Chapter	  2	  	  

Figures 

Figure 2.1.    Structure of Piperazine·HCl. 

Figure 2.2.  Structure of BZP·HCl. 

Figure 2.3.  Minor and major products: BZP·HCl and DBZP·HCl. 

Figure 2.4. Structure of TFMPP·HCl. 

Figure 2.5. Structure of 4-Methyl-α-bromopropiophenone. 

Figure 2.6. Structure of 4MMC·HCl. 

Figure 2.7. Structure of α-Bromopropiophenone. 

Figure 2.8. Structure of MMC·HCl. 

Figure 2.9. Structure of 3,4-Methylenedioxy-α-bromopropiophenone. 

Figure 2.10. Structure of βk-MDMA·HCl. 

 

Schemes 

Scheme 2.1. BZP·HCl conversion to BZP free base. 
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Scheme 2.2. TFMPP·HCl conversion to TFMPP free base. 

 

Tables 

Table 2.1. GC parameters for piperazine profiling. 

Table 2.2. Column oven temperature program for piperazine analysis. 
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MDPV   Methylenedioxypyrovalerone 

MeOH   Methanol 

MeOPP  para-Methoxyphenylpiperazine  

MgSO4  Magnesium sulphate  

MMC   Methcathinone 
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Progress of research linking the scientific papers 
 
The four papers presented as part of this thesis describe the topic of isotopic 

profiling of illicit drugs for forensic purposes. Combined, these papers 

demonstrate the potential of an emerging profiling technique, IRMS, in the field 

of forensic chemistry. Collectively, these papers enhance our scientific 

knowledge on the application of IRMS and describe novel research on the 

isotopic profiling of selected designer drugs. Additionally, this research 

augments the current literature pertaining to the ability of IRMS to discriminate 

and/or group illicit drugs sampled relative to their particular source, production 

batch and/or method of synthesis, thus reinforcing its powerful potential as an 

application for forensic intelligence purposes.  
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Chapter 1  

INTRODUCTION 
	  

1.1 Background 
The ever-increasing global illicit drug epidemic is fuelled by the illegal synthesis, 

distribution and consumption of psychoactive compounds despite policing and 

legislation [3, 4]. The illegal drug trade is an international black market 

dedicated to the manufacture, cultivation and distribution of methamphetamine 

(MA), 3,4-methylenedioxymethamphetamine (MDMA), cocaine, heroin, 

cannabis and more recently designer drugs or Novel Psychoactive Drugs 

(NPDs) [5]. Owing to the stringent laws controlling more traditional drugs (MA, 

MDMA and cocaine for example), clandestine chemists began manufacturing 

synthetic mimics to circumvent existing legislative restrictions. Commonly 

referred to as ʻdesigner drugsʼ and more recently as NPDs (used 

interchangeably throughout this thesis), these synthetic mimics produce similar 

effects to those of traditional drugs including amphetamine, MA and MDMA 

(Figure 1.1) thus making their synthesis favourable among clandestine 

chemists. 

 

 
Figure 1.1. Structures of selected synthetic illicit drugs Amphetamine, MA and MDMA [6]. 

 

An initial underlying issue surrounding designer drugs and NPDs was that due 

to the quantity of potentially active and, in some cases, novel compounds 

available in the drug market, it was difficult for controlled substance legislation 

to address and list every chemical variant explicitly [7-9]. This issue was 

exacerbated given many of these compounds have no known or documented 

evidence supporting their pharmacological and pharmacokinetic activity, toxicity, 

abuse and addiction potential. Until recently, loop-holes in legislative controls 

provided the foundation whereby clandestine chemists could synthesize 
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pharmacologically active and often novel substances, market them as ʻlegal 

alternativesʼ and avoid legal ramification [7].  Resultantly, the NPD market 

increased rapidly thus requiring new legislative measures and altering 

substance control legislation to include these emerging compounds. Due to the 

nature of these generally short-lived (on the drug market) substances and the 

often-lengthy processes required to control them, regulation often only occurred 

after the problematic use had subsided and ʻnewerʼ substances were available 

in the market [7]. Therefore laws pertaining to “analogue compounds”, which 

serve as umbrellas for any compound related to already controlled substances, 

have been enforced providing a platform for law enforcement to rest back 

control over this escalating problem.  
 

With attempts to try and harness the illicit drug and NPD trade, law enforcement 

personal and forensic scientists perform intelligence gathering exercises such 

as chemical profiling via Gas Chromatography-Mass Spectrometry (GC-MS)/ 

Liquid Chromatography-Mass Spectrometry (LC-MS) and more recently isotopic 

profiling via Isotope Ratio Mass Spectrometry (IRMS) to gain information that 

may assist in illicit drug related cases. Chemical profiling such as organic 

impurity profiling can be beneficial for adding investigative leads or determining 

drug sources, linkages, synthetic methods and trafficking patterns of drugs, 

however this technique is mostly relevant for impure mixtures of drug [10].  

More recently, clandestine chemists are producing high purity street drugs 

rendering attempts at organic impurity profiling unsuccessful, thus proving an 

inefficient method for investigative purposes. An emerging technique that can 

obtain relevant evidence in addition to providing information at a highly specific 

level from the analysis of pure drug samples is isotopic profiling via IRMS. The 

application of IRMS to both natural and synthetic drugs can reveal the history 

and/or the origin of a drug through analysis of selected stable isotopes.  

 

1.2 Illicit drugs 
Illicit drugs are illegal substances that often dominate societies, nations and 

countries worldwide. Controlled substances are those drugs whose distribution 

is controlled by regulation, including but not limited to the five main categories; 
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narcotics, stimulants, hallucinogens, depressants and anabolic steroids [11]. 

The more common and traditional illicit drugs include, although are not limited to, 

MA, MDMA, lysergic acid (LSA), cocaine, cannabis and γ-hydroxybutyric acid 

(GHB). These substances are controlled by varying degrees throughout the 

world and in most cases offer no medicinal purposes (with the exception of 

cannabis in some countries and the use of MA for Attention Deficit Disorder). 

Although many negative attributes are associated with illicit drugs, their illegal 

synthesis and consumption is ever increasing despite legislative control. As the 

drug market grows, so too does the stringency of policing illicit drugs. Such cat 

and mouse games have initiated an additional component of the illegal drug 

trade composed of synthetically manufactured designer drugs or NPDs. 
 

1.3 Designer drugs/ Novel Psychoactive Drugs (NPDs) 

Designer drugs or NPDs are compounds intended for recreational use that have 

either been chemically altered such that they are derivatives of federally 

controlled substances, or synthesized as novel psychoactive substances that 

are currently unregulated [12].  NPDs are manufactured clandestinely to 

circumvent existing legislative restrictions and consequently contribute to the 

fuelling of the drug market [13]. The past decade has seen the emergence of 

numerous NPDs such as the piperazine and cathinone analogues, synthetic 

cannabinoids and phenylethylamine derivatives, including bromodragonfly and 

fly. These substances have been synthesized to pharmacologically mimic the 

effects of MDMA, methamphetamine and/or cocaine for example [14, 15] 
(Figure 1.2).  

 

Figure 1.2. Designer drug structures: 2C-B-Fly and Bromodragonfly [14]. 
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The extensive prevalence of NPDs is reflected by a 50% increase in the 

numbers detected by the United Nations Office of Drug Crime (UNODC) from 

2009 (166) to mid-2012 (251). Interestingly, for the first time the reported 

numbers of NPDs exceeded the total number of substances under international 
control (234) [16]. 

 

The legal status of the NPDs belonging to the piperazine and cathinone 

compounds vary throughout the world, thus making their synthesis and trade 

acceptable in some countries until regulation is enacted. Until recently, the 

novelty of these psychoactive analogues, as illicit compounds, was reflected in 

the lack of scientific literature regarding the analysis of these substances with 

validated forensic techniques [17]. As a result of their rising abundances 

however, forensic scientists and law enforcement personal have invested 

increased attention on these NPDs with a quest to alleviate their growing 

international burden.  

 

Although efforts are being conducted in a bid to harness the NPD epidemic, 

gaps are evident in the current literature describing investigations into the 

potential for source identification, linking between seizures and discrimination of 

drug batches via isotopic profiling of clandestine synthesized NPDs for forensic 

purposes.  The purpose of this research is to isotopically profile NPDs by 

measuring the isotopic compositions of authentic and unauthentic synthesized 

samples. Investigation into identifying manufacturing sources and establishing 

links between batches could then be used to firstly; validate the potential of 

IRMS as a tool for future forensic drug related cases and second; be used in 

conjunction with other investigative leads relevant to specific cases and 

consequentially provide information unattainable via conventional profiling 

approaches, e.g. GC-MS and LC-MS. 

 

The limited scientific knowledge of these NPDs (specifically piperazine and 

cathinone analogues) via isotope analysis restricts the ability of the forensic 

community to adequately detect and police these drugs.  Furthermore, the 

current deficiency of scientific scrutiny of NPDs may indirectly contribute to their 
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potential escalation to a dangerous epidemic similar to MA use. This research 

investigates the science behind isotopic profiling of selected NPDs for 

evaluating synthetic procedure elucidation, establishing source identification 

and linking and/or discriminating drug batches. Concurrently, it aims to assist in 

addressing gaps in knowledge pertaining to the use of using selected stable 

isotopes (18O:16O, 15N:14N, 13C:12C) for forensic drug investigations and 

ultimately provide an additional means to enhance control of NPDs under the 

current legislation.  

 

1.4 Piperazine Analogues 

1.4.1 Background 

Originally marketed as ʻherbal highsʼ or ʻparty pillsʼ a group of psychoactive 

piperazine analogues have appeared throughout the illicit market since their 

ban in New Zealand (NZ) in 2008, [18]. The principal piperazine analogues 

desired by their worldwide user population include benzylpiperazine (BZP) and 

meta-trifluoromethylphenylpiperazine (TFMPP) (used interchangeably with 

BZP·HCl and TFMPP·HCl, respectively, throughout this thesis).  

 

 
Figure 1.3. Structures of selected synthetic piperazine derivatives [19]. 
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(MeOPP) (Figure 1.3). Piperazine is a six-membered ring containing two 

nitrogen atoms diametrically opposite each other. It is a compound used widely 

in organic chemistry and serves as an important substrate for the manufacture 

of plastics, pesticides and resins among other materials. It is consequently 

available in abundance in a number of legitimate industries with opportunities 

for divergence. Originally discovered for its anti-helminthic properties (treatment 

of parasitic worms) in 1953, piperazine was named after piperidine, a 

component of piperine (isolated from black pepper plants) due to its structural 

similarities. However, in recent years piperazine has become synonymous with 

piperine and mistakenly thought to be naturally derived from the pepper tree 

plant. This confusion resulted in synthesis and development of the psychoactive 

piperazine analogues and the “natural” and “safe” party pill misconception.  

 

Benzylpiperazine and Trifluoromethylphenylpiperazine 

BZP and TFMPP are N-substituted piperazine derivatives and similar to 

piperazine were formerly synthesised for use as potential anti-parasitic agents 

[20]. Subsequently, BZP demonstrated potential anti-depressant activity and 

further investigation confirmed BZP also exhibited stimulant properties, 

analogous to amphetamines at 1/10 the dose [21]. TFMPP revealed mild 

stimulant effects in addition to hallucinogenic properties and although never 

being licensed for medicinal purposes it is a known metabolite of the anti-

inflammatory drug antrafenine [22]. Throughout the past 10 years these 

designer drugs have gained attention in forensic communities worldwide [23]. 

BZP and TFMPP were the predominant active ingredients in what were referred 

to as “party pills” or “herbal pills” (Figure 1.4).  Party pills were legal for 

recreational use in most countries before their emergency/temporary scheduling 

and now permanent scheduling throughout the majority of countries worldwide.  

 

 

 

 

 
 

Figure 1.4. BZP party pills. 
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These pills were commonly consumed as a ʻsafe alternativeʼ to MDMA and MA 

or in combination with other illicit drugs [23]. Party pills were widely available 

from a variety of sources including liquor and adult shops as well as over the 

Internet.  

 

BZP and TFMPP are most commonly administered orally in pill or capsule form; 

however, smoking and injecting methods have also been documented [24]. An 

array of party pills containing these piperazine analogues such as Frenzy, Legal 

X and A2 flooded the ʻdance sceneʼ market worldwide [6]. These different 

brands vary in the amount and composition of BZP, TFMPP, and other 

piperazine derivatives including MeOPP and mCPP in each pill. A typical dose 

per pill/unit ranges between 50-200 mg (total amount of piperazines) [6, 25]. 

This dose is considered to be ʻsafeʼ [26], however investigations and subjective 

surveys have revealed pills with up to 5 times these values may exist [27]. 

 

1.4.2 History, Prevalence and Seizures 

The U.S.A. Drug Enforcement Administration (DEA) originally documented the 

recreational use of BZP and TFMPP by partygoers in the early 1990ʼs [24]. 

Europe and NZ saw the initiation of a piperazine party pill market in 1999, which 

significantly expanded during the period of 2000-2008. Numerous other 

countries including Australia, Japan and Bulgaria also established a piperazine 

market during this period [26, 28]. An extensive legal piperazine containing 

party pill market developed in NZ leading to the acknowledgement by the 

European Monitoring Centre for Drugs and Drug Addictions [26] that “without 

doubt, BZP has been most prevalent in New Zealand”, compared to other 

countries.  

 

It is evident that many piperazine users fell victim to the belief that “itʼs legal, so 

itʼs safe” [27, 29] and consequently, people of all ages purchased piperazine-

party pills.  An estimate of 8 million units (pills) were sold in NZ alone during 

2000-2005 (NZ population during this period was approximately 4 million)[30]. 

NZʼs party pill industry advocated that piperazine-containing party pills provided 

a safe alternative to controlled drugs (MA and MDMA) and played a harm 
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minimisation role [31]. However, evidence of decreasing MA abuse was not 

apparent according to a report produced by The National Drug Intelligence 

Bureau and Customs Service, NZ (2006).  

 

The National Forensic Laboratory Information System (NFLIS), and the System 

to Retrieve Information from Drug Evidence (STRIDE) reported that BZP 

seizures had substantially increased over a 6 year period since its ban [24]. Law 

enforcement officials in the U.S.A. submitted 48 drug items identified as BZP to 

forensic laboratories in 2004 (pre-legislation) and 13,822 in 2009 (437 in 2007, 

6,088 in 2008) (post-legislation) [24].  BZP smuggling across the U.S.A.-

Canadian border significantly contributed to an increase from 203,897 tablets 

(single seizure) in 2008 to 652,369 tablets (seven seizures) in 2009 [32].  

  

The trade of BZP and TFMPP is continuing to fuel the black market, both by 

means of existing piperazine containing pills and, more importantly, evidence 

has indicated there is also a clandestine piperazine market [32]. With respect to 

BZP, the synthesis is straight forward, starting materials and reagents are easily 

accessible and the procedure is relatively cheap (www.erowid.org). If BZP (and 

TFMPP) is sold as MDMA tablets the profits can be up 300% and production 

methods are a lot safer than those of MDMA or MA and other synthetic drugs. 

The detection of piperazines has plateaued in recent years, however their illegal 

manufacture, sale and/or seizure still continue in some countries [22, 33]. 

Initially they were used as adulterants, however recently they have been 

detected as the sole active component in seized drugs.  

 

1.4.3 Legislation 

The legislative control of BZP and TFMPP varies throughout the world. For 

example, the U.S.A. initiated a ban on BZP in 2002, followed by Australia and 

Japan in 2006. Subsequently Denmark, Sweden, France, Italy, Greece, Malta, 

Lithuania and Estonia established BZP regulation under their drug control 

legislations [20, 26]. Other countries including the Netherlands and Spain 

enacted BZP regulation under their medicine-related legislation. 
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New Zealand hosted the legal market of BZP and TFMPP until their 

reclassification as a ʻrestricted substanceʼ in 2005 under a new regulatory 

system announced by the Misuse of Drugs Amendments Act 2005 [20]. In 2008, 

BZP and TFMPP were re-classified under Schedule 3, Part 1 (Class C1) of the 

Misuse of Drugs Act 1975. This ruled piperazine-party pills and related 

substances manufacture, supply, selling, importing, exporting and consumption 

illegal [20].  

  

The European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) 

conducted a risk assessment report for BZP in 2008. This assessment resulted 

in the European Union (EU) Council requesting the submission of BZP to 

ʻcontrol measures proportionate to the risks of the substance and criminal 

penalties in line with their national lawsʼ by EU countries for one year. The 

Advisory Council on the Misuse of Drugs (2008) reassessed BZP, which lead to 

the UK government classifying BZP and TFMPP as Class C controlled 

substances in 2009.  

 

1.4.4 Chemistry 

BZP and TFMPP are aryl-substituted piperazine compounds composed of a 

piperazine ring and aromatic backbone (BZP) and a m-trifluoromethyl group 

residing on the benzylic backbone (TFMPP) [34]. Commercially BZP and 

TFMPP are produced as hydrochloride, phosphate or citrate salts (greater 

stability) or they exist in their freebase form (a yellow viscous liquid) that reacts 

in the presence of light and air [23, 35].  BZP, TFMPP and other piperazine 

derivatives are also constituents used in the manufacture of resins, plastics, 

antimicrobials and pesticides [23].   
 

1.4.5 Clandestine Synthesis 

The legal control of BZP and TFMPP appears to have initiated a clandestine 

market for their illegal synthesis and distribution [17]. Synthetic methods can be 

sourced from readily available literature and have been modified by illicit 

chemists to suit clandestine conditions. Owing to the accessibility of reagents 

required it is anticipated that various clandestine methods for their synthesis will 
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develop over time [17]. Websites such as www.erowid.org [36] and drug forums 

are resources that provide information on methods, synthetic routes and 

reagents for clandestine synthesis of illicit drugs. Drug forums (www.drugs-

forum.com) are more elaborate and openly discuss synthetic methods and 

production attempts.  This readily available information makes illicit drug 

production achievable for anyone, even for someone with a non-chemistry 

background.  

  

Some of the more simple and reliable BZP methods are posted on the websites 

mentioned. Clandestine syntheses require the ʻcookʼ to have access to all 

reagents for the chosen method, but if for example the precursors are 

inaccessible the chemist may look to modify or substitute the desired 

compounds. The more complex methods for BZP synthesis require precursors 

or reagents that are inaccessible to the general public (4-chloromethylbenzoyl 

chloride for example) and this makes it near impossible for non-chemists to 

employ these methods. The most probable method to be utilized would be a 

straight substitution reaction involving the N-alkylation of piperazine 

hydrochloride (piperazine·HCl) with a halogenated benzylic compound, 

commonly benzyl chloride, followed by precipitation of the desired BZP 

hydrochloride (BZP·HCl) salt (Scheme 1.1) [36]. 

             

 
Scheme 1.1. Common BZP·HCl synthesis (modified from [36]) [37]. 
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chloroethyl)amine starting materials (see Scheme 1.2) [38]. Clandestine 

methods are available on Internet forums, however there is little evidence to 

suggest a flourishing synthetic TFMPP clandestine market exists. It is believed 

that the majority of BZP and TFMPP available throughout the black market are 

in fact residual party pills and capsules left over from their ʻlegalʼ distribution 

days.  

 
 Scheme 1.2. TFMPP·HCl synthesis [38]. 

  

1.5 Cathinone Analogues 

1.5.1 Background 

Some of the more recent psychoactive and mood altering recreational drugs to 

appear throughout the illicit drug market are a group of selected cathinone 

analogues including 4-methylmethcathinone (4MMC), methcathinone (MMC), 

and methylone (βk-MDMA) (Figure 1.5). 
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Figure 1.5. Structures of synthetic cathinone derivatives 4MMC, MMC and βk-MDMA. 

 

Cathinone is the structural backbone from which these designer drugs, amongst 

30+ other structurally related compounds are derived (Figure 1.6) [39]. 

 

 
Figure 1.6. Selected psychoactive structural analogues of cathinone (adapted from [39]). 
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amphetamine-like pharmacological properties, khat chewing produces feelings 

of euphoria, excitement, enhanced alertness, improved self-esteem and 

increased ability to concentrate and communicate, among its users [41].  
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produced by cathinone during khat chewing. The potency of some of these 

analogues resemble amphetamines for example, with users describing the 

effects of mephedrone to be on par with those experienced from MDMA; [43] 

some claiming it “gives a better high than cocaine” [44]. 

 

Despite extensive street-level distribution via head shops (a retail outlet that 

supplies paraphernalia used for consumption of e.g. tobacco and illegal 

substances etc), dealers, adult shops and gas stations, particularly in Europe 

and the U.S.A., the majority of the synthetic cathinones are thought to originate 

from China and to a lesser extent India [45-47]. The cathinones are easily 

purchased from online websites in the form of odourless, white, yellow or brown 

powders/crystals and less frequently as capsules or tablets [39]. Generally 

powders are transported to distributors who tablet or adulterate prior to sale, 

which are then usually sold in packages ranging from 200 mg to 10 g [41, 48]. 

These substances are most commonly sold as the hydrochloride salt and 

administered via nasal insufflation, orally, by intramuscular/intravenous injection 

or rectal insertion [49]. The purity stated on some packages claim over 99% 

synthetic cathinones, however analysis of these have demonstrated purities of 

only ~95%, with a variety of adulterants (caffeine, lidocaine and piperazines for 

example) composing the rest [47].  

 

The cathinone analogues have been labelled or designated as “bath salts”, 

“plant food” and “research chemicals” by distributors in a bid to glide under the 

radar and avoid legal ramifications [39, 50, 51]. Sold under street names such 

as “Meow Meow”, “White Magic” “Ecstasy” and “MDMA”, packets generally 

display “not for human consumption” type labels to avoid penalties under 

specific Analogue Enforcement Acts [52]. In most cases, the cost to purchase 

these NPDs is substantially more attractive than the price of comparative street 

drugs and thus consumers are paying anywhere between $25-35 per half gram 

(U.S.A) [42] and €18-25/g (Europe) [45].  
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1.5.2 History 
Methcathinone 

The appearance and abundance of the cathinone analogues worldwide has 

been rapid and extensive.  They were initially synthesized in the early 20th 

century (methcathinone [1928] and mephedrone [1929]) for use as 

antidepressants and anorectic drugs [53], but their medicinal administration was 

short lived due to their misuse and addiction potential [41, 54]. Decades later 

methcathinone (MMC·HCl), appeared first in the Soviet Union and a few years 

after in the U.S.A., being sought after and abused for its cocaine-like stimulant 

effects [41, 55].  

 
Mephedrone 

Another first generation, and probably the most well-known and researched, 

synthetic cathinone to reach the market is mephedrone, commonly known as 

4MMC (4-methylmethcathinone) and MCAT. Renowned for once being a ʻlegalʼ 

alternative to cocaine and ecstasy, mephedrone originated from and was first 

detected in Israel in 2007. It was sold in capsules named Neodove from an 

online company known as Neorganics [41, 43]. The first documented 

mephedrone detection in Europe was in Finland in 2008, one year after its ban 

in Israel [47]. The popularity of this drug caused its dissemination throughout 

Europe and Australia, however the first appearance in the U.S.A. was not until 

2010, reported by the National Poison Data System [41, 56]. 

 

Methylone 
The synthesis of methylone, commonly referred to as βk-MDMA, in 1996 was 

intended and patented for the treatment of depression and Parkinsonʼs disease. 

Since its psychostimulant potency was similar to MDMA, it was never marketed 

[41]. Several years later in the mid 2000s, the first generation of recreational 

synthetic cathinones appeared for sale. Methylone emerged under the name of 

“Explosion” and was first documented in the Netherlands, followed by Japan, 

Australia and NZ [57, 58]. Marketed via the Internet and head shops, 

methyloneʼs ease of accessibility and affordability resulted in its large sale 

worldwide.  
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1.5.3 Prevalence and Seizures 
There is uncertainty around the worldwide prevalence of the synthetic 

cathinones and the majority of information is established via self-reporting 

abuse surveys. These surveys pertain to certain groups and consequently do 

not accurately represent the entire population [41]. Statistics gathered from 

these surveys gives an indication of the prevalence of selected synthetic 

cathinones throughout some regions of the world. Observations reveal that the 

popularity of cathinone analogues such as mephedrone has been widespread, 

with sales and consumption documented as extensive and rapid within a short 

period of time [49]. 

 

The availability and ease of purchase over the Internet has directly contributed 

to the widespread, rapid prevalence of these cathinone analogues, essentially 

providing accessibility to users of all ages. The U.S.A. has hosted an extensive 

synthetic cathinone market throughout recent years with reports from STRIDE, 

revealing from January 2010 through November 2013, there were over 1700 

cathinone-type exhibits seized across selected states in the U.S.A. In addition 

the NFLIS registered over 8800 cases involving various cathinone analogues 

throughout the same period and geographic area [59]. A recent case in 

Vancouver involved the identification of a large seizure of ʻbath saltsʼ (weighing 

16 kg), which was recovered by law enforcement officials [60]. An astounding 

1500 kg of illicit drugs including synthetic cathinones was seized en-route to the 

U.S.A. and Australia from China mid 2013 [61]. The number of international 

synthetic cathinone seizures has been relatively extensive to date. As a result 

law enforcement personal have had to expend substantial amounts of time and 

resources on the identification of new and novel analogues being synthesised.  

 

1.5.4 Legislation 

The legal status of the individual synthetic cathinones varies extensively 

between countries and is ever changing in accordance with new findings 

regarding public health concerns. With the increasing prevalence and health 

concerns related to these compounds the majority of countries have placed the 

analogues under appropriate legislative control [62].  Mephedrone along with 
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several other cathinone analogues detected throughout Europe were classified 

as controlled drugs under the UK Misuse of Drugs Act of 1971 and banned in 

2010 [42, 63, 64]. Mephedrone and methylone were placed on a temporary ban 

in 2011 as Schedule 1 substances under the Substance Control Act in the 

U.S.A. Since then all three derivatives remain as Schedule 1 and have been 

permanently banned in the U.S.A. [65, 66]. 

 

1.5.5 Chemistry 

Cathinones are considered structural analogues of amphetamines, such as MA 

and MDMA, comprised of an aromatic group bound to an amino functionality, 

which is attached to the middle carbon of a propyl side chain. Cathinones can 

be structurally discriminated form amphetamine analogues as they contain a β-

keto functional group. Methcathinone and mephedrone closely resemble MA, 

however mephedrone contains a methyl group positioned on the aromatic 

moity. Methylone is composed of a methylenedioxy ring attached to the 

aromatic ring thus sharing structural similarities to MDMA [47, 50].  

 

The synthetic cathinones differ from amphetamines chemically due to a β-keto 

functionality residing on the aromatic side chain. The basic and neucleophilic 

nature of the amine nitrogen renders the keto group prone to racemization and 

dimerization by deprotonation of the enol and condensation with the ketone, 

respectively. It has been suggested that it is due to these properties, that the 

isolation and purification of the psychoactive alkaloids in khat namely cathinone, 

have proven challenging [50]. This provides a likely explanation of why similar 

racemization has been reported for the free base forms of methcathinone and 

mephedrone, thus rendering them unstable in this form [50, 67]. 

 

1.5.6 Clandestine Synthesis 

Synthesis of the cathinone analogues; methcathinone, mephedrone, and 

methylone is a relatively straightforward procedure, which does not require 

sophisticated glassware or an experienced chemist [50]. Starting materials are 

readily accessible via the Internet or throughout the illicit market. The cathinone 

products often contain reaction by-products, adulterants and other mood 
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enhancing drugs including piperazines, as a result of their clandestine 

manufacture. [50] 

 

 Common synthetic procedures for cathinone analogues: 
Synthetic methods are easily accessed via internet sites such as Erowid.org 

[68] and Bluelight.org [69]. Two commonly used clandestine methods for 

methcathinone synthesis are; the oxidation of ephedrine and pseudoephedrine 

via an oxidising agent [70] and the amination of selected propiophenone 

derivatives [1, 7, 71]. Mephedrone and methylone are easily manufactured via 

the latter method, amination of the appropriate propiophenone derivative.  

 

The traditional method for methcathinone synthesis involves the oxidation of the 

once readily available over-the-counter, but now tightly controlled, 

pseudoephedrine. This very simple procedure involves oxidation of the benzylic 

hydroxyl group to a keto-functionality by oxidizing agents such as potassium 

permanganate or potassium dichromate (Scheme 1.3) [70]. This oxidation 

procedure can be accomplished easily using adaptive home ware items such as 

coffee filters, pots, hosing and domestic refrigerators, instead of complex 

laboratory glassware [68]. Due to the recent MA epidemic [72], 

pseudoephedrine is now tightly monitored worldwide resulting in clandestine 

chemists finding great difficulty in gaining access to a pseudoephedrine supply. 

This has resulted in clandestine chemists adopting other synthetic methods and 

precursors for the synthesis of methcathinone in addition to the other cathinone 

analogues mephedrone and methylone. 

 

  

Scheme 1.3. Methcathinone synthesis via ephedrine (or pseudoephedrine) starting material 

[70]. 

 

The principle alternative method used by clandestine chemists involves the α-

bromination of a propiophenone derivative starting material, followed by an N-

substitution via a chosen amine source, followed by precipitation as the desired 
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cathinone salt (Scheme 1.4) [1, 7, 71]. This three-step, relatively fast (6 - 30 

hours) method is simple, but requires purification steps to rid the final salts of 

toxic compounds and by-products; not always a priority among the illicit market.  

 

 

 

 

 

 

 
  

 
 

Scheme 1.4. Cathinone analogue synthesis via propiophenone starting material [71]. 

 

1.6 Isotopic Profiling 

1.6.1 Background 
The analysis of isotopes by IRMS has emerged as a powerful technique for the 

isotopic profiling of numerous sample types relevant to forensic investigation, in 

particular illicit drugs. The ability to utilise isotopes in nature as a means to 

extract valuable information from organic matter and further apply this 

information to investigate possible; origins, sources, history, links and geology, 

is possible [1, 73-84].  

 

The widespread application of IRMS has long been demonstrated in disciplines 

such as archaeology, food authenticity, geology and biology [73]. Following the 

introduction of commercially available IRMS instruments, isotopic analysis and 

its applications have rapidly grown. The fastest and most significant growth of 

IRMS has been within forensic disciplines [73], to discriminate substances 

according to geographical, chemical or biological origin. The application of 

IRMS has provided specific information unattainable from other more traditional 

techniques such as GCMS.  
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Analysis of stable isotopes such as oxygen, nitrogen, carbon and hydrogen 

(18O:16O, 15N:14N, 13C:12C and 2H:1H) provide information at a more specific 

level. By measuring the isotopic abundances of these elements, within 

substances, one can identify similarities or discrepancies between two 

seemingly identical (chemically and physically) substances based on their 

isotopic compositions [74]. The average isotope ratios of the aforementioned 

elements were fixed when the earth formed, however variation such as 

enrichment or depletion in the heavier isotopes may occur (18O, 15N, 13C and 
2H), resulting in unique isotopic compositions representative of that substance.   

 

Once a substance such as a drug is formed, the stable isotopic composition of 

that substance will remain the same until it decomposes or undergoes structural 

alteration (bonds breaking/forming) [37, 85, 86]. As a result, the isotopic 

compositions measured within these substances provide a key to revealing the 

history and/or origin of that particular substance [73]. Forensic chemists can 

therefore use the analysis of isotopes to profile seized and authentic drug 

samples for investigating possible sources, links (between sample groups, 

precursor-product relationships, etc) and/or discrepancies between 

questionable drug samples. To date isotopic profiling for various 

linkage/discrimination-type investigations has been demonstrated for numerous 

synthetic substances including MDMA [77, 87], MA [75, 80, 88-92] and more 

recently the designer drug mephedrone [1]. 

 

1.6.2 Isotope Theory 

Isotopes are essentially different versions of an element that vary based on the 

number of neutrons present in the nucleus [93]. Isotopes are classified into one 

of two categories based on the stability of their nucleus; stable isotopes or 

radioactive isotopes. Chemically and physically, isotopes of an element share 

similar properties (with the exception of those associated with mass) and are 

considered as either light or heavy isotopes depending on the number of 

neutrons relative to the number of protons in the nucleus [76]. For example, of 

the three common isotopes belonging to carbon (14C:13C:12C), 12C is considered 
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the light isotope while 13C is referred to as the heavy isotope and 14C the  

radioactive isotope. The light isotope of an elementd are typically dominant in 

nature with their natural abundance exceeding their heavier counterparts. With 

respect to carbon, 12C comprises 98.9% of carbon existing in nature with 13C 

representing 1.1%. The radionuclide 14C exists in only trace amounts 

(~0.0000000003%) [94]. The mean isotope abundances for commonly 

measured isotopes are displayed in Table 1.1 [74, 93].  

 

Element Isotope Relative abundance (%) 
Hydrogen (H) 1H 99.98 

 2H 0.0156 
Carbon (C) 12C 98.892 

 13C 1.108 
Nitrogen (N) 14N 99.635 

 15N 0.365 
Oxygen (O) 16O 99.759 

 17O 0.037 
 18O 95.02 

Sulphur (S) 33S 0.76 
 34S 4.22 
 36S 0.014 

Table 1.1. Measured relative abundances of selected isotopes in nature (adapted from [93]). 
 
 

1.6.3 Isotopes in Nature 

Stable	  Isotopes	  

Stable isotopes are elemental species that do not undergo degradation or decay 

over geological timescales but merely change in their relative abundances in 

nature (referring to isotope fractionation, discussed in section 1.6.6). It is the 

equal number of protons and neutrons in the nucleus of stable isotopes that 

render them resilient to spontaneous decay.  Of the known chemical elements, 

62 are reported to have two or more stable isotopes (15N:14N, 13C:12C and 
2H:1H), oxygen has three (18O:17O:16O) and tin has 10 (124Sn to 112Sn) [76]. The 

nuclei stability of stable isotopes along with variable light and heavy isotopic 

compositions enables their use for analytical purposes.  
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1.6.4 Measuring Isotopes 
The variations in natural isotope abundances are generally tiny and as a 

consequence it is neither ideal nor convenient to express isotope values as 

absolute numbers. Furthermore, it is not the absolute values that are of interest, 

but the difference in isotope abundances that provide the most meaningful 

information [76]. Natural abundance isotope values are reported as delta 

notation (δ), typically reported in units of per mil x 1000 and written as ‰ [95]. 

Delta values are obtained by calculating the difference in the ratio of the 

abundance of the heavier isotope to the abundance of lighter isotopes 

measured in a given material versus the ratios in an internationally recognized 

reference material [74, 76, 93, 96] and calculated by Equation 1.1 (using 13C for 

example):  

 
Equation 1.1. Calculation of δ values. 

 

Table 1.2 displays the stable isotope references and sources used 

internationally [76, 93, 96]. Isotope measurements are firstly determined against 

a working standard (laboratoryʼs reference material), which is in turn calibrated 

against the international standard [96]. The values are reported relative to these 

corresponding international standards, which have been arbitrarily assigned. 

These standards are available from the International Atomic Energy Agency 

(IAEA, Vienna, Austria) and the National Institute of Standards and Technology 

(NIST, Washington, DC, U.S.A), however are limited by their existence in the 

environment [93]. 
 

Table 1.2. The international reference materials against which values are calibrated (reprinted 

from [2]). *Vienna PeeDee Belenmite (VPDB), National Bureau of Standards (NBS-19). 

 
!13C = R(13C/12C)Sample — R(13C/12C)Standard  × 1000 (‰) 

 

                         R(13C/12C)Standard 

Primary 
reference  

Nature Isotopic ratio Delta (‰) Scale 

NBS-19* Calcium 
carbonate 

13C:12C 
 

+1.95 
 

VPDB* 
 

LSVEC Lithium 
carbonate 

13C:12C 
 

− 46.6 
 

VPDB 
 

AIR Air 15N:14N 0.00 AIR 
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Appropriate	  reference	  materials	  

The reference anchor points or primary standards for the isotopes considered in 

this thesis (13C:12C and 15N:14N) are described above (Chapter 1.6.4). 

Consideration of the appropriate laboratory standards (that are in turn traceable 

to the primary standards) for the samples under analysis must meet with the 

following criteria in order to ensure isotopic measurements are accurate, 

precise and provide reliable and meaningful values;  

- The use and manipulation of the chosen material must be met with ease 

during the preparation stages. 

- Inexhaustible resources. 

- The standard material δ-values must bracket the expected range of the 

sample material. 

- Both the chemical composition and elemental mole ratio of the standard 

material must closely reflect those of the sample material thus providing an 

accurate, precise and reliable measurement.  

- Ideally a standard material should be of appropriate chemical nature, high 
purity, stable over a long period of time and non-hydroscopic [97]. 

 

1.6.5 Stable Isotope Distributions and International Standards 

Carbon	  

From the simplest organic molecules such as methane to marine carbonates 

and sediments, the variation in 13C at natural abundance spans approximately 

0.11 atom % (110 permil) [74, 98]. Considered a wide range compared to many 

elements, the variable 13C abundances reflect the differing degree of mass 

discrimination related with the various photosynthetic pathways used by plants 

for carbon assimilation/fixation. A general overview of the natural variations 

observed for carbon isotope ratios (13C:12C) in different materials is displayed in 

Figure 1.7 (Adapted from [99]). 
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Figure 1.7. A general overview of the natural variation observed in δ13C content in selected 

organic matter (adapted from [99]). 

 

The 13C isotopic abundance is measured against the international standard 

Vienna PeeDee Belemnite (VPDB) δ-scale. VPDB is a defined value based on a 

historic limestone (PDB) and has an isotopic ratio consistent with marine 

limestone [2]. VPDB is subsequently enriched in the heavy 13C isotope relative 

to other organic carbon compounds and serves as a zero point for carbon 

isotope measurements  

Nitrogen	  

Nitrogen (N2) is found in the Earthʼs atmosphere and constitutes ~78% of the 

atmosphere by volume. N2 is evenly distributed throughout the atmosphere and 

as a result the isotopic ratio of nitrogen in air (15N:14N) remains constant at 

0.0036765. Air nitrogen (N2AIR) is used as the standard reference point for 

reporting δ15N values [74, 98]. Even though nitrogen appears abundant in 
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nature, atmospheric nitrogen actually only constitutes 2% of the Earthʼs total 

nitrogen, with the vast proportion trapped within inorganic matter (97.98%) [74].  

 

The nitrogen in the Earthʼs atmosphere is essentially not bio-available to the 

majority of organisms in nature (exceptions are evident with some bacteria) and 

only 0.001% of all nitrogen is bound within organic matter. As a result of the 

nitrogen cycle in the biosphere, the nitrogen δ-scale has a relatively narrow 

range observed for δ15N values sampled in the form of NH4
+ or animal waste (− 

20 to + 30 ‰, respectively). The narrower ranges observed for 15N abundances 

are a consequence of small isotope fractionation differences/effects caused 

throughout the different phases of the nitrogen cycle in addition to reduced 

Kinetic Isotope Effects (KIE) with increased atomic weight. Figure 1.8 displays 

the ranges of 15N isotope abundances determined for various materials 

(adapted from [93]).  
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Figure 1.8. A general overview of the natural variation observed in δ15N content in selected 

organic matter (modified from) [73]. 

 

1.6.6 Isotope Fractionation 

Isotopic fractionation causes a redistribution in the relative abundances of 

stable isotopes of an element [93]. The atmosphere, biosphere and geosphere 

contain naturally occurring stable isotopes such as those various elements 

discussed above. These isotope ratios were determined at the time of Earthʼs 

creation thus they are fixed entities. However, although they are fixed, 

compartmental isotopic fractionation is constantly occurring. The variation in 

isotopic compositions caused by fractionation effects creates isotope ratio 

values characteristic of the origin, history, purity and/or manufacturing 

processes of both products and their constituents [93]. 
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Kinetic	  and	  Thermodynamic	  Fractionation	  

Fractionation of isotopes occurs through chemical, physical and biological 

processes in nature. KIE are governed by differences in reaction rates and 

primarily a result of different bond vibrational energy between the heavy and 

light isotopes [93]. In a reaction involving isotopes of the same element, bond 

strength plays a role in the rate of reaction of the atoms and statistical kinetic 

models typically describe the lighter of the isotopes (lower atomic weight) being 

more reactive due to the formation of a weaker bond relative to the heavier 

counterpart. As a consequence the lighter isotope appears concentrated in the 

products, whilst the heavier isotope is enriched in the reactants [93].  

 

Kinetic isotope effects are described by virtue of the formula lightk/heavyk, where 

the ratios of rate constants of the light versus heavy isotopes at a reaction site 

within a compound are considered. A positive ratio represents a normal isotope 

effect (i.e. light isotopes reacting faster, thus concentration of heavy isotopes in 

the reactants) and conversely a negative ratio describes an inverse isotope 

effect in which the heavier isotopes are enriched in the products [93]. For 

example, fractionation as a result of chemical or physical processes such as the 

diffusion rate of a gas measured during evaporation, produce higher diffusion 

rates for lighter isotopes than those obtained for heavy isotopes [76]. A 

phenomenon enhanced in lighter elements such as hydrogen and deuterium for 

example, as a consequence of the proportionally larger difference in mass 

between the isotopes than say that apparent for nitrogen (15N:14N) or carbon 

(13C:12C) [93].  

 

Thermodynamic isotope fractionation describes the free energy change that is 

evident when one atom or more specifically isotope is exchanged for its heavier 

or lighter counterpart within a compound [100]. Thus a compound composed of 

a lighter isotope governs a larger reserve of free energy relative to a heavier, 

lower free energy reserve isotope [93]. The implications of thermodynamic 

isotope fractionation are evident with respect to differences in physico-chemical 

processes such as boiling point, melting point or vapour pressure for example. 

Directly related to the vibrational energy pertaining to a bond, thermodynamic 

effects govern processes that are not a result of covalent bond breaking/bond 
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forming occurrences, but merely phase changes such as those observed for 

solid-liquid-gas transitions [93]. 

 

1.6.7 Isotope Effects and Mass Discrimination 

Isotopic fractionation effects can be described by the reaction rate constant or 

equilibrium constant ʻkʼ of a given reaction: 

      
 k 

Precursor (or Source)          Product  
 

Where ʻkʼ is comprised of two subtly different rate constants jk and ik 

(representing the heavy and light isotopologues respectively), which comprise 

the precursor (or source) compound [74]. The ratio of these two rate constants 

describes the fractionation factor α, which is a numerical expression defining 

the relationship;  

α = jk/ik    

Equation 1.2. Fractionation factor (α). 

 

A molecule with a light isotope at the bond involved in a reaction will react 

slightly quicker than the same molecule with a heavy isotope in the same 

position (based on the activation energy required to initiate the reaction), the 

value of α is generally less than one. An example where the reaction rate 

constant ik is 3% faster than the corresponding jk translates to the fraction factor 

α of 0.97 and therefore indicates that the product will be isotopically lighter 

relative to its precursors [74]. Conversely, depletion will be observed in the 

products relative to the precursors.  

 

Calculating α, values from measured isotopic composition is simply derived 

from the Rayleigh equation; Equation 1.3 [74]. 

 

α = (1000 + δ 
Product) / (1000 + δ 

Precursor) 
Equation 1.3. Fractionation factor (α) relative to δ-values. 
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The enrichment factor (ε), which describes the average difference in isotopic 

composition precursor-product pairs, is derived from α and calculated using 

Equation 1.4; 

ε = α – 1 
Equation 1.4. Enrichment factor (ε). 

Application	  to	  illicit	  drugs	  

With regards to the isotopic analysis of illicit drugs, to identify if fractionation 

may have occurred as a result of the synthetic procedure, a simple mass 

balance calculation of the contributing precursors can be derived from Equation 

1.5. The resulting theoretical delta value is based on the reaction going to 

completion; 

δ (Theoretical) = A × δ (‰) ( (Precursor 1) + B × δ (‰) (Precursor 2) 
Equation 1.5. Theoretical δ-value. 

 

Where A is the number of carbon atoms contributed by precursor 1 and B the 

carbon atoms contributed from precursor 2. The relationship between the δ-

value of a drug precursor (or precursors ʻtheoreticalʼ value (Equation 1.5) and 

corresponding product can be expressed using the Rayleigh equations; 

Equations 1.3 and 1.4 [74].   
 

A fractionation factor (α) greater than unity means that the drug product will be 

enriched in the heavy isotope relative to its precursor, and a fractionation factor 

less than 1 means the drug product will be depleted in the heavy isotope 

relative to its precursor [1]. The value of ε identifies to what extent fractionation 

as a result of the synthetic procedure has incurred between precursor-product 

drug pairs.  

 

Based on the abundance of light and heavy isotopes determined for a given 

element present within a drug sample, underlying differences between two 

seemingly identical drug samples can be identified. Although isotope 

compositional differences are small, these subtle but significant and robust 

differences provide the basis for comparison and therefore application of 

isotopic profiling to illicit drug compounds. 
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1.7 Forensic Analysis: Isotope Ratio Mass Spectrometry 

1.7.1 IRMS Instrumentation 

An IRMS is an instrument that can provide very precise measurements 

pertaining to the variations observed in the natural abundances of light isotopes 

[93]. The main difference between an IRMS and traditional MS instrument 

resides in the collection of data. An IRMS does not scan a mass range for 

characteristic fragment ions in order to provide structural information as an MS 

does. It uses multiple collectors that measure the natural abundances of the 

individual isotopes of an element within a sample [93, 101].  

 

The routinely measured isotopes are 18O:17O:16O, 15N:14N, 13C:12C and 2H:1H. 

Other elements including 36S/34S/33S/32S and less frequently selenium 

(80Se:78Se:77Se:76Se:74Se), chlorine (37Cl:36Cl:35Cl) and silicon (30Si:29Si:28Si) are 

also measured for research in other areas of science [93]. A conventional IRMS 

instrument consists of five main sections (sample inlet, an ion source, a mass 

analyser, an ion collection assembly and a computer) (Figure 1.9) [95, 102, 103].   
 

 
 

Figure 1.9. Main components of an IRMS instrument (redrawn from [73]). 
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Before a sample is introduced to the IRMS it is typically first converted into 

gases in an analyser (see Figure 1.10). An analyser such as an Elemental 

Analyser (EA-IRMS) typically contains a two-reactor system consisting of a 

ʻcombustionʼ and a ʻreductionʼ reactor followed by a ʻwater trapʼ and a gas 

separation column. In the case of C and N analysis (specific details below), 

typically 100-200 µg of sample is combusted (or oxidation) in an oxygen 

atmosphere in a quartz reactor to form CO2, NOx and H2O (generally between 

900-1050°C). Reduction of NOx/N2 and removal of excess oxygen occurs in the 

second reactor, typically at ~650°C [2]. Water is then removed via a trap, which 

contains magnesium perchlorate (referred to as an Anhydrone®). Chemical 

traps that contain soda lime (referred to as an Ascarite®) can also be used to 

remove CO2 from the sample gas stream, which is particularly advantageous 

when measuring nitrogen isotope ratios only as it reduces interferences [2]. The 

gases are then separated on a column before being introduced to the ion 

source. Ionization causes molecules to emerge which are separated by a 

magnetic sector based on their mass-to-charge ratio (m/z) [93]. Selected ions 

are then collected in an array of Faraday cups (FC or Faraday detectors), 

generally three cups, however sometimes up to eight (Figure 1.9).   

 

 
 

Figure 1.10. Elemental Analyser interface for IRMS (redrawn from [73]). 
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The positioning of the Faraday cups are set such that ions simultaneously pass 

through the middle of the entrance slit present on the respective ion collection 

cup. No stray ions or electrons can gain entry into the cups nor can any 

secondary particles formed within the cup, as a result of collision with the cup 

walls, escape out of the slit [93]. The ion currents are sampled (typically every 

0.1 second), amplified and digitized via a voltage-to-frequency converter (VTF) 

before the final transfer of data occurs to a computer. Integration and calculation 

of the isotopomer peak areas results in the determination of the corresponding 

isotope ratios. Looking at the example of CO2, the resulting data consists of four 

ion traces: 12C16O2, 13C16O2, 
12C17O16O and 12C18O16O with their corresponding 

masses at m/z 44, 45 and 46 [93, 101]. 

 

The traditional IRMS instrument had an automated Dual Inlet IRMS (DI-IRMS), 

however with advancements in electronics and technology the Continuous Flow 

IRMS (CF-IRMS) is the standard instrument commercially available today. The 

DI-IRMS system requires samples to be prepared and converted to their gases 

off-line. Although it remains the highest precision technique available, this 

procedure requires specialised equipment including custom-designed vacuum 

lines equipped with high vacuum and sample compression pumps, various 

concentrators (chemical/cryogenic traps), reaction furnaces and micro 

distillation apparatus [74]. Resultantly it is often extremely time-consuming, 

laborious and directly influenced by operated efficiency, and is best suited for 

larger samples. There are also risks of contamination and fractionation of 

samples at each step prior to analysis [74, 93]. 

 

The most suitable and routinely used technique for isotope ratio determination 
for forensic sample examination is the CF-IRMS. The comparison between the 

two systems are summarised in Table 1.3 (reprinted from [2]). CF-IRMS 

predominantly varies from DI-IRMS due to having a continuous flow of helium 

carrier gas that passes into the ion source carrying the gaseous sample for 

analysis. This enables smaller amounts of sample to be analysed. Additionally, 

it can be connected to an array of automated sample preparation devices, 

which eliminates off-line sample preparation such as that required by the DI-

IRMS and thus achieves more accurate measurements. Common automated 
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sample preparation devices include an EA-IRMS (Figure 1.10) or a Thermal 

Conversion Elemental Analyser (TC/EA-IRMS) for example [74].  

 
 Dual-Inlet Continuous flow 

Type of gas entering the 

mass spectrometer 

A pure gas (such as CO2) is 

introduced into the ion source. 

A pure gas is entrained as a 

chromatographic peak within 

a flow of helium during 

introduction to the ion source. 

Thus a mixed gas enters the 

ion source (e.g. CO2 + He). 

How the sample gas and 

working gas are introduced 

into the mass spectrometer 

The gases are repeatedly and 

alternately introduced into the 

ion source. 

The chromatographic peak of 

sample is preceded and/or 

followed by introduction of 

working gas. 

Signal intensity of sample gas Sample gas and working gas 

are carefully balanced by 

adjustments of bellows to 

produce nearly identical 

signals, for the major ion 

beam, avoiding linearity 

biases. 

Sample gas varies in intensity 

across the chromatographic 

peak. 

Amount of sample required 10s of μmol, or ~0.5 μmol 

using a cold finger volume. 

The sample size is controlled 

by the need for viscous flow 

conditions in the capillaries. 

100s of nmol, smaller if 

systems are optimized (10s of 

nmol by GC-IRMS). Because 

viscous flow is provided by 

the helium stream, there is the 

possibility of further reduction 

in sample size by 

advancements in blank 

reduction, amplification and/or 

minimizing the preparatory 

system. 

Table 1.3. Summary of differences between dual-inlet and continuous flow techniques 

(reprinted from [2]. 
 

 

With todayʼs advances in electronics and instrumental design, dual isotope 

analysis is routinely carried out for 13C and 15N from the same sample within the 

same analytical run via an EA-IRMS. Generally most organic matter contains a 
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relatively small proportion of nitrogen and therefore the signal corresponding to 

the CO2 (carbon) must be diluted to achieve an appropriate nitrogen signal. The 

EA interface controls the volume of gas entering the ion source and can dilute 

the sample gas with helium. Provided the chromatographic separation of the 

peaks corresponding to N2 and CO2 can be achieved, an accelerating jump 

from 15N to 13C mode can be carried facilitating this dual analysis [74]. Similarly, 

dual analysis of 2H and 18O from the same sample is also common practice and 

achieved via the use of a TC/EA-IRMS [74]. 

Carbon	  and	  Nitrogen	  	  

Analysis of 13C and 15N via an EA-IRMS involves measuring small amounts of 

solid or liquid samples (0.05 - 0.15 mg) into tin capsules and then pelletizing or 

crimping, before being loaded onto a carousel for automated analysis. The 

samples are combusted in a furnace producing gaseous molecules ready for 

analysis. The combustion products N2, NOx, CO2 and water are carried through 

a reduction furnace for conversion of nitrous oxides to N2 and removal of excess 

oxygen via a stream of helium. Following the removal of water via a drying tube, 

the gas phase products are separated on a GC column under isothermal 

conditions where they are detected non-destructively before introduction into the 

IRMS [93].  

Introduction	  into	  the	  IRMS	  

Upon entry into the IRMS, gaseous products enter the ionisation chamber of the 

MS via a stream of helium carrier gas where they are bombarded with an 

electron beam in a high vacuum resulting in the loss of electrons and ionisation 

of the individual molecules. These positive ions are accelerated through a flight 

tube surrounded by an electromagnet in which affects the separation of the ions 

based on their m/z [93].  

 

1.7.2 Forensic IRMS Procedures 

At the current time there are virtually no internationally harmonised methods 

standardising IRMS procedures specifically for forensic drug related purposes. 

Guidance is available for isotopic profiling, instruments, protocols, calibration, 

standards, sample preparation, handling, reporting, quality assurance 
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(QA)/quality control (QC) and troubleshooting in the Good Practice Guide for 

IRMS [2]. 

 

1.7.3 Making IRMS measurements 
 

Sample	  preparation	  and	  measurement	  

Prior to IRMS analysis, samples (referring to drugs) are to be thoroughly 

homogenised, which is essential for obtaining true, representative isotopic data. 

Samples are weighed into either tin or silver capsules, crimped secure, plated 

up in a 96 well plate. The sample weight, plate position and sample identity 

should be recorded. It is of fundamental importance that samples, RMs and 

QA/QC are treated identically during the preparation for analysis [2]. It is 

suggested that samples are run in at least triplicate analysis and included in 

each run is one RM for each element being measured [2]. Reference material 

should be analysed at the start and end of each sequence for QA purposes. 

Gases resulting from the tin or silver capsules can be corrected for via 

measurement and adjustment of blank samples run during the sequence (tin or 

silver capsule containing no sample). An in-house QC material is measured 

throughout the analysis and the RM values are used to normalise the sequence 

data [2]. Once samples have been run, calculation of the isotopic ratios (against 

the reference material) is generally automated via the IRMS software. Acquired 

data is then normalised relative to the corresponding international standard 

(Table 1.2). Normalisation converts the raw (measured) δ-values into the true δ-

values and it is these values that are reported versus an international standard 

[2] 
 

Measurement	  uncertainty	  

IRMS instruments can measure variations in natural isotope abundances with 

an uncertainty better than 0.02 ‰ [2]. Carter et al. [2] make mention that larger 

errors are often introduced prior to IRMS analysis such as those resulting from 

sample preparation/treatment. The authors also report that the uncertainty of 

the δ-values is typically a combination of various sources of uncertainty 

including; 
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- precision (replicate measurements) 

- bias (experimental procedures) 

- reference materials (uncertainty surrounding the δ-values)  

- algorithms (used to correct and normalise data) [2]. 

Example measurement uncertainty and in-house calibration data relative to the 

isotope measurements presented in this thesis are tabulated in the appendix 

(Table A-2). Standard samples that fell outside the accepted delta variations for 

carbon or nitrogen (± 0.2 ‰ for both elements) were not included in the data 

analysis.  

 

1.7.4 Interpretation of IRMS data in forensic science 

Isotopes	  in	  Drugs	  

It has been proposed that each batch of synthetic drugs has a unique isotopic 

profile which forms the basis for discriminating/linking via isotopic analysis [37]. 

The isotopic signature within synthetic drugs is dependent on the precursor 

chemicals, the synthetic route, the conditions employed and the cutting agents 

(if not pure). Chemical reactions in addition to physical processes such as 

condensation, purification or evaporation generate products that are isotopically 

different from their starting materials, precursors and other drugs (of the same 

class) made via a different synthetic method [73, 95]. For example, the isotopic 

composition of phenylethylamine analogues and other synthetic compounds 

including NPDs; piperazines and cathinones, are characteristic of the starting 

materials used and the synthetic processes employed [104, 105]. By 

determining the ratios of 15N:14N, 13C:12C and 2H:1H (piperazines) and 18O:16O, 
15N:14N, 13C:12C and 2H:1H (cathinones) isotopes within these drug molecules, 

information regarding the synthetic origins, history and/or manufacturing 

processes of these substances can be elucidated. The isotopic composition of 

these products relates to the isotopic composition of the precursors used to 

synthesize the drugs and depends on the origin and fractionation processes 

these compounds undergo. The work presented in this PhD thesis builds upon 

the concepts reported in previous studies [75, 105]. Once a drug compound is 

formed, it will retain its natural stable isotope abundance until it degrades [85], 
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therefore, differences in the stable isotope abundances in the precursors for 

example, originating from different sources, will allow discrimination between 

the different products via IRMS analysis.  

 

1.7.5 Forensic Applications – examples 

Throughout the past 15 years, research and investigations into the applicability, 

reliability and efficacy of IRMS as a profiling technique for forensic drug 

purposes has increased. Interesting and promising data have been obtained 

and are available in the scientific literature representing a wide variety of 

isotopic applications i.e. investigating drug origins, sources, history and links [1, 

73-84], thus demonstrating the power of this technique. Although IRMS still 

remains an underused profiling technique in relation to other more traditional 

and conventional methods such as organic impurity profiling via GC-MS, the 

gaps within this field are slowly being filled and knowledge is being built as to 

the full potential of this technique within forensic chemistry.  

 

Some available research demonstrating investigations into the application of 

stable isotopes with illicit drugs are highlighted. Iwata et al. [90] has used 
15N:14N isotope analysis in conjunction with impurity profiling to discriminate 

between MA crystals from three individual packages seized simultaneously. The 
15N:14N composition discriminated two major groups and further subgroups of 

the MA crystals. Iwata et al. suggested multiple precursor sources were used to 

synthesize the MA, which was subsequently mixed and dispersed between the 

packages.  
  

Buchanan et al. [77] carried out an in-house study to investigate the application 

of IRMS to determine the synthetic route for 18 MDMA tablets. The authors 

concluded that the analysis of the δ2H data alone was sufficient to discriminate 

accurately between the three routes employed. They do, however, acknowledge 

the discriminating power observed in their study may not extrapolate to 

clandestinely synthesized MDMA and that further research is required. 

 

Carter et al. [78] presented a case where uncertainty of a common source 
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between two MDMA seizures (one in the possession of a male and the other 

within the premises of the male) was resolved through IRMS; the compositional 

analysis of 13C:12C and 15N:14N isotope ratios in the tablet extracts were 

consistent at the 95% confidence level. In a more extensive study Palhol et al. 

[106] examined the 15N:14N isotope ratios in 106 MDMA samples extracted from 

ecstasy tablets. They reported a large range for δ15N values, which 

consequently allowed the discrimination of different samples, formation of 

groups and the identification of similar synthetic routes.  

 

Salouros et al. [83] conducted extensive research into stable isotope ratios in 

MA and investigated product to precursor linkage. The study involved the 

analysis of 15N:14N, 13C:12C  and 2H:1H of MA and precursors 

ephedrine/pseudoephedrine. Differentiation between the three industrial 

methods (classified as natural, semi-synthetic, where the starting material was 

isolated from natural sources and synthetic) used to make the precursors was 

achieved. Previous work demonstrated that benzaldehyde (the precursor for the 

natural method) was highly enriched in 2H (δ2HVSMOW = + 700 ‰) [80]. In their 

later study [83], the authors revealed that as a result of the highly enriched 

deuterium measured in some MA samples, links to the natural method 

(fermentation of benzaldehyde) could be established.  

 

It has been suggested that stable isotope ratios are analogous to DNA evidence 

or to fingerprints for non-biological materials. In suggesting this, Meier-

Augenstein [74] further implied that by determining the ratios of numerous 

isotopes the combined value can provide specificity only otherwise achievable 

from DNA profiling. This desired specificity has resulted in the forensic use of 

IRMS to determine the geographical origins of many natural or semi-synthetic 

drugs, such as cocaine, heroin, morphine and cannabis [107, 108]. Carter et al. 

[109] reported that through multivariate isotopic analysis the clustering of 

MDMA samples was identified, reflecting specific production batches. The 

piperazine projects presented as part of this thesis (Projects 1, 2 and 3; 

Chapters 3, 4 and 5, respectively) provide novel research that extends on the 

current isotopic analysis of illicit compounds with reference to the applicability of 
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utilizing IRMS for linking/discriminating batches of drugs for forensic intelligence 

purposes.  

 

NicDaéid et al. [1] investigated the applicability of using isotopic fractionation to 

link precursors to the corresponding product, relative to the synthesis of 

mephedrone (utilizing 13C:12C and 2H:1H isotopes). Although little structural 

deviation from precursor to intermediate occurred (replacement of one proton 

with a bromine atom, Scheme 1.5), the substitution of the bromine with a 

methylamine group, resulting in the formation of the desired product, provided 

unique isotopic profiles that were measured in the products. They concluded 

from the analysis of the δ13C and δ2H data that a ʻquantifiable linkʼ was 

observed allowing the tracing of products to their ʻsynthetic batchʼ precursor 

source. Project 4 (Chapter 6) provides an extension to the isotopic analysis of 

mephedrone (4MMC) by analysing 13C:12C in addition to 15N:14N, not previously 

reported by NicDaéid et al. [1]. Extending the study to include MMC and βk-

MDMA has provided novel research to the area of isotopic profiling of illicit 

compounds. Furthermore, various synthetic parameters and fractionation 

contributors relative to the synthesis of these compounds were identified 

providing a greater understanding when analysing samples of this nature by 

IRMS.  

 

 
Scheme 1.5. Mephedrone synthesis: precursor, intermediate and product formation (adapted 
from NicDaéid et al. [1]). Reagents and conditions: (a) Br2/HBr (48% in water)/CH2Cl2/rt/1 h; (b) 
MeNH2·HCl/NEt3/CH2Cl2/rt/24 h; (c) HBr (33% in AcOH)/AcOH/rt/1 h. 
 

These studies are a few of a growing number that highlight the successful 

application of IRMS to synthetic illicit-drug related cases routinely encountered 

in forensic laboratories and demonstrate the potential this technique has as an 

evidential tool for use in conjunction with other techniques.  
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1.9 Statistical Analysis 
Having obtained traceable isotopic data, the essential step remains to interpret 

what the data means, select the best statistical software for analysis and 

determine how the data sets compare to other corresponding data sets [97]. 

The piperazine and cathinone data obtained in this project were analysed and 

plotted using Microsoft® Excel® (version 14.4.4), and MyStat (version 13) 

software. Some of the data (cathinone data) were analyzed and plotted using R 

3.0.1 software environment for statistical computing and graphics. Canonical 

discriminant analysis (CDA) was applied to the isotopic data to determine to 

what extent these parameters distinguish between the different sample batches 

(different sources, production batches, method of synthesis or cases for 

example).   
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CHAPTER 2  

EXPERIMENTAL 

General Procedures 

2.1 Chemicals and Equipment 

Piperazine reactions were carried out at temperatures specified, while 

cathinone reactions were carried out at room temperature (25°C). All reactions 

were carried out in fume cupboards.  Chemicals were purchased from Sigma-

Aldrich, MP Biomedical, Acros Organics, Santa Cruz or Alfa Aesar and all were 

used as received unless otherwise specified. All glassware and equipment were 

research laboratory grade. 

 

 2.2 Thin Layer Chromatography  

Analytical Thin Layer Chromatography (TLC) was performed on Merck 

aluminium sheets, pre-coated with silica gel 60 F254 (0.20 mm).  Plates were 

observed under UV light at 254 nm and then developed following charring with 

ninhydrin stain (TLC plate was dipped in a solution of ninhydrin, residual 

ninhydrin removed and allowed to dry/char on a hot plate). Ninhydrin; 95.00 mL, 

n-butanol, 5.00 mL acetic acid, 10.00 g ninhydrin. Solvent systems varied 

depending on the compound (specified below).  

 

2.3 Nuclear Magnetic Resonance Spectroscopy  

One-dimensional 1H and 13C Nuclear Magnetic Resonance (NMR) spectroscopy 

spectra were obtained using a Bruker 300 MHz spectrometer operating at 300 

and 75 MHz, respectively. All samples were analysed by dissolution in either 

deuterium oxide (D2O) or deuterochloroform (CDCl3). Signals are reported in 

terms of their chemical shift (δ in ppm) relative to D2O (1H, 4.79 ppm and 13C, 

external reference used) and CDCl3 (1H, 7.26 ppm and 13C, 77.0 ppm). For 1H 

spectra, integration, intensity, multiplicity and assignment values are reported 

with multiplicities indicated using standard notation; singlet (s), doublet (d), 

doublet of doublets (dd), triplet (t) and multiplet (m). Attached proton test (APT) 



 65 

was utilised to aid assignment by separating carbons unattached to protons and 

CH2 signals (peak down) from CH and CH3 signals (peak up). 

 

 2.4 Low Resolution Mass Spectrometry  

Mass spectral analysis was achieved using a Bruker Esquire 3000 Electrospray 

Ionization Ion Trap Mass Spectrometer (Bruker Daltonic GmbH, Germany). All 

samples (0.20 - 1.00 mg) were analysed by dissolution in deionized (DI) water.  

 

2.5 Gas Chromatography-Mass Spectrometry 

BZP chemical analysis was performed using a GC-MS (Electron Ionization) at 

70 eV. The samples were separated using an Agilent Ultra Inert column DB-

5MS (30.00 m, 0.25 mm, 0.25 μm). The GC-MS method and parameters used 

for BZP are displayed in Table 2.1. Oven parameters are collated in Table 2.2. 
 

Column oven temperature 280°C* 

Injection temperature 225°C 

Injection mode Splitless 

Carrier gas Helium 

Flow rate 1.00 mL/min 

Pressure Variable 

Ion source temperature 200°C 

Interface temperature 250°C 
Table 2.1. GC parameters for piperazine profiling.* See Table 2.2. 

 

 

Rate (°C/minute) Final temperature (°C) Hold time (minutes) 

- 80 4.0 

20 280 8.0 

20 290 11.5  
Table 2.2. Column oven temperature program for piperazine analysis. 
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2.6 High Performance Liquid Chromatography 
Chromatographic separations were performed using an Agilent 1100 LC series 

HPLC with UV detection at 208 nm (Agilent Technologies, Forest Hill, Australia). 

Data were acquired using Chemstation Software (Agilent Technologies). All 

separations were accomplished using a Synergi Hydro-RP Phenomenex 

column (250 mm x 10 mm, Phenomenex, Sydney, Australia) with a mobile 

phase gradient. The components of the mobile phase were: water with 0.05% 

aqueous trifluoroacetic acid (TFA) (A) and 100% acetonitrile (B). The flow rate 

of the mobile phase was 3 mLmin-1. The total separation time was 17.6 min. 

The elution proceeded with the following gradient: 0-6.8 min 86% A/14% B, 6.8 

- 12 min 65% A/35% B, 12 - 17.6 min 86% A/14% B. Cutting times of target 

isolate collections were BZP; 4.95 to 5.33 min and TFMPP; 13.25 to 15.00 min. 

The column temperature was 36°C. Following collection of the isolates, the 

mobile phase was removed from the sample fractions via rotary evaporation 

with addition of two lots of DI water addition/rotary evaporation to remove any 

TFA. Samples were dissolved in 1 mL of DI water before freezing in liquid 

nitrogen then freeze-dried overnight. All samples (from both Cases 1 and 2) 

were treated identically throughout all steps of preparation, treatment, HPLC 

methodology and analysis. 

 

2.7 Isotope Ratio Mass Spectrometry 

Bulk	  13C	  and	  15N	  Isotope	  Analysis	  	  
 
Isotopic data for carbon and nitrogen were obtained by weighing a small 

amount (0.05 - 0.15 mg) into tin capsules and pelletizing. Isotope data were 

acquired by combusting samples at 1020-1050°C in a Sercon Europa EA-GSL 

Elemental Analyser (combustion tube is packed as follows: from Bottom: 20 mm 

Ag, 5 mm quartz chips, 50 mm granular Silvered cobaltous Cobaltic Oxide, 5 

mm quartz chips and 70 mm granular Chromium oxide with Nickel plate as wall 

protector). The CO2, NOx and H2O produced during the combustion were 

carried in a helium flow, through a reduction reactor filled with copper at 650°C 

to reduce NOx to N2 then through an Anhydrone® trap to remove water. CO2 

and N2 gases were chromatographically separated and fed into a Sercon Hydra 
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20-22 isotope mass spectrometer where the ratios of 13C/12C and 15N/14N from 

the samples were measured.  
 
Measured isotope abundance values were normalised to the international 

reporting scales, VPDB (13C) and Air (15N), by 2-point calibration using 

contemporaneously analysed reference materials (RMs) obtained from the 

IAEA (Vienna, Austria): IAEA-CH-6 (δ13CVPDB = − 10.45 ‰) and IAEA-CH-7 

(δ13CVPDB = − 32.15 ‰) for carbon and IAEA-N1 (δ15NAIR = + 0.43 ‰) and IAEA-

N2 (δ15NAIR = + 20.35 ‰) for nitrogen [110]. In addition, in-house standards of 

sucrose (δ13CVPDB = − 11.58 ‰) and ammonium sulphate (δ15NAIR = + 0.36 ‰) 

were analysed in duplicate throughout the analytical sequence as quality 

assurance checks.  
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2.8 Organic synthesis 

2.8.1 HCl Gas Production 

Anhydrous calcium chloride (CaCl2, 5 g, 45.00 mmol) was weighed into a dry 

conical flask with a stirrer. Hydrochloric acid (HCl (aq)) (30%, 5 mL. 136.00 

mmol) was added to a pressure-equalizing funnel, which was secured to the 

conical flask. A Dreschel flask containing absolute EtOH (100 mL), under 

nitrogen atmosphere, was placed in ice. Dry tubing was attached to the conical 

flask and the closed system was evacuated twice and then flushed with 

nitrogen. The conical flask was heated in an oil bath to 60°C. The HCl (aq) was 

slowly added dropwise to the CaCl2. The generated HCl gas was sucked 

through the tubing and bubbled into the EtOH until bubbling ceased (see Figure 

1.11 as an example setup). The EtOH/HCl gas mixture was then stoppered and 

kept on ice until required, with the desired acidity (pH 1) verified using litmus 

paper. 

 
Figure 1.11. HCl gas production setup. 
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2.8.2  BZP·HCl preparation - method 1 

 
Figure 2.1. Structure of Piperazine·HCl. 

 

To a round bottom flask containing piperazine hexahydrate (PH) (2.43 g, 12.50 

mmol), EtOH (5 mL, 136.00 mmol) was added and placed in an oil bath at 65°C 

with constant stirring. Piperazine dihydrochloride (PD) (2.21 g, 12.50 mmol) was 

added to the mixture and stirred until dissolved. To the reaction mixture benzyl 

chloride (1.44 mL, 12.50 mmol) was added portion wise at five-minute intervals 

with vigorous stirring. Once the addition was complete, the solution was 

continually stirred for an additional 25 minutes at 65°C.  The reaction mixture 

was then placed on ice to cool for 20 minutes unstirred. The observed crystals 

(piperazine·HCl) were collected by suction filtration using a Buchner funnel and 

washed three times with 10 mL of ice-cold EtOH, collected and dried under high 

vacuum. Recovery of the piperazine·HCl was 95-97%.  

 

Piperazine·HCl 
1H NMR (300 MHz, D2O) δH:  3.60 (8H, s, CH2). 

13C NMR (75 MHz, D2O) δc: 40.5 (4 × CH2). 

MS (ESI) C4H11N2 m/z 87.2 [M + H]+. 

 

 

 
 

 
 Figure 2.2. Structure of BZP·HCl. 

 

The combined filtrate and washings from the piperazine·HCl crystals were put 

on ice, then 60 mL of the acidic absolute EtOH/HCl saturated solution was 

injected into the mixture and stirred vigorously for five minutes. The mixture was 

placed on ice for a further 10 minutes with no stirring. Plates/crystals of 

Cl
HN NH2

N

NH2 Cl
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BZP·HCl precipitated and were collected by suction filtration through a sintered 

funnel, washed with 4 mL of ice-cold benzene and dried on the high vacuum 

overnight. The desired compound by TLC (Rf 0.21; MeOH: EtOAc: Et3N 

(3:6.5:0.5)) was obtained in a yield range of 90-95%. 

 

BZP·HCl 
1H NMR (300 MHz, D2O) δH:  3.65 (8H, s, N(CH2)2), 4.48 (2H, s, CH2), 7.56 (5H, 

m, Ar-H). 
13C NMR (75 MHz, D2O) δC: 40.5 (2 x NH2(CH2)), 47.9 (2 x Ar-CH2N(CH2)), 60.8 

(Ar-CH2), 127.4, 129.4, 130.6, 131.3 (Ar-C). 

NMR data consistent with [111]. 

MS (ESI) C11H17N2 m/z 177.1 [M + H]+. 
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2.8.3 BZP·HCl preparation - method 2 
 

 

 

 

 
Figure 2.3. Minor and major products: BZP·HCl and DBZP·HCl. 

 
To a round bottom flask containing PH (2.43 g, 12.50 mmol), EtOH (5 mL, 

136.00 mmol) was added and placed in an oil bath at 65°C with constant 

stirring. To the reaction mixture benzyl chloride (1.44 mL, 12.50 mmol) was 

added portion wise at five-minute intervals with vigorous stirring. Once the 

addition was complete, the solution was continually stirred for an additional 25 

minutes at 65°C.  The reaction mixture was then placed on ice to cool for 20 

minutes unstirred. The piperazine·HCl crystals were collected by suction 

filtration using a Buchner funnel and washed three times with 10 mL of ice-cold 

EtOH, collected and dried under vacuum. Recovery of the piperazine·HCl was 

10-15% The combined filtrate and washings from the piperazine·HCl crystals 

were put on ice and then 60 mL of the acidic EtOH/HCl saturated solution was 

injected into the mixture and stirred vigorously for five minutes. The mixture was 

put back on ice for a further 10 minutes with no stirring. Plates/crystals of 

BZP·HCl and DBZP·HCl precipitated out and were collected by suction filtration 

through a sintered funnel, washed with 4 mL of ice-cold benzene and dried on 

the high vacuum overnight. The desired compound (BZP·HCl) and reaction side 

product (DBZP·HCl) by TLC (Rf 0.21, Rf 0.80, respectively; (MeOH: EtOAc: Et3N 

(3:6.5:0.5)) were obtained in a combined yield range of 85-90% (quantitation of 

each compound was not performed). 

 

DBZP·HCl 
1H NMR (300 MHz, D2O) δH:  3.65 (8H, s, 2 x N(CH2CH2), 4.48 (4H, s, 2 x Ar-

CH2), 7.56 (10H, m, Ar-H). 
13C NMR (75 MHz, D2O) δC: 40.5 (2 x NH2(CH2)), 47.9 (2 x Ar-CH2N(CH2)), 60.8 

(Ar-CH2), 127.4, 129.4, 130.6, 131.3 (Ar-C). 

NMR data consistent with [112]. MS (ESI) C18H23N2 m/z 267.2 [M + H]+. 

N NH
Cl

N

NH2 Cl
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2.8.4 BZP - free base preparation 

 
Scheme 2.1. BZP·HCl conversion to BZP free base. 

 

A solution of BZP·HCl  (36.30 mg) in 1 mL of water was made alkaline (pH  > 

12) with ~1 mL 5 N potassium hydroxide (KOH). It was extracted three times 

with 3 mL portions of tert-butyl methyl ether (tBME) and the combined extracts 

were dried over anhydrous sodium sulphate (Na2SO4), filtered and concentrated 

in vacuo. The pale brown oil remaining after removal of the solvent was dried 

under high vacuum to yield 64% (23 mg) of high purity BZP.  

 

BZP 
1H NMR (300 MHz, CDCl3) δH: 1.26 (1H, brs, NH), 2.43 (4H, s, NH(CH2)2), 2.83 

(4H, m, Ar-CH2N(CH2)),  3.51 (2H, CH2-Ar), 7.22 to 7.36 (5H, m, Ar-H).  

NMR data consistent with [113]. 

 

 2.8.5 Derivatisation of BZP for GC-MS analysis 

For GC-MS analysis samples were derivatized following isolation of the free 

base. Samples were re-dissolved in EtOAc (1 mL) and 200 µL transferred to a 

screw cap vial for derivatization. Samples were derivatized by heating (65°C) 

the EtOAc/sample mixture with 100 µL of TFA for 30 minutes, after which the 

reaction mixture was carefully evaporated to dryness under a gentle stream of 

nitrogen to remove the excess TFA and organic solvent.  BZP-trifluoroacetate 

samples were reconstituted in 1 mL EtOAc and duplicate aliquots (100 µL) were 

made up for GC-MS analysis of which 0.3 µL was injected into the GC-MS 

system for analysis.  

 

N

NH

N

NH2

KOH

Cl
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2.8.6  TFMPP·HCl preparation  

  
Figure 2.4. Structure of TFMPP·HCl. 

 
To a round bottom flask containing bis(dichloroethyl)amine (8.92 g, 50.00 mmol) 

dissolved in n-butanol (40 mL, 136.00 mmol), 3-trifluoromethylaniline (4.77 mL, 

50.00 mmol)  in n-butanol (10 mL) was added. The reaction mixture was placed 

in an oil bath and heated at 130°C with constant stirring and allowed to reflux for 

12 hours. After 12 hours, K2CO3  (2.61 g) was added portion wise to the 

reaction and a Dean and Stark apparatus was attached to the condenser for a 

further 48 hours until reaction was complete. The reaction was stopped and the 

solid removed by suction filtration using a Buchner funnel. The filtrate solidified 

at room temperate and was recrystallized in hot EtOH (minimum ~2 mL).  The 

hot mixture was passed through a filter paper and stirred while treated with 6 M 

HCl (aq). The TFMPP precipitated as TFMPP·HCl and was collected in a glass 

sinter and washed with ice cold EtOH (5 x 10 mL) then dried under high 

vacuum. The desired compound by TLC (Rf   0.27; MeOH: EtOAc: Et3N 

(3:6.5:0.5)) was obtained in a yield range of 60-70%. 

 

TFMPP·HCl 
1H NMR (300 MHz, D2O) δH:  3.44 (4H, m, NH2(CH2)2), 3.52 (4H, m, N(CH2)),  

7.34 (3H, m, 3 x Ar-H), 7.52 (1H, t, C(CF3)CHCH).  
13C NMR (75 MHz, D2O) δC: 42.9 (2 x NH2(CH2)2), 46.2 (2 x N(CH2)), 113.7, 

118.2, 120.7 (Ar-CH), 122.3 (CCF3), 130.2 (Ar-C),  131.0 (CF3),  149.9 (Ar-CN).  

NMR data consistent with [114]. 

MS (ESI) C11H14F3N2 m/z 231.0 [M + H]+. 

ClN

NH2

CF3
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2.8.7 TFMPP - free base preparation 

  
Scheme 2.2. TFMPP·HCl conversion to TFMPP free base. 

 

A solution of the synthesized TFMPP·HCl salt (28.10 mg) in 1 mL of water was 

made alkaline (pH > 12) with ~1.00 mL 5 N KOH. It was extracted three times 

with 3 mL portions of tBME. The combined extracts were dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The oil remaining after removal of 

solvent was weighed and reconstituted in EtOAc to give a final volume of 1.00 

mg/mL which was stored in the cold room at 4°C. A yield of 83% (23.20 mg) of 

high purity TFMPP was obtained.  
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2.8.8 4MMC·HCl  
The title compound was prepared by firstly synthesizing the intermediate 4-

methyl-α-bromopropiophenone. To a round bottom flask containing acetic acid 

(22 mL) 4-methylpropiophenone (1.00 g, 6.70 mmol) was added. Bromine (1.10 

g, 6.80 mmol) was then added drop-wise and stirred for 60 minutes. The 

reaction mixture was poured into cold water and the 4-methyl-α-

bromopropiophenone oil layer solidified and removed. The solid oil was washed 

with saturated NaHCO3 solution (~20 mL), then 4-methyl-α-

bromopropiophenone was recrystallised from diethyl ether. Desired compound 

by TLC (Rf 0.78; hexane:EtOAc (3:1)) was obtained in a yield range of 95-99%. 
 

 

 

 
Figure 2.5. Structure of 4-Methyl-α-bromopropiophenone. 

 
1H NMR (300 MHz, CDCl3) δH:  1.89 (3H, d, HCCH3), 2.42 (3H, s, Ar-CH3), 5.28 

(1H, q, BrCHCH3), 7.27 (2H-Ar, d, J = 8.55 Hz, CHC(CH3)), 7.92 (2H, d, J = 

8.55 Hz, CHCC(O)). 
 

To a suspension of 4-methyl-α-bromopropiophenone (1.00 g, 4.40 mmol) and 

methylamine hydrochloride (MeNH2·HCl) (0.30 g, 4.40 mmol) in 

dichloromethane (DCM) (50 mL) triethylamine (Et3N) (1.00 g, 9.00 mmol) was 

added. The mixture was stirred at room temperature for 24 hrs. The mixture 

was acidified (pH ~1) with 6 M HCl (aq) (~25 mL). The aqueous layer was 

washed with DCM (3 × 30 mL), basified (pH ~10) with 5 M sodium hydroxide 

(NaOH) (~30 mL) and then re-extracted with DCM (3 × 30 mL). The combined 

organic fractions were dried (Na2SO4) and concentrated in vacuo to reveal a 

viscous yellow oil (impure 4MMC). The oil was dissolved in isopropanol (2.00 

mL), treated with HCl (aq) (200 µL) and stirred at room temperature for 1 h. The 

mixture was diluted with diethyl ether (70 mL) and stirred (~30 min) to reveal a 

pale yellow solid. The crude product was filtered, washed with diethyl ether and 

recrystallised from acetone to give 4MMC·HCl as an off-white powder. The 

Br
O
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desired compound by TLC (Rf 0.12; hexane:EtOAc (3:1)) was obtained in a 

yield range of 20-30 %. 
 

 

 
 

            

Figure 2.6. Structure of 4MMC·HCl. 

 
1H NMR (400 MHz, D2O) δH:  1.61 (3H, d, HCCH3), 2.45 (3H, s, Ar-CH3), 2.80 

(3H, s, NCH3), 5.08 (1H, q, NCHCH3), 7.45 (2H, Ar-H, d, CHC(CH3)), 7.92 (2H, 

Ar-H, d, CHCC(O)). 
13C NMR (75 MHz D2O) δC: 15.3 (CCH3), 20.9 (Ar-CH3), 30.8 (NCH3), 59.4 

(NCHCH3), 129.0 (CHCC(O)), 129.4 (CC(O)), 129.8 (CHC(CH3)), 147.3 (C 
(CH3)), 197.0 (CO).   

NMR data consistent with [115]. 

MS (ESI) C11H16NO m/z 177.8 [M + H]+. 
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2.8.9 MMC·HCl  
The title compound was prepared by firstly synthesizing the intermediate α-

bromopropiophenone. To a round bottom flask containing acetic acid (22 mL) 

propiophenone (1.00 g, 6.70 mmol) was added. Bromine (1.10 g, 6.80 mmol) 

was then added drop-wise and stirred for 60 minutes. The reaction mixture was 

poured into cold water and the α-bromopropiophenone oil layer was washed 

with a saturated NaHCO3 solution. The oil was extracted with DCM (3 × 30 mL), 

dried (Na2SO4) and then concentrated in vacuo to reveal a pale yellow oil. The 

oil was washed with toluene (2 x 1 mL) and concentrated in vacuo to remove 

residual acetic acid. The α-bromopropiophenone was not isolated, but was used 

without further purification. The desired compound by TLC (Rf 0.80.; 

hexane:EtOAc (3:1)) was obtained in a yield range of 95-99%. 

 
Figure 2.7 Structure of α-Bromopropiophenone. 

 

To a suspension of α-bromopropiophenone (0.93 g, 4.40 mmol) and 

MeNH2·HCl (0.30 g, 4.40 mmol) in DCM (50 mL) Et3N (1.00 g, 9.00 mmol) was 

added. The mixture was stirred at room temperature for 24 hrs. The mixture 

was acidified (pH ~1) with 6 M HCl (aq) (~25 mL). The aqueous layer was 

washed with DCM (3 × 30 mL), basified (pH ~10) with 5 M NaOH (~30 mL) and 

then re-extracted with DCM (3 × 30 mL). The combined organic fractions were 

dried (Na2SO4) and concentrated in vacuo to reveal a viscous yellow oil (impure 

MMC). The oil was dissolved in isopropanol (2 mL), treated with HCl (aq) (200 

µL) and stirred at room temperature for 1 hr. The mixture was diluted with 

EtOAc (~70 mL) and stirred (~30 min) to reveal a pale yellow solid. The crude 

product was filtered, washed with EtOAc and recrystallised from acetone to give 

MMC·HCl as an off white powder. Desired compound by TLC (Rf 0.1; 

hexane:EtOAc (3:1)) was obtained in a yield range of 20-30%. 

 

 

 

Br
O
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Figure 2.8. Structure of MMC·HCl. 

 
1H NMR (400 MHz, D2O) δH:  1.53 (3H, d, HCCH3), 2.73 (3H, s, NCH3), 5.03 

(1H, q, NCHCH3), 7.56 (1H, t, CH(CH)2CC(O)), 7.70 (2H, t, CHCHCC(O)), 7.95 

(2H, d, CHCC(O)). 
13C NMR (75 MHz D2O) δC: 15.2 (CCH3), 30.9 (NCH3), 59.6 (NCHCH3), 128.9 

(CHCC(O)), 129.4 (CC(O)), 129.3 (CHCHCCO), 135.4 (HCCHCH), 197.0 (CO).   

NMR data consistent [116].  

MS (ESI) C11H14NO m/z 163.9 [M + H]+.  
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2.8.10 βk-MDMA·HCl. 
The title compound was prepared by firstly synthesizing the intermediate 3,4-

methylenedioxy-α-bromopropiophenone. To a round bottom flask containing 

acetic acid (22 mL) 3,4-methylenedioxypropiophenone (1.00 g, 6.70 mmol) was 

added. Bromine (1.10 g, 6.80 mmol) was then added drop-wise and stirred for 

90 minutes. The reaction mixture was then poured into cold water and the 3,4-

methylenedioxy-α-bromopropiophenone oil layer was washed with a saturated 

NaHCO3 solution. The oil was extracted with DCM (3 × 30 mL), dried (Na2SO4) 

and then concentrated in vacuo to reveal a pale yellow oil. The oil was washed 

with toluene (2 x 1 mL) and concentrated in vacuo to remove residual acetic 

acid. The 3,4-methylenedioxy-α-bromopropiophenone was not isolated but was 

used without further purification. The desired compound by TLC (Rf 0.75.; 

hexane:EtOAc (3:1)) was obtained in a yield range of 95-99%. 

 
Figure 2.9. Structure of 3,4-Methylenedioxy-α-bromopropiophenone. 

 

To a suspension of 3,4-methylenedioxy-α-bromopropiophenone (1.10 g, 4.40 

mmol) and MeNH2·HCl (0.30 g, 4.40 mmol) in DCM (50.00 mL) Et3N (1.00 g, 

9.00 mmol) was added. The mixture was stirred at room temperature overnight 

and then acidified (pH ~1) with 6 M HCl (aq) (~25 mL). The aqueous layer was 

washed with DCM (3 × 30 mL), basified (pH ~10) with 5 M NaOH (~30 mL) and 

then re-extracted with DCM (3 × 30 mL). The combined organic fractions were 

dried (Na2SO4) and concentrated in vacuo to reveal a viscous yellow oil (impure 

βk-MDMA). The oil was dissolved in isopropanol (2 mL), treated with HCl (aq) 

(200 µL) and stirred at room temperature for 1 hour. The mixture was diluted 

with ethyl acetate (~70 mL) and stirred (~30 min) to reveal a pale yellow solid. 

The crude product was filtered, washed with ethyl acetate and recrystallised 

from acetone to give βk-MDMA·HCl as an off white powder. The desired 

compound by TLC (Rf 0.08; hexane:EtOAc (3:1)) was obtained in a yield range 

of 20-30%. 
 

Br
O

O

O
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Figure 2.10. Structure of βk-MDMA·HCl. 

 
1H NMR (400 MHz, D2O) δH:  1.61 (3H, d, HCCH3), 2.79 (3H, s, NCH3), 5.01 

(1H, q, NCHCH3), 6.13 (2H, s, OCH2O), 7.04 (1H, d, CHCHCC(O)), 7.47 (1H, s, 

OCCHCC(O)), 7.68 (1H d, OCCHCHCC(O)). 
13C NMR (75 MHz D2O) δC: 15.6 (CCH3), 30.9 (NCH3), 59.4 (NCHCH3), 102.6 

(OCH2O), 108.0 (CHCHCC(O)), 108.6 (OCCHCHCC(O)), 126.5 (OCCHCC(O)), 

126.7 (CC(O)), 148.4 (OCCHCH), 153.5 (OCCHCC(O)), 195.4 (CO).   

NMR data consistent with [117]. 

MS (ESI) C11H14NO3 m/z 207.9 [M + H]+. 
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Abstract 

This study presents a preliminary analysis of !13C and !15N values in 

benzylpiperazine hydrochloride (BZP·HCl) products and corresponding 

synthetic intermediates (piperazine·HCl) synthesized in-house following two 

clandestine methods adopted from the Internet (n = 12). The !13C and !15N 

data clearly show discrimination of the intermediate and product samples 

based on their method of synthesis in addition to revealing method specific 

fractionation patterns. Method1 used two precursors, piperazine 

dihydrochloride (PD) and piperazine hexahydrate (PH), while Method2 used 

only PH. The !15N values provided discrimination of the intermediate and 

product samples between the respective synthetic methods (intermediates; 

Method1 !15N = + 4.2 ± 0.1 ‰ and; Method2 !15NAir = 7.7 ± 0.3 ‰, products; 

Method1 !15NAir = – 3.3 ± 0.7 ‰ and Method2 !15NAir = – 2.0 ± 0.1 ‰). A 

greater depletion in 15N was observed for Method2 products relative to their 

intermediate (Method1; !15N = – 7.5 ± 0.8 ‰ and Method2; !15N  = – 9.8 ± 

0.4 ‰), however less overall depletion relative to the precursor (Method1; 

!15N = – 4.3 ± 0.7 ‰ and Method2; !15N  = – 3.0 ± 0.1 ‰), which likely 

resulted from the synthetic mechanics of this reaction. !13C values were 

preserved between precursor-intermediate samples and an equal isotopic 

shift from intermediate to product was observed for both methods.  

 

Introduction 
A substantial body of evidence exists within the scientific literature 

demonstrating the successful application of isotopic analysis for discriminating 

drug compounds according to the particular method of synthetic manufacture. 

Typically, several alternative methods exist for synthesising a particular 

compound and the isotopic compositions of the resulting products have been 

shown to be characteristic of synthetic methods [1-7]. Benzylpiperazine 

hydrochloride (BZP·HCl) is administered recreationally as an alternative to 

3,4-methylenedioxymethamphetamine (MDMA or “ecstasy”) or 

methamphetamine (MA) and is one of a large number of designer drugs 

circulating within the illicit drug market. Currently, no data pertaining to the 
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isotopic analysis of BZP·HCl to identify synthetic methods exists. In this 
manuscript, the authors present a preliminary investigation into the potential 
of using stable isotope ratios (13C/12C and 15N/14N) to distinguish between 
batches of BZP·HCl and associate these with the corresponding synthetic 
intermediate (piperazine·HCl) according to the method of manufacture. A 
series of BZP·HCl batches (n = 12) were generated following two clandestine 
procedures adopted from the Internet (Figure 1a and 1b) [8]. Method specific 
fractionation was examined as a possible means to identify the relationships 
between precursor-intermediate-products and specific methods of synthesis. 
Rayleigh equations were used to describe the relationships between 
precursor-intermediate, precursor-product and intermediate-product pairs [9]. 
 
Materials and Methods 

 Materials 
BZP·HCl and intermediate samples were synthesized from the precursor 
reagents piperazine hexahydrate (PH), piperazine dihydrochloride (PD) and 
benzyl chloride. The piperazine precursors were obtained from; MP 
Biomedical (MP) (PH, France; PD, Ohio, U.S.A.). The benzyl chloride was 
obtained from Sigma-Aldrich (Missouri, U.S.A.). All compounds were at least 
98 % pure. All other reagents were of commercial quality (obtained from 
Sigma-Aldrich, U.K. or Alfa-Aesar, U.K.) and were used without further 
purification.  
 
 Synthesis 
Twelve batches of the intermediate (piperazine·HCl) and product (BZP·HCl) 
samples were synthesized following two clandestine methods adopted from 
the Internet (six batches per method). BZP·HCl synthesis; Method1 involved 
mixing approximately equal molar amounts of the precursors PH and PD (see 
Fgure 1a) to form two molar equivalents of the intermediate piperazine·HCl. 
The intermediate was then reacted with approximately one molar equivalent of 
the precursor benzyl chloride to form one mole of BZP base. Approximately 1   
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Figure 1. BZP·HCl synthesis; a) Method1 and b) Method2 (adapted from [10]). 
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molar equivalent of unreacted intermediate was recovered from the reaction 

mix for isotopic analysis. BZP base was precipitated as the hydrochloride salt 

(BZP·HCl) following a common clandestine method also adopted from the 

Internet (reported yields ranged from 93 to 95%) (See Method1, Figure 1a) [8, 

11]. Method2 involved mixing approximately equal molar amounts of the 

precursors PH and benzyl chloride to form approximately 0.9 moles of the two 

free amine bases, BZP and reaction by-product 1,4-dibenzylpiperaze 

hydrochloride (DBZP·HCl).  The two products were not quantified, nor purified 

(analysis was carried out on the raw material). Approximately 0.1 molar 

equivalent of unreacted PH was recovered from the reaction mix as 

piperazine·HCl and used for isotopic analysis (Figure 1b). BZP and DBZP 

were precipitated as the hydrochloride salts BZP·HCl and DBZP·HCl, 

respectively, as described for Method1 (reported yields ranged from 80 to 

85%) (See Method2, Figure 1b) [8, 11]. The benzyl chloride source remained 

the same for all reactions. All other parameters i.e., reaction time, temperature 

(room temperature, 25°C) and molar equivalents of reagents were maintained. 

 

Nuclear Magnetic Resonance Spectroscopy 
1H and 13C NMR spectra were obtained using a Bruker Biospin 300 MHz 

spectrometer (Bruker Biospin AG, Switzerland) operating at 300 and 75 MHz, 

respectively.  

 

Low Resolution Mass Spectrometry  
Mass spectral analysis was achieved using a Bruker Esquire 3000 

electrospray ionization ion trap mass spectrometer (Bruker Daltonic GmbH, 

Germany). 

 

Samples were characterized by NMR and MS analysis. Representative 

spectra are presented in the Appendix. 
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 Isotope Ratio Mass Spectrometry  
Bulk 13C and 15N Isotope Analysis.  

Triplicate samples of each BZP·HCl product and the corresponding 
intermediate piperazine·HCl were prepared for carbon and nitrogen isotopic 
analysis by weighing a small amount (0.05 - 0.15 mg) into tin capsules and 
pelletizing. Isotope data were acquired by combusting samples at 1050°C in a 
Sercon Europa EA-GSL elemental analyser. The CO2, NOx and H2O produced 
during combustion were carried in a helium flow through a reduction reactor 
filled with copper at 650°C and then through an Anhydrone® trap to remove 
water. CO2 and N2 gases were chromatographically separated and fed into a 
Sercon Hydra 20-22 isotope mass spectrometer where the ratios of 13C/12C 
and 15N/14N from the solid samples were recorded. Measured isotope 
abundance values were normalised to the international reporting scales, 
Vienna PeeDee Belemnite (VPDB) (13C) and Air (15N), by 2-point calibration 
using contemporaneously analysed reference materials (RMs) obtained from 
the International Atomic Energy Agency (IAEA, Vienna, Austria): IAEA-CH-6 
(!13CVPDB = – 10.45 ‰) and IAEA-CH-7 (!13CVPDB = – 32.15 ‰) for carbon and 
IAEA-N1 (!15NAIR = + 0.43 ‰) and IAEA-N2 (!15NAIR = + 20.35 ‰) for nitrogen 

[12]. In addition, in-house standards of sucrose (!13CVPDB = − 11.58‰) and 
ammonium sulphate (!15NAIR = + 0.36‰) were analysed in duplicate 
throughout the analytical sequence for quality assurance. 

Results and discussion 

The !13C and !15N values measured for the precursors, intermediates and 

products are presented in Table 1. The !13C values of the intermediates 
varied from !13CVPDB = – 25.0 ‰ to – 26.8 ‰, while !15N values varied over a 
slightly wider range from !15NAir = + 4.0 ‰ to + 8.1 ‰. Mean !13C and !15N 

values for Methods 1 and 2 were (n = 6 and 5, respectively); !13CVPDB = – 26.7 
± 0.1 ‰, !15NAir = + 4.2 ± 0.1 ‰ and; !13CVPDB = – 25.1 ± 0.1 ‰, !15NAir = + 

7.7 ± 0.3 ‰ respectively. The !13C and !15N values were not recorded for 
intermediate sample 7.I. Method1 intermediates were depleted in both 13C 
and 15N compared to the intermediates produced via Method2. Method1 
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employed an additional source of both carbon and nitrogen not present in 

Method2, which is a likely cause for the observed depletion. 

 

To determine if the isotopic differences were a consequence of the additional 

precursor (PD) utilized in Method1 or a result of fractionation caused by the 

synthetic reaction (Figure 1a, step 1), the relationship between the precursors 

and intermediates was examined. With reference to the reaction mechanism, 

the piperazine precursors are reacted in near stoichiometric amounts (Figure 

1a, step 1) forming 2 molar equivalents of the intermediate and it is possible 

to calculate the expected !13C and !15N values by simple mass balance 

(designated (PD-PH)) [10]. Any fractionation that occurred during the first 

step, when forming the intermediate, would be apparent as a difference from 

the theoretical value. The mass balance equation (Equation 1) was used to 

calculate the intermediate !13C and !15N (PD-PH) values from those of the 

piperazine precursors used in Method1; 

 

!(PD-PH) = (!PH + !PD) / 2  (1) 

 

The calculated !13C and !15N (PD-PH) values were !13CVPDB = – 26.7 ‰ and 

!15NAir = + 1.0 ‰, respectively (Table 1). To determine if 13C or 15N 

fractionation has occurred in this initial synthetic step, Rayleigh equations 

were used to describe the relationship between the calculated and measured 

(PD-PH) !-values of the intermediates [13]. The fractionation factor (α) and 

the enrichment factor (ε) were calculated from Equations 2 and 3 respectively 

and are presented in Table 1. Through consideration of 13ε and 15ε it was 

possible to identify method specific fractionation [14].  

 

α = (1000 + ! 
Product) / (1000 + ! 

Precursor)     (2) 

 

ε = α – 1         (3) 
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Values of α less than one describes depletion of the intermediate relative to 

the precursor and α values greater than one mean that the intermediate will 

be enriched relative to the precursor [14, 15]. 
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Values of α less than one describes depletion of the intermediate relative to 

the precursor and α values greater than one mean that the intermediate will 

be enriched relative to the precursor [14, 15]. 
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The carbon skeleton of the molecule remained unaltered during precursor to 

intermediate transformation and the values reflect the (PD-PH) !13C predicted 

by mass-balance (average difference Method1; !13C  = 0.0 ± 0.1 ‰) (Table 1) 

[10]. Negligible differences in !13C were also observed for intermediates 

formed by Method2. The intermediates formed by Method2 were simply un-

reacted PH precipitated as piperazine·HCl and it was unsurprising that the 

measured !13C values corresponded closely to the PH values (average 

difference Method2; !13C  = – 0.1 ± 0.1 ‰). The intermediates formed by 

Methods 1 and 2 were clearly distinguished based on 13C/12C composition. 

Given that negligible fractionation was observed for both methods, the 

underlying differences simply reflected the 13C contributed by the precursors.  

  

The !15N values of the intermediates formed by Method1 appeared depleted 

relative to those formed by Method2 indicating; (i) PH is enriched in 15N 

compared to PD and this enrichment had been preserved in the intermediates 

or; (ii) fractionation as a result of the synthetic procedure had occurred. It was 

apparent from Table 1 that PH was not enriched in 15N compared to PD and, 

therefore the large shift from the precursors to the mean intermediate values 

appeared to be a result of fractionation caused by the synthetic procedure. 

The !15N values for the intermediates formed by Methods 1 and 2 showed 

systematic and reproducible isotopic fractionation, when compared to their 

precursors ((PD-PH) and PH, respectively). Rayleigh equations were 

employed to describe the relationship between the precursor-intermediate 

pairs according to Equation 2 and 3, respectively [13].  

 

The first step in Method1 involved a simple rearrangement of the nitrogen-

protons between PD and PH to form the intermediate (piperazine·HCl) [10]. 

The intermediates of Method2 were simply unreacted PH, precipitated as 

piperazine·HCl. Calculating 15α for the (PD-PH)-intermediate and PH-

intermediate pairs, respectively, identified fractionation factors: Method1; 

1.0032 ± 0.0001 and Method2; 1.0067 ± 0.0003.  
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The 15ε were calculated for the precursor-intermediate pairs and are 

presented in Table 1. An average difference Method1; !15N  = + 3.2 ± 0.1 ‰ 

was observed between (PD-PH)-intermediate pairs. These differences can be 

understood by reference to the reaction mechanism (Figure 2) [10].  

 

Figure 2. Reaction steps during formation and precipitation of the intermediate from Method1 

[10]. 

 

When benzyl chloride is added to the reaction mixture the lighter (14N) isotope 

undergoes N-alkylation preferentially to the heavier (15N) isotope. The 

unreacted intermediate spontaneously precipitates out of solution and will 

contain a larger proportion of the heavier isotope [10]. Method2 produced a 

greater average difference; !15N = + 6.7 ± 0.3 ‰ for PH-intermediate pairs 

(Table 1). This finding can be explained because both of the unionised 

nitrogen atoms in PH are equally likely to react with the benzyl chloride to 

form DBZP·HCl in preference to BZP·HCl. This is in contrast to Method1 in 

which one nitrogen atom is ionised and therefore reactive. Consequentially, 

the reaction (Method2) does not go to completion (due to the benzyl chloride 

being consumed in a 2:1 addition of PH) and the un-reacted PH is precipitated 

as the piperazine·HCl intermediate. Given that only approximately 10-15% of 

this intermediate was collected and the lighter isotope preferentially reacted 

with the benzyl chloride, the collected intermediate contained an increased 

proportion of the heavier isotope. In this preliminary study, the observed 

differences between methods, suggested that if Method1 was used for the 
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clandestine synthesis of BZP·HCl, smaller !15N shifts would be apparent 

(compared to Method2) relative to their precursors (provided the reaction 

stoichiometry was maintained). Ultimately this may offer an insight into the 

method of synthesis adopted for the manufacture of the BZP·HCl.  

 

The !13C and !15N values measured for the BZP·HCl are presented in Table 

1. The mean !13C values for Methods 1 and 2 (n = 6) were !13CVPDB = – 28.7 

± 0.2 ‰ and !13CVPDB = – 27.1 ± 0.2 ‰, respectively, with a total range of from 

!13CVPDB = – 27.0 ‰ to – 29.1 ‰. The mean !15N values for Methods 1 and 2 

were: !15NAir = – 3.3 ± 0.7 ‰ and !15NAir = – 2.0 ± 0.1 ‰, respectively with a 

marginally wider range from !15NAir = – 1.7 ‰ to – 4.0 ‰.  

 

As a consequence of the reaction mechanism of Method2 (two reactive 

nitrogens in PH) the final product was a combination of BZP·HCl and 

DBZP·HCl. Isotopic analysis was conducted on the raw materials without 

further purification. The !13C isotopic shifts observed for precursor-product 

and intermediate-product for both methods were numerically identical and 

were consistent with the average differences Method1; !13C  = – 2.0 ± 0.2 ‰, 

Method2; !13C  = – 2.0 ± 0.2 ‰ and Method1; !13C  = – 2.1 ± 0.2 ‰, 

Method2; !13C  = – 2.1 ± 0.2 ‰, respectively (derived from Equation 3). The 

observed shifts (Table 1) appeared to result from the simple mass balance 

addition of 7 carbon atoms from the common source of benzyl chloride as 

opposed to fractionation caused by the synthesis. The underlying mean 

differences observed between the precursors and the intermediates appear to 

have been preserved in the products allowing for discrimination based on 

synthetic method (Method1; !13CVPDB = – 28.7 ± 0.2 ‰ and Method2 !13CVPDB 

= – 27.1 ± 0.2 ‰) (Table 1).  

 

It was supposed that there would be a greater difference in !15N values 

between the products of the two methods due to the different nitrogen 

precursor contributors (BZP·HCl Method1 and Method2 mean values !15NAir = 

– 3.3 ± 0.7 ‰ and !15NAir = – 2.0 ± 0.1 ‰, respectively). Billault et al. [5] 
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reported a significantly wider range of !15N values (!15NAir = 17.4 ‰ to – 

8.5 ‰) when analysing MDMA synthesized via different methods (and using 

different precursors). In their study the MDMA precursors showed large 

variations in !15N (!15NAir = + 26.4 ‰ to – 17.9 ‰) and these initial differences 

may have contributed to the large variation observed between MDMA batches 

regardless of synthetic methods. The nitrogen isotopic composition of the 

Method 1 and 2 precursors are practically identical but undergo variable 

fractionation during precipitation of the intermediates (step 2, Figure 1a and 

step 1, Figure 1b). The nitrogen isotopic compositions of the resulting 

products are therefore dependent on at least three factors [5]; 

 

(i) the 15N/14N composition of the nitrogen sources, 

(ii) the method by which the BZP·HCl is synthesized and, 

(iii) the experimental conditions employed. 

 

Given that the 15N/14N composition of the precursors were practically identical 

and the reaction conditions were constant between both methods, the 

observed differences are most likely attributable to method specific 

fractionation.  

 

The average isotopic differences between the precursor-product pairs were: 

Method1; !15N = – 4.3 ± 0.7 ‰ and Method2; !15N  = – 3.0 ± 0.1 ‰.  These 

results suggested that less overall 15N fractionation occurred during Method2 

in this preliminary study. Given that only approximately one tenth (0.1 molar) 

of the intermediate was collected from Method2 (compared to Method1; 

approximately 1 molar), the results were consistent with method specific 

fractionation. The BZP·HCl produced by Method1 appeared to undergo a 

greater degree of 15N fractionation. Calculating 15ε for the intermediate-

product pairs revealed average isotopic differences Method1; !15N = – 7.5 ± 

0.8 ‰ and Method2; !15N  = – 9.8 ± 0.4 ‰. Again these differences 

suggested that BZP·HCl produced using Method2 was subject to less overall 
15N fractionation although the initial fractionation of Method2 intermediates 
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appeared to be greater. A greater intermediate-product 15ε or larger 15N 
enrichment in the samples represented a greater proportion of 14N reacted to 
produce BZP·HCl.  
 
Overall, a significant difference in !13C and !15N values between the two 
methods was apparent. Figure 3 summarises these data as a scatter-plot with 
four distinct clusters representing the four compounds (two sets of products 
and the corresponding intermediates) produced via the two methods together 
with the precursors.  
 

 

Figure 3. Bivariate plot displaying !13C and !15N results for precursors, intermediates and 

products from Method1 (M1) and Method2 (M2) in BZP synthesis (n = 6 for each method). 

 
The bivariate plot reveals clear discrimination of the products as a result of the 
synthetic method and provides an ʻisotopic linkʼ to the corresponding 
intermediates. A greater shift from precursors to intermediates was apparent 
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for Method2, combined with a reduced overall shift from precursors to 
products thus, potentially, providing a ʻmethod specificʼ isotopic shift allowing 
for method identification in this preliminary study. Importantly in a forensic 
science context, discrimination between the corresponding compounds 
produced by the different methods was clearly evident.  

Conclusions 

The preliminary !13C and !15N data acquired in this study allowed the 
following conclusions regarding the synthesis of BZP·HCl; (i) the !13C and 

!15N data pertaining to the intermediate samples provided discrimination 
reflecting their method of synthesis and; (ii) the !13C and !15N data obtained 
for the BZP·HCl samples revealed grouping and discrimination based on their 
method of synthesis. Given that Method1 used both PD and PH, there were 
additional 13C contributors to the final BZP·HCl molecule (from PD) and 
characteristic isotopic compositions or profiles were identified. Overall, !13C 
values appeared to be preserved between precursor-intermediate samples 
indicating carbon was not involved in the rate-limiting step. An equal isotopic 
shift from intermediate to product was observed for both methods, suggesting 
that !13C provided little discrimination between the precursor-intermediate-

product samples according to the synthetic method. The apparent !13C 
discrimination resulted from isotopic preservation of the precursors. Method2 
intermediates revealed greater 15N fractionation than Method1, which was 
evident with the enriched Method2 intermediate samples. A greater depletion 
of 15N overall was observed for Method2 products, relative to the precursors, 
which likely results from the synthetic mechanics of this reaction. This study 
provides a snapshot of the investigative potential for discrimination via 
synthetic method.  These results are of significant importance for providing 
validity to this profiling technique.  Additionally, with further research, there is 
potential of possibly being able to decipher a particular method used for 
BZP·HCl synthesis when analysing case material.  
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Advances in analytical technology and emerging techniques have resulted in the increased exploitation of
chemical and isotopic pro!ling for source linkage/discrimination of illicit drugs for forensic purposes. Although
not routinely used for illicit drug investigations, such information has been obtained and its application demon-
strated through the use of isotope ratiomass spectrometry (IRMS). There is a solid platform of research available
relating to the isotopic analysis of methylenedioxymethamphetamine (MDMA) and methamphetamine (MA),
however with the recently "ourishing designer drug market it was of interest to examine the isotopic pro!les
of the popular ‘party drug’ benzylpiperazine hydrochloride (BZP·HCl). A preliminary analysis of !13C and !15N
isotopic ratios in BZP·HCl products and corresponding synthetic intermediates (piperazine·HCl) synthesized
in-house from three different precursor suppliers was conducted using IRMS. Analysis of the !13C and !15N iso-
topic data indicated that discrimination and correct grouping of all the intermediates and some of the product
samples examined in this study were achievable.

© 2014 Forensic Science Society. Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The ability to discriminate between different sources and/or identify
the synthetic or geographical origins of illicit drugs is greatly desired
among the forensic community [1]. Gas chromatography–mass spec-
trometry (GC–MS) is routinely used by forensic chemists for chemical
pro!ling purposes and although the literature is "oodedwith successful
illicit drug pro!ling applications [2–11] limitations to this approach
have been recognised. For example, the higher purity of some clandes-
tine synthesized illicit drugs such as methylamphetamine (MA) can re-
sult in few or no detectable impurities limiting the useful information

derived from chemical pro!ling [12]. An emerging technique that has
already demonstrated the ability to provide informative data for the
aforementioned drug/scenario is isotope ratio mass spectrometry
(IRMS). IRMS can provide powerful data for investigating possible
links between for example; precursor–origin, precursor–product, and
product–clandestine lab or discriminating between; precursors, precur-
sor sources or synthetic route and intermediate or product batches
[13–18].

The isotopic composition of a synthetic or semi-synthetic drug is de-
termined by the isotopic composition found within the precursor
chemicals and by any fractionation that occurs during an incomplete
chemical reaction [18,19] or physical process [20]. Once a molecule is
formed, it will retain its natural stable isotope composition until the
molecule is decomposed or structurally altered (bonds broken/formed)
[21]. Therefore, any initial differences in the stable isotope composition
of the precursors, obtained from different sources will be maintained
provided (1) there is an exact stoichiometric mix of the contributing
precursors and (2) the reaction goes to completion i.e. there are no
side reactions or fractionation occurring.

Similar to GCMS, IRMS has limits to its applicability. Although it may
be possible to group samples by batch, it may not be possible to source
these samples by origin [22]. Fortunately, an increasing amount of re-
search has reported the isotope analysis of in-house synthesized illicit
drugs MDMA [17,22] and MA [15,16], providing crucial information by
(i) establishing greater understanding of the isotopic changes during
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reactions that makes it possible to identify synthetic routes and
(ii) increasing the amounts of published data (traceable to SI standards)
that allows wider ranging comparisons.

Designer drugs, such as benzylpiperazine hydrochloride BZP·HCl
(Fig. 1), have gained popularity as mimics or substitutes for controlled
drugs such as MDMA [13]. The isotopic composition of synthetic illicit
drugs such as MDMA and BZP·HCl is potentially characteristic of both
the starting materials and the synthetic processes employed [23]. The
isotope analysis of MDMA has gained interest as a tool for discriminat-
ing between different precursor reagent sources or suppliers [2,3,14,
22,24].

In this paper the authors present a preliminary investigation into
the potential for using stable isotope analysis (!13C and !15N) to distin-
guish batches of BZP·HCl and the corresponding synthetic intermedi-
ates (piperazine·HCl) based on the precursor source (Fig. 2). To mimic
a “real life” scenario a series of BZP·HCl batches were generated follow-
ing a common clandestine procedure obtained from the Internet (Fig. 2)
[25]. Eighteen batches of the intermediate and BZP·HCl products were
synthesized using precursors purchased from three different compa-
nies. BZP·HCl precipitation was performed using a clandestine method
adopted from the Internet [26]. The aromatic moiety of the BZP·HCl
products was derived from a common source of benzyl chloride and
all other parameters i.e., reaction time, temperature and molar equiva-
lents of reagents were constant.

2. Materials and methods

2.1. Materials

BZP·HCl and intermediate samples were synthesized from the
precursor reagents piperazine hexahydrate (PH) and piperazine
dihydrochloride (PD) plus benzyl chloride. The piperazine precursors
were obtained from the 3 sources; Sigma-Aldrich (SA) (PH, U.K.; PD,
Switzerland), Alfa Aesar (AA) (PH, U.K.; PD, U.K.) and MP Biomedical
(MP) (PH, France.; PD, Ohio, USA). Benzyl chloride was obtained from
Sigma-Aldrich (Missouri, U.S.A.). All other reagents were of commercial
quality (obtained from Sigma-Aldrich, U.K. or Alfa-Aesar, U.K.) andwere
used without further puri!cation.

2.2. Synthesis

Six batches of the intermediate (piperazine·HCl) and product
(BZP·HCl) were synthesized from three different sources of piperazine
precursor suppliers (SA, AA, MP) following a method obtained from
the Internet [25]. BZP·HCl synthesis involved mixing equal molar
amounts of the precursors PH and PD to form two molar equivalents
of the intermediate piperazine·HCl. The intermediate was then reacted

with one molar equivalent of the precursor benzyl chloride to form
one molar equivalent of BZP base. Approximately 1 molar equivalent
of unreacted intermediate was recovered from the reaction mix for
IRMS analysis. BZP base was precipitated as the hydrochloride salt
(BZP·HCl) following a common clandestine method adopted from
the Internet (reported yield range from 93 to 95%) (presented in
Fig. 2) [25,26].

2.3. Nuclear magnetic resonance spectroscopy

1H and 13C NMR spectra were obtained using a Bruker Biospin
300 MHz spectrometer (Bruker Biospin AG, Switzerland) at 300 and
75 MHz, respectively.

2.4. Low resolution mass spectrometry

Mass spectral analysis was achieved using a Bruker Esquire 3000
electrospray ionization ion trap mass spectrometer (Bruker Daltonic
GmbH, Germany).

2.5. Gas chromatography–mass spectrometry

GC–MS was carried out using an Agilent GC–MS with electron ioni-
zation (EI) set at 70 eV. The identi!cation and purity of in-house synthe-
sized BZP were determined by GC–MS performed in the following
conditions: Agilent Ultra Inert column DB-5MS (30 m ! 0.25 mm !lm
thickness 0.25 !m); carrier gas, He (1.0 mL min!1); splitless; MS tem-
perature, 250 °C. Elution was by thermal gradient under conditions;
80 °C (4 min)/20 °C min!1 to 280 °C (8 min/20 °C min!1) to 290 °C
for 11.5 min. The retention time of BZP was 9.6 min. Samples were
prepared in ethyl acetate (1 mg/mL).

Samples were characterized by GC–MS, NMR and MS analyses.
Representative spectra are presented in the Supporting Information.

2.6. Isotope ratio mass spectrometry

2.6.1. Bulk 13C and 15N isotope analysis
Triplicate samples of each BZP·HCl product and the corresponding

intermediate were prepared for carbon and nitrogen isotopic analyses
by weighing a small amount (0.05–0.15 mg) into tin capsules and
then pelletizing. Isotope data were acquired by combusting the samples
at 1050 °C in a Sercon Europa EA-GSL elemental analyser. The CO2, NOx

andH2O produced during the combustionwere carried in a helium "ow
through a reduction reactor!lledwith copper at 650 °C to reduceNOx to
N2 then through an Anhydrone® trap to remove water. CO2 and N2

gases were chromatographically separated and fed into a Sercon
Hydra 20–22 isotope mass spectrometer where the ratios of 13C/12C
and 15N/14N from the solid samples were obtained. Measured isotope
abundance valueswere normalised to the international reporting scales,
Vienna Pee Dee Belemnite (VPDB) (13C) and Air (15N), by 2-point cali-
bration using contemporaneously analysed reference materials (RMs)
obtained from the International Atomic Energy Agency (IAEA, Vienna,
Austria): IAEA-CH-6 (!13CVPDB = !10.45‰) and IAEA-CH-71
(!13CVPDB = !32.15‰) for carbon and IAEA-N1 (!15NAIR = +0.43‰)
and IAEA-N2 (!15NAIR = +20.35‰) for nitrogen [27]. In addition, in-
house standards of sucrose and ammonium sulfate were analysed in
duplicate throughout the analytical sequence as quality assurance.

3. Results and discussion

The !13C and !15N values for the precursors are presented in Table 1
and the !13C and !15N data for the intermediates and products are
presented in Table 2. The range of !13C and !15N obtained for the
intermediates derived from the three precursor sources was
!13CVPDB=!26.8 to!30.1‰ and !15NAIR=+3.6 to+8.7‰. The in-
termediates were essentially a combination of the precursors PH/PD,Fig. 1. BZP containing ‘party pills’.
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which were reacted together in step 1 of the BZP·HCl synthesis to
produce the intermediate piperazine·HCl (approximately 2 molar
equivalents). Upon addition of the benzyl chloride in step 2, approxi-
mately 1 molar equivalent of the intermediate reacts to form the BZP
base. The remaining intermediate (approximately 1 molar equivalent)
reacts with the chloride ion and is recovered having spontaneously
precipitated out of solution in step 2 of the synthesis (Fig. 2). Given
that the piperazine precursors are reacted in stoichiometric amounts
(step 1, Fig. 2) forming2molar equivalents of the intermediate, it is pos-
sible to calculate the expected !13C and !15N values by simple mass bal-
ance. Any fractionation that may have resulted in this !rst step when
forming the intermediate will then be apparent as a difference from
the theoretical value. The mass balance equation (Eq. (1)) was used to
calculate the (PD–PH) !13C and !15N values relative to the piperazine
precursors used for each source group;

! PD!PH! " # !PH $ !PD! "=2 !1"

The calculated (PD–PH) !-values were SA; !13CVPDB = !28.6‰,
AA; !13CVPDB = !29.8‰, MP; !13CVPDB = !26.7‰ and SA;
!15NAIR = +5.3‰. AA; !15NAIR = +3.1 ± ‰, and MP;
!15NAIR = +1.0‰ (Table 1).

The mean !13C and !15N values measured for the intermediates
were SA; !13CVPDB = !28.9 ± 0.1‰, AA; !13CVPDB = !30.0 ± 0.1‰,
MP; !13CVPDB = !26.8 ± 0.0‰ and SA; !15NAIR = 8.6 ± 0.1‰, AA;
!15NAIR = 6.2 ± 0.1‰, MP; and !15NAIR = 3.8 ± 0.1‰, respectively
(Table 2). Comparison of the (PD–PH) and intermediate !-values
allowed any isotopic shifts to be identi!ed. As far as the carbon skeleton
is concerned, no bonds are broken or formed in this initial step so it is
unsurprising that the !13C values are very close to the !-values predict-
ed by mass-balance with negligible fractionation (average difference
"13C = !0.2 ± 0.1‰). Small differences between the group means

Fig. 2. Scheme of BZP·HCl synthesis [1].

Table 1
!13C and !15N measured and theoretical values for the precursors piperazine
dihydrochloride (PD)/piperazine hexahydrate (PH) and (PD–PH), respectively. Mean
values of triplicate analysis.

Company Precursors Measured !-values PD–PH !-values

!13CVPDB

(‰)
!15NAIR

(‰)
!13CVPDB

(‰)
!15NAIR

(‰)

Sigma PH !27.8 (±0.6) 3.4 (±1.4) !28.6 5.3
PD !29.4 (±0.1) 7.2 (±0.3)

Alfa Aesar PH !28.5 (±0.3) 3.6 (±0.5) !29.8 3.1
PD !31.0 (±0.2) 2.6 (±0.1)

MP Biomedical PH !25.2 (±0.4) 1.0 (±0.5) !26.7 1.0
PD !28.3 (±0.1) 1.0 (±0.2)

Table 2
!13C and !15N values for the intermediate and product samples synthesized from the three
precursor supplier sources. Mean values of triplicate analysis.

Intermediate
(I)

!13CVPDB

(‰)
!15NAIR

(‰)
Product
(P)

!13CVPDB

(‰)
!15NAIR

(‰)

Sigma 1.I !28.9 8.5 1.P !29.4 3.7
2.I !28.9 8.4 2.P !29.5 5.4
3.I !29.0 8.6 3.P !29.5 3.3
4.I !28.9 8.7 4.P !29.4 3.1
5.I !28.9 8.6 5.P !29.6 3.2
6.I !29.0 8.6 6.P !29.6 3.2

Mean !28.9
(±0.1)

8.6
(±0.1)

!29.5
(±0.1)

3.7
(±0.9)

Alfa Aesar 7.I !29.9 6.1 7.P !29.6 2.1
8.I !29.8 6.4 8.P !29.8 3.1
9.I !30.0 6.3 9.P !29.6 0.1

10.I !30.1 6.0 10.P !29.2 0.9
11.I !30.0 6.1 11.P !29.8 0.8
12.I !30.0 6.1 12.P !29.8 1.3

Mean !30.0
(±0.1)

6.2
(±0.1)

!29.6
(±0.2)

1.4
(±1.1)

MP Biomedical 13.I !26.8 3.7 13.P !28.8 !1.2
14.I !26.8 3.8 14.P !28.5 !1.3
15.I !26.8 3.8 15.P !28.7 !2.6
16.I !26.8 3.6 16.P !29.0 !1.2
17.I !26.8 3.9 17.P !28.7 !1.7
18.I !26.8 3.8 18.P !28.9 !1.6

Mean !26.8
(±0.0)

3.8
(±0.1)

!28.8
(±0.2)

!1.6
(±0.5)
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are evidently a consequence of the different !13C values of the respec-
tive piperazine precursors.

Isotope analysis of the intermediate !15N values, when compared to
the (PD–PH) precursors, showed systematic and reproducible isotopic
fractionation. The relationship between the precursor and correspond-
ing intermediate can be expressed using Rayleigh equations [28]
(Eq. (2)) to derive the fractionation factor !, which is a numerical ex-
pression de!ning the relationship. The enrichment factor, ", describes
the average change in !-value resulting from the synthetic procedure
and is deduced from Eq. (3) [29].

! ! 1000" !Product# $= 1000" !Precursor# $ #2$

" ! !–1# $ % 1000 #3$

A fractionation factor greater than 1 means that the intermediate
will be enriched in 15N relative to the precursors and a fractionation
factor less than 1 means the intermediate will be depleted in 15N rela-
tive to the precursors [29]. With reference to the reaction mechanism,
the initial step involves a simple rearrangement of the nitrogen protons
between the precursors PH and PD to form the intermediate (Fig. 2).
Calculation of 15! for the precursor/intermediate pairs identi!ed frac-
tionation factors SA; 1.0025 ± 0.0001, AA; 1.0026 ± 0.0001, MP;
1.0025 ± 0.0001, indicating consistent enrichment relative to the pre-
cursors. The measured intermediate !15N values (Table 2) were all
enriched with respect to their precursors. Given that the same method
was used for all syntheses and reaction parameters were controlled,
the fractionation factors were expected to be closely similar.

There was an average "15N = 3.0 ± 0.2‰ enrichment observed
between the (PD–PH) and intermediate !15N values for each source
group. This enrichment can be explained by reference to the reaction
mechanics (Fig. 3). When benzyl chloride is added to the reaction mix-
ture, the lighter (14N) isotope preferentially attacks the electronegative
centre of the benzyl chloride compared to the heavier (15N) isotope. The
resultant unreacted intermediate spontaneously precipitates out of
solution and evidentially this recovered precipitate contains a greater
proportion of the heavier isotope than the !nal product. Previous stud-
ies have highlighted that synthetic procedures can cause variations in
!15N values due to isotopic fractionation as distinct from !15N variations
in the isotopic compositions of the precursors [24,30]. Although frac-
tionation in the formation of the intermediates was observed it ap-
peared consistent between reaction mixtures and hence the !15N
values still re"ect the ‘between group’ differences originally observed
for the precursor sources (PD and PH) and calculated (PD–PH) values.

When considering the !13C data in isolation, the variation between
the groups was small but still evident. When combining the two data
sets (Fig. 4), the isotopic differences (which allow discrimination be-
tween groups) appeared to have been preserved, such that, the data
within a precursor group cluster together visually and represent a dif-
ferent precursor supplier source.

The BZP·HCl !13C values show minor variation between precursor
source groups (Table 2). BZP·HCl is composed of 11 carbon atoms, 7
contributed by a common source of benzyl chloride and 4 contributed
from the varying piperazine sources. As the !-values represented an av-
erage across the whole molecule the differences contributed by the pi-
perazine precursors are masked by the !13C values contributed by the
common benzyl chloride source (ratio of contributing carbons 7:4).
The mass balance for the reaction of the intermediate with benzyl chlo-
ride to form the product can be written as;

!13C product# $ ! 4=11!13C Intermediate# $ " 7=11!13C benzyl chloride# $

Solving for !13C benzyl chloride gives
!13C benzyl chloride# $ ! 11=7!13C product# $!4=7!13C Intermediate# $

Calculating !13C values for the benzyl chloride on the basis of the
three different source materials (SA, AA and MP) produced similar

Fig. 3. Reaction steps during formation and precipitation of the intermediate [1].

Fig. 4. Precursor discrimination: !13C and !15N results for the 18 batches of intermediates:
(O) Alfa Aesar; (!) Sigma; (#)MP Biomedical. Visual discrimination of all 3 data sets is ev-
ident (n = 6, triplicate analysis).

4 N.M. Beckett et al. / Science and Justice xxx (2014) xxx–xxx

Please cite this article as: N.M. Beckett, et al., Precursor discrimination of designer drug benzylpiperazine using $13C and $15N stable isotopes..., Sci.
Justice (2014), http://dx.doi.org/10.1016/j.scijus.2014.09.001



 104 

 

!13C values of !13CVPDB = !29.8, !29.4 and !29.9‰, respectively.
These results are consistent with the apparent fractionation 13! ob-
served for each source (SA; 0.9994 ± 0.0001 AA; 1.0003 ± 0.0003,
MP; 0.9980 ± 0.0002) determined from the measured product !13C
values (mean of 6 batches; SA; !13CVPDB = !29.5 ± 0.1‰, AA;
!13CVPDB = !29.6 ± 0.2‰ and MP; !13CVPDB = !28.8 ± 0.2‰)
(Table 2). Consequentially, the !13C contribution from the common
benzyl chloride source resulted in overlap between groups and less
clear-cut discrimination between the three-sample groups.

Greater variation between groups was observed for the !15N
data (mean of 6 batches; SA; !15NAIR = 3.7 ± 0.9‰, AA; !15NAIR =
1.4 ± 1.1‰ and MP; !15NAIR =!1.6 ± 0.5‰) (Table 2). The variations
in !15Ndatawere consistentwith those reported in a study by Buchanan
et al., in which the authors analysed the !13C and !15N values of 18
batches of in-house synthesized MDMA (varying preparative routes)
and observed variation in !15N values, not only between batches, but
also within synthetic routes. These observations prompted the sugges-
tion that !15N data may be of most value for discriminating samples ac-
cording to their production batch, but of less value in determining
preparative route or in identifying precursor chemical batches [22].

The nitrogen atoms in BZP·HCl are derived solely from the pipera-
zine precursors. Due to the apparent nitrogen fractionation that occurs
in the synthesis of BZP·HCl (forming of C–N andH–N bonds and incom-
plete synthesis), variation in the !15N values was expected. However,
greater spread within supplier groups and overlap between precursor
supplier groups were also observed. A major contributor to the ob-
served variation was thought to be the BZP·HCl precipitation method
that was adopted. The BZP was converted to BZP·HCl salt by a popular
clandestine approach which involved bubbling HCl gas into ethanol be-
fore mixing this solution with the free base BZP [26]. Although this
method is easily adopted by clandestine manufacturers, it is not a con-
trolled method that relies on stoichiometric amounts of reactants and
therefore presents a potential cause of isotopic fractionation. For exam-
ple, the concentration of HCl gas bubbled into the ethanol can be a
variable and loss of HCl gas from the ethanol to the atmospherewill fur-
ther vary the concentration. As a result, the conversion of BZP to salt is
incomplete (yields ranged between 90 and 95%) leaving approximately
5–10% of the free amine in solution giving rise to the possibility of frac-
tionation and variability in 15N isotopic composition (Fig. 5). Unreacted
intermediate is consequentially enriched in 15N. The depletion in 15N in
the product drug is in contrast to previously reported studies of the syn-
thesis of MA·HCl [20]. Further, the initial depletion in 15N is masked by
subsequent enrichment during precipitation. David et al. have demon-
strated 15N isotopic fractionation during the precipitation of MA·HCl
in which successive precipitates became sequentially depleted in 15N
[20]. This was attributed to the heavier isotope forming stronger
bonds with the proton making the 15N-containing tertiary ammonium
cation more likely to be present in solution and available to precipitate
out with the chloride ion. The heavier isotopes were evidentially
concentrated in the earlier MA·HCl precipitates. Although successive
precipitationswere not conducted in this study, it is suggested that sim-
ilar fractionation determined the observed !15N values in theproduct. In
addition to the inconsistent synthetic nature of clandestine chemists,
the degree of fractionation encountered in a“real life” scenario involving
the clandestine synthesis of BZP·HCl may result in greater than

expected variability between batches that have been manufactured
from the same source of precursors. This is an important consideration
when interpreting isotopic data relative to forensic investigations for
samples of this nature [20].

Owing to the variations observed for the BZP·HCl, both !13C and
!15N data provided no clear discrimination between the three groups
based on individual elements. Discrimination of the BZP·HCl derived
from the MP precursor was however possible given the overall 15N de-
pletion/13C enrichment observed for this group relative to the two other
groups. Combining the !13C and !15N data (Fig. 6), con!rmed that the
MP samples grouped separately from the other two groups, which ex-
hibited clusters with both overlap of data points and a large spread
within, groups thus preventing discrimination.

Analysis of the 2H isotope composition may provide additional dis-
criminating power and therefore the ability to separate all three groups
by source. Previous studies have demonstrated that by analyzing the 2H
isotope, greater discrimination for grouping drugs and/or tracing pre-
cursor–product relationships has been achieved [20,22,29,31,32,33].
The analysis of 2Hwas not undertaken in this study as there is currently
no consensus on methods to correct for the presence of exchangeable
hydrogen [34]. A combination of three stable isotopes could potentially
provide the discriminative power required for this study. This is the
subject of further investigations that are currently underway within
our laboratory.

4. Conclusions

The current study presents a preliminary insight into the potential of
using IRMS to acquire information that other more routinely used ana-
lytical techniques such as GC–MS fail to provide. By analyzing the !13C
and !15N values of known provenance BZP·HCl products and corre-
sponding synthetic intermediates, synthesized from different precursor
suppliers, discrimination and correct grouping of all the intermediates
and most of the product samples were achieved. Commonly collected
from clandestine labs are the residue intermediate and/or precursor
compounds. An outcome desired by law enforcement agencies is to
identify these key compounds that are used for the clandestine synthe-
sis of illicit drugs. As a result, appropriatemonitoring and control can be
implemented for such compounds of interest. The results presented in
this paper highlight the ability to correctly associate all of the interme-
diate samples with their precursor group in addition to providing
clear discrimination between groups based on !13C and !15N isotopes.
With respect to the BZP·HCl products, the fractionation of the interme-
diate (step 2, Fig. 2), the isotope effects associatedwith BZP·HCl precip-
itation (14N–H versus 15N–H), the potential variability in proton
concentration for precipitation (step 3, Fig. 2) and importantly the in-
complete synthesis of BZP·HCl (Fig. 5) contribute to the isotopic values
and should be considered when analyzing forensic samples of this
nature. Ongoing investigations to include hydrogen stable isotopemea-
surements are being conducted. The application of this type of isotopic
research (IRMS) and its application to unauthentic, clandestinely syn-
thesized or sourced BZP·HCl may meet with challenges or dif!culties.
Nevertheless, the preliminary IRMS data obtained reveals that the anal-
ysis of the !13C and !15N data of BZP·HCl products and intermediates
obtained through the application of IRMS, has the ability to provide

Fig. 5. Reaction steps during precipitation of BZP base as the HCl salt [1].
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informative and relevant information for identifying and discriminating
between different sources relative to BZP·HCl synthesis.
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This paper demonstrates the use of isotopic analysis of 23 benzylpiperazine (BZP) and tri"uoromethylphenylpi-
perazine (TFMPP) containing tablets seized on two independent occasions by the Northern Territory (NT) Police,
Australia. Isolation (High Performance Liquid Chromatography (HPLC)) of BZP and TFMPP followed by Isotope
Ratio Mass Spectrometry (IRMS) (carbon and nitrogen stable isotopes) analysis was performed. Results are pre-
sented for !13C and !15N values of the respective piperazine analogues. The isotopic data and statistical analysis
suggest a common source ofmanufacture for the BZP samples but suggest different sources for the TFMPP isolat-
ed from the corresponding BZP containing tablets investigated. The use of IRMS in this case study demonstrated
the ability to obtain information regarding the BZP/TFMPP sources unattainable via conventional chemical
analysis.

© 2014 Forensic Science Society. Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

A goal within forensic drug investigations is to establish intelligence
regarding possible links, or discriminating samples, between drug cases.
Traditionally, intelligence is established through chemical pro!ling,
such as impurity pro!ling via combined Gas Chromatography–Mass
Spectrometry (GCMS) [1]. Traditional chemical pro!ling of high pro!le
drugs such as 3,4-methylenedioxymethamphetamine (MDMA) and
methamphetamine (MA) has demonstrated the ability to provide infor-
mation on the synthetic route employed in addition to identifying the

precursor chemicals used in a drug's preparation by identifying
traces of precursors and by-products [2–9]. Other pro!ling methods
are available and one that has gained interest as a tool for discrimi-
nating between different precursor sources/preparative methods,
[10–16] and linking drug seizures [17–20] for natural, synthetic
and semi-synthetic drugs is isotopic pro!ling via Isotope Ratio
Mass Spectrometry (IRMS).

IRMS has emerged as a powerful technique for the pro!ling of
numerous sample types relevant to forensic investigation, in partic-
ular illicit drugs. Pro!ling of seized and authentic drug samples for
investigating sources, linkage (between sample groups, precursor–
product relationships, etc.) or discrimination purposes has been
demonstrated for numerous synthetic substances including MDMA
[21–23], MA [10–13,15,19,24,25] and more recently the designer
drug mephedrone [16].

It has been suggested that each batch of synthetic drugs has a unique
isotopic pro!le which forms the basis for discriminating/linking via isoto-
pic analysis. Carter et al. [26], reported that throughmultivariable isotopic
analysis the clustering ofMDMA sampleswas identi!ed, re"ecting specif-
ic production batches. The isotopic composition of phenylethylamine an-
alogues and other synthetic compounds including the designer drugs
benzylpiperazine (BZP) and tri"uoromethylphenylpiperazine (TFMPP)
re"ects both the characteristics of the startingmaterials used and the syn-
thetic processes employed [18,27]. By determining the abundances of 13C
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and 15N isotopes within these drug molecules information regarding the
synthetic origins of these substances can be elucidated. This isotopic com-
position relates to the isotopic composition of the precursors used to syn-
thesize the drug products and depends on their origin and fractionation
processes these compounds undergo [11,28]. Once a drug compound is
formed, itwill retain its natural stable isotope abundance until it degrades
[29]. Therefore, differences in the stable isotope abundances in the pre-
cursors, originating from different sources, will allow discrimination be-
tween the different products via IRMS analysis. Iwata et al. [19] has
used 15N isotope analysis in conjunction with impurity pro!ling to dis-
criminate between MA crystals from three individual packages seized si-
multaneously. The 15N composition discriminated two major groups and
further subgroups of the MA crystals. Iwata et al. suggested multiple pre-
cursor sources were used to synthesize the MA, which was subsequently
mixed and dispersed between the packages.

BZP and TFMPP (Fig. 1), belong to a class of psychoactive designer
drugs currently available on the illicit market, which are easily syn-
thesized from the parent drug piperazine [30]. The popularity of
these ‘party pills’ or ‘herbal pills’ grew exponentially in countries
such as New Zealand, before becoming controlled in 2008 [31]. The
popularity of piperazine analogues in some areas re"ects their use
as mimics to or substitutes for already scheduled illegal drugs such
as MDMA [32].

This paper describes the use of IRMS for the analysis of 23 seized
tablets containing both BZP and TFMPP piperazine analogues from
two separate cases provided by the Northern Territories (NT) Police,
Australia. The nature of the piperazine analogues was established via
GCMS (conducted by the police) prior to IRMS analysis. No informa-
tion regarding source of these compounds could be obtained from
GCMS analysis and, hence isotope analysis was employed. The
study used High Performance Liquid Chromatography (HPLC) to iso-
late BZP and TFMPP from each tablet. Subsamples of the isolated
compounds were characterised via 1H and 13C Nuclear Magnetic Res-
onance (NMR), followed by IRMS (carbon and nitrogen isotopes)
analysis of the remaining respective drugs. The isotopic data sets
were compared to establish if any linkage/grouping was evident
whichmight suggest a common source of manufacture and ultimate-
ly providing insight into the designer drug network within the NT
region.

2. Materials and methods

2.1. Materials

Piperazine-containing tablets (tablet mass range of 260–300 mg)
were individually homogenized (mortar and pestle) and dissolved in
de-ionized water (DI) (1 mL) before being frozen with liquid nitrogen
and freeze-dried overnight.

2.2. HPLC isolation

Chromatographic separations were performed using an Agilent
1100 LC series HPLC with UV detection at 208 nm (Agilent Technol-
ogies, Forest Hill, Australia). Data were acquired using Chemstation
Software (Agilent Technologies). All separations were accomplished
using a Synergi Hydro-RP Phenomenex column of dimension

250 mm ! 10 mm (Phenomenex, Sydney, Australia) with reversed-
phase mode and a mobile phase gradient. The components of the
mobile phase were: a mixture of water with addition of 0.05% aque-
ous tri"uoroacetic acid (TFA) (A) and 100% acetonitrile (B). The "ow
rate of the mobile phase was 3 mL min!1. The total analysis time
was 17.6 min. The elution proceeded with the following gradient:
0–6.8 min 86% A/14% B, 6.8–12 min 65% A/35% B, 12–17.6 min 86%
A/14% B. Cutting times of target isolate collections were BZP; 4.95–
5.33 min and TFMPP; 13.25–15.00 min. The column temperature
was 36 °C. Following collection of the isolates, the mobile phase
was removed from the sample fractions via rotary evaporation in
addition to two lots of water addition/rotary evaporation to
remove any TFA. Samples were dissolved in 1 mL of DI before freez-
ing in liquid nitrogen and freeze-dried overnight. All samples (from
both Cases 1 and 2) were treated identically throughout all steps of
preparation, treatment, HPLC methodology and analysis.

2.3. Nuclear Magnetic Resonance Spectroscopy

1H and 13C NMR spectra were obtained using a Bruker Biospin
300 MHz spectrometer (Bruker Biospin AG, Switzerland) operating at
75.5 and 300 MHz, respectively.

2.4. Gas Chromatography–Mass Spectrometry

Combined GCMS analyses were performed by the NT police prior to
the samples via an Agilent GCMS Instrument (7890A GC with 5975C
MSD Series with a Triple-Axis Detector) coupled via a heated transfer
line,maintained at 280 °C. TheGCwas equippedwith a temperature pro-
grammable split/splitless (PSS) injector which was programmed from
100 to 300 °C at a rate of 40 °C min!1 and maintained at that tempera-
ture for 9.3min. Onemicroliter aliquots of samplewas injected and chro-
matographic separation performed using a DB1-ms (Agilent J&W
supplied by Thames Restek UK Ltd., Saunderton, UK) column; 15 m in
length, 0.25 mm in diameter with a 0.25 pm !lm thickness. The oven
was maintained at 100 °C for 1 min, heated at a rate from 40 °C min!1

to 300 °C and maintained at that temperature for 3 min. Helium carrier
gas was operated at a constant "ow rate of 2 mL min!1. The ion source
was maintained at a temperature of 280 °C with an electron energy of
70 eV and an emission current of 60 µA. Data were acquired over a
range mlz 35–500 at a rate of two scans per second using a Turbomass
4.5 data system.

2.5. Isotope Ratio Mass Spectrometry

2.5.1. Bulk 13C and 15N isotope analysis
BZP and TFMPP fromeach tabletwere analyzed for carbon andnitro-

gen isotopic composition in triplicate. Samples were weighed (0.05–
0.15 mg) into tin capsules and palletized. Isotope data were acquired
by combusting samples at 1050 °C in a Sercon Europa EA-GSL elemental
analyzer. The CO2, NOx and H2O produced during the combustion were
carried in a He "ow through a reduction reactor !lled with copper at
650 °C to reduce NOx to N2 then through an Anhydrone® magnesium
perchlorate trap to remove water. CO2 and N2 gases were chromato-
graphically separated and fed into a Sercon Hydra 20–22 isotope
mass spectrometer. The ratios of 13C/12C and 15N/14N from the solid

Fig. 1. Structures of psychoactive designer drugs; BZP and TFMPP plus MDMA.
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samples were obtained. Measured isotope abundance values were scale
calibrated to Vienna Pee Dee Belemnite (VPDB) (13C) and Air (15N)
based on 2-point end-member normalization using contemporaneously
analyzed international referencematerials (RMs) obtained from the In-
ternational Atomic Energy Agency (IAEA, Vienna, Austria): IAEA-CH-6
(!13CVPDB = !10.45‰) and IAEA-CH-71 (!13CVPDB = !32.15‰) for
carbon and IAEA-N1 (!15NAIR = +0.43‰) and IAEA-N2 (!15NAIR =
+20.35‰) for nitrogen. In addition, in-house standards sucrose and
ammonium sulfate were analyzed in duplicate throughout the analyti-
cal sequence as quality control checks.

3. Results and discussion

An examination into the potential of IRMS as an investigative tool
through the isotopic analysis of 13C and 15N composition of 23 tablets
containing both BZP and TFMPP was conducted. Northern Territory po-
lice seized the tablets on separate occasions from the NT district,
Australia in 2012 (Case 1: 16 tablets and Case 2: 7 tablets). The identity
of the active pharmaceutical ingredients (BZP and TFMPP) was deter-
mined by GCMS analysis (performed by the police prior to the authors
receiving the samples) ofwhich the chromatograms appeared very sim-
ilar other than the inclusion of caffeine in Case 1 tablets. No suspected
link between the two seizures was suggested. Physically the pills were
very similar; light pink/red in color and some were poorly tableted
and suggestive of having being ‘home-made’ as opposed to profession-
ally tableted. No de!nitive or complete logoswere evident on any of the
tablets, a vitamin-like odor and hydroscopic nature were observed from
all of the tablets. BZP and TFMPP were isolated (HPLC) from each indi-
vidual tablet and an investigation into the detection of differences or
similarities in the isotopic signatures of BZP and TFMPP was conducted
[33]. To ensure reliability of the isolation method and integrity of the
samples under investigation, potential fractionation as a result of the
HPLC isolation method was investigated. The 13C and 15N isotopic com-
position of BZP and TFMPP standards were acquired from samples pre-
and post-isolation. Standard sampleswere subjected to the exactmeth-
od and workup by which the case samples were isolated from. The
resulting isotopic data are presented in Fig. 2. A two-sample t-test was
performed to compare means of each sample group (BZP Standard:
BZPHPLC, TFMPP Standard: TFMPPHPLC). A small but signi!cant differ-
ence was identi!ed for both pre- and post-carbon and nitrogen samples
at the 95% con!dence level (mean difference BZP: !13CVPDB ! 103 =
0.200, !15NAIR ! 103 = 0.900 and TFMPP: !13CVPDB ! 103 = 0.367,
!15NAIR ! 103 = 0.400). This slight difference can likely be explained

by residue impurities present in the standards (1,4-dibenzylpiperazine
in BZP for example). The values obtained for the standards showed
greater within variation, likely due to the impurities. The HPLC samples
had been ‘cleaned up’ and reveal more constrained !-values that fell
within the range of the standards pre-HPLC. The same was apparent
for the TFMPP standards.

The results of carbon and nitrogen isotope analysis of BZP and
TFMPP from the tablets are summarized in Table 1. Each data point
represents the mean of triplicate analyses (uncertainty is the standard
deviation from triplicate measurements). For BZP !13C values varied in
a narrow range between !27.8 and !28.5‰ and a larger range for
!15N between 0.2 and 3.1‰. Mean and standard deviation values for
Cases 1 and 2 were; !13CVPDB = !28.1 ± 0.2 and !15NAIR = 1.5 ±
1.1‰ and !13CVPDB = !28.2 ± 0.1 and !15NAIR = 1.4 ± 0.7‰, respec-
tively. The !13C and !15N values obtained for TFMPP varied between
!26.8 and !28.9‰ and between !2.0 and !6.5‰, respectively.
Mean and standard deviation TFMPP values for Cases 1 and 2 were;
!13CVPDB = !27.1 ± 0.2 and !15NAIR = !7.45 ± 0.5‰ and
!13CVPDB = !28.7 ± 0.1 and !15NAIR = !2.56 ± 0.4‰, respectively.

The BZP and TFMPP isolated from each tablet were structurally iden-
tical (for the respective molecules (Fig. 1)) and it is the isotopic compo-
sition of these molecules that may show variability between the
corresponding piperazine analogue samples. BZP is typically synthe-
sized from piperazine and an aromatic moiety such as a benzyl deriva-
tive, commonly benzyl chloride (Fig. 3) [34]. Depending on the origin
of the precursors (Precursor's X and Y for example) contributing the
atoms composing the piperazine analogues (and provided synthetic
fractionation effects are reproducible) the 13C and 15N composition
may be suggestive of a common origin or allow discrimination between
case group ormore speci!cally production batch. For the purpose of this
paper a distinction is made with regard to ‘production batch’ versus
‘tableting batch’. Both provide important forensic information however
the isotopic data discussed refers to the potential linking or discriminat-
ing of ‘production batches’ of the individual piperazine analogues. There
are numerous scenarios or propositions that can be alluded to with re-
spect to the ‘tableting batches’ however these would be speculative
and will not be discussed further.

Billault et al. [11] demonstrated that 13C and 15N analysis of 45 au-
thentic MDMA samples synthesized via various clandestine methods
and reaction conditions, could discriminate between the samples.
Based on the 15N composition of MDMA and the 13C and 15N of N-
precursors, Billault et al. [11] showed grouping of the samples, re"ecting
reaction conditions.Work by Buchanan et al. [21] investigated the use of

Fig. 2. a) Two-sample t-test of !13C values fromBZP standard (!) (prior toHPLC) and BZPHPLC (O) (post HPLC) and b) Two-sample t-test of !15N values fromBZP Standard (!) (prior toHPLC)
and BZP HPLC (O) (post HPLC).
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IRMS as ameans to discriminate 18 batches of authenticMDMA synthe-
sized via three different preparativemethods from a common precursor
source. The authors concluded that the analysis of the !2H data alone
was powerful enough to accurately discriminate between the three
routes employed. They do however acknowledge the discriminating
power observed in their studymaynot extrapolate to clandestinely syn-
thesized MDMA and further research is required. Iwata et al. [18] de-
scribed a method for linking MA seizures using 13C and 15N isotopic
composition based on a pooled standard deviation (sp) criterion being
less than ‘6sp square’. A bivariate analysis classi!ed samples from 10
cases into 7 clusters, presumably representing different origins. Three
of the clusters represented two independent seizures and therefore sup-
ported the suspected links initially established through impurity pro!l-
ing and prior investigative information.

Palhol et al. [35] analyzed the 15N composition of 43MDMA samples
originating from numerous seizures (a large range between !16 and
19‰ was observed). A correlation between !15N values and certain
physical features of the tablets including tablet logos was reported.
The large variation in !15N values and physical correlations enabled

Palhol et al. [35] to make the assumption that tablets from different sei-
zures probably originated from the same clandestine manufacturing
source.

Comparing the !-values obtained within the BZP from the two sepa-
rate cases, no statistical difference could be determined between the
case samples based on a bivariate analysis of carbon and nitrogen data
(Fig. 4). Overlapping and close clustering of data points between the
two cases is evident. Thus these data sets cannot be discriminated by
case, suggesting a common source of manufacture or ‘production
batch’. Canonical Discriminant Analysis (CDA) demonstrated that ap-
proximately 50% of the samples were mis-classi!ed as the other case,
again reinforcing the likelihood of a common manufacturing origin.
Compared with authentic BZP samples from various precursor sources
(Fig. 4), discrimination between the cases and authentic BZP was evi-
dent. Fig. 4 shows that Cases 1 and 2 are clustered together and separate
from the four authentic sources thus providing evidence of a common
manufacturing origin.

BZPwas legal inmost countries until 2008 and"ooded themarket as
a ‘natural and safe alternative’ to common party drugs such as MDMA
and MA [31]. Since BZP was controlled it is probable that there are sup-
plies ofwhatwere once legitimate tablets still circulating andnowavail-
able for illegal purchase. If this is the case, it is possible to speculate that
the BZP examined in this study originated from the same source i.e. lab-
oratory or even the same synthetic batch of BZP tablets. Alternatively, if
the BZP was synthesized in a clandestine laboratory or imported, the
isotopic composition again supports the possibility of a common
manufacturing source or synthetic batch.

Prior to being made illegal, TFMPP was available for purchase
from a variety of sources and commonly tableted with BZP as anoth-
er ‘legal high’ alternative and marketed as A2 or Frenzy [36]. The
legal status of TFMPP now varies throughout the world. Although
TFMPP is not scheduled under Australian federal law, many coun-
tries such as the UK, Canada, Japan and New Zealand have scheduled
TFMPP as an illicit/dangerous substance [37]. The presence of TFMPP
within MDMA tablets and other illegal formulations appears to be
common [38].

Of note, statistical analysis of the TFMPP isotopic data revealed a sig-
ni!cant difference between the cases based on the bivariate analysis of
carbon and nitrogen. The bivariate scatter plot (Fig. 5) clearly revealed
visual discrimination of the samples based on case grouping and 100%
correct classi!cation was demonstrated through CDA. The !-values
show a large variation between cases but appear to be homogenous
within a grouping, exhibiting small !-value ranges (Table 1). As men-
tioned earlier the isotopic data provides information on the ‘production

Table 1
!13C and !15N values for the BZP and TFMPP isolated from the tablets. Mean values of trip-
licate analysis.

BZP TFMPP

Sample !13C (‰) !15N (‰) Sample !13C (‰) !15N (‰)

1 !27.79 1.98 1 !27.24 !8.25
2 !28.06 1.51 2 !26.81 !7.41
3 !27.90 2.80 3 !27.07 !8.05
4 !27.95 3.07 4 !27.50 !7.83
5 !28.22 3.10 5 !26.96 !8.20
6 !28.19 2.53 6 !27.29 !7.60
7 !28.03 2.34 7 !26.81 !7.77
8 !28.11 0.25 8 !27.01 !7.62
9 !28.14 0.60 9 !27.12 !6.91
10 !27.85 0.82 10 !27.06 !6.73
11 !27.98 0.99 11 !27.16 !7.10
12 !28.19 1.36 12 !27.03 !7.11
13 !28.43 0.58 13 !27.06 !7.05
14 !28.54 0.20 14 !27.08 !6.91
15 !28.05 0.48 15 !28.59 !2.77
16 !28.02 1.29 16 !28.64 !2.19
17 !28.07 0.81 17 !28.62 !2.30
18 !28.16 2.72 18 !28.78 !2.62
19 !28.38 1.28 19 !28.88 !3.07
20 !28.28 0.96 20 !28.81 !2.38
21 !28.13 1.35 21 ! –

Fig. 3. Production of BZP synthesis before tableting with TFMPP, caffeine and other excipients [1].
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batch’more so than the ‘tableting batch’ and therefore the data are sug-
gestive of different sources of manufacture or ‘production batches’.
These data does not necessarily transpose to re!ecting different
‘tableting batches’ and consequently provides no further information
on establishing a link or discriminating between the two cases based
on the TFMPP data. Compared with authentic TFMPP samples (Fig. 5),
discrimination between Cases 1 and 2 and authentic TFMPP was ob-
served and again this may support a proposition that the samples orig-
inated from different ‘production batches’.

The !15N values within each TFMPP grouping showed small vari-
ances (Case 1: !15NAIR = !7.5 ± 0.5‰, Case 2: !15NAIR = !2.6 ±
0.3‰). Casale et al. [39] highlighted that synthetic methods can cause
variation in 15N values due to fractionation as apposed to the 15N com-
position of the precursors. Given that the !15N values are relatively
constrained within a group it seems reasonable to assume that whatev-
er fractionation occurred it did so in a reproducible manner. The sepa-
rate clusters evident in Fig. 5 therefore re!ect the isotopic differences
originating from the different precursor sources. Nic Daeid et al. [16]
showed discrimination ofmephedrone batches synthesized fromdiffer-
ent sources (using the same preparative method) by carbon and hydro-
gen isotopic composition. Although their aims were to determine
linkage relationships of ‘precursor–product’, their study demonstrated
the ability to discriminate between the two precursor supplier sources
based on the different !-values of the products (Sources 1 (S) and 2
(A): !13CVPDB = !23.21 ± 0.11, !2HVSMOW = 55.2 ± 2.2‰ and
!13CVPDB = !29.41 ± 0.24, !2HVSMOW = 29.4 ± 1.3‰, respectively.).

The difference in the nature of the isotopic data obtained for BZP and
TFMPP is interesting. For the BZP examined in this study the isotopic
compositiondoes not provide ameans todiscriminate between samples
whereas the data obtained for TFMPP re!ect the case grouping. There
are numerous possibilities that may explain the different nature of the
data following the likely scenario of different/same sources, such as
the tableting process (addition of multiple TFMPP pills, batches or
sources to the BZP tablets), multiple supply sources of compounds, de-
pletion and/or blending of a variety of compounds, different clandestine
laboratories, and different TFMPP preparative methods. Given that the
tablets were very similar physically (appearance, composition, color,
odor), it is reasonableto suggest that there may be a link between the
two cases based on the similar BZP isotopic content. However it is not
possible to determine or support the proposed link due to the uncer-
tainty surrounding the TFMPP sources.

4. Conclusions

The ability to discriminate between sources and/or identify the ori-
gins of illicit drugs is a goal of forensic scientists. Although not routinely
used for illicit drug investigations, IRMS information has been obtained
and its application demonstrated utilizing the stable isotopes of carbon
and nitrogen. This case study presents an insight into the potential of
IRMS to acquire information that other more routinely used analytical
techniques such as GCMS fail to provide.

Analysis of the 13C and 15N isotopic composition of seized BZP and
TFMPP containing tablets reveal "ndings that are consistent with at
least two possible scenarios. First, the two seizures/cases are not linked
although a common source or ‘production batch’ of BZP cannot be ex-
cluded; second, the two seizures/cases are linked with the difference
in TFMPP signatures being due to two different ‘production batches’ of
TFMPP being used for tableting with a single batch of BZP. The interest-
ing and con!ictingdata highlights a need for cautionwhen investigating
multiple compounds tableted together with reference for intelligence
purposes. The application of this type of preliminary isotopic research
into unauthentic, clandestinely synthesized or sourced BZP/TFMPP is
promising and work within the area is ongoing.

Acknowledgments

We are grateful for an Australian Postgraduate Award scholarship
(N.B.) that allowed this research to be conducted. Additionally, the Insti-
tute for Glycomics, Gold Coast campus and the School of Natural Sci-
ences, Nathan campus, Grif"th University are acknowledged for their
"nancial support. Finally, Matt Hickson from the Northern Territory Po-
lice is acknowledged for providing the samples analyzed within this
study and Faith J. Rose for her HPLC analysis of the samples.

Fig. 4. Bivariate plot displaying !13C and !15N results for BZP from Cases (!) 1 and (!) 2,
authentic BZP synthesized from sources (!) Alfa Aesar; (+) Sigma; (") MP Biomedical
and (#) BZP standard. No visual discrimination is evident between Cases 1 and 2.

Fig. 5. Bivariate plot displaying !13C and !15N results for TFMPP from Cases (!) 1 and (")
2, authentic TFMPP synthesized from sources (!) 1) Alfa Aesar; (+) 2) Sigma; and TFMPP
(!) standard. Visual discrimination is evident between all TFMPP groups.
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Abstract 
Cathinone analogues such as mephedrone (4MMC·HCl), methcathinone 
(MMC·HCl) and methylone (βk-MDMA·HCl), belong to a family of synthetic 
psychostimulant phenylethylamines that in recent years have been detected 
in abundance worldwide. Commonly referred to as “bath salts”, their apparent 
ʻecstasy-likeʼ effects and ease of purchase online have resulted in their high 
demand amoung users. Isotopic profiling has been suggested as a credible 
technique to link or discriminate between different drug batches (or production 
sources) via the analysis of selected stable isotopes (18O:16O, 15N:14N, 13C:12C 
and 2H:1H). This paper describes the isotopic profiling of selected in-house 
synthesized cathinone analogues for distinguishing between different batches 
and associating drug products to a common source of manufacture. Ten 
batches of the desired analogues were synthesized using precursor reagents 
from different sources (5 batches per source). For each batch; precursors and 
end products were analysed for 13C:12C and 15N:14N by Isotope Ratio Mass 
Spectrometry (IRMS). Results revealed the ability to distinguish different 
batches based on the 15N/14N compositions of the drug molecules in addition 
to identifying the corresponding precursor sources through precursor-product 
linkage relationships.  
 
Introduction 
Over the past decade a number of Novel Psychoactive Drugs (NPD) have 
been developed with the intention of avoiding legal penalties and mimicing the 
effects of scheduled drugs, including methamphetamine (MA).  In particular, 
cathinone analogues such as mephedrone (4MMC·HCl), methcathinone 
(MMC·HCl) and methylone (βk-MDMA·HCl). The cathinone analogues are 
synthetic aromatic aminoketones (β-ketoamphetamines) that closely resemble 
MA and/or 3,4-methylenedioxymethamphetamine (MDMA) structurally [1] 
(Figure 1).  
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Figure 1. Structures of 4MMC, MMC, βk-MDMA, MA and MDMA. 

 

These NPDs are derived from cathinone, a psychoactive monoamine alkaloid 

contained in the leaves of the flowering plant khat, catha edulis. Historically, 

khat chewing is a popular social custom of East African and Arabian 

Peninsular origins [2]. It is reported to produce amphetamine-like stimulation, 

euphoria and loss of appetite among other pharmacological effects. The 

aformentioned cathinone analogues have been described as producing these 

desired amphetamine-like effects also and until only recently were legal to 

consume, posses and distribute worldwide [1, 3, 4]. The international 

prevalence of selected “bath salts” has been rapid and extensive. Their ease 

of purchase and accessibility via online sites provide users an alternative 

gateway for possessing psychoactive drugs. Subsequentialy, the prosperous 

synthetic cathinone market, accessiblity of precursor reagents and until 

recently, legal trade, has invited clandestine drug makers to produce and sell 

“bath salts” over more mainstream drugs (MA and MDMA) [5, 6].  

 

With efforts to counteract the illicit drug epidemic and flourishing NPD market, 

forensic personal perform drug profiling (chemical and/or physical) as an 

investigative tool to gain information on establishing links; for example 

precursor-origin, precursor-product or discriminating between; precursors, 

precursor sources or synthetic route and intermediate or product batches. An 

approach that has demonstrated promising potential as a complementary 

profiling technique (to traditional profiling methods including organic profiling) 

for the application to illicit drug linkage or discriminative analysis is isotopic 

profiling via Isotope Ratio Mass Spectrometry (IRMS). 
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The isotopic composition of the aforementioned cathinone analogues are 
characteristic of the starting materials used and the synthetic processes 
employed by the clandestine drug producers [7]. These “bath salts” are being 
clandestinely synthesized from selected propiophenone derivatives and amine 
sources such as methylamine [8, 9]. Depending on the origin of these 
precursors their isotopic signatures will be specific and potentially preserved 
in the resulting drug products, therefore a drugs source (or production batch) 
may be revealed allowing for linkage or discrimination by source. With 
reference to a general cathinone synthesis (Figure 2), the parent 
propiophenone derivative, 4-methylpropiophenone (4MPP) for example, 
contributes the majority of atoms (C10H12O) to the desired product, 
4MMC·HCl, with the remaining atoms contributed from methylamine 
hydrochloride (MeNH2·HCl) (CH5N). Consequently, the carbon backbone 
should reflect the isotopic composition of its propiophenone and MeNH2·HCl 
precursors, as calculated by the mass balance of the reaction (Equation 1), 
given no fractionation occurs [7]. The MeNH2·HCl is the only source of 
nitrogen and MPP the only source of oxygen. If isotopic shifts are apparent 
between precursor-product pairs, these are likely attributed to reaction specific 
isotopic fractionation [7]. This phenomenon allows for precursor-product 
relationships or more specifically a ʻquantifiable linkʼ to be revealed, and 
ultimately provides information linking two compounds together such as a 
drug product to its precursor(s) [7].  
 
The authors present an examination of !13C and !15N values within selected 
cathinone analogues synthesized in-house from two different precursor 
suppliers. Ten batches of 4MMC·HCl, MMC·HCl and βk-MDMA·HCl were 
synthesized using two different sources of precursors following previously 
described and modified methods [8, 10, 11]. This study highlights the 
promising ability of IRMS as an investigative tool for forensic drug profiling. 
The work herein is the first study correlating 13C:12C and 15N:14N isotope 
abundances of selected, known provenance cathinone analogues.  
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Materials and Methods 
 Materials 

Cathinone analogues and intermediate samples were synthesized as detailed 

below. Precursor reagents 4-methylpropiophenone, propiophenone and 3,4-

methylenedioxypropiophenone (two difference sources for each) (S1x; S1y, 

S2x; S2y and S3x; S3y, respectively) were obtained from different sources; 4-

methylpropiophenone, S1x; S1y, Sigma Aldrich (Japan) propiophenone, S2x; 

S2y, Alfa Aesar and Sigma Aldrich (U.K.; Germany, respectively) 3,4-

methylenedioxypropiophenone, S3x; S3y, Santa Cruz and Alfa Aesar (U.S.A.; 

U.K., respectively). Methylamine hydrochloride (MeNH2·HCl) precursor 

sources (two different sources Sx and Sy) were obtained from Alfa Aesar and 

Sigma Aldrich (both U.K.) All compounds were at least 98 % pure. All other 

reagents were of commercial quality (obtained from Sigma-Aldrich, U.K. or 

Alfa-Aesar, U.K.) and used without further purification.  

 

Cathinone Analogue Synthesis 
The synthesis of the selected cathinone analogues (4MMC·HCl, MMC·HCl 

and βk-MDMA·HCl) is chemically straightforward and was carried out in a 

three-step process (Figure 2). Firstly, the α-bromination of the appropriate 

propiophenone analogue starting material was carried out to form the 

intermediate (4-methyl-α-bromopropiophenone, α-bromopropiophenone or 

3,4-methylenedioxy-α-bromopropiophenone, respectively), followed by an N-

alkylation of MeNH2·HCl to afford the cathinone base before precipitation as 

the hydrochloride (HCl) salt product (1x, 1y: 4MMC·HCl, 2x, 2y: MMC·HCl, 3x, 

3y: βk-MDMA·HCl). Five batches (ten batches total) of each analogue 1x, 1y, 

2x, 2y and 3x, 3y were prepared separately from two different corresponding 

precursor suppliers to give the HCl salt products (reported yield ranges 20-

30%) as white/off-white or beige powders.  

The title compounds were prepared via the methods reported by Camilleri et 

al. [11] and Santali et al. [8] with the following modifications. 
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α-Bromopropiophenone analogue intermediate; To a suspension of each 
propiophenone analogue (1.0 g, 6.7 mmol) in glacial acetic acid (22 mL), 
bromine was added drop wise (1.1 g, 6.8 mmol) and stirred at room 
temperature for 1-2 hours (depending on analogue). The reaction mixtures 
were poured into cold water and the α-bromopropiophenone analogue oil 
layers were washed with a saturated sodium carbonate solution. Note; 4MMC 
intermediate (4-methyl-α-bromopropiophenone) solidified in the water and 
was collected, dried and recrystallised in hot diethyl ether (~30°C). The MMC 
and βk-MDMA intermediates (α-bromopropiophenone and 3,4-
methylenedioxy-α-bromopropiophenone, respectively) remained as oils in the 
water. The oils were extracted with dichloromethane (DCM) (3 × 30 mL), dried 
with sodium sulphate (Na2SO4) and then concentrated in vacuo to reveal pale 
yellow oils. The oils were washed with toluene (2 x 1 mL) to remove residual 
acetic acid and dried in vacuo. The α-bromopropiophenone analogue 
intermediates were obtained in reported yields ranging from 95-99%. 
 
Cathinone analogue; Following synthesis of the intermediates, a suspension 
of the α-bromopropiophenone derivative (~1.0 g, 4.4 mmol) and MeNH2·HCl 
(0.3 g, 4.4 mmol) in DCM (50 mL) triethylamine (Et3N) (1.0 g, 9 mmol) were 
added. The mixture was stirred at room temperature overnight and then 
acidified (pH ~1) with 6 M hydrochloric acid (HCl (aq)) (~25 mL). The aqueous 
layer was washed with DCM (3 × 30 mL), basified (pH ~10) with 5 M sodium 
hydroxide (~30 mL) and then re-extracted with DCM (3 × 30 mL). The 
combined organic fractions were dried with Na2SO4 and concentrated in 

vacuo to reveal a viscous oil. The oil was dissolved in isopropanol (2 mL), 
treated with HCl (aq) (slight excess ~200 µL) and stirred at room temperature 
for 1 hr. The mixture was then diluted with diethyl ether (4MMC) or ethyl 
acetate (MMC and βk-MDMA) (~70 mL) and stirred to reveal a pale yellow 
solid (~30 min). The crude product was filtered, washed with diethyl ether or 
ethyl acetate, respectively, and recrystallised from acetone to give the 
corresponding hydrochloride salt (reported yield range ~20 to 30%) as a 
white/off-white or beige powder [8].  
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Nuclear Magnetic Resonance Spectroscopy 
1H and 13C NMR spectra were obtained using a Bruker Biospin 300 MHz 
spectrometer (Bruker Biospin AG, Switzerland) operating at 300 and 75 MHz, 
respectively.  
 

Low Resolution Mass Spectrometry  
Mass spectral analysis was achieved using a Bruker Esquire 3000 
Electrospray Ionization Ion Trap mass spectrometer (Bruker Daltonic GmbH, 
Germany). 
Representative spectra for product compounds 1, 2 and 3 are presented in 
the Appendix. 
 

Isotope Ratio Mass Spectrometry  
Bulk 13C and 15N Isotope Analysis.  

Each cathinone analogue sample and corresponding precursors were 
prepared for carbon and nitrogen isotopic analysis by weighing a small 
amount (0.05 - 0.15 mg) into tin capsules and pelletizing. Isotope data were 
acquired by combusting samples at 1050°C in a Sercon Europa EA-GSL 
elemental analyser. The CO2, N2, NOx and H2O produced during the 
combustion were carried in a helium flow through a reduction reactor filled 
with copper at 650°C to reduce NOx to N2 then through an Anhydrone® trap to 
remove water. CO2 and N2 gases were chromatographically separated (on a 
Sercon Molecular Sieve 5A GC column (1/4” OD, 0.75 m length)) and fed into 
a Sercon Hydra 20-22 isotope mass spectrometer where the ratios of 13C/12C 
and 15N/14N from the solid samples were obtained. Measured isotope 
abundance values were normalised to the international reporting scales, 
Vienna PeeDee Belemnite (VPDB) (13C) and Air (15N), by 2-point calibration 
using contemporaneously analysed reference materials (RMs) obtained from 
the International Atomic Energy Agency (IAEA, Vienna, Austria): IAEA-CH-6 
(!13CVPDB = − 10.45 ‰) and IAEA-CH-7 (!13CVPDB = − 32.15 ‰) for carbon and 

IAEA-N1 (!15NAIR = + 0.43 ‰) and IAEA-N2 (!15NAIR = + 20.35 ‰) for nitrogen 
[12]. In-house standards of sucrose (!13CVPDB = − 11.58 ‰) and ammonium 
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sulphate (!15NAIR = + 0.36 ‰) were analysed in duplicate throughout the 

analytical sequence for quality assurance.  

Results and discussion 

The !13C and !15N values for the precursors and corresponding cathinone 

products are presented in Table 1. The two MeNH2·HCl precursor sources (Sx 

and Sy) were used for all reactions. The intermediates were not isolated nor 

analysed in this study because essentially the carbon backbone is preserved 

and no C or N atoms are added during the formation of the intermediate 

(Figure 2). NicDaéid et al. [7] reported precursor, intermediate and product 

!13C and !2H values when analysing in-house synthesized mephedrone 

(4MMC·HCl) and reported negligible !13C differences between the precursors 

and corresponding intermediate samples. Previous in-house work supported 

these findings, revealing insignificant !13C shifts from precursor-intermediate 

sample pairs, thus providing no additional information to the study (4MMC·HCl 

mean of 6 batches, precursor; δ13CVPDB = − 27.6 ± 0.1 ‰ and product 

δ13CVPDB = − 27.4 ± 0.1 ‰). Bivariate plots for the products 4MMC·HCl, 

MMC·HCl and βk-MDMA·HCl arising from the different precursors are 

displayed in Figures 3a, b and c, respectively. Each data point represents the 

mean of triplicate analyses. The mean and standard deviation of 4MMC·HCl 

!13C and !15N values were; 1x: δ13CVPDB = − 30.0 ± 0.3 ‰ and 1y: − 29.8 ± 

0.3 ‰; 1x: !15NAIR = − 9.8 ± 1.2 ‰ and 1y: − 6.7 ± 1.1 ‰. No significant 

difference was observed between the !13C values obtained from either source. 

With reference to 4MMC·HCl synthesis, the precursor 4-methyl-

propiophenone (4MPP; S1x and S1y), contributes all but one carbon to the 

product backbone. Given that 4MPP S1x and S1y are practically isotopically 

indistinguishable (S1x; δ13CVPDB = − 27.9 ± 0.1 ‰ and S1y; δ13CVPDB = − 27.6 

± 0.1 ‰), discrimination was not anticipated. If discrimination were to be 

apparent, it would result as a consequence of the MeNH2·HCl !13C 

contribution. Although there is a significant difference between MeNH2·HCl 
!13C values (Sx; δ13CVPDB = − 46.9 ± 0.1 ‰ and Sy; δ13CVPDB = − 44.2 ± 

0.0 ‰), the measured !-values represent an average across the whole 
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molecule and therefore these differences are masked by the 4MPP !13C 

values (ratio of contributing carbons 10:1).The mass balance for the reaction 

of the precursors to form the product can be written as; 

 

!13C (predicted) = 10/11!13C (S1x) + 1/11!13C (Sx) (1) 

 

The predicted !13C values represent values that would be observed assuming 

the reaction went to completion with no reaction-induced fractionation. 

Predicted values calculated for the two different source material pairs were 

Sx-S1x; δ13CVPDB  = − 29.4 and Sy-S1y; δ13CVPDB  = − 29.2 ‰, respectively. To 

determine if fractionation occurred during precursor to product formation, the 

relationship between the precursors (predicted by mass balance) and 

measured product values were determined via Rayleigh equations [13]. 

Equation 2 allows the fractionation factor α to be derived, which is a numerical 

expression defining the relationship. The average change in !-value resulting 

from the synthetic procedure is represented by the enrichment factor (ε) and 

is determined from Equation 3 [7].  

 

α = (1000 + ! 
Product) / (1000 + ! 

Precursor)     (2) 

 

ε = α – 1         (3) 

 

With respect to Equation 2, a fractionation factor greater than 1 describes that 

the product will be enriched relative to the precursors and a fractionation 

factor less than 1 means the products will be depleted relative to the 

precursors [7, 14]. Calculation of 13α for the precursor-product pairs 

established fractionation factors of 0.9994 ± 0.0003 for both 1x and 1y. These 

results are consistent with the observed 4MMC·HCl !13C depletion relative to 

their precursors (Table 1). To ascertain whether any significant fractionation 

has occurred as a result of the synthesis, we have adopted an insignificant 

shift of δ13C ≤ 0.6 ‰, which describes twice the accepted precision between 

two measurements [15]. The average change in !-values (ε) for each group  
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differences are masked by the 4MPP !13C values (ratio of contributing 

carbons 10:1).The mass balance for the reaction of the precursors to form the 

product can be written as; 

 

!13C (predicted) = 10/11!13C (S1x) + 1/11!13C (Sx) (1) 

 

The predicted !13C values represent values that would be observed assuming 

the reaction went to completion with no reaction-induced fractionation. 

Predicted values calculated for the two different source material pairs were 

Sx-S1x; δ13CVPDB  = − 29.4 and Sy-S1y; δ13CVPDB  = − 29.2 ‰, respectively. To 

determine if fractionation occurred during precursor to product formation, the 

relationship between the precursors (predicted by mass balance) and 

measured product values were determined via Rayleigh equations [13]. 

Equation 2 allows the fractionation factor α to be derived, which is a numerical 

expression defining the relationship. The average change in !-value resulting 

from the synthetic procedure is represented by the enrichment factor (ε) and 

is determined from Equation 3 [7].  

 

α = (1000 + ! 
Product) / (1000 + ! 

Precursor)     (2) 

 

ε = α – 1         (3) 

 

With respect to Equation 2, a fractionation factor greater than 1 describes that 

the product will be enriched relative to the precursors and a fractionation 

factor less than 1 means the products will be depleted relative to the 

precursors [7, 14]. Calculation of 13α for the precursor-product pairs 

established fractionation factors of 0.9994 ± 0.0003 for both 1x and 1y. These 

results are consistent with the observed 4MMC·HCl !13C depletion relative to 

their precursors (Table 1). To ascertain whether any significant fractionation 

has occurred as a result of the synthesis, we have adopted an insignificant 

shift of δ13C ≤ 0.6 ‰, which describes twice the accepted precision between 

two measurements [15]. The average change in !-values (ε) for each group 
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were !13C = 0.6 ± 0.3 ‰ for both 1x and 1y. However, variation within source 

groups was evident and resultantly samples fell both within and outside of the 

designated threshold, reflecting significant 13C fractionation for some samples.  

This fractionation demonstrates the likely consequence of incomplete 

synthesis [14]. Discrimination between the source groups based on !13C 

values was not observed. Consequently, the insignificant 13C contribution from 

the MeNH2·HCl source to the products resulted in overlap between samples, 

rendering source discrimination based on 13C:12C isotope ratios impossible.  

 

A significant difference was observed between the !15N values obtained from 

each source. With reference to the nitrogen contributing precursors, 

MeNH2·HCl (Sx and Sy), the !15N difference observed in the precursors 

(MeNH2·HCl; Sx; δ15NAIR = − 2.6 ± 0.3 ‰ and Sy: + 5.5 ± 0.3 ‰) appears to 

have been preserved in the products, allowing discrimination based on their 

source (4MMC·HCl 1x; δ15NAIR = − 9.8 ± 1.2 ‰ and 1y: − 6.7 ± 1.1 ‰). 

However, significant fractionation was apparent and greater spread within the 

same source was observed. Using Equation 2 and 3 the 15α and 15ε were 

calculated respectively and presented in Table 1. Calculation of 15α for the 

precursor-product pairs identified fractionation factors 1x; 0.9933 ± 0.0006 

and 1y; 0.9879 ± 0.0011, indicating depletion relative to the precursors. 

Measured !15N values were consistent with these depletions (Table 1). Given 

that the same method was used for all syntheses and reaction parameters 

were controlled, the fractionation factors were expected to be very similar, but 

evident variation was observed. The variable fractionation is likely attributable 

to the low yields (~20-30%). Table 2 presents a very general yield percentage 

obtained for each analogue group and it follows that those samples with 

higher yields (~30%) sustained less overall fractionation (enriched !13C). This 

correlation was consistent with Buchanan et al. [16] who reported depleted 

!13C values in lower yields compared to higher yields of MDMA synthesised 

in-house.  
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Cathinone  Source Yield (%) 

4MMC·HCl 1x ~ 30 
 1y > 25 
MMC·HCl 2x ~ 20 
 2y ≤ 25 
βk-MDMA·HCl 3x ~ 20 
 3y < 25 
Table 2. Generalised product yields ranging between ~20 and 30% recovery for the different 
product sources. Percentages were rounded up or down from 25% to give a general yield. 

 
There was an average 1x; !15N = − 6.7 ± 0.6 ‰ and 1y; !15N = − 12.1 ± 
1.1 ‰ depletion observed between the precursor-product !15N values for each 
group. With reference to the reaction mechanism, the second step involves 
the addition of MeNH2·HCl and Et3N (Figure 2).  The reaction conditions are 
not optimal and, as evidenced by the resulting low product yields (~20-30%), 
the reactions are far from completion.  Given that the reaction is carried out in 
DCM and MeNH2·HCl is insoluble in DCM, it relies on the Et3N to deprotonate 
MeNH2·HCl to afford the soluble free amine. Although MeNH2·HCl and Et3N 
react in near equal stoichiometric amounts, the SN2 N-alkylation of 4MPP is 
limited due to the efficiency of the Et3N deprotonation of MeNH2·HCl, 
rendering it a reactive nucleophile. 
 
Due to thermodynamic and kinetic fractionation, MeNH2·HCl molecules 
containing a14N-1H bond/atoms (slightly weaker/slightly faster reactivity) as 
opposed to a 15N-1H, 14N-2H or 15N-2H (slightly stronger/slightly slower 
reactivity) will preferentially undergo deprotonation (reflective of bond 
strength/reaction speed), resulting in fractionation of 15N. Consequently, 
MeNH2·HCl that contains heavier isotopes at the reactive site (slightly 
stronger bonds/slightly slower reactivity), are more likely to remain unreacted 
(protonated) and insoluble. Of the deprotonated MeNH2·HCl (methyl amine 
(MeNH2)), those molecules that contain the lighter isotope will kinetically react 
preferentially by N-alkylation of the 4MPP to those containing the heavier 
isotope resulting in fractionation (Figure 4a) [14]. 
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Figure 2. Synthesis of cathinone analogues; 4MMC·HCl (R1=CH3, R2=H), MMC·HCl (R1, 
R2=H) and βk-MDMA·HCl (R1, R2 = -OCH2-). 

 
Further to this apparent fractionation, the observed !15N depletions are 
subsequently contributed to also by the conversion of 4MMC to the 
hydrochloride salt (Figure 4b). David et al. [17] demonstrated fractionation via 
successive precipitation of MA·HCl. The authors theorised that the heavier 
isotope formed a stronger bond with the proton making the 15N-containing 
tertiary ammonium cation more likely to be present in solution and available to 
precipitate out with the chloride ion [17].  Consequentially, the heavier 
isotopes were concentrated in the earlier MA·HCl precipitates. The isotopic 
values of the free amine in solution (4MMC) were neither measured nor 
successive precipitations conducted in this study, however it is feasible to 
suggest that similar fractionation occurrences may have been apparent if 
examined. Had the reaction gone to completion (no fractionation), the 
resulting 4MMC·HCl !-values would likely be 15N enriched relative to their 
precursors and inline with relevant reported literature [17]. Evidentially, the 
products contain a greater proportion of the lighter isotope than their 
precursors. Based on the suboptimal reaction conditions the resulting 
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fractionation and 15ε values (Table 1) were anticipated, however these values 

were larger than expected and not consistent between sources. 

 

Relative studies have highlighted that synthetic procedures can cause 

variations in !15N values due to isotopic fractionation as distinct from !15N 

variations in the isotopic compositions of the precursors [14, 18, 19]. Although 

!15N differences were observed in the precursors, which have been preserved 

in the products, fractionation as a result of the synthetic procedure appears to 

have been more pronounced in 1y compared to the 1x products and 

subsequently reduced the discrimination ability between source groups 

(relative to the other analogues discussed below).  

 

When combining the !13C and !15N data sets (Figure 3a), the confidence 

ellipses just border each other, however discrimination of the source batches 

is possible.  The reduced level of discrimination between the sources is 

attributed to the following factors; 

 

i) isotopically indistinguishable 13C:12C compositions within the different 4MPP 

precursors,  

ii) the precursors 13C contribution to the final product (mass balance 10:1, 

4MPP to MeNH2·HCl),  

iii) the apparent 13C and 15N fractionation as a result of the synthetic 

procedure and,  

iv) the variable within source group yields (which are differentiated from the 

between source group as greater differences result in a higher level of 

discrimination). 

 

The MMC·HCl isotopic data were as follows 2x: δ13CVPDB = − 31.3 ± 0.3 ‰ 

and 2y: − 31.4 ± 0.2 ‰; 2x: δ15NAIR = − 15.7 ± 0.5 ‰ and 2y: − 11.2 ± 1.8 ‰. 

No significant difference was observed between the !13C values obtained from 

either source. This was unsurprising given that PP S2x and S2y are practically 

isotopically indistinguishable (S2x; δ13CVPDB = − 29.1 ± 0.0 ‰ and S2y; 
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δ13CVPDB = − 29.0 ± 0.2 ‰), as were the 4MPP precursors. There appears to 

be little variation in !13C values within the aromatic source (propiophenone 

derivatives) used in this study.  

 

a)  

 
 b) 

  
Figure 4. Reaction scheme for the production of cathinone hydrochloride analogues 

highlighting, (a) the isotopic variation (depletion/enrichment) as a result of the synthesis, and 

b) the free amine precipitation as the hydrochloride salt resulting in 15N enrichment of the salt 

product. 
 

Similar to 4MMC·HCl precursor 4MPP, the MMC·HCl precursor 

propiophenone (PP; S2x and S2y) contributes all but 1 carbon to the 

backbone of the final product. For the same reasons discussed above, the 

negligible MeNH2·HCl 13C contribution to the products was not sufficient to 

provide source discrimination between the groups. The predicted product !13C 

values for each source pair (2x and S2x; 2y and S2y), determined from the 

mass balance Equation 1, were δ13CVPDB  = − 30.7 ‰, and δ13CVPDB  = − 
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30.4 ‰, respectively. To determine if fractionation occurred between 

precursor-product pairs as a result of the synthetic procedure, the relationship 

between the predicted and measured product values were determined via 

Equation 2 and 3 [13]. The apparent fractionation 13α observed for each 

source were 2x; 0.9993 ± 0.0003 2y; 0.9990 ± 0.0002. As observed from 

Table 1, all of the samples are depleted relative to their precursors. With 

reference to the observed fractionation of 4MMC·HCl, the resulting !13C 

depletion is likely the result of the suboptimal reaction conditions and 

incomplete synthesis. Importantly, deviation from the predicted values is 

evident, thus indicating 13C fractionation. There was an average S2x; !13C = − 

0.7 ± 0.3 ‰ and S2y; !13C = − 1.0 ± 0.2 ‰ depletion observed between the 

predicted and measured !13C values for each source group. Consistent with 

an insignificant shift of delta !13C ≤ 0.6 ‰, significant fractionation was 

apparent for most batches. Interestingly, this depletion appeared to be 

relatively consistent within the source groups, which was surprising given the 

suboptimal reaction conditions and yields.  

 

Greater differences were observed between the MMC·HCl !15N values 

obtained from each source (2x and 2y) relative to those of 4MMC·HCl (1x and 

1y) discussed above. For similar mechanistic reasons previously mentioned 

and with reference to the nitrogen contributing precursors, MeNH2·HCl (Sx 

and Sy), the !15N difference observed in the precursors appears to have been 

preserved in the products allowing discrimination of the samples based on 

their source. Fractionation was evident in addition to a wide spread within 

batches from the same source. Using Equations 2 and 3 the 15α and 15ε were 

calculated and presented in Table 1. Calculation of 15α for the precursor-

product pairs identified fractionation factors 1x; 0.9869 ± 0.0005 and 1y; 

0.9834 ± 0.0018, indicating depletion relative to the precursors. The measured 

product !15N values (Table 1) were consistently depleted with respect to their 

precursors. The same method was used for all syntheses and reaction 

parameters were maintained, however variability between the 15α was 

observed when theoretically these values should be similar. As indicated in 
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Table 2, MMC·HCl recovered yields were generalised as 2x; ~20% and 2y: ≤ 

25%. There was an average 2x; !15N = − 13.0 ± 0.5 ‰ and 2y; !15N = − 16.6 

± 1.8 ‰ depletion observed between the precursor-product !15N values 

pertaining to each group. The depletions can be accounted for as previously 

demonstrated for 4MMC·HCl. The degree of fractionation appears to be 

significantly greater in 2x products than 1x products (same source of 

MeNH2·HCl (Sx)). This may be understood by reference to the product yields. 

With respect to 2x products the yields reported were closer to ~20% (< 25%, 

reduced yield) as opposed to the 1x products being closer to 30% (> 25%, 

higher yields). Although the reaction conditions were maintained, variability in 

the yields was apparent. In the case of 2y products, the overall reduced yields 

(relative to 2x) may account for the more severe depletion observed. This is 

likely a result of the 15N:14N kinetic isotope effects evident from the synthesis 

(Figure 4a and b). Resultantly, all of the products contain a greater proportion 

of the lighter isotope than their precursors and discrimination of the product 

sources based on !15N was apparent. This discrimination was attributed to 

differences in !-values originally measured in the precursors and fractionation 

caused by the synthetic procedure.  

 

When combining the !13C and !15N data sets (Figure 3b), discrimination of the 

batches on the basis of source was possible.  Although MMC·HCl was similar 

to 4MMC·HCl with respect to being influenced by the factors discussed above 

(i, ii, iii, and iv), it appears that the !-value differences observed in the 

precursors have been preserved in the products, allowing discrimination by 

source.   

 

Lastly, consideration of the βk-MDMA·HCl data revealed mean isotopic values 

of 3x: δ13CVPDB = − 33.3 ± 0.7 ‰ and 3y: − 33.0 ± 0.2 ‰; 3x: δ15NAIR = − 15.0 

± 1.4 ‰ and 3y: − 4.4 ± 1.0 ‰ (Table 1). Similar to both 4MMC·HCl and 

MMC·HCl, no significant differences were apparent between the !13C values 

obtained from either source. For the reasons mentioned above (negligible 

MeNH2·HCl 13C contribution by mass balance (Equation 1) and precursors 
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34MDPP S3x and S3y are practically isotopically indistinguishable (Table 1)), 

this data reinforces the fact that 13C does not provide the discriminating power 

required for this study. The predicted !13C values were 3x; δ13CVPDB  = − 

31.6 ‰ and 3y; δ13CVPDB  = − 30.5 ‰. Interestingly, a more significant 

deviation was observed between the !13C measured and predicted values 

from both sources that was not as apparent in the other analogues. To 

examine the extent of fractionation within precursor-product pairs and 

between source groups, the relationships were investigated (Equations 2 and 

3) [13]. βk-MDMA·HCl 13α for each source were 3x; 0.9983 ± 0.0008 and 3y; 

0.9975 ± 0.0002. These 13α are consistent with the depleted product values 

relative to their precursors (Table 1). As shown in Table 2, βk-MDMA·HCl 

recovered yields were approximately 3x; ~20% and 3y: < 25%. There was an 

average 3x; !13C  = − 1.7 ± 0.8 ‰ and 3y; !13C = − 2.5 ± 0.2 ‰ depletion 

observed within precursor-product groups and !13C = − 0.8 ‰ difference 

between group means. In contrast to the other analogues under examination, 

all of the βk-MDMA·HCl samples have delta !13C ≥ 0.6 ‰, revealing 

significant 13C fractionation as a result of the synthetic procedure. To 

determine the underlying cause of these depletions it would have been worthy 

to investigate additional syntheses that involved altering the reaction 

conditions, such as; the molar equivalence of the reagents, amination time 

and precipitation conditions as previously investigated for MDMA would need 

to be undertaken [16]. Such investigations were not conducted, however a 

likely explanation for the depletion is attributed to by the low yields of βk-

MDMA·HCl (average yields ~20%). The reaction conditions were not 

optimised for βk-MDMA·HCl in this study and the ~20% yields, suggest that 

fractionation relative to the C-H bond breaking and C-N bond forming in the 

initial step and the formation of the N-H bond in the later precipitation step of 

the synthesis are likely responsible (Figure 2). Looking at this closely, even 

though 34MDPP and MeNH2·HCl are reacted in equal stoichiometric amounts, 

the reaction efficiency as previously discussed is dependent on the available 

MeNH2 in solution.  Buchanan et al. [16] identified that MDMA yields were 

dependent on the mole equivalence of the MeNH2. The authors concluded 
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that batches with higher relative MeNH2 equivalences resulted in higher yields. 
Although equal stoichiometric amounts were reacted in this study, the true 
amount of MeNH2 available for N-alkylation is not known. Additionally, it is not 
understood why βk-MDMA·HCl exhibited greater 13C fractionation than the 
other analogues but it is likely a reflection of the structural and chemcial 
diversity apparent in βk-MDMA·HCl relative to the other two (Figure 1).  
 
A significant difference was observed between the !15N values obtained from 

each source. The !15N difference observed in the precursors appears to have 
been preserved in the products allowing discrimination of the samples based 
on their source. Unsurprisingly, fractionation was evident and in the case of 
βk-MDMA·HCl, the largest spread within batches and differences between 
batches were evident. Using Equations 2 and 3 the 15α and 15ε were 
calculated and presented in Table 1. Calculation of 15α for the precursor-
product pairs identified fractionation factors 1x; 0.9895 ± 0.0014 and 1y; 
0.9902 ± 0.0010, indicating depletion relative to the precursors. The measured 
product !15N values (Table 1) were consistently depleted with respect to their 
precursors. Variability between the 15α was observed when notably these 
values should be similar.  
 
There was an average 3x; !15N = − 12.4 ± 1.4 ‰ and 3y; !15N = − 9.8 ± 
1.0 ‰ depletion observed between the precursor-product groups. The 
depletions can be accounted for as demonstrated for 4MMC·HCl and 
MMC·HCl. The degree of fractionation appears to be in line with those 
observed for the other analogues and best understood by reference to the 
product yields. With respect to 3y products the yields reported were closer to 
~25% (higher yields) as opposed to the 3x products being closer to ~20% 
(reduced yield), likely reflecting the degree of fractionation. Overall, the 
products contain a greater proportion of the lighter isotope than their 
precursors. Discrimination of the product sources based on 15N was apparent, 
which was likely contributed in part by the precursors and additionally the 
significant 13C and 15N fractionation caused by the synthetic procedure. 
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In combining the !13C and !15N data sets (Figure 3c), discrimination of the 

batches via source is clear.  Even though the synthesis of βk-MDMA·HCl, 

similar to 4MMC·HCl and MMC·HCl, exhibited the same influencing factors (i, 

ii, iii, and iv), it was the extent of 13C and 15N fractionation that provided the 

overall discrimination by source.   

 

a) 
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b) 

 
c) 

 
Figure 3. Bivariate plots for the products a) 4MMC·HCl, b) MMC·HCl, and c) βk-MDMA·HCl 

arising from the different precursors. 



 135 

  

Conclusions 
This preliminary study demonstrates the isotopic profiling of selected 
cathinone analogues for discriminating batches based on their precursor 
sources. The potential of using IRMS to acquire information that is often 
unattainable via traditional profiling approaches was investigated via the 
analysis of 13C:12C and 15N:14N stable isotopes. By examining the !13C and 

!15N values of authentic cathinone analogue products synthesized from 
various precursor suppliers, discrimination and correct grouping of all of the 
product samples was achieved. Importantly, the complexities with associating 
samples to a particular source were revealed, such as fractionation resulting 
from variable reaction yields (incomplete synthesis), synthetic conditions 
(optimal/suboptimal) and the isotopic compositions contributed from precursor 
sources (same/different). Consideration of these factors is highly important 
when analysing samples of this nature for forensic purposes. Fractionation 
was evident for 13C, however this did not contribute to the overall source 
discrimination of the 4MMC·HCl or MMC·HCl respective source pairs 
(consistent fractionation between precursor-product pairs). 13C fractionation 
relative to βk-MDMA·HCl resulted in discrimination of the products. Significant 
15N fractionation was observed for all analogues/batches and this provided the 
discrimination power required in this study. Of note, it is evident from this 
study that suboptimal reaction conditions, common among clandestine 
environments, can result in the reduced discriminating ability of IRMS. 
Therefore “source” or “production batch” information must be considered with 
caution and used in conjunction with other profiling techniques. The 
application of this type of isotopic research (IRMS) and its application to 
unauthentic, clandestinely synthesized or sourced cathinone analogues may 
reveal further challenges especially resulting from suboptimal reaction 
conditions that were apparent in this study. Nevertheless, the preliminary !13C 
and !15N data highlighted that IRMS has the potential to provide informative 
and relevant information for identifying and discriminating between different 
sources relative to the cathinone analogues examined in this study. This is a 
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desirable outcome with regards to attaining illicit drug sourcing 

(linking/discriminating) information for forensic intelligence purposes [7]. 
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CHAPTER 7 Overall discussion 

General summary 

Organic impurity profiling via GC-MS, has proven a valuable technique for 

analysing impure or multicomponent drug substances. Through identification of 

impurities present within these drug substances links between seizures can be 

established. However, extractable information is limited to the 

presence/absence of compounds within the samples. Therefore, the 

applicability of chemically profiling ʻpureʼ drug samples, common among street 

drugs available today, does not provide an effective approach for obtaining 

plausible information relative to manufacturing batches or sources. Originally, 

the aim of this PhD project was to chemically profile selected NPDs and 

investigate linkage/discriminative relationships between manufacturing 

sources/batches based on organic impurities.  However, as a result of the highly 

pure nature of the in-house synthesized NPDs examined, organic impurity 

profiling proved an unsuitable approach for investigation purposes. 

Consequentially, stable isotope analysis via IRMS was conducted as an 

alternative approach.  

 

To date, little research is available regarding investigations into the isotopic 

profiling of NPDs for forensic intelligence purposes. To satisfy in part some of 

these literature gaps, isotopic profiling of selected NPDs was performed. The 

principal hypotheses addressed were; (i) the analysis of selected stable 

isotopes via IRMS can provide an avenue to link or discriminate NPD batches 

relative to their production source or method of manufacture; and (ii) IRMS can 

be used to investigate possible relationships between NPD street seizures that 

are unobtainable via traditional profiling methods (GCMS). These hypotheses 

were investigated using both authentic and unauthentic (police street drug 

samples) NPD samples. The investigations conducted in the research utilizing 

IRMS as a collaborative and/or alternative-profiling technique for the isotopic 

analysis of selected NPDs has proved effective, having contributed novel and 

significant research to the scientific literature. 
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Overview of IRMS analyses of NPDs 

Piperazines	  

The collation of isotopic data extracted from the piperazine projects (Projects 1-

3) revealed both interesting and promising results, which ultimately formulated a 

number of common outcomes discussed herein. The δ13C and δ15N data 

obtained from Project 1 (Synthetic procedure discrimination of clandestinely 

synthesized BZP via 13C and 15N stable isotopes) provided a basis by which 

BZP·HCl batches were discriminated via synthetic procedure. Two similar 

methods, differing in their precursor components (PH and/or PD) were ultilized 

[17]. The preliminary data resulted in the following conclusions; (i) the δ13C and 

δ15N data pertaining to the intermediate samples revealed grouping and 

discrimination reflecting their method of synthesis; (ii) grouping of the BZP·HCl 

products was also evident and discrimination via synthetic method was 

observed. 

 

Given that BZP synthetic Method1 (Project 1) requires both PD and PH 

(Method2 requires PH only), an additional 13C contributor is present. 

Consequentially, characteristic isotopic profiles were observed for the BZP 

products that provided discrimination according to their Method group. In a 

similar study Tsujikawa et al. [118] investigated the preparative method of 

seized MA samples via analysis of 13C and 15N isotopes. They concluded; (i) the 

samples were prepared from the same synthetic method; (ii) the synthetic 

method used was the reductive amination of phenyl-2-propanone (P2P) and; 

(iii) identification of multiple batches was observed. Toske et al. [119] utilized 

the 13C isotope to differentiate authentic MA samples produced from two 

different precursor reagents, pertaining to different preparative methods. Their 

study reported clear discrimination of δ13C values obtained from each group, 

which ultimately transposed to assignment of the different preparative methods.  

 

The findings of Project 1, although preliminary, are concurrent with the 

highlighted literature outlined in this thesis with reference to synthetic method 

evaluation via IRMS. This novel study formed the basis of BZP·HCl 

discrimination via synthetic method. The results are of significant importance for 



 141 

providing validity to this profiling technique in addition to offering the ability to 

potentially decipher a particular method used for BZP·HCl synthesis when 

analysing case material. An outcome desired by law enforcement agencies is to 

identify key precursor reagents used for the clandestine synthesis of illicit drugs. 

Resultantly, appropriate monitoring and control can be implemented for these 

compounds of interest. Project 1 provided reliable preliminary data 

demonstrating that BZP·HCl products can be discriminated by their method of 

synthesis. Ultimately this outcome can be translated to the identification of 

characteristic isotopic profiles that are directly related to the precursors used for 

each method.  

  

Project 2 (Precursor discrimination of designer drug benzylpiperazine using 

δ13C and δ15N stable isotopes), involved an investigation into the potential of 

using 13C and 15N stable isotopes to discriminate batches of BZP and 

corresponding reaction intermediates based on their different sources of starting 

reagents. The δ13C and δ15N isotopic data obtained allowed the following 

conclusions; (i) the intermediate samples revealed grouping and discrimination 

reflecting their precursor sources and; (ii) grouping and discrimination was 

evident for two out of the three BZP product sources based on their δ13C and 

δ15N data.  

 

Given that the precursors themselves originated from different sources and are 

composed of different isotopic content (allowing preliminary discrimination upon 

analysis of their δ13C and δ15N values) and that no new C/N atoms were added 

or bonds broken, it was expected that the combined isotopic values for the 

intermediates would reflect these initial differences. The combined δ13C and 

δ15N data exhibited isotopic values that appeared to have been preserved, such 

that, the data within a precursor group clustered together visually and 

represented a different precursor source. 

 

The combined BZP·HCl δ13C and δ15N data formulated two groups reflecting 

different sources. The inability to discriminate all three groups (three different 

sources of precursor reagents) likely resulted from a combination of factors 
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(discussed below). If minor modifications had been made and additional data 

been included such as; (i) varying the sources of and including the isotopic 

analysis of the benzyl chloride precursor; (ii) a more controlled method of BZP 

free amine precipitation to afford the hydrochloride salt (BZP·HCl) and; (iii) the 

inclusion of 2H isotope, it is likely that all three groups could have been 

discriminated.  

 

The δ13C values provided no discrimination of the BZP·HCl groups. Given the 

7:4 carbon contribution ratio (benzyl chloride:piperazine, respectively), 

discrimination was not expected. If the source of benzyl chloride had been 

varied between groups, which is highly likely in a clandestine laboratory 

situation, discrimination using 13C may have been evident (assuming the benzyl 

chloride sources differ in their 13C:12C isotopic composition). In a separate study 

(Honours project conducted at Griffith University, 2014), isotopic analysis of 

different benzyl chloride sources revealed discrimination via the δ13C values.  

 

The two nitrogen atoms in BZP·HCl are derived from one source: the various 

piperazine precursors. Due to the breaking (N-H) and forming (N-C) of bonds 

during BZP·HCl synthesis, some variation in the δ15N values, as a consequence 

of fractionation, was expected. Greater spread within precursor supplier groups 

and overlap between precursor supplier groups was also observed, essentially 

preventing source identification based on 15N. Although δ15N variation has been 

observed in similar illicit drug-related studies [75, 77], the inability of this study 

to discriminate may be the result of the precipitation procedure. Clandestine 

chemists use various HCl gas bubbling techniques to protonate the amine 

nitrogen to afford the hydrochloride salt product. HCl cylinders are preferred, 

however not always obtainable, therefore forcing clandestine chemists to use 

alternative approaches, such as the ʻHCl gas saturation of ethanol methodʼ 

[120].  

 

This method best reflects a ʻreal worldʼ scenario therefore it was adopted for 

Project 2. However, limitations and technical difficulties associated with this 

method were encountered, such as the inability to effectively control the HCl 
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gas saturation of the EtOH and the loss of HCl gas from the EtOH. These 

discrepancies can result in incomplete precipitation and consequentially isotopic 

fractionation of BZP·HCl. It is likely that these factors contributed to the variance 

observed in the δ15N values. A more controlled method of BZP precipitation is 

advised to ensure any avoidable fractionation occurrences. An alternative and 

reliable method was adopted for other projects pertaining to this research.  

 

Project 3 (Isotopic profiling of seized benzylpiperazine and 

trifluoromethylphenylpiperazine tablets using δ13C and δ15N stable isotopes) 

involved the analysis of case material; BZP and TFMPP containing tablets (two 

individual cases) provided by the NT police via IRMS. This project provided the 

first insight into the applicability and efficacy of isotopic profiling with 

unauthentic piperazine samples. This case study is novel and currently no other 

literature related to the isotopic profiling of piperazine-type compounds is 

available.  

 
The application of IRMS to forensic isotopic profiling of case material has been 

demonstrated for traditional illicit compounds, including MDMA and MA. Carter 

et al. [78] reported on the linking of two seizures of MDMA tablets via 13C and 
15N stable isotopes, evidentially contributing to the induction of a guilty plea from 

a person suspected to have processed both. Buchanan et al. [71] and Palhol et 

al. [82, 121] demonstrated, from individual studies, the successful application of 

IRMS for the analysis and linking of unauthentic/street MDMA samples seized 

on separate occasions Similarly, Iwata et al. [77] and Tsujikawa et al. [118] 

reported from numerous studies, the ability to isotopically profile seized MA 

samples via 13C and 15N stable isotopes using IRMS. Common among the 

concluding remarks from these studies was the establishment of isotopic links 

and correlations between independently seized MDMA and MA samples. The 

isotopic data acquired provided informative and additional information to each 

of the cases under investigation.  
 

With respect to the isotope analysis carried out in Project 3, the following 

conclusions were drawn; (i) It cannot be ruled out that the BZP from the two 

cases came from the same ʻproduction batch’ and; (ii) It can be ruled out that 
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the TFMPP from the two cases came from the same ʻproduction batch’, inferring 

discrimination of the TFMPP between the cases. Isotopic examination of the 

unauthentic street samples demonstrated the validity of IRMS analysis reveal 

possible scenarios, relative to the two cases under investigation. The key 

findings were consistent with the following scenarios; (i) the two cases are not 

linked although a common source or ‘production batch’ of BZP; (ii) the two 

cases are linked with the difference in TFMPP isotopic signatures being due to 

two different ‘production batches’ of TFMPP being used for tableting with a 

single batch of BZP.  

 

Collectively, these three studies (Projects 1-3) further validate the application of 

isotopic profiling for illicit drug investigations that are evident throughout the 

existing scientific literature. The examination of 13C and 15N stable isotopes for 

profiling purposes was firstly conducted on authentic in-house synthesised 

piperazine compounds to assess the applicability of this technique. The 

promising data reflected the potential, reliability and discriminative capability of 

IRMS and essentially formed the foundation and confidence associated with this 

profiling approach.  Having validated this method with authentic piperazine 

samples, the applicability of IRMS was further evaluated via application to 

seized piperazine samples (unauthentic).  IRMS provided information regarding 

the ʻproduction batchesʼ of the piperazines under analysis that was unattainable 

via previous analytical analysis (GC-MS/NMR/MS). This outcome reinforced the 

value and potential of isotopic profiling via IRMS for discriminative analysis.  

Cathinones	  

Similarly to the piperazines, isotopic profiling of cathinone analogues is limited, 

with only one paper by NicDaéid et al. [1] available in the literature. In Project 4, 

analogous cathinone projects were conducted that mimicked the piperazine 

studies with respect to using isotopes for investigating linkage/discrimination 

relationships between drug products. The principal aims were to; (i) conduct 

novel isotopic research on selected cathinone analogues, to further highlight the 

potential of an emerging forensic profiling technique; (ii) validate the isotope-

associated conclusions drawn from the piperazine projects and; (iii) investigate 

the discriminative power of the 18O:16O ratios. The outcome of Project 4 (IRMS 
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as an investigative tool for the isotopic profiling, source discrimination and 

precursor-product relationships of popular cathinone analogues circulating the 

drug market) fulfilled the aforementioned aims in addition to complementing 

concurrent scientific literature relative to this research area [1]. Unfortunately, 

the analysis of 18O (aim (iii)) was not successful due to instrumentation issues 

and therefore results for this element were not presented as part of this thesis. If 

this data had been obtained, more complex relationships (precursor-product via 
13C, 15N and 18O, for example) would have been investigated and would 

provided a novel investigation into the discriminating power of 18O relative to the 

respective sourcing studies.  

 

Project 4 investigated the potential of using 13C and 15N stable isotopes to 

discriminate batches of 4MMC·HCl, MMC·HCl and βk-MDMA·HCl, based on 

their different precursor sources. The δ13C and δ15N isotopic data acquired 

provided the following conclusions; (i) the cathinone analogue products 

revealed grouping and discrimination reflecting their precursor sources; (ii) 

grouping and discrimination was apparent due to the δ15N data only; (iii) δ13C 

data did not provide source discrimination and; iv) significant fractionation was 

apparent due to incomplete synthesis (suboptimal reaction conditions). Project 

4 exposed many of the possible causes of fractionation that can occur as a 

result of a particular synthetic procedure. Some of these included; suboptimal 

reaction conditions, incomplete synthesis and precipitation efficiency. The study 

highlighted that it is essential that these factors are to be considered when 

analysing samples of this nature especially unauthentic or seized material for 

forensic intelligence purposes.  
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CHAPTER 8 Future work and conclusions 

Future for isotopic profiling of NPDs 

Based on the overall collective results of this PhD project, isotopic profiling of 

NPDs via IRMS served as an efficient, reliable and reproducible profiling 

technique for the acquisition of linkage/discriminative-type data. The collected 

δ13C and δ15N data provided clear conclusions for the series of piperazine 

projects, which included source and/or synthetic method identification of the 

respective compounds via the analysis of isotopes. Paralleling the piperazine 

conclusions, the cathinone isotopic data also demonstrated the efficacy of 13C: 

12C and 15N:14N stable isotopes for batch linkage/discrimination purposes.  

 

The promising data is preliminary, therefore analysing larger study sizes and a 

broader range of piperazine and cathinone analogues, precursors and products 

would be of interest. For example the ʻsourceʼ projects (Projects 2 and 4) looked 

at only three and two different sources of precursors, respectively, therefore 

providing only a snapshot of the isotopic compositions pertaining to piperazine 

and cathinone analogue samples.  By expanding the sample size, a more 

definitive picture of the isotopic ranges and compositions associated with these 

samples would be achieved. Consequently, by implementing this data into a 

piperazine and cathinone analogue specific database, identification of links or 

groupings between samples or seizures based on isotopic profiles may be 

possible and highly desirable. 

 

In order to fully validate and further highlight the ability of IRMS for batch 

linkage/discrimination purposes, future research should include investigations 

into; (i) reaction specific fractionation occurrences relative to piperazine and 

cathinone synthesis, including manipulation of reaction parameters; reaction 

temperatures, time, molar equivalents, etc and;  (ii) fractionation of successive 

precipitation extractions, relative to the salting out of the free amine base with 

HCl(aq) and the associated kinetic isotopic effects on 15N. A handful of controlled 

studies provide reliable data related to the manipulation of various parameters 

for MA synthesis, in addition to identifying isotopic fractionation causes and 

occurrences [91, 122]. No available research has been reported for the 
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piperazines or the cathinone analogues therefore it would be advantageous to 

address these gaps. 

 

A line of investigation not examined in this thesis, for either the piperazines or 

cathinones, although extremely worthy of future research is the inclusive 

analysis of the hydrogen (2H:1H) isotope ratio. Throughout the literature, studies 

demonstrating the successful application of the 2H:1H ratio for 

linkage/discrimination-type forensic drug investigations are available [1, 77, 80, 

81, 83, 87, 91, 122]. However, it has been acknowledged that 2H:1H isotope 

ratio analysis may bring additional and more complex challenges (e.g. hydrogen 

exchange with the atmosphere), relative to the challenges encountered for 
13C:12C and 15N:14N isotopes [122]. Provided these challenges are approached 

with caution and careful consideration, future research should include the 

analysis of the 2H isotope. The analysis of the 18O:16O isotope ratio was 

attempted for the cathinone samples, however due to instrumental problems 

data were not acquired for presentation in this thesis. To date, only one study 

exists that reports the use of 18O:16O ratio for the isotopic profiling of a synthetic 

drug (MDMA) [78]. To exploit the potential of the 18O:16O ratio for its application 

to source linkage/discrimination type investigations, future research should be 

extended to include this isotope. 

 

The benefits of extending this research to include 2H:1H and/or 18O:16O is 

supported by the fact that not all NPD precursors/intermediates/products 

contain N atoms, thus limiting isotopic examination to the C atom (if O is not 

contained within the molecule and H is not examined), resulting in the loss of 

potentially discriminatingdata. All NPDs contain C and H, therefore it is of 

interest to analyse H, (and O where possible) to ensure the highest degree of 

information is extracted. Consequently, the identification of potential links 

between precursor-intermediate-product based on 13C:12C, 2H:1H, 15N:14N and 
18O:16O ratios combined is possible. It follows that a multi-isotopic approach is 

more powerful, with stable isotope ratios being analogous to DNA evidence or 

fingerprints for non-biological material [109].  
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Surprisingly, virtually no ʻoneʼ national or international agreed and validated 

Standard Operating Procedure (SOP) exists or has been developed for use 

within laboratories orchestrating forensic isotopic analysis [74]. A number of 

contributing factors are believed to be accountable. One fact is that forensic 

isotope analysis is still fairly innovative with respect to its application within 

forensic science and resultantly there is a severe lack of funding that is required 

for developing and implementing respective protocols and support for such 

research. Harmonised methods are however currently under development and 

laboratories around the world are working in collaboration to achieve 

standardized methods. Until only recently, inter-laboratory isotopic data could 

not be compared due to the different methods, protocols, instruments and 

standards being utilized by the corresponding laboratories. A standard method 

was utilised for the isotopic analysis conducted within this project based on 

methods adopted from the literature pertaining to ʻisotopic analysis of illicit 

drugsʼ. However, until methods are universalized, the acquired data cannot 

easily or reliably be transposed to, or compared with corresponding NPD data 

from other laboratories. A future goal would include collaborating with national 

forensic laboratories currently conducting isotopic analysis of illicit drugs, such 

as the National Measurement Institute (NMI, Australia). Objectively, introduction 

and incorporation of the standardised methods currently in place at NMI to 

future work pertaining to this research should be considered.  

 

An additional future goal would be the construction of piperazine and cathinone 

analogue national IRMS databases. Essentially, these would be databases that 

provide the foundation and ability for establishing links, leads and/or identifying 

drug networks that come under the umbrella of forensic drug intelligence. The 

Australian Illicit Drugs Data Centre (AIDDC) provides technical intelligence on 

illicit drugs (MA, MDMA, heroin and cocaine for example) in support of law 

enforcement objectives and part of their strategy is to minimise the availability of 

illicit drugs. Programs such as the Australian Illicit Drugs Intelligence Program 

have been initiated that involve the support of such drug databases. An 

extension to small-scale NPD databases would be the incorporation and 

analysis of larger populations of seized (unauthentic) drug samples with 

validated forensic IRMS protocols.  
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In summary, the investigation of isotopic profiling via IRMS of NPDs for forensic 

purposes should be supported and expanded via future research. Of most 

value, research should incorporate larger sample populations, in-depth 

fractionation experiments, and the inclusion of the 2H:1H ratio (and 18O:16O ratio  

where applicable) isotope. In addition, incorporation of nationally standardized 

isotopic methodology, construction of and implementation of appropriate 

databases and expansion on isotopic profiling of case material is highly 

desirable. Furthermore, consideration of other statistical linkage relationships 

and multifactorial approaches (e.g. software ʻRʼ, an advanced statistical 

computing and graphical program) for investigations between precursor and 

product relationships is of interest. 
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APPENDIX 
 
 
 
 

(Supplementary figures and selected 1H and 13C NMR spectra, MS 
chromatograms, HPLC and GC-MS traces) 
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Figure A-1.1: 1H NMR of piperazine·HCl 

 
1H NMR (300 MHz, D2O) δH:  3.60 (8H, s, N(CH2)4). 

 
  

Cl
HN NH2
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Figure A-1.2: 13C NMR of piperazine·HCl 
 
 

 
13C NMR (75 MHz, D2O) δC: 40.5 (4 × CH2). 
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Figure A-1.3: Electron ionization mass spectrum (positive ion) of 
piperazine·HCl 
 

 

MS (ESI) C4H11N2 m/z 87.2 [M + H]+. 
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Figure A-1.4: 1H NMR of BZP·HCl 
 

 
 
1H NMR (300 MHz, D2O) δH:  3.65 (8H, s, N(CH2)4), 4.48 (2H, s, CH2), 7.56 (5H, 

m, Ar-H). 
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Figure A-1.5: 13C NMR (APT) of BZP·HCl 
 

 
13C NMR (75 MHz, D2O) δC: 40.5 (2 x NH2(CH2)), 47.9 (2 x Ar-CH2N(CH2)), 60.8 

(Ar-CH2), 127.4, 129.4, 130.6, 131.3 (Ar-C). 
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Figure A-1.6: Electron ionization mass spectrum (positive ion) of BZP·HCl 
 
 

 
 

MS (ESI) C11H17N2 m/z 177.1 [M + H]+. 
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Figure A-1.7: Electron ionization mass spectrum (positive ion) of 
DBZP·HCl 
 

  
 

MS (ESI) C18H23N2 m/z 267.2 [M + H]+. 
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Figure A-1.8: 1H NMR of TFMPP·HCl 

 
1H NMR (300 MHz, D2O) δH:  3.44 (4H, m, 2 x NH2 (CH2)), 3.52 (4H, m, 2 x 

N(CH2)),  7.34 (3H, m, 3 x Ar-H), 7.52 (1H, t, C(CF3)CHCH). 
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Figure A-1.9: 13C NMR (APT) of TFMPP·HCl	  
 

 
13C NMR (75 MHz, D2O) δC: 42.9 (2 x NH2 (CH2)2), 46.2 (2 x N(CH2)), 113.7, 

118.2, 120.7 (Ar-CH), 122.3 (CCF3), 130.2 (Ar-C),  131.0 (CF3),  149.9 (Ar-CN). 
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Figure A-1.10: Electron ionization mass spectrum (positive ion) of 
TFMPP·HCl 
 

 
 
MS (ESI) C11H14F3N2 m/z 231.0 [M + H]+. 
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Figure A-1.11: 1H NMR of 4MMC·HCl 
 

 
1H NMR (400 MHz, D2O) δH:  1.61 (3H, d, HCCH3), 2.45 (3H, s, Ar-CH3), 2.80 

(3H, s, NCH3), 5.08 (1H, q, NCHCH3), 7.45 (2H, Ar-H, d, CHC(CH3)), 7.92 (2H, 

Ar-H, d, CHCC(O)). 
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Figure A-1.12: 13C NMR (APT) of 4MMC·HCl 
 

 
13C NMR (75 MHz D2O) δC: 15.3 (CCH3), 20.9 (Ar-CH3), 30.8 (NCH3), 59.4 

(NCHCH3), 129.0 (CHCC(O)), 129.4 (CC(O)), 129.8 (CHC(CH3)), 147.3 (C 
(CH3)), 197.0 (CO).   
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Figure A-1.13: Electron ionization mass spectrum (positive ion) of 
4MMC·HCl  
 

 
 

MS (ESI) C11H16NO m/z 177.8 [M + H]+. 
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Figure A-1.14: 1H NMR of MMC·HCl 
 

1H NMR (400 MHz, D2O) δH:  1.53 (3H, d, HCCH3), 2.73 (3H, s, NCH3), 5.03 

(1H, q, NCHCH3), 7.56 (1H, t, CH(CH)2CC(O)), 7.70 (2H, t, CHCHCC(O)), 7.95 

(2H, d, CHCC(O)). 
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Figure A-1.15: 13C NMR (APT) of MMC·HCl 
 

 
 
13C NMR (75 MHz D2O) δC: 15.2 (CCH3), 30.9 (NCH3), 59.6 (NCHCH3), 128.9 

(CHCC(O)), 129.4 (CC(O)), 129.3 (CHCHCCO), 135.4 (HCCHCH), 197.0 (CO). 
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Figure A-1.16: Electron ionization mass spectrum (positive ion) of 
MMC·HCl  
 

 
 
 
MS (ESI) C11H14NO m/z 163.9 [M + H]+.  
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Figure A-1.17: 1H NMR of βk-MDMA·HCl 
 
 

 
         

1H NMR (400 MHz, D2O) δH:  1.61 (3H, d, HCCH3), 2.79 (3H, s, NCH3), 5.01 

(1H, q, NCHCH3), 6.13 (2H, s, OCH2O), 7.04 (1H, d, CHCHCC(O)), 7.47 (1H, s, 

OCCHCC(O)), 7.68 (1H d, OCCHCHCC(O)). 
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Figure A-1.18: 13C NMR (APT) of βk-MDMA·HCl 
 

 
 
13C NMR (75 MHz D2O) δC: 15.6 (CCH3), 30.9 (NCH3), 59.4 (NCHCH3), 102.6 

(OCH2O), 108.0 (CHCHCC(O)), 108.6 (OCCHCHCC(O)), 126.5 (OCCHCC(O)), 

126.7 (CC(O)), 148.4 (OCCHCH), 153.5 (OCCHCC(O)), 195.4 (CO).   

 

 

  



 180 

 

 

 

Figure A-1.19: Electron ionization mass spectrum (positive ion) of βk-
MDMA·HCl  
 

 
 

MS (ESI) C11H14NO3 m/z 207.9 [M + H]+. 
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Figure A-1.20: HPLC chromatogram of BZP, TFMPP and caffeine 
 
 

 
 
Sample HPLC chromatogram for the isolation and collection of BZP, TFMPP 

and caffeine from piperazine containing tablets (Chapter 5, Project 3). 1) BZP 2) 

caffeine and 3) TFMPP. 
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Figure A-1.21: GCMS chromatogram of BZP 
 

 
Sample GCMS chromatogram of BZP.  
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Parameter Standard 
Primary standards (nitrogen) 
Primary standards (carbon) 
Elemental standard 
Working standards 
Mass Spectrometer 
Inlet 

15N: IAEA-N1, IAEA-N2 
 

13C: IAEA-CH-6, IAEA-CH-7 
 

KHP, (NH4)2SO4 
 

SSA* 
 

Sercon Hydra 20-22 
 

Secron Europa EA-GSL 
Table A-1. Standards and instrumental components used for isotopic analysis. 
*Simulated Animal Tissue (SSA). 
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Table A-2. Example of the IRMS measurement uncertainty and calibration used 
for isotope analysis. Standards used for calibration Simulated Soil Aliquot (SAT) 
and SSA. 
 
 
 
 

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Average
Std dev

Mean

Analysis of SAT standards treated as samples, n=6
Theoretical

Analysis of SAT standards treated as samples, n=6
Theoretical

Standard deviation

Theoretical

Analysis of SAT standards treated as samples, n=15
Theoretical

Analysis of SAT standards treated as samples, n=19
Theoretical

Analysis of SAT standards treated as samplers, n=11
Theoretical

Analysis of SAT standards treated as samplers, n=12
Theoretical

Analysis of SAT standards treated as samples, n=15

Theoretical

Analysis of SSA standards treated as samples, n=10
Theoretical

Analysis of SAT standards treated as samples, n=13
Theoretical

Analysis of SAT standards treated as samples, n=10
Theoretical

Analysis of SAT standards treated as samples, n=6
Theoretical

Analysis of SAT standards treated as samples, n=12

Individual IRMS standard check runs

Analysis of SAT standards treated as samples, n=10
Theoretical

13C 15N 
(C) (N)  VPDB AIR

38.8 9.5 − 11.5 − 0.8
39.0 9.4 − 11.5 − 0.9
0.3 0.3 0.0 0.4

42.4 9.8 − 11.6 0.4
42.6 9.8 − 11.8 0.3
0.3 0.2 0.1 0.1

43.5 11.3 − 11.6 0.4
43.5 11.3 − 11.5 0.4
0.3 0.2 0.1 0.2

37.2 9.1 − 11.6 0.36
37.4 9.11 − 11.6 0.58
0.22 0.08 0.06 0.16

2.9 0.3 − 11.6 0.4
2.9 0.3 − 11.6 0.5
0.1 0.0 0.1 0.2

42.2 10.8 − 11.6 0.4
42.3 10.8 − 11.6 0.5
0.3 0.1 0.1 0.2

43.1 10.8 − 11.6 0.4
43 10.8 − 11.6 0.3
0.4 0.2 0.1 0.1

43.1 10.8 − 11.6 0.4
43.1 10.7 − 11.6 0.2
0.7 0.2 0.1 0.3

43.1 10.8 − 11.6 0.4
43.1 10.7 − 11.6 0.4
0.3 0.1 0.1 0.2

38.8 9.5 − 11.5 − 0.8
38.8 9.5 − 11.5 − 0.8
0.5 0.4 0.0 0.3

38.8 9.5 − 11.5 − 0.8
38.8 9.5 − 11.5 − 0.7
0.3 0.5 0.0 0.3

43.5 11.3 − 11.6 0.4
43.4 11.2 − 11.6 0.5
0.4 0.1 0.1 0.3

43.5 11.3 − 11.6 0.4
43.5 11.3 − 11.5 0.4
0.3 0.2 0.1 0.2
0.3 0.2 0.1 0.2
0.1 0.1 0.0 0.1

Elemental (%) Isotopic Delta (‰)


