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ABSTRACT: A novel ring-substituted methamphetamine regioisomer, N,a,4-trimethyl phenmethylamine, was synthesized in order to study the
validity of proposed structures for various mass spectrometry (MS)-derived peaks in a methamphetamine fragmentation pattern. While other
research efforts have studied aspects of methamphetamine in detail, a full fragmentation study has not been reported previously. In addition to
showing molecular structures represented by fragment peaks, mechanisms for selected processes are detailed. An empirically derived procedure to
easily determine by simple spectral peak pattern recognition the geometry of dimethyl- or ethyl-substituted immonium ions (RRC 5 N1RR) where
m/z 5 58 is outlined. These results are platform independent for electron ionization (EI) instruments, but have also proven to be helpful in
explaining spectral peaks observed in spectra from ion trap systems. The spectrum for the synthesized methamphetamine regioisomer was ac-
curately predicted using this methodology. While this approach is useful in some casework, the converse may be more useful: when an unexpected
or unusual peak pattern arises in a spectrum, being able to analyze it to determine the structure of the molecule. This paper gives an analyst the
means to begin such retro-synthetic analyses.
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While numerous papers have been published involving the dis-
crimination of various methamphetamine isomers by gas chroma-
tography/mass spectrometry (GC/MS) (1–7), there are none that
offer complete mechanistic explanations of the observed fragmen-
tation patterns. For quantitative MS, deuterated analogs of internal
standards are necessary, and as Ho et al. (8) states: ‘‘Before an iso-
topic analog is synthesized, the mass spectrometric fragmentation
pattern of the analyte should be understood.’’ In part to better ad-
dress this issue, this paper provides detailed fragmentation pathways
with mechanistic clarification for methamphetamine using scientif-
ically accepted theories that have been in existence for decades (9–
11). We assert that understanding the origins of more than just two
or three peaks in the spectrum, based on reasonable fragmentation
theory, is useful when generalized. Similar deconstruction studies
have been reported for cannabinoid derivatives (12) but the same
detailed mechanistic approach has not been performed for metham-
phetamine regioisomers. In fact, there are a few researchers who
claim that MS alone is insufficient to distinguish between metham-
phetamine and phentermine (3,6). Thus, a structurally detailed map
for methamphetamine fragmentation is presented and a GC/MS
spectral analysis procedure is proposed that does in fact differentiate
methamphetamine regioisomers. To illustrate the importance of this
generalizable approach, spectral libraries (13–15) were searched for
GC/MS-derived spectra of regioisomers of methamphetamine and
six (Fig. 1, compounds II–VII) were found with spectra that can be
explained using fragmentation theory. While other methamphet-
amine regioisomers exist, their spectra have not been reported. Upon
studying the spectra in detail, it became apparent that the m/z region
between 39 and 58 was crucial to differentiate methamphetamine

regioisomers. Significantly, there was one interesting compound
absent from the spectra available for isomeric methamphetamine,
namely, N,a,4-trimethyl phenmethylamine (TMPMA; Fig. 1, com-
pound VIII). This provided a real opportunity: predict the fragmen-
tation that would be expected for VIII using the schema proposed,
and then synthesize the compound and verify that the fragmentation
theory is accurate. The results are shown below.

While this approach to spectral interpretation can be used to pre-
dict the spectrum of a new compound, perhaps more importantly to
the forensic science community, the converse is also possible. That
is, the analyst can predict the structure of an unfamiliar or unknown
compound based on analyzing various peaks in an MS spectrum. For
example, if an unusual spectrum is encountered and a spectral li-
brary suggestion is consequently not available, or the library sug-
gestion is not correct, the informed analyst can nonetheless predict
the structure of the unknown compound with the strategy presented
here, or at the very least, dismiss the library spectrum as incorrect.
Some may view this as an unnecessary approach for casework;
however, a counterexample is the recent BALCO scandal where
spectral interpretation of MS-derived data was pivotal in determin-
ing the parent structure of the synthetic steroid tetrahydrogestrinone
(THG) (16–19). Another example of the importance of mass spectral
analysis is a case in which ring-substituted amphetamine (para me-
thyl—a regioisomer of compound VIII synthesized in this study)
and p-methyl ring-substituted methamphetamine sold as amphet-
amine caused an adverse reaction in a seasoned amphetamine user
(20). The approach of the laboratory to determine the culprit mol-
ecule was identification by GC/MS, followed by ‘‘analysis of au-
thentic samples of p-methyl(meth)amphetamine prepared in the
laboratory.’’ Thus, it is not an unprecedented use of the tools of
the forensic laboratory to use deconstructive fragmentation analysis
of related compounds, followed by predictions of fragmentation and
then synthesis of a compound to confirm the predictions. This said,
the mechanistic detail shown below is not solely informative for
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assigning peaks in a given spectrum, or for help with a retro-
synthesis; it is also a useful approach to allow the analyst to dismiss
spectral library ‘‘matches’’ that may be misleading or incorrect.

Materials and Methods

Chemicals

The two reactants for the synthesis of TMPMA, 40-methylace-
tophenone (95% purity), and N-methylformamide (99% purity),
were obtained from Aldrich (Milwaukee, WI) and used as received.

Nuclear magnetic resonance (NMR) spectroscopy was run in
d-chloroform 99.9% D atom% with 0.03% (v/v). TMS were ob-
tained from Aldrich and used as received.

Synthesis

A modified Leuckart synthesis (21) was used to make com-
pound VIII in Fig. 1. 0.4 mol (23.3 mL) of N-methylformamide
was added to a 250 mL round-bottom flask outfitted with a water-
cooled reflux condenser, thermometer, and distillation head with a
collector flask. 0.1 mol (13.0 mL) of 4-methylacetophenone was

FIG. 1—Methamphetamine and its isomers MW 5 149 g/mol; the chemical names of the structures are indicated. Gas chromatography/mass spectrometry
spectra available (13–15) for methamphetamine (I) and isomers II–VII. Isomer VIII was synthesized for this study.
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added. The mixture was stirred in a sand bath at 1901C for a total
of 24 h of reaction time—8 h at a time over 3 days. For safety
reasons, we could not leave the reaction unattended. The cooled
mixture was diluted with 3–4 vol. of water. Approximately 20 mL
of concentrated HCl was added to the oil layer. This mixture was
heated in the 1901C sand bath for a few hours over several days,
and the reaction progress was monitored by GC/MS testing of
small aliquots. Upon completion, water was added to the cooled
mixture and the reaction was quenched by adding sodium hy-
droxide until basic. The product was extracted from an aqueous
layer into ether using a separatory funnel. Upon addition of con-
centrated HCl, the product precipitated out and was collected and
dried, yielding 0.39 g ( � 3%) of crude material. The low yield
can be explained by the nonideal reaction conditions as a result of
safety precautions. The product was recrystallized out of acetone;
the melting point of the purified product was 159–1601C. Micro-
crystalline testing was pursued with a number of common re-
agents (22); only 5% (w/v) platinic bromide was found to form
photodocumentable crystal forms (Fig. 2), which differ from
methamphetamine. A number of other reagents were tested, with
the result indicated square-parenthetically: 5% (w/v) platinic
chloride [negative], 5% (w/v) gold chloride or hydrogen tetra-
chloroaurate [negative], 10% (v/v) hydrobromic acid [negative],
5% (w/v) mercuric chloride [oil], 5% (w/v) gold bromide or
hydrogen tetrabromoaurate [oil], 5% (w/v) platinic iodide [oil],

Wagner’s (1.27 g iodine, 2.75 g KI in 100 mL water) [oil],
saturated picric acid solution [oil], 5% (w/v) potassium iodide
[negative].

Basified TMPMA product was allowed to dry to residue and
diluted in CH2Cl2. GC/MS showed that no amine was present,
although the wet product had contained the amine. This experi-
mentation indicates that the base form of TMPMA is volatile;
therefore, it should be stored as the salt form.

GC/MS Instrument

Total ion chromatograms (TIC) were obtained using an HP
6890 Series GC connected to an HP 5972 Series Mass Selective
Detector (MSD) with autosampling capability (Agilent 6890 Se-
ries injector [Santa Clara, CA]). Separation was achieved with an
HP-5MS column (crosslinked 5% phenyl methyl siloxane 30 m �
0.25 mm � 0.25 mm film thickness) with helium carrier gas flow-
ing at 0.9 mL/min (35 cm/s at 9 psi). The inlet was run in the split
mode with a 25:1 ratio. The mass spectra were collected after a
2-min solvent delay over the mass range of 20–400 m/z. The
injector was heated to 2501C and the MSD transfer line was
maintained at 2801C. These instruments were interfaced with an
HP Kayak Pentium 3 computer with enhanced ChemStation soft-
ware G1701BA version B.01.00. The temperature program run on
the GC column started at 1001C for 1.1 min, ramped at 401C/min
to 3001C, and held for 4.9 min. Chromatograms collected with this
temperature program for regioisomers I, III, and VIII reported in
this work contained peaks that were sufficiently resolved such that
no problems were encountered with convolved spectra. Spectral
library searches were conducted with the Agilent ChemStation
software program (23), and the spectral library used was from the
NIST Standard Reference Data Program (15). Background-
corrected mass spectra were obtained by averaging data from
the leading to trailing edges of the TIC peak of interest and sub-
tracting averaged spectra from a flat region in the chromatogram
(where no analyte was present, only eluent) over an approximately
equal length of time. This approach minimizes the possible effects
of spectral skewing (24,25) across the chromatographic peak; in-
deed, spectral variations from the leading edge, apex, and trailing
edge do not affect the m/z 5 39–58 region enough to invalidate the
results in Table 1, although ratios in other regions may be slightly
affected. While laboratories use different procedures to achieve an
adequate lower limit of detection (for instance, some laboratories
reference a presumed methamphetamine analyte against an am-
phetamine internal standard, while others may use deuterated
methamphetamine as a reference), the protocol here was to con-
centrate on the spectral data itself and ensure that, at minimum,

FIG. 2—Microcrystalline forms of N,a,4-trimethyl phenmethylamine (VIII)
with platinic bromide. (a) and (b) are representative forms of the resulting
crystal structures. Magnification c. � 100 when photos are 2 � 2.5 in.

TABLE 1—Lookup chart of expected fragmentation patterns of dimethyl- and
ethyl-substituted immonium ions with a parent peak of m/z 5 58.

# Compound

m/z !

41 42 56

a,N-dimethyl � 39 � 39
a,a-dimethyl � 39 � 39
N,N-dimethyl � 39
a-ethyl � 39
N-ethyl � 39 � 39

If the fragments present in the questioned spectrum match those in a row
and have the indicated relative abundance with respect to the m/z 5 39 peak,
the arrangement of the dimethyl- or ethyl-substituted immonium structure is
indicated in the far left column.
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the spectrum showed either the molecular ion or M–H1 (if there is
an a hydrogen, otherwise the next largest a cleavage product) and
that the peaks around m/z 5 51 are discernible. Reference library
spectra that are presented to illustrate various fragmentation pat-
terns may not meet these minimum criteria as there was no way to
control the conditions of those runs.

NMR Instrument

Spectra were collected on a 90 MHz Anasazi instrument (Ana-
sazi Instruments, Indianapolis, IN) (c. 2 T field strength) with a
given compound diluted in d-chloroform with a TMS reference
giving rise to a peak at 0 p.p.m. The concentration of the sample
was not strictly controlled, rather it was dictated by how much
sample could be spared for analysis. The sample was excited with a
pulse width of 21.2ms; 256 averages were taken. There were 8192
data points collected over the range 14.24 to � 2.39 p.p.m. NMR
spectra for methamphetamine and TMPMA are shown in Fig. 3.

Results

The series of regioisomers of methamphetamine considered in
this study (I–VII) are presented in Fig. 1. One regioisomer of the
series for which we could not find GC/MS data was TMPMA
(VIII). This regioisomer was selected because it was targeted as a
good synthetic candidate from easy-to-purchase starting materials
and would offer spectral differences from methamphetamine.
After synthesizing the compound, it was first characterized by
microcrystalline tests shown in Fig. 2 and by NMR spectrometry
shown in Fig. 3.

A synopsis of the GC/MS terminology used in the remainder of
this article, and a review of some fundamental rules for fragment-
ed ions will be established with the aid of Fig. 4. Only positively
charged species can be seen by the electron ionization (EI) mass
spectrometers used in most forensic settings. The rules stated here
refer to EI spectra and will not apply to chemical ionization (CI)
or electron capture (EC) techniques. A quadrupole MS system was
used in this work, although ion trap data have been shown to fol-
low the same detailed fragmentation patterns reported for meth-
amphetamine in Fig. 5.

EI instruments cause a molecule to become a radical cation
(odd electron ion [OE]) by removing an electron from somewhere
in the molecule. Homolytic cleavage involves a radical site ini-
tiation of cleavage; upon fragmentation, the charge is retained on
the original site or fragment (even electron ion [EE]) and a radical
is ejected (Fig. 4a). Movement of single electrons characterizes
the homolytic fragmentation mechanism. In this text, a cleavage is
a very specific form of homolytic cleavage. Because the non-
bonding electrons of nitrogen have fairly low ionization energies,
the radical cation site is often assigned to nitrogen when it is
present in a molecule. In the methamphetamine regioisomer series
shown in Fig. 1, the carbon directly bonded to nitrogen is con-
sidered to be ‘‘a’’; thus, an a cleavage will sever one of the three
remaining bonds on the a carbon, thereby removing a radical and
leaving behind a positive charge on the nitrogen. This process will
be indicated with an a (three examples are shown in Fig. 5). The
total abundance of the fragments formed from methamphetamine
and its regioisomers is dominated by a cleavage processes, al-
though this process only maximally represents three peaks in the
spectrum.

Heterolytic cleavage involves movement of a pair of bonded
electrons to the cationic site with a migration of charge to the atom
attached to the former bond (Fig. 4b). This process is also known
as induction, designated ‘‘i,’’ or charge site initiation. One exam-
ple of an energetically disallowed induction for methamphetamine
(26) is given in the fragmentation scheme shown in Fig. 5. In fact,
induction is a rare occurrence in the regioisomers of metham-
phetamine; indeed, in molecules containing an amine group, in-
duction is far less favored than a cleavage. Induction does occur
when more stable radicals such as N,N-dimethylamine and N-
ethylamine are leaving groups; hence, it is appropriate to indicate
the disallowed pathway for methamphetamine on the fragmenta-
tion map as Fig. 5 serves as a template for identifying fragmen-
tation schemes for other molecules.

Rearrangement is defined as the movement of atoms that were
not previously bonded in the radical cation to form a fragment
with new bonds. This process ejects a neutral molecule; therefore,
a radical cation is left behind (Fig. 4c). This type of fragmentation
will be labeled ‘‘r’’ with three examples shown for methamphet-
amine in Fig. 5.

A ‘‘-’’ is used to indicate secondary decomposition mechanisms,
that is, rearrangement of atoms in a cation after a radical from the

FIG. 3—Nuclear magnetic resonance (NMR) spectrum of (a) methamphet-
amine and (b) N,a,4-trimethyl phenmethylamine (TMPMA) in CDCl3. TMS
reference with peak assignments shown. Field strength c. 2 T resulting in
90 MHz proton resonance.

SACHS AND WOO . ANALYSIS OF METHAMPHETAMINE AND SELECT REGIOISOMERS 311



parent radical cation has been ejected (Fig. 4d). Movements of
single or pair of electrons are acceptable. This movement of elec-
trons may cause charge migration, but it is not by definition in-
duction. Additionally, these losses are also neutral and may
involve rearrangement of bonding, but they do not come from a
radical cation; therefore, this type of fragmentation is not consid-
ered a rearrangement as defined above. There are many examples
of this type of loss for methamphetamine shown in Fig. 5. While
the number of secondary decomposition peaks is large and the
losses describing these peaks are typically the key to understand-
ing a spectrum, the total abundance represented by them is often a
small fraction of the total abundance of other fragments. These
mechanisms are most difficult to analyze and often require an
isotopic study for verification (25).

As alluded to above, a map proposing the structures of the main
GC/MS-derived fragments of methamphetamine is given in Fig. 5.
The fragments are assigned to the methamphetamine GC/MS
spectrum in Fig. 6. Notable entries are peak F for m/z 5 115
where we propose an indene cation (26) and peaks J (m/z 5 65)
and N (m/z 5 51) whose structures are detailed in Fig. 7 below. A
schema for making these peak assignments and for predicting
fragmentation of unknown compounds will be proposed and re-
viewed in ‘‘Discussion.’’

After culling the literature for GC/MS-derived spectra of meth-
amphetamine regioisomers and running standards of available
compounds in our laboratory, a clear, consistent pattern of frag-
ments began to emerge. The traditional patterns of phenyl and
benzyl secondary decompositions were observed (Fig. 7b and c).
One notable variation proposed here is for the phenyl-derived m/
z 5 51 and benzyl-derived m/z 5 65 and m/z 5 63 fragments. As
shown in Figs. 5 and 7, it is suggested that the structures of each of

these fragments contain a straight-chain component. One reso-
nance form of the phenyl-derived m/z 5 51 fragment has a con-
jugated straight-chain structure: the benzyl-derived m/z 5 65 and
m/z 5 63 ethylene- and acetylene-terminated cyclopropenyl-cat-
ionic configurations, respectively; some texts (10) and indeed
‘‘conventional wisdom’’ have designated cyclobutadiene and cy-
clopentadiene structures. These are contraindicated by analyzing
the populated p-orbitals in the structures, that is, cyclobutadiene
and cyclopentadiene each contain a diradical, or two unpaired
electrons. While diradicals are not necessarily inherently unstable,
a given structure gains stability in cyclizing only if it achieves
aromaticity. By the 4n12 Hückel rule, cyclobutadiene and cyclo-
pentadiene are not aromatic (each has four p electrons); in fact,
they are antiaromatic (antiaromaticity is defined by four condi-
tions: (1) 4n p electrons are present, (2) each atom in the cyclized
structure has a p orbital perpendicular to the ring, (3) the cyclic
structure is planar, and (4) the structure is less stable [higher en-
ergy] than the open chain). Conversely, each of our proposed
structures has stability: the straight chain m/z 5 51 possesses res-
onance stabilization and aromaticity in its structures, while the
proposed m/z 5 63 and 65 fragments contain cyclopropenyl ion
functional groups and are aromatic by the 4n12 Hückel rule,
where n 5 0.

One topic that should be covered is the concept of ionization
energy. This leads directly to an understanding of mechanisms and
how most of the proposed fragments follow from a nitrogen rad-
ical cation. The lower the ionization energy of a given substituent,
the greater the likelihood an electron is removed from its structure
versus another site with a higher ionization energy. In general, the
series of ionization potentials progresses as follows: nonbond-
ing electronsop electrons � s. Specific to groups relevant to

FIG. 4—Example of mechanisms for (a) homolytic or radical site-initiated cleavage, (b) heterolytic or inductive cleavage, (c) rearrangement mechanism leaving
a radical cation, and (d) secondary decomposition. Note that mechanism (b) does not occur in methamphetamine, rather mechanism (c) is correct (26).
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methamphetamine regioisomers is as follows (9): R2N–H
oRHN–H � benzyl p electronsobenzene p electrons
� R(H2C–CH2)R. It is not unlikely to remove a benzene p elec-
tron, simply less likely than removing a nonbonding electron from
the nitrogen in the amine; thus, the different pathways represent
competing forms of the generated radical cation. Therefore, as
detailed in the mechanism shown in Fig. 7c, benzylic cleavage
occurs after ionizing the benzene ring. It should be noted that s-
bond cleavage occurs rarely for compounds with other, more ion-
izable, functional groups so that it is not a reasonable mechanism
for fragmentation of the compounds studied here.

Yet, the most exciting offshoot of Fig. 7a has to do with the
secondary decomposition mechanisms of the m/z 5 58 immonium
ions. The mechanisms are proposed to explain the GC/MS-derived

peaks observed for isomers involving dimethyl- and ethyl-substi-
tuted amines. Table 1 summarizes the empirical observations that
arose from analyzing hundreds of spectra and now allows an an-
alyst to use it as a lookup chart to determine the configuration of
the two methyl or single ethyl groups on an immonium ion frag-
ment, and therefore the original amine configuration. It treats the
m/z 5 39 peak as a reference; thus, it is primarily useful for com-
pounds that have both an amine and benzene ring in the parent
molecule. Because it uses a peak generated at the time of the data
collection as a pseudo-internal standard, this procedure has proven
to be platform independent. In addition to the presented data that
were collected under the conditions reported above, published
data (1,2,4–7,13,15,27,28) demonstrate that spectra collected on
different instruments under different conditions all support the

FIG. 5—Structure of methamphetamine fragments observed by mass spectrometry (MS). Letters are used to refer to fragments present in MS spectrum of
methamphetamine in Fig. 6. Benzyl fragments are H, J, K, and P; phenyl fragments are I and N.
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results of this lookup table (refer to Fig. 8). Table 1 allows an
analyst to determine the substitution pattern on the immonium ion
fragment if the peaks and intensities observed are among those
listed by finding all of the m/z 5 41, 42, and 56 peaks and com-
paring the relative abundance of each with the m/z 5 39 peak. The
isomeric dimethyl- or ethyl-substituted methylamine structures
can be recognized by looking in the m/z 5 39–58 range.

After inspecting the mechanisms in Fig. 7a for the fragmenta-
tion of m/z 5 58 immonium ions, the reason why the a,N-dimethyl
m/z 5 56 and 42 fragments have a higher relative abundance than
the N-ethyl m/z 5 56 and 42 peaks reported in Table 1 becomes
clear: the extra rearrangement step that the N-ethyl fragment must
take lessens the amount of the m/z 5 58 dimethyl arrangement
available for further fragmentation. It is important to note that the
magnitude of the a,N-dimethyl-derived m/z 5 56 and 42 popula-
tions exceeds the relative abundance of m/z 5 39 reference peak
while the m/z 5 56 and 42 peaks are lower than the m/z 5 39 peak
for N-ethyl-derived compounds. This crossover with respect to the
internal standard of m/z 5 39 is a fortuitous empiricism that is
exploited in the differentiation analysis shown in Table 1.

While the structural configuration of the ubiquitous amine func-
tional group of methamphetamine isomers is easily determined
from the lookup chart in Table 1, the structure of the remainder of
the molecule must be ascertained from other spectral decompos-
ition analyses. Figure 8 shows GC/MS-derived spectra for some-
what common illicit compounds having amine termini with
substitution patterns in Table 1. Each example illustrates empir-
ically that the data in Table 1 hold true; as some of the spectra
reported in Fig. 8 were from other laboratories, it shows that this
procedure is not just for special regioisomeric methamphetamine
standards on a specific instrument under certain conditions in our
laboratory, but that it is transportable across platforms and is in-
deed program independent. As an additional test of platform in-
dependence, mass spectral data obtained from an ion trap
instrument for methamphetamine and phentermine also adhere
to the fragmentation patterns reported in Table 1.

The GC/MS-derived spectra of compounds VI and VII (Fig. 9)
are useful guides for predicting what peaks the spectrum for
TMPMA (VIII) will contain. One observation is that the relative
abundance of the peak at m/z 5 105 for VI is much higher than for

VII (refer to Fig. 6). The reason for this is twofold: the inductive
cleavage leaving the fragment m/z 5 105 [H3C–(C6H5)–CH2

1 or
tolyl cation] is benzylic for compound VI, and thus fairly facile;
secondly, the leaving radical [:N.(CH3)2] is stabilized by the pres-
ence of two alkyl groups (a secondary amine). This is contrasted
with disallowance of the inductive pathway for methamphetamine
(see Fig. 5, fragment E2): as it is not a benzylic cleavage and it
leaves behind a relatively unstable primary amine radical, it does
not occur via the induction route (26). The formation of the m/
z 5 105 fragment for structure VI is expected to be abundant due
to the tolyl leaving cation as well as the stabile amine radical;
furthermore, as the a carbon position in compounds VI–VIII
becomes more substituted, it is expected and observed that
a-cleavage is preferential, resulting in the change of base peak of
m/z 5 58 for VI to m/z 5 134 for VII. Additionally, the stability
of the m/z 5 134 fragment is enhanced due to the delocalization of
charge through the resulting conjugated network.

The columns of Table 2 show the observed mass spectral peaks
of VI and VII and predicted mass spectral peaks of TMPMA
(VIII). The last three rows of Table 2 are derived from the lookup
chart in Table 1: in the case of VI and VII, these values were
verified and for TMPMA (VIII) they were predicted.

The mass spectrum acquired for TMPMA is shown in Fig. 10.
Each of the peaks indicated is explained with predictions by anal-
ogy to VI and VII (see Table 2), the a,N-dimethyl-substituted
immonium fragments from the lookup chart in Table 1, or by
benzyl and phenyl fragments (Fig. 7b and c). As can be seen, all of
the significant fragment contributors to the mass spectrum were
identified a priori without much effort.

Discussion

The determination of the structure implied by important peaks
in a GC/MS-derived spectrum is what we propose in the following
schema. The schema is useful for any compound, not just meth-
amphetamine or TMPMA (VIII). For a known compound, the first
step is to identify large functionalities present. If benzene rings are
present, peaks at m/z 5 77 and 51 should be expected (Fig. 7b). If
there is a CH2 group adjacent to a benzene (benzylic configura-
tion), peaks at m/z 5 91, 65, 63, and 39 are probable (Fig. 7c). For
an alkyl-substituted benzene ring with an adjacent CH2 group
connected to the rest of the molecule R–C6H4–CH2–R’, peaks at
m/z 5 911R� 1, and possibly 651R� 1 and 391R� 1 are likely
(see as an example Fig. 9a; m/z 5 105, 79, and 53 are observed
although the R group leaves on a substituted acetylene causing a
lower population of m/z 5 79 and 53, thus complicating the spec-
trum slightly). For an amine, it can be expected that each of the
three C–R bonds adjacent to the nitrogen may undergo a cleavage.
The next step is to address ‘‘logical losses’’ such as H2 (m/z 5 2),
CH4 (m/z 5 16), CH3CH3 (m/z 5 30), H2C 5 CH2 (m/z 5 28), and
HC � CH (m/z 5 26), which can arise from combining groups
from two adjacent atoms that easily form double or triple bonds
such as C–C and C–N without sterically hindering groups (Fig. 5,
L ! M, O, Q, R, G ! I). The last, and perhaps the most difficult
part, is to propose multistep rearrangements that result in chem-
ically stable products (refer to Fig. 5, E2 ! F, and even
H ! J ! K, P, or I ! N as examples).

The scheme for ‘‘retro-synthesis,’’ that is, figuring out the struc-
ture of the analyte based on the spectrum, is undoubtedly more
complicated as the answer is often unknown. Furthermore, it is
difficult to propose a generalized schema for the vast number of
possible compounds that could arise in casework. However, the
notion of describing ‘‘logical losses’’ from the spectrum has merit.

FIG. 6—Mass spectrometry spectrum for methamphetamine. Masses of im-
portant m/z fragments are indicated. Letters refer to the fragment structures
shown in Fig. 5.
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FIG. 7—Secondary decomposition mechanisms of (a) immonium ions where m/z 5 58, (b) phenyl products m/z 5 77 and 51, and (c) benzyl products m/z 5 91,
65, 63, and 39.
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FIG. 8—Examples of illicit substances generating dimethyl- or ethyl-substituted immonium ions upon fragmentation. (a) 3,4-methylenedioxymethamphetamine,
(b) psilocyn, (c) N,N-dimethyltryptamine (15), (d) phentermine, (e) N-ethyl phenethylamine (15), and (f) a-ethyl phenethylamine (15). Each exhibits fragmentation
following the criteria in Table 1.
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Some of those detailed in the previous paragraph are typical for
controlled substances.

The nitrogen rule can be useful in such retro-synthetic analyses
and is summarized as follows: compounds containing an odd
number of nitrogen will have an odd nominal mass (this includes
all radical cations before fragmentation). Upon fragmentation, if
the positively charged fragment retains the nitrogen, it will have
an even nominal mass. If, however, the radical lost contains the
nitrogen, the positively charged ion without the nitrogen will have
an odd nominal mass. This rule does not apply to deuterated
compounds. Reliance on the nitrogen rule is important to show
whether or not the proposed suggestion is physically possible. For
instance, structure D2 of Fig. 5 has an even mass, but no nitrogen.
It is therefore necessary to realize that it must still be a radical
cation. Only when it loses a hydrogen radical, 	H, with an odd
mass to make the mass of the cation fragment odd, can the nitro-
genless structure be shown as a cation.

It is also important to reiterate that a cleavage is by far the
largest contributor to abundant peaks for compounds containing
amines. Proposed fragmentation patterns that rely heavily on in-
duction reactions probably are not reasonable. Secondary decom-
position routines are also key to describing peaks; however,
chemically reasonable structures must be posited. Offering pre-
dictions for other methamphetamine regioisomers that have as yet
unreported mass spectra (bb-dimethyl-phenethylamine, b-methyl-
amphetamine, and N-ethyl-4-methyl-phenmethylamine) might
yield interesting directions for future research. For instance,
bb-dimethyl-phenethylamine would most likely exhibit a cleav-
age with loss of a 	H (m/z 5 148), a dimethylbenzyl radical
(m/z 5 30), benzene radical cation-initiated losses of 	CH3 (m/
z 5 134) and 	CH2NH2 (m/z 5 119), no m/z 5 58, phenylic com-
ponents of m/z 5 77 and 51, and the base peak would most likely
be m/z 5 30. b-methylamphetamine: a 	H (m/z 5 148), a 	CH3

(m/z 5 134), the ring excitation losses of 	H, 	CH3, and methyl-
amine radical leaving the m/z 5 148, 134, and 105 methylbenzyl
cation fragments and the base peak would probably be m/z 5 44
from an a methylbenzyl radical loss exhibiting m/z 5 42 and 28
satellites. N-ethyl-4-methylphenmethylamine would probably
show a peak at m/z 5 148 from a 	H loss that is larger than that
in methamphetamine due to the extended conjugation of the re-
maining cation (similar to TMPMA), m/z 5 134 from a 	CH3, an
m/z 5 58 peak from a methylbenzyl radical with satellites at m/
z 5 42 and 56 that are less intense than the m/z 5 39 peak (see
Table 1), and peaks at m/z 5 148, m/z 5 134, and m/z 5 105 from
	H, 	CH3, and 	NHCH2CH3 radical losses from the benzene ring-
initiated fragmentation. For each of these compounds, the result-
ing spectrum would be distinguishable from methamphetamine by
the presence of additional peaks not apparent in methamphet-
amine (m/z 5 105 for b-methylamphetamine and N-ethyl-4-
methyl-phenmethylamine) or by obvious absences of major peaks
(no m/z 5 58 for bb-dimethyl-phenethylamine). Similar predictive
exercises for other compounds are possible using the fundamen-
tals outlined in this paper.

Additionally, alternative approaches to traditional spectral li-
brary search routines may be warranted. Tackett (29), Steeves
et al. (30), and Stromberg and Wistedt (6) each recommend meth-
ods that suppress the base peak and perform searches on the
remaining, normalized, fragmentation pattern. Another fruitful
approach is the proposal by Gan et al. (31) to perform searches
based on peak positions rather than peak intensity to pull out re-
lated compounds when the spectrum of a questioned compound
has a low match value from the spectral library search. Notably,
every peak present in the methamphetamine spectrum (Fig. 6) is
present in the regioisomeric TMPMA spectrum (Fig. 9), the rela-
tive abundance of each being the only variable. This observation
lends credence to the latter type of modified spectral library search
routine to give structurally related compounds. Interestingly, the
spectral library search (15,23) of the TMPMA spectrum gave
structural suggestions based on the intense m/z 5 134 peak and did
not suggest methamphetamine as a possible match.

Reiterating the point about multiplatform applicability of
immonium fragment rearrangements: spectra collected from
our quadrupole EI system under differing conditions, reference
library spectra, and data from literature and spectra collected on
an ion trap mass spectrometer, all show the fragmentation pattern
proposed in Table 1. Occasionally, a library spectrum does not
report m/z values o40 (13), which makes application of this
method more challenging by removing the pseudo-internal
standard, although it can still be used to differentiate a,a-dim-
ethyl, N,N-dimethyl, and a-ethyl but not between a,N-dimethyl

FIG. 9—Mass spectra of known ring-substituted phenmethylamines VI (a)
and VII (b) (15). Important mass fragments are indicated; notable absences
are labeled. m/z values for the peaks of the tropylium ion and its fragments are
m/z 5 91, 65, and 39 (H, J, P in Fig. 5); phenyl cation and its decomposition
product are m/z 5 77 and 51 (I, N in Fig. 5).
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and N-ethyl. Short of running the standard to obtain a spectrum
with a broader m/z range, the lookup chart of Table 1 can aid
analysis.

It should be mentioned that another technique that has been
used to get around ‘‘regioisomer indistinguishibility’’ by GC/MS
is GC/IR/MS. These clever experiments (32,33) combine a spec-
troscopic technique with the GC/MS method detailed here. Addi-
tional data allow for indisputable differentiation of regioisomers.
Unfortunately, for most laboratories, this expensive instrumenta-
tion is unavailable. In this case, being able to extract the most out
of GC/MS-derived data to which most forensic laboratories al-
ready have access is critical and additionally emphasizes the im-

portance of this work, although by no means does it suggest that
GC/IR/MS is invalid.

Soine et al. (34) state that some side chain position isomers of
amphetamine are difficult to distinguish by GC/MS. Abercrombie
(28) claims MS indistinguishability between dimethylamphet-
amine and mephentermine. These claims, along with the present
study, provide a segue to future study of variously substituted
amines including methyl (amphetamine-like), trimethyl (mephen-
termine-like), or methyl/ethyl-substituted phenethylamines.

Conclusions

Methamphetamine regioisomers can be differentiated with the
use of GC/MS. This paper adds confidence to allow the analyst to
make these identifications by MS instead of by derivitization
techniques, GC–IR, or chromatographic separations. We have
outlined a total fragmentation analysis of methamphetamine based
on fundamental principles of cleavage, rearrangement, and sec-
ondary decomposition and supported by the available experimen-
tal data. The present analysis may be used as a template for
determining the molecular structures of other compounds. We also
showed that spectrum prediction capability exists when com-
pounds similar to that of the new chemical variant are analyzed.
These principles may assist in the situations where an unfamiliar,
unknown, or low spectral library match to a spectrum exists. This
paper helps the analyst approach the next step of the problem,
which may be to perform a peak-position search for related struc-
tures, spectral decomposition analysis, or synthesis or purchase of
the deduced molecular candidate.

It is essential to state that by writing this paper, we do not dis-
credit the use of spectral libraries as tools for analysts of con-
trolled substances; rather, we suggest that augmenting match
routines with a knowledge of fragmentation mechanisms is of
prime importance to be able to: (1) understand why a given spec-
trum has a low(er) match value; (2) identify or discount a possible
library error; (3) predict what fragments to expect from a new

TABLE 2—A priori predictions of MS fragmentation for new synthetic product, TMPMA (VIII), versus ring-substituted VI and VII; each parent has a molecular
weight of 149 g/mol.

Observed MS Peaks for

N
CH

H C

H

H CH

Observed MS Peaks for

N
H

H C

CH

CH H

Predicted MS Peaks for

N
CH

H C

CH

H H

VI VII VIII

a H 148 no a H no 148 a H 148

no a CH3 no 134 a CH3 134 a CH3 134

r HCH3 small 133 r HCH3 small 133 r HCH3 small 133

no r CH3CH3 no 119 no r CH3CH3 no 119 r CH3CH3 119

i 	N(CH3)2 somewhat stable,
leaves benzylic 5 large driving force

105 i 	N(H)2 not
very stable

v. small to no 133 i 	NH(CH3)
intermediate stability

v. small 119

H Cα
58 H Cα

58 H Cα
58

�CH4 42 �CH4 42 �H2 56

�NH3 41 �CH4 42

a, r, and i—used to indicate fragment losses as in text. Bold entries for TMPMA predictions come from the lookup chart in Table 1.

FIG. 10—Mass spectrometry spectrum for N,a,4-trimethyl phenmethyl-
amine (VIII). m/z values of important fragments shown with tropylium ion
fragments are italicized, phenyl cation fragments are underlined, and frag-
ments predicted in Table 2 are indicated in bold.
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compound; or (4) correctly interpret chemical variants analyzed in
the laboratory.

Acknowledgments

The authors would like to thank Jeffrey Woo for his early con-
tributions to the structure drawing effort. We would also like to
acknowledge the University of California at San Francisco
(UCSF) library for its access to reference materials. Each of the
SFPD’s narcotics analysis laboratory staff was helpful to this en-
deavor; additionally, we also appreciate the role of our laboratory
manager, Martha Blake, and forensic services director, Cydne
Holt, for their understanding and support of our goal to write this
manuscript. Finally, we would like to thank the reviewers of this
article for their astute comments and suggestions, which we be-
lieve strengthened this work.

The laboratory instrumentation was funded by a California
LFLIP grant (2003) and the San Francisco Police Department.

References

1. Clark CR, Valaer AK, Noggle RT, DeRuiter J. GC–MS differentiation of
acylated derivatives of methamphetamine and regioisomeric phenethyl-
amines. Microgram 1995;28:118–33.

2. Clark CR, DeRuiter J, Valaer AK, Noggle RT. GC–MS analysis of acyl-
ated derivatives of methamphetamine and regioisomeric phenethylamines.
J Chromatogr Sci 1995;33:485–92.

3. Dasgupta A, Gardner C. Distinguishing amphetamine and methamphet-
amine from other interfering sympathomimetic amines after various fluoro
derivatization and analysis by gas chromatography-chemical ionization
mass spectrometry. J Forensic Sci 1995;40:1077–81.

4. Madden JE, Pearson JR, Rowe JE. Differentiation of side chain isomers of
methamphetamine using gas chromatography, high performance liquid
chromatography and mass spectrometry. Forensic Sci Int 1993;61:169–74.

5. Noggle FT, Clark CR, DeRuiter J. Comparative analytical profiles for re-
gioisomeric phenethylamines related to methamphetamine. Microgram
1991;24:76–91.

6. Stromberg L, Wistedt I. Gas chromatography–mass spectrometry rapid
analysis of methamphetamine, phentermine, N,N-dimethylamphetamine,
N-ethylamphetamine and mephentermine in the presence of each other.
Microgram 1977;X:59–62.

7. Noggle FT, Clark CR, Bouhadir KH, DeRuiter J. Methods for the differ-
entiation of methamphetamine from regioisomeric phenethylamines. J
Chromatogr Sci 1991;29:31–6.

8. Ho Y-S, Liu RH, Nichols AW, Kumar SD. Isotopic analog as the internal
standard for quantitative determination: evaluation of mass spectra of
commonly abused drugs and their deuterated analogs. J Forensic Sci
1990;35:123–32.

9. McLafferty FW. Interpretation of mass spectra. 3rd ed. Mill Valley, CA:
University Science Books, 1980:45–61, 218–23.

10. Silverstein RM, Bassler GC, Morrill TC. Spectrometric identification of
organic compounds. 3rd ed. New York: John Wiley and Sons Inc.,
1974:4–63.

11. Watson JT. Introduction to mass spectrometry. 3rd ed. Philadelphia, PA:
Lippincott-Raven, 1997.

12. Smith RM. Identification of butyl cannabinoids in marijuana. J Forensic
Sci 1997;42:610–8.

13. Mills T, Price WN, Price PT, Roberson JC. Instrumental data for drug
analysis. Vol. 1. Division of Forensic Sciences, Georgia State Crime Lab-
oratory. New York: Elsevier, 1982.

14. http://www.aist.go.jp/RIODB/SDBS/menu-e.html (Integrated Spectral
Data Base System for Organic Compounds).

15. Stein S, Mirokhin Y, Tchekhovskoi D, Mallard. G, Mikaya A, Zaikin V
et al. NIST/EPA/NIH mass spectral library, 2.0a. Gaithersburg, MD:
National Institutes of Standards and Technology, 2001.

16. Ritter SK. Designer steroid rocks sports world. Chem Eng News
2003;81:66–9.

17. Carey P, Emmons M. Steroid conspiracy alleged; Burlingame firm in-
volved, agency says. Mercury News 2003 October 17; Sect. A:1 (col. 2).

18. Knight J. No dope. Nature 2003;426:114–5.
19. Krieger L. How scientists identified substance left in syringe. Mercury

News 2003 October 17; Sect. A:4 (col.2).
20. Bal TS, Gutteridge DR, Johnson B, Forrest ARW. Adverse effects of the

use of unusual phenethylamine compounds sold as illicit amphetamine.
Med Sci Law 1989;29:186–8.

21. Novelli A. Secondary amines by the Leuckart synthesis. J Am Chem Soc
1939;61:520–1.

22. Butler WP, Mathers AP. Methods of analysis for alkaloids, opiates, mar-
ihuana, barbiturates and miscellaneous drugs. Washington DC: Internal
Revenue Service, 1967: Report No. 341 (rev. 6-67).

23. ChemStation and Enhanced ChemStation [computer program], G1701BA
ver. B.02.00. Palo Alto, CA: Agilent (formerly Hewlett-Packard),
1989.

24. Sparkman OD. Mass spectrometry desk reference. 1st ed. Pittsburgh, PA:
Global View Publishing, 2000.

25. Smith RM. Understanding mass spectra—a basic approach. In: Busch KL,
editor. 1st ed. United States of America: John Wiley & Sons Inc,
1999.

26. Sachs SB, Woo F. Detailed GC/MS fragmentation mechanisms for meth-
amphetamine and amphetamine based on a deuterated analog study. Pro-
ceedings of the International Association of Forensic Sciences 17th
Triennial Meeting; August 21—26 2005; Hong Kong. Hong Kong: Inter-
national Association of Forensic Sciences, 2005.

27. Aalberg L, DeRuiter J, Noggle FT, Sippola E, Clark CR. Chromatographic
and mass spectral methods of identification for the side-chain and ring
regioisomers of methylenedioxymethamphetamine. J Chromatogr Sci
2000;38:329–37.

28. Abercrombie JT. N,N-Dimethylamphetamine—a ‘‘new’’ methamphet-
amine analog. Tieline 1987;12:39–53.

29. Tackett S. Elimination of prominent base ions to enhance mass spectral
pattern matching. Microgram 1990;23:12–9.

30. Steeves JB, Gagne HM, Buel E. Normalization of residual ions after
removal of the base peak in electron impact mass spectrometry. J Forensic
Sci 2000;45:882–5.

31. Gan F, Yang J-H, Liang Y-Z. Library search of mass spectra with a new
matching algorithm based on substructure similarity. Anal Sci 2001;
17:635–8.

32. Duncan W, Soine WH. Identification of amphetamine isomers by GC/IR/
MS. J Chromatogr Sci 1988;26:521–6.

33. Soine WH, Duncan W, Lambert R, Middleberg R, Finley H, O’Neil DJ.
Differentiation of side chain isomers of ring-substituted amphetamines
using Gas Chromatography/Infrared/Mass Spectrometry (GC/IR/MS). J
Forensic Sci 1991;37:513–27.

34. Soine WH, Thomas MN, Shark RE, Scott J, Agee DT. Differentiation of
side chain positional isomers of amphetamine. J Forensic Sci 1984;
29:177–84.

Additional information and reprint requests:
Sandra B. Sachs, Ph.D.
San Francisco Police Department Crime Laboratory
850 Bryant Street
San Francisco, CA 94103
E-mail: sandra.sachs@sfgov.org

SACHS AND WOO . ANALYSIS OF METHAMPHETAMINE AND SELECT REGIOISOMERS 319


