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ABSTRACT: The current literature allows an analysis of the elec-
tron impact mass spectral fragmentations of cocaine (I). Using
published high-resolution mass measurements as a reference, the
mass spectra of several cocaine derivatives were examined—
specifically those having individual functional group modifications
at the nitrogen, alkyl ester group, aromatic ring and two-carbon
bridge. Previously proposed major fragmentation pathways are sup-
ported by these data, and structures and mechanisms for lesser
fragmentations are proposed. The relative intensities of the m/z 152
ions in the mass spectra of the cocaine diasteromers are rationalized
based on these proposals.
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try, mass spectrometry

The electron impact mass spectrum of cocaine (I; Rl =R2 =
CH;, Ar = C¢Hs, Y = H) (Fig. 1) is familiar to most forensic
drug chemists. Although mechanisms for the major mass spectral
decompositions of this compound have been proposed (1-3), a
systematic study of its fragmentations has never been carried out.
At the same time, the literature is replete with mass spectra of
cocaine derivatives, many of which are appropriate for gaining
insight into the fragmentations of the parent molecule. However,
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FIG. 1—Electron impact mass spectrum of cocaine (I; R' = R* = CH,,
Ar = C4Hs, Y = H). Roman numerals refer to ion structure designations
in Table 1 and Figs. 2-8.

! Quality assurance coordinator, Wisconsin Department of Justice, Madi-
son, Crime Laboratory, 4706 University Avenue, Madison, WI 53705.

Received 17 June 1996; and in revised form 20 Aug. 1996; accepted
9 Sept. 1996.

475

Copyright © 1997 by ASTM International

until the recent paper by Casale, Moore, and Cooper (4) describing
the preparation of 6- and 7-chlorococaine, spectra for derivatives
in which the two-carbon bridge of cocaine was functionalized
were not available, seriously limiting knowledge of the fate of
these carbons.

This study makes use of published mass spectral data, as well
as one previously unpublished spectrum from this laboratory, for
cocaine derivatives showing functional group modifications at the
following locations: the nitrogen, the alkyl ester group, the aromatic
ring, and the two-carbon bridge. Preference was given to deuterated
derivatives, whose spectra should mirror those of parent com-
pounds, and to compounds with functional groups that could act
as “labels’ without substantially altering the overall fragmentation
of the tropane skeleton. In addition, an under-cited work by Shapiro
et al. (5) provides exact mass measurements as well as empirical
formula for most of the significant ions in the cocaine spectrum.
These data support some previously proposed fragmentation mech-
anisms, and shed new light on others. These pathways are consid-
ered in light of all of the available data.

Experimental

D;-Cocaine and Dg-cocaethylene were purchased as analytical
standards in solution from Sigma Chemical Company (St. Louis,
MO) and Radian Corporation (Austin, TX) respectively. They were
used without purification and subjected to GC/MS analysis using
a Hewlett Packard 5890 Gas Chromatograph (30m HP-5MS capil-
lary column; temperature program: hold 2 min at 100°C, ramp at
20°C/min for 5 min, ramp at 10°C/min for 10 min, ramp at 15°C/
min for 1.3 min, then hold at 320°C for 3.7 min), and 5971 Mass
Selective Detector.

Results and Discussion

Mass Correlations—The positions of 17 prominent ions in the
cocaine mass spectrum were correlated with those of ions in the
spectra of nine derivatives (Table 1). In Table 1, functional group
assignments for each derivative are given next to the compound
name, whereas Roman numerals corresponding to ion structures
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g - g cas-~888¢ proposed in Figs. 2 to 8 appear above the columns that list the
_ mass correlations. Empirical formula for cocaine ions from Shapiro
SIS |¥SSSST et al. are provided immediately below the ion structure
- - designations.
o~ o~ o~ o~ o o~ . .
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M/z 272 (II)—The empirical formula for this ion shows loss of
CH;0 - from the molecular ion, explained most obviously by a-
cleavage of alkoxy radical from the carboalkoxy group after initial
ionization at the carbonyl oxygen (Fig. 2) (1). In accordance with
this interpretation the mass of this ion does not change with changes
in R? (e.g., cocaethylene; R? = C,Hs), but does respond to other
changes in the molecule (Table 1).

M/z 244 (III)—This weak ion lies 28 Daltons below the mass
of IT in each spectrum in which it occurs. Because its mass is
sensitive to modifications in R! and Ar but not to changes in R,
this ion undoubtedly arises from loss of CO from II, assisted by
displacement by one of the lone pairs of electrons on the carbonyl
oxygen of the neighboring aroyl group (Fig. 2.). The driving force
for this fragmentation is not only formation of the additional bond
in CO, but also stabilization of the positive charge on both
remaining oxygens.

Mjz 198 (IV)—Both the empirical formula and mass correlations
for IV indicate loss of the aroyl (ArCO) group from the molecular
ion. The moderate intensity of this ion makes direct cleavage of
the aroyl radical after initial ionization at the C(3) oxygen seem
unlikely (11). Because the entire ArCO, - group is lost when V
is formed by a-cleavage after initial ionization at nitrogen (see
below), a low-energy mechanism using a common intermediate
might account for the formation of IV as well (Fig. 2). Several
structures are possible for IV including an epoxide and the ketone
shown. There is still insufficient information to distinguish between
the possibilities.

M/z 182 (V)—The empirical formula, supported by the mass
correlation data, shows that this ion results from loss of ArCO, -
from the molecular ion. The intensity of V demands an energeti-
cally favorable mechanism of formation. In accordance with previ-
ous proposals, initial ionization at nitrogen, a-cleavage with
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FIG. 2—Mechanisms for formation of II, Ill, IV, and V by a-cleavage
after initial ionization at nitrogen or the carbonyl oxygen at C(2).
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formation of a radical site at C(4) and subsequent loss of the stable
benzoate radical with concurrent generation of an additional =-
bond accounts nicely for the formation of this ion (Fig. 2) (1-3).

Mz 166 (VI)—No mechanism has previously been proposed
for the formation of this small ion. Because it involves loss of the
aromatic ring and fwo additional carbons (the empirical formula
shows the loss of CgHy0), it seems unlikely that this loss occurs
in one step. Surprisingly, the mass correlation data reveals that
this ion appears at the same mass regardless of the nature of R?
or Ar, indicating that both of these groups are lost in the formation
of VL

Several structures, as well as several pathways for its formation,
are possible for this ion. Loss of ArCO - from II with formation
of a cyclic lactone involving the C(2) carbonyl and the C(3) oxygen
is tempting to postulate, but the intensity of VI appears to be
insensitive to stereochemical inversion at either C(2) or C(3) (12).
A second mechanism involves loss of R?0OH from IV in a manner
analogous to that shown in Fig. 3 for the formation of VIII from
V. However, subsequent loss of CO from VI is inconsequential in
cocaine (m/z 138 < 1%), in contrast to the intensities of IX in
most spectra and of m/z 120 in the spectra of the chlorococaines.
An alternative path (Fig. 3) is derived from a plausible mechanism
for the (not insignificant) loss of methyl from the molecular ion
of methylecgonidine. Subsequent loss of CO, from this structure
would provide an additional route to IX.

Miz 152-55 (VII)—The weak peaks between m/z 152 and 155
are empirically related to each other through the successive loss
of hydrogen, but not to m/z 150 (5). The empirical formula and
the mass correlation data show that, although the aromatic ring is
gone, R is still attached. The response of this group of ions to
deuterium labeling at the N-methyl indicates that the nitrogen, and
probably the two-carbon bridge, are still intact. Ideally, the spectra
of the chlorococaines should clarify the presence or absence of
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FIG. 3—Mechanisms for formation of VI, VIII, and IX from V.
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the two-carbon bridge, but the very weak ion (<1%) at m/z 189
in only one of the spectra fails to resolve this issue, apparently
because of the propensity for this and several other ions in the
spectra to lose HCl. Facile formation of ions correlated to m/z
155 from the previously proposed intermediate Ic is shown in
Fig. 4.

We expect formation of m/z 152 from m/z 155 to be driven
by development of a fairly extensive mr-system. Indeed an N-
methylpyridinium structure (VIla), similar to that proposed by
Zhang and Foltz (13) to account for the base peak in the spectrum
of methylecgonidine, is consistent with the available data. An
alternative structure, the azafulvene VIIb (Fig. 4), cannot be ruled
out, even though the enhanced stability of the pyridinium structure
is attainable without substantial inputs of enthalpy or entropy.

The proposed fragmentations of m/z 155 offer a plausible point
for energy partitioning that could account for differences in the
relative intensities of these ions observed in the spectra of the
cocaine diastereomers. Of the four diastereomers defined by the N-
methyl-2-carbomethoxy-3-benzoyloxytropane structure, only one
(cocaine) displays an m/z 152 ion which is similar in intensity to
those of the surrounding ions (2,5,12,14). For example, although
m/z 152 is less than 1.5 times more intense than m/z 155 in the
spectrum of cocaine, it is at least 5 times more intense than m/z
155 in the spectrum of pseudococaine, which has inverted stereo-
chemistry at C(2). In the spectra of allo- and allopseudococaine,
the ratios are intermediate in value.

Assuming that cleavage in m/z 155 by either path a or b in Fig.
4 proceeds rapidly enough to restrict rotation around the C(1)-
C(2) bond before the mr-bond is formed, the orientation of the
carbomethoxy group relative to the N-methyl group in the resulting
intermediate should be determined by the initial orientations of
these groups in the parent molecules. Newman projections along
the C(1)-C(2) bond (Fig. 5) indicate that, in the fragmentation of
cocaine, the carbomethoxy and N-methyl groups are syn (60°)
with respect to one another and therefore should develop the cis
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FIG. 4—Formation of VII and X1Il from Ic. Fragmentation of mfz 155
generates different steric environments for each of the cocaine diastereo-
mers, which may account for the different relative intensities of mfz 152
in their spectra.
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FIG. 5—Newman projections along the C(1)-C(2) bond axis of the miz
155 radical ions formed in the fragmentation of the four cocaine
diasteromers.

configuration about the double bond. In pseudococaine, on the
other hand, they are anti (150°) and should develop the more stable
trans configuration. In allo- and allopseudococaine the cyclohex-
ane ring undoubtedly assumes a “twist-boat” conformation due to
the bulk of the endo-benzoyloxy group, and the carbomethoxy and
N-methyl groups become more neutrally situated (approximately
120° apart), allowing formation of the more favored trans configu-
ration with minimal additional energy input. Thus, of the four
diastereomers, only cocaine is deterred from forming intermediates
that lose hydrogen; conversely, pseudococaine is the only diastero-
mer that is sterically encouraged to do so.

Miz 150 (VIIT) and miz 122 (IX)—Surprisingly, VIII is structur-
ally unrelated to VII and lacks both the R? and Ar groups and
three of the four oxygens. At the same time, however, IX shows
loss of an additional CO, so it is tempting to devise a mechanism
leading to formation of IX from V using VIII as an intermediate.
Such a pathway is illustrated in Fig. 3, in which R?0OH is eliminated
in either a step-wise or concerted manner to form the substituted
ketene VIII (11), which in turn is unstable to the loss of CO to form
the highly unsaturated IX (15). This proposal stands in contrast to
that of Ethier and Neville, who postulate formation of IX from V
by losses of CO,R? and H radicals (3). Support for the sequence
in Fig. 3 is seen in the spectra of the chlorococaines (4), in which
V (m/z 216) loses HCl to form m/z 180. This ion already possesses
a high degree of unsaturation and readily relinquishes both R20H
and CO to produce prominent ions at m/z 148 and 120 respectively.

Miz 122 (X)—High resolution mass spectrometry (5) easily
discerns two unrelated ions at m/z 122 in the cocaine spectrum,
an observation born out by the mass correlation data. The second
of these ions (X), whose intensity varies greatly depending on the
nature of the Ar group, arises from the aromatic acid. A possible
mechanism for formation of this ion from Ie is shown in Fig. 6.
The hydrogen on C(4) was chosen for rearrangement simply for
steric reasons; the one on C(2) is trans to the benzoate oxygen
and would require molecular distortion for transfer to occur.

Miz 108 (XI)—Despite the data available for this ion, which
has lost both R? and Ar as well as one undetermined carbon from
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the three-carbon bridge, several structures are possible. Formation
of all of them via already proposed intermediates requires substan-
tial molecular rearrangement. No attempt is made here to define
this ion further.

M/z 105 (XII) and miz 77 (XVI)—Not surprisingly, XII corre-
sponds to the aroyl ion (1,5) formed by initial ionization at the
aroyl oxygen (Ie) and subsequent o~cleavage (Fig. 6). Benzoyl
ions readily lose CO to produce the corresponding phenyl ions
(XVI) (15), which in turn lose acetylene to form ions corresponding
to m/z 51 in the cocaine spectrum.

Mz 94-97 (XIII and XIV) and m/z 42 (XVII)—Ions XIII and
XIV are separated in Table 1 mainly because of the apparent
disappearance of the ions corresponding to XIII in the spectra of
the chlorococaines (4). It seems likely, however, that not only are
these ions interrelated in much the same way as the ions at m/z
152-55 (from which they differ in mass by 58 Daltons), but also
that their formation is connected in some way to the formation of
at least the ions corresponding to m/z 152-54.

As with the ions leading to VII (Fig. 4), structures for XIII and
XIV cannot be determined with certainty. Both the N-methylpyri-
dinium ions XIlla and XIVa and the N-methylazafulvenyl ions
XIIIb and XIVb are reasonable alternatives; mechanisms leading to
their formation (Fig. 7) are completely analogous to those described
previously for VII and to that outlined by Ethier and Neville from
2-carbomethoxytropinone (3). As with the immediate precursors
to VII, the disappearance of XIII from the spectra of the chloroco-
caines reflects the greater propensity of the precursor ions to lose
HCI than hydrogen.

Curiously, the intensities of m/z 94 relative to m/z 96 and 97 in
the spectra of the cocaine diastereomers varies with two apparently
unrelated factors. First, in the spectra of cocaine and allopseudoco-
caine, in which the substituents on C(2) and C(3) are cis to one
another, m/z 94 is larger than m/z 96 (12). For pseudo- and alloco-
caine, in which these substituents are trans, m/z 96 is larger.
Second, the relative size of m/z 94 in these spectra is inversely
related to the intensity of m/z 152! The relative intensities of m/
z 152 and 96 might be explained by a partitioning of energy
between paths ¢ and d in Fig. 4 for reasons that are not obvious.
However, it is even less clear what factors determine the relative
difficulty of hydrogen loss from m/z 96. An additional path to m/
Z 94, bypassing m/z 96, might account for these differences.
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The unsaturated ions XIVa and XIVb are expected to fragment
further with losses of acetylene and HCN (Fig. 7) (15). Ions corre-
sponding to m/z 68 further can lose acetylene to produce XVIL

M/z 82-3 (XV)—These intense ions arise from loss of the entire
3-carbon bridge (Fig. 8) (2,3). Without additional studies, it cannot
be determined whether this occurs in one or several steps. Either
way, its formation is consistent with the tendency of aliphatic
amines to shed large portions of the molecule while retaining the
positive charge on the nitrogen.

Opportunities for Further Study

Much remains unclear about several important (and in some
cases, discriminating) fragmentations of cocaine. Additional
insight would be gained by examination of these fragmentations
by tandem mass spectrometry (ms/ms), patterned after the work
of McLafferty, Cooper et al. on (16) fentanyl derivatives related
to “China White.”
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