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In this study positive ESI tandem mass spectra of the [M + H]" ions of morphinan
alkaloids obtained using an ion trap MS were compared with those from a triple
quadrupole MS. This allows to assess the differences of the tandem-in-time versus the
tandem-in-space principle, often hampering the development of ESI MS/MS libraries.
Fragmentation pathways and possible fragment ion structures were discussed. In order to
obtain elemental composition, accurate mass measurements were performed. According to
the MS/MS fragmentation pathway, the investigated compounds can be grouped into 4
subsets: (1) morphine and codeine, (2) morphinone, codeinone, and neopinone, (3)
thebaine and oripavine, (4) salutaridine and salutaridinol. Salutaridinol-7-O-acetate shows
a different fragmentation behavior because of the favored loss of acetic acid. Although
most fragment ions occur in both ion trap and triple quad tandem mass spectra, some are
exclusively seen in either type. For triple quad, quadrupole time-of-flight and FT-ICR
MS/MS, the base peak of morphine results from an ion at m/z 165 that contains neither
nitrogen nor oxygen. This ion is not found in ion trap MS/MS, but in subsequential MS®

and MS™
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espite the importance of morphine and its
Dbiosynthetic relatives, the literature dealing

with electrospray ionization mass spectro-
metry is limited. A number of studies reported on
identification and quantification of morphine and
related metabolites in biological samples by flow-
injection ESI-MS [1], LC/ESI-MS [1-7] or CE/ESI-MS
[8, 9], mostly from a forensic point of view. Fre-
quently fragmentation by CID is described and ap-
plied as LC/MS/MS. Two reviews highlight the field
[10, 11]. Some systematic approaches to the setup of
libraries have been undertaken, including data for
morphine and codeine [12-14]. However, none of
these studies compared data of ion trap and triple
quad systems. Most of the morphinan type sub-
stances have been investigated before by electron
impact ionization MS [15-17]. Tandem MS instru-
mentation and the principles of operation have been
extensively discussed in the literature [18]. In contrast
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to magnetic sector instruments, triple quadrupole,
quadrupole ion trap, and quadrupole time-of-flight
are all considered to perform low collision energy
fragmentation. Nevertheless, the obtained tandem
mass spectra can look remarkably different. Although
the structure elucidation potential of CID was early
recognized [19], the setup of ESI-MS/MS libraries
was hampered by lacking reproducibility. This article
provides comparable ion trap and triple quadrupole
MS/MS data of all discussed substances. Accurate
mass data of selected morphinans were obtained by
quadrupole time-of-flight and FT-ICR mass spectro-
metry, respectively.

Experimental
Substances

Codeine (Merck, Darmstadt, Germany), morphine
(Merck) and thebaine (Sanofi Synthelabo, Paris,
France) are commercially available. Oripavine
was a gift from Professor E. Brockmann-Hanssen,
UCSF, USA. All other morphinans were
synthesized.
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Scheme 1. Mass spectral fragmentation of the [M + H]" ions of morphine and codeine.
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Scheme 2. Mass spectral fragmentation of the [M + H]" ions of morphinone and codeinone.
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Table 1. Key ions in the MS/MS spectra of morphine and codeine. The first row indicates the ions found in the ion trap MS/MS,

relative intensity (%)

Compound [M + H]" a (a-2H) b c d

Morphine 286 229 (68) 211 (36) 201 (100) 185 (10)
286 (82) 229 (15) 227 (15) 211 (33) 201 (56) 185 (63)

Codeine 300 243 (63) - 225 (34) 215 (100) 199 (11)
300 (100) 243 (16) 241 (24) 225 (52) 215 (60) 199 (90)

Mass Spectrometry

Ion trap MS experiments were performed using a LCQ
Classic (ThermoFinnigan, San Jose, CA) equipped with
electrospray interface. The spectra shown here are ob-
tained with an ESI voltage of +4.5 kV. In MS/MS and
MS", the precursor ions were isolated with an isolation
width of 2 u. As a standardization approach, the
collision energy was raised until the relative intensity of
the precursor ion dropped to approximately 10%
(achieved at relative collision energies of 15-17%).
Triple quadrupole MS experiments were carried out
using a TSQ 7000 (ThermoFinnigan, San Jose, CA),
equipped with ESI interface (voltage set to +4.5 kV).
The CID mass spectra were recorded using collision
energies of —20 eV (thebaine, oripavine), —30 eV (salu-
taridine, salutaridinol, salutaridinol acetate), and —38
eV (morphine, morphinone, codeine, codeinone, neopi-

none); the collision gas argon was at a pressure of 1.8 X
1072 torr.

Quadrupole time-of-flight MS experiments were
performed on a Q-Tof 2 (Micromass, Manchester,
UK). High resolution ESI-IRMPD (infrared multipho-
ton dissociation) mass spectra of morphine, codeine,
salutaridine, salutaridinol, and salutaridinol acetate
were obtained from a BioApex 70e Fourier transform
ion cyclotron resonance mass spectrometer (Bruker
Daltonics, Billerica, MA) equipped with an Infinity
cell, and a 7.0 T superconducting magnet (Bruker,
Karlsruhe, Germany).

Results and Discussion

The substances under investigation are alkaloids
with a basic nitrogen, which makes them predes-
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Scheme 3. Mass spectral fragmentation of the [M + H]" ions of salutaridine and salutaridinol.
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the second row shows those obtained from a triple quadrupole MS/MS (38 eV CID spectra). The values in brackets give the

e (c-CO) (e-H,0) (e-CO) f g

Other

183 (18) 173 (14) - 155 (5) - -
183 (53) 173 (40) 165(100) 155(67) 58(34) 44(31)

268 (26), 239 (16), 219 (7), 209 (8), 193 (10), 147 (5)
209 (34), 181 (e-2H, 72), 157 (d-CO, 63), 153 (e-2H-CO,
62), 147 (29), 145 (31), 123 (14)

183 (18) - - 155 (5) - -
183 (61) 187(37) 165(98) 155(53) 58(48) 44 (32)

282 (33), 253 (8), 267 (6), 175 (6), 161 (5)
266 (17), 193 (b-MeOH, 31), 171 (d-CO, 47), 153 (e-2H-CO,
36), 144 (21), 137 (16)

tined for electrospray ionization (ESI) in positive ion
mode. The ESI mass spectra show the [M + H]" ion
throughout (data not shown), which can be detected
with high sensitivity (<1 ng/mL). Without applying
CID voltage, no fragments are detected. All compounds
have been analyzed by tandem mass spectrometer.
Although the CID conditions are largely different for
tandem-in-space and tandem-in-time setups, in general
the spectra for this class of substances are compara-
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ble. We have grouped substances showing similar
fragmentation behavior in subsets, thus emphasizing
the differences between those types.

Morphine and Codeine

Morphine and codeine show a very similar fragmen-
tation pattern since codeine contains only one addi-
tional methyl group (Scheme 1 and Table 1). There-
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Figure 1. MS/MS of the [M + H]" ion [m/z 286) of morphine (a) ion trap tandem mass spectrum,
MS?, (b) 38 eV CID mass spectrum obtained from the TSQ 7000].
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fore, most fragments found for morphine ‘were also
detected for codeine, considering a mass shift by 14 u.
=8 = The [M + H — H,O]" ion formed by the loss of
S38|5w water from position 6 is only found in the ion trap
S 88 MS?. The fragments of the type a are formed by
= % 8|5 Fj 8 cleavage of the piperidine ring and loss of an
g & S 5 ol g amine (CH,CHNHCH;, Am = 57). Such a fr'agment is
°ll2 AR g found for all morphinans and plays a crucial role in
] s 25 further fragmentation pathways (Schemes 1, 2, 3.).
8@ % ": § o Fragments of the type (a-2H) are not found in
23|k gz case off ion tra[; but for tari}fizdciu?;:lr;l};olfe;/[‘iso/i\/ls.
IR IEES Loss of water from ion ,
§§ N2IRE expulsion of carbon monoxide to the fragment c.
©| ®| © Both pathways come together in the e-t;pe f(;ela_%n;ent,
° vl I I i f CO and water/Me rom
ey representing a loss o ’
I3 3 the a fragment, respectively. The ion of type +(e—HzO)
S| | =~ with the elemental composition of [C1'3H9]' repre-
g - 2 2| & sents the most prominent fragment ion in trlpl.e
£ 3| 3118 quad, Q-Tof and FT-.ICR.. The (e-CO) fragment is
= = = =] = especially abundant in triple quadrupole MS/1+\/IS.
;é g 8 8 B B Another way leads independently 3from [M + H]" to
g8 ol gl gl s the key ion of type d. Ion trap MS’ of the [M + H —
2 ¢ - - - H,O]" ion and ion a results in b, wherea§ fragment
5 TE 5| -5|=8 c 125 only formed from a. In case of morphine, MS® of
£ £ °|2&leg|c2 the base peak at m/z 201 (c) gives rise to peaks at
L 25|22|8E m/z 183 (e, 100), m/z 173 (c-CO, 18), m/z 165 (e-H;0, 5),
£ § IR _ m/z 155 (e-CO, 20), m/z 145 (8), anq m/z 1423 (10),
E §~ © 5@ RS §§ (relative intensities in brackets). While MS ofcrg/z
g 8 AR 183 (e) results in m/z 165 (e-H,O) and m/z 155 (e-CO),
59 SE|EE|EE MS® of m/z 211 (b) generates m/z 193 (b-HoO), m/z 183
€% || 8| | @© (e), and m/z 165 (e-H,O). MS'4 qf m/z 183 (e) gives
é@ o .5\1 .E—t .E—Z 165 (e-H,O) and 155 (e-CO), mdlcat%ng that this ion
g § - & ~ N with [C;3H;0]" plays a key role in the fragmen—
S tation. MS® of m/z 239 (ion trap only) results in 221
gg © gg §§ gg and 193 by consecutive losses of water and CO,
é% 3|22 |ee respectively. It is noteworthy that some fragments
%g DN R known from triple qu;dlr;;ole MS{ MS sucl’rcl ?r? 1112)/rz1
g5 82|88 S 165 (e-H,0), 145, an are not presen
§ = “ %% %% ' % trap MS/MS, but in subsequent MS® and MSf*. The
3‘3 % SQISR S series m/z 239, 221, and 193 seems to be exclusive for
° i T S| ®w| ® the ion trap. Triple quadrupole/C;]é) (Ifx)lassdslizctre;
) o o © : o . t m/x an
% g E P B 2 display aFldlthl’lal ke}fl 1,:)hns ai n;ridine i Thesge
g5 8 & & representmgd partsd of the ptp e s, These
£ = = cannot be detected in ion trap > Caus
; g ENERES they are beyond the lower mass range limit, which is
5% i N % < ? < ? set by the instrument software in this case to m/; 75.
£ SRIRRIRRY Figure 1 shows the tandem mass spectra obtained
2= T for morphine using an ion trap (Figure la) and a
g 3 SR - triple quadrupole instrument (Figure 1b). The
°% |25 % ' E ' E’ ' tandem mass spectra recorded using the Q-Tof
% g T & < < and FT-ICR-IRMPD mass spectromete‘rs (data not
2zz| & SloFlow= shown) appear to be similar to the triple qua.ld.ru—
E § 5 f § & § 2 § 8 pole MS/MS. Both systems are capable of prov1f:1¥ng
3% = g 3 § accurate mass and thereby elemental composition
Ex%) E - T data, which may aid in the elucidation of fragment
Q EE z| & e e structures and routes. In general, ion trap MS/MS
$§ § £ § § shows more high mass fragments thanzthe other
EE B £ 8 g |5 techniques. Looking at the ion trap MS“, one can
E § .22; sl2 18 |2 see a water loss fragment at m/z 268 and another
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Table 3. Key ions in the MS/MS spectra of thebaine and oripavine. The first row indicates the ions found in the ion trap MS/MS,
the second row shows those obtained from a triple quadrupole MS/MS (20 eV CID spectra). The values in brackets give the relative

intensity (%)

[M+H-31—[M+H-43 -

Compound [M + H]" [M + H —31]* [M + H — 43]* a MeOH]* MeOH]* (a-MeOH) f Other

Thebaine 312 281 (100) 269 (7) 255 (17) 249 (56) 237 (4) 223 (4) 280 (12), 266 (40)
312 (66) 281 (21) - 255 (8) 249 (26) 237 (4) 223 (5) 58 (100) 266 (27), 221 (7)

Oripavine 298 267 (100) 255 (10) 241 (10) 249 (20) 223 (34) - 266 (8), 237 (34)
298 (39) 267 (24) - 241 (3) 249 (32) 223 (16) - 58 (100) 237 (18), 221 (5)

one at m/z 239 not occurring in other MS systems.
Accurate mass determinations reveal that the
fragment b has the formula [C{,H;,0,]", ¢ corre-
sponds to [Cy3H;30,]%, e [C;3H;,O]", and (e-H,O)
[Ci3Ho] ", respectively. The deviation from theore-
tical masses was approximately 5 ppm for the
Q-Tof and <3 ppm for the FT-ICR-MS using the
IRMPD.

Morphinone, Codeinone, and Neopinone

These compounds have a keto group instead of
hydroxy in position 6. Accordingly, MS/MS looks
different (see Scheme 2 and Table 2). Ions of type a
represent the base peak in the ion trap MS® of
morphinone (m/z 227), codeinone and neopinone (m/z
241). Moreover, the b-type fragments at m/z 209
(morphinone) and 223 (codeinone, neopinone) also
show the corresponding mass shift compared with
their non-oxidized analogues. On the other hand,
there is only a weak signal at m/z 213 (ion c).
Neopinone differs from codeinone just in the posi-
tion of a double bond. Their fragmentation is simi-
lar, but the intensity pattern allows to distinguish
between both isomers. The same is true for the
MS/MS data obtained from the triple quadrupole
instrument. The spectra of codeinone and neopinone
only differs in their relative abundances, but a dis-
tinction of these two morphinans is possible (Table 2).
The tandem mass spectra of morphinone are very
similar to codeinone (mass shift by 14 u). The com-
parison of morphinone and morphine reveals a sim-
ilar relationship as discussed above for codeinone
and codeine also displaying the corresponding mass
shifts by 14 u (Tables 1 and 2). Although the main
fragment peaks occur both in ion trap as well as in
triple quadrupole MS/MS, the spectra look remark-
ably different (Table 2). The peak referring to [M + H
— CH;3NH,]" is only detected in ion trap tandem MS.
Fragment a represents the base peak in ion trap
MS/MS, whereas it is outperformed in triple quad-
rupole MS/MS by the (a-2H) ion. The ions of type b,
¢, d, and e are observed in both types of spectra. In
agreement with morphine and codeine the fragments
f and g represent prominent key ions in the triple
quadrupole MS/MS.

Thebaine and Oripavine

Thebaine and oripavine are closely related sub-
stances, only differing in one methyl at the 3-O-
position (Am = 14). The presence of two double
bonds in ring C implies a completely different and
more simple fragmentation compared to morphine
and related analogues (Table 3). Besides the loss of
methylamine generating the ion at [M + H — 31]" for
thebaine at m/z 281 and oripavine at m/z 267 (base
peak in ion trap MS?), respectively, only the f type ion
at m/z 58 (base peak in the CID mass spectra of the
TSQ) is prominent. The a fragments are relatively
weak. Only in case of thebaine (a-MeOH) is detected,
which has to be related consequently to the methoxy
group in position 3. On the contrary, m/z 249 is found
for thebaine and oripavine. It is assumed to be
derived from [M + H — 31]" by a loss of water or
methanol.

Salutaridine and Salutaridinol

Salutaridine and salutaridinol differ from the mor-
phine type since the 4,5-epoxy bridge is opened and
an additional oxygen is present in position 7. The
primary fragmentation of salutaridine is character-
ized by loss of methylamine (Am = 31) from the [M +
H]" ion (Table 4, Scheme 3). Both in the ion trap MS?
and the CID mass spectra of the triple quadrupole MS
subsequent losses of MeOH lead to ions of type i (m/z
265) and (i-MeOH) at m/z 233. An ion of the type [M
+ H — 43]" appears only in ion trap MS/MS. The
fragment at m/z 298 is formed by a loss of formalde-
hyde (salutaridine) and methanol (salutaridinol),
respectively. The [M + H — 31]" fragment is gener-
ated by the loss of methylamine. Ion trap MS® of this
leads to the i-type fragments (M + H — 31 -
MeOH] ") which can cleave consecutively CO and
MeOH. The fragment [M + H — 43]" is found with a
higher intensity as for thebaine or oripavine. These
are thought to be formed by loss of N-methylformi-
mine. Fragments a are relatively weak, except from
m/z 287 for salutaridinol in ion trap MS/MS. In this
case an ion of type (a-2H) was also observed. Never-
theless, the a fragments play a key role in the
fragmentation pathway. Loss of methanol leads to
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Table 4. Key ions in the MS/MS spectra of salutaridine and salutaridinol. The first row indicates the ions found in the ion trap MS/MS,

relative intensity (%)

Compound [M + HI* M+ H-31]" [M+ H - 43]" a i (a-H,0) j (i-CO)

Salutaridine 328 297 (73) 285 (23) 271 (6) 265 (100) 253 (4) 239 (22) 237 (11)
328 (37) 297 (11) 285 (19) - 265 (35) 253 (-) 239 (41) 237 (100)

Salutaridinol 330 299 (11) 287 (13) 273 (27) 267 (20) 255 (50) 241 (100) 239 (54)
330 (66) - - - 267 (8) 255 (12) 241 (77) 239 (91)

the j fragments, which can split off either carbon
monoxide or methanol or both neutrals. A parallel
way leads from (a-2H) to (j-2H). The absence of the
epoxy bridge facilitates the formation of an isoqui-
noline fragment at m/z 192 (k). This type of ion also
represents a key ion in the EI mass spectra of
morphinan-type alkaloids [21, 23]. An interesting ion
at m/z 242 was observed in triple quadrupole MS/MS
having the formula C;sH;(NO,, as determined
by FT-ICR-IRMPD mass spectrometry. This ion
probably originates from loss of ring C. Although
most ions were detected both in ion trap as well as
in triple quad tandem MS, the intensity pattern was
different.

Salutaridinol-7-O-Acetate

Although this compound is closely related to salutar-
idinol, it needs to be discussed separately. The fa-
vored loss of acetic acid (Am = 60), resulting in the
MS/MS base peak at m/z 312, leads the fragmentation
into a different direction. Besides the [M-AcOH]" ion
a number of less intense ions are found in ion trap
MS/MS: m/z 281, 269, 255, 249, and 221. The ions
appearing both in MS? of the ion trap and the CID-MS
of the TSQ are partly similar to those in the corre-
sponding mass spectra of thebaine (Table 3). The
elemental composition of the ions at m/z 249
(C7H150,) and 221 (C;,H,50) in salutaridinol-7-O-
acetate could be established by accurate mass
determinations. The triple quadrupole product
ion spectrum of salutaridinol-7-O-acetate is very
similar to ion trap MS/MS. However, the intensity
pattern is shifted towards smaller m/z as commonly
observed.

Conclusion

The study showed that electrospray tandem mass
spectrometry is a powerful tool in the analysis of
morphinan type alkaloids. In particular, both ion trap
and triple quadrupole MS/MS provide information
about the substitution at the morphinan skeleton
(methoxy, hydroxy and oxo functions) and the posi-
tion of the double bond(s) at the ring C. Especially,
number and positions of the double bonds strongly
influence the fragmentation behavior of the [M + H]™*
ion. This is shown in case of the morphinans with two

conjugated double bonds at ring C (thebaine, oripa-
vine) whose fragmentation behavior differs remark-
ably from those of the other morphinans. The influ-
ence of the double bond position is shown for the
6-oxomorphinans (morphinone, codeinone, neopi-
none). Although these three compounds show a
similar fragmentation pattern, the relative abun-
dances of some key ions allow a distinction between
those possessing a 7,8-double bond (morphinone and
codeinone) and the 8,14-double bond (neopinone).
Fragment ions representing the isoquinoline moiety
appear only in MS/MS of morphinans without the
epoxy bridge (salutaridine, salutaridinol). Tandem
MS with accurate mass measurements helps to eluci-
date the structure of important key ions, and ion trap
MS" gives evidence to the postulated fragmentation
pathways. Comparison of ion trap and triple quad-
rupole MS/MS reveals that the majority of fragment
ions is common, even though the intensity pattern is
clearly different. In general, the softer conditions of
ion trap MS/MS give rise to more high mass frag-
ments, whereas a number of low mass fragments seen
in triple quad MS/MS appear in ion trap spectra, if
ever, only in MS® or MS*. However, these limitations
should not prevent the setup of useful ESI MS/MS
libraries.
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